
The NMDA receptor ‘glycine modulatory site’ in schizophrenia: D-
serine, glycine, and beyond

Darrick T Balu1,2 and Joseph T Coyle1,2

1Department of Psychiatry, Harvard Medical School, Boston, MA 02115, USA

2Laboratory for Psychiatric and Molecular Neuroscience, McLean Hospital, Belmont, MA 02478, 
USA

Abstract

Schizophrenia is a severe psychiatric illness that is characterized by reduced cortical connectivity, 

for which the underlying biological and genetic causes are not well understood. Although the 

currently approved antipsychotic drug treatments, which primarily modulate dopaminergic 

function, are effective at reducing positive symptoms (i.e. delusions and hallucinations), they do 

little to improve the disabling cognitive and negative (i.e. anhedonia) symptoms of patients with 

schizophrenia. This review details the recent genetic and neurobiological findings that link N-

methyl-D-aspartate receptor (NMDAR) hypofunction to the etiology of schizophrenia. It also 

highlights potential treatment strategies that augment NMDA receptor function to treat the 

synaptic deficits and cognitive impairments.

Introduction

Schizophrenia is a chronic, disabling mental disorder that affects 1% of the population 

worldwide [1]. One of the cardinal pathological features of schizophrenia is a significant and 

progressive reduction in neuropil resulting in the atrophy of cortico-limbic regions of the 

brain without comparable loss of neurons [2]. A recent genome-wide association study 

(GWAS) has revealed over a hundred risk genes of modest effect, many of which encode 

proteins involved in glutamatergic transmission, particularly with the N-methyl-D-aspartate 

receptor (NMDAR) [3••].

Here, we describe the function of the NMDAR channel, with a particular focus on how the 

glycine modulatory site (GMS) regulates its activity. We will then discuss how NMDAR 

hypofunction contributes to the pathophysiology of schizophrenia. Finally, we will highlight 

the latest pharmacological treatments being developed to both, directly and indirectly, target 

the GMS as a means to augment NMDAR function.

Structure and function of the NMDA receptor

The NMDAR is a heterotetrameric, ion channel receptor primarily composed of two GluN1 

subunits and two GluN2 subunits. It is widely distributed throughout most of the brain and is 
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a critical postsynaptic mediator of activity-dependent synaptic plasticity. What makes 

activation of the NMDAR unique is that in addition to the binding of its agonist glutamate to 

the GluN2 subunit, the neuron must also be contemporaneously depolarized, which relieves 

the Mg2+ blockade of the channel, and either glycine or D-serine must be bound at the GMS 

on the GluN1 subunit. Although the concentration of glycine in the cerebrospinal fluid is 

high, the GMS of the NMDAR is not saturated in vivo [4]. The NMDAR ion channel is 

highly permeable to Ca2+ that upon entry into the neuron, triggers a cascade of intracellular 

events that mediate local, acute functional synaptic plasticity and changes in gene expression 

that influence long-term neural structural plasticity.

The glycine modulatory site: D-serine, glycine, and kynurenic acid

Serine racemase (SR), the enzyme that converts L-serine to D-serine [5], and D-serine itself, 

are enriched in the forebrain and their regional localization closely parallels that of 

NMDARs [6,7]. Recent evidence suggests that D-serine is the primary co-agonist for 

synaptic, but not extra-synaptic NMDARs [8•], via non-vesicular release through alanine-

serine-cysteine-1 (Asc-1) transporters [9•]. D-Serine is synthesized almost exclusively by SR 

[10] using L-serine that is synthesized by the astrocytic enzyme, 3-phosphoglycerate 

dehydrogenase [11•,12]. D-Serine can be eliminated by the flavoenzyme D-amino acid 

oxidase (DAAO) or by SR. Initial studies suggested that SR was an astrocytic enzyme and 

therefore, astrocytes were considered to be the major source of D-serine in the brain [5,6,13]. 

However, recent studies have demonstrated a predominantly neuronal expression of SR 

[11•,14]. Using conditional SR−/− mice, the majority (~65%) of SR was shown to be 

expressed in excitatory forebrain neurons, while only 15% or less appeared to be expressed 

in astrocytes [15•]. Furthermore, SR is expressed in excitatory and inhibitory neurons in 

human post-mortem cortex [16•], which is in agreement with the findings in mice. Similar to 

SR, earlier studies suggested a primary localization of D-serine in astrocytes [6,17,18]. The 

high concentration of L-serine in astrocytes due to the expression of 3-phosphoglycerate 

dehydrogenase likely contributed to the artifactual immuno-crossreactivity with D-serine 

antibodies in these initial immunocytochemical studies. However, recent work utilizing SR

−/− mice as a negative control to validate the D-serine immunostaining demonstrated that 

nearly all the D-serine is in neurons, particularly GABAergic neurons, but not in astrocytes 

[16•].

The sodium-dependent glycine transporters (GlyT), of which there are two types, GlyT1 and 

GlyT2, are considered the primary regulators of intra-cellular and extracellular glycine 

levels [19]. The concentration of glycine in mammalian CSF is high relative to its 

dissociation constant (KD) for the GMS, but local glycine levels are functionally regulated at 

the synapse. Although GlyT1 and GlyT2 are both expressed in the cerebellum and spinal 

cord, where inhibitory glycinergic neurotransmission is concentrated, GlyT1 is also found in 

the forebrain [20]. GlyT1 is widely expressed in glial cells, as well as in neurons at 

glutamatergic synapses [21], and is thought to regulate NMDAR activity by affecting 

availability of this co-agonist [4]. The activity of GlyT1 is itself regulated by the 

endogenous inhibitor, sarcosine (N-methylglycine), an intermediate and byproduct in 

glycine synthesis and degradation. GlyT2 is primarily localized to the presynaptic terminals 

of glycinergic neurons [20] to serve as the main mechanism for synaptic inactivation.

Balu and Coyle Page 2

Curr Opin Pharmacol. Author manuscript; available in PMC 2016 March 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Kynurenic acid, which is present in the human brain in high nanomolar concentrations, is 

derived from the metabolism of tryphtophan by several unique kynurenine 

aminotransferases (KATs) that catalyze the irreversible transamination of kynurenine to 

kynurenic acid. It is a competitive antagonist at the GMS of the NMDAR [22]. In addition, 

kynurenic acid is a non-competitive antagonist at the a7 nicotinic acetylcholine receptor 

(a7nAChR) [23] and has antioxidant properties [24].

NMDA receptor hypofunction and schizophrenia

There is substantial pharmacologic, genetic, and bio-chemical evidence to support NMDAR 

hypofunction as a key etiological component of schizophrenia. Dissociative anesthetics such 

as ketamine and phencyclidine (PCP) were known since their introduction to produce in 

adults a syndrome difficult to distinguish from schizophrenia [25]. In healthy individuals, 

low doses of ketamine that do not cause delirium or dementia produce the full range of 

schizophrenia symptoms, while those with stabilized schizophrenia exhibit increased 

sensitivity to ketamine [26]. Individuals with NMDAR autoimmune encephalitis, which is 

associated with antibodies against the extracellular epitopes of the NR1A subunit, initially 

present with psychiatric symptoms similar to schizophrenia [27]. It is believed these 

antibodies cause NMDAR internalization [28•]. A recent study also detected NMDAR 

antibodies, particularly IgG-NR1A, in acutely ill schizophrenic patients that are different 

from the antibodies detected in NMDAR encephalitis [29].

Unbiased meta-analysis of genetic association studies reveal the remarkable concentration of 

risk genes encoding proteins within 2° of separation of the NMDAR [30]. Furthermore, 

recent large-scale, copy number variant (CNV) analyses have implicated de novo mutations 

in genes that encode the NMDAR and proteins associated with the postsynaptic density 

(PSD) with increased risk of schizophrenia [31–33]. Moreover, the largest genome wide 

association study (GWAS) of schizophrenia to date (~37,000 cases and ~113,000 controls) 

identified independent associations [3••], implicating numerous brain-enriched genes that 

are involved in glutamatergic transmission (Figure 1), including GRIN2A (NMDAR subunit 

2A), SRR (serine racemase), the metabotropic 3 glutamate receptor (GRM3) and the 

glutamate receptor 1 (GRIA1).

Biochemical changes in brain tissue from human post-mortem samples also suggest reduced 

NMDAR function in schizophrenia. Although there have been mixed results showing 

NMDAR abnormalities, recent work demonstrated reduced mRNA and protein levels of the 

NR1 and NR2C subunits in schizophrenia [34•]. In addition to the NMDAR itself, there are 

numerous abnormalities of GMS modulators not only in the brain, but also the periphery, of 

patients with schizophrenia. Serine race-mase (SR) and D-serine are reduced in schizophrenia 

[35–39]. There are also elevated levels of the endogenous GMS antagonist, kynurenic acid, 

in the cerebral spinal fluid (CSF) and post-mortem brain tissue [40,41]. The latter results 

suggest that the GMS occupancy is shifted toward antagonism in the disease state.

Finally, there is a wealth of data from diverse animal models, which are beyond the scope of 

this review, that support the clinical observations of NMDAR hypofunction contributing to 

the schizophrenia disease process. For example, SR deficient transgenic (SR−/−) mice, 

which lack D-serine and display NMDAR hypofunction, recapitulate many of the structural 
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and molecular brain abnormalities, as well as cognitive deficits associated with 

schizophrenia [10,42•,43]. Mice lacking dybsindin (DTNBP1), a risk gene for 

schizophrenia, have reduced NMDAR function and concomitant deficits in neuroplasticity 

and cognition [44,45]. Postnatal reduction of the NR1 subunit on GABAergic interneurons 

produces numerous schizophrenia-related behavioral abnormalities and cortical asynchrony 

[46].

The glycine modulatory site as drug target for schizophrenia

The GMS of the NMDAR is a potential therapeutic target because the GMS is not saturated 

in vivo [4], supporting the hypothesis that administration of GMS agonists could benefit 

patients by enhancing activation of NMDARs. There are several strategies to augment 

NMDAR function by altering the availability or concentration of GMS co-agonists and 

antagonists. Furthermore, the efficacy of GMS mediated augmentation of NMDAR function 

supports the utility of other allosteric interventions at the NMDAR. As such, this is a very 

active area of research both in the pharmaceutical sector and academia.

There have been more than 70 placebo-controlled clinical trials of GMS agonists in 

schizophrenia, including D-serine, glycine, D-cycloserine (DCS), and D-alanine. The results 

have been mixed; many studies reported significant improvements over multiple symptom 

domains while others did not. Other than intrinsic differences in efficacy among these GMS 

agonists, methodological factors likely contributed to the variability in results among these 

trials, most notably small sample sizes, differences in concomitant typical and atypical 

antipsychotic use, and subject compliance. It should be noted that among the moieties 

studied glycine has poor efficacy and requires high doses (at least 60 g/day), and the partial 

GMS agonist DCS, has an inverted-U dose response curve [47] and causes NMDAR 

desensitization following chronic treatment [48]. Nevertheless, a recent meta-analysis of 26 

double-blind placebo controlled clinical trials in which the treatment lasted at least 4 weeks 

reported that these agonists as a whole significantly improved positive, negative, and 

cognitive symptoms [49].

The NIMH funded a large, multi-center, placebo controlled clinical trial of D-cycloserine and 

glycine added on to antipsychotic drugs in subjects with chronic schizophrenia that reported 

no effects of either drug on SANS or cognition [50]. Although seemingly a definitive 

rejection of the hypothesis, it was a failed study because there were substantial outcome 

differences among the sites (p < 0.01); and post hoc analysis revealed significant effects of 

both D-cycloserine and glycine in subjects tested on inpatient units where there was assured 

compliance.

When analyzed alone, D-serine improved total psychopathology, negative symptoms, and 

cognitive symptoms. The potential effects of GMS agonists on positive symptoms may be 

obscured by the strategy of studying them as an add-on therapy to typical or atypical 

antipsychotics. Large Phase II trials testing the efficacy of D-serine for treating schizophrenia 

and the schizophrenia prodrome are ongoing, both as an add-on to antipsychotics and as a 

monotherapy. Furthermore, this meta-analysis also corroborates the intriguing pattern in the 

literature that GMS agonists are ineffective when combined with clozapine as opposed to 
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other antipsychotics, which could be explained by an effect of clozapine on GMS occupancy 

[51].

An alternative approach to directly increasing GMS agonist availability is to block their 

reuptake. As the uptake and release mechanisms for D-serine are poorly understood, research 

has focused on inhibiting glycine reuptake via GlyT1 blockade. Sarcosine (N-methylglycine) 

an intermediate and byproduct in glycine synthesis and degradation, is an endogenous 

competitive GlyT1 antagonist. The Tsai and Lin [49] meta-analysis found it effective on 

total psychopathology, negative symptoms, and general psychopathology. However, 

undesirable side effects of sarcosine-derived GlyT1 inhibitors, such as ataxia, hypoactivity, 

and decreased respiration, have prompted the development of non-sarcosine-based GlyT1 

inhibitors. Unfortunately, the noncompetitive GlyT-1 antagonist from Hoffman-LaRoche, 

bitoperin, which significantly reduced negative symptoms in a Phase-II trial in 

schizophrenia, failed to reach its endpoints to improve negative symptoms in two recent 

Phase III trials (http://www.roche.com/media/media_releases/med-cor-2014-01-21.htm). 

Perhaps, inhibiting GlyT1 augments NMDAR function primarily at extra-synaptic receptors 

as suggested by recent electrophysiological studies [8•,52], thereby undercutting therapeutic 

effects.

Inhibiting DAAO, the enzyme that catabolizes D-amino acids, like D-serine and D-alanine, can 

increase GMS agonist availability. Genetic association studies of DAAO and DAAO 

activator (G72) with schizophrenia and the expression and activity of DAAO are increased 

in patients with schizophrenia [53]. Benzoate is a naturally occurring DAAO inhibitor that is 

considered a generally safe food preservative by the FDA. In a small randomized, double-

blind, placebo-controlled trial, sodium benzoate significantly improved positive, negative, 

and cognitive symptoms in patients with schizophrenia stabilized on antipsychotics [54]. 

Although larger studies are needed to validate these findings, this study encourages the 

search for novel DAAO inhibitors.

Reducing the levels of the endogenous GMS antagonist, kynurenic acid, is another strategy 

to restore the NMDAR hypofunction observed in schizophrenia. Preclinical studies in 

normal rodents demonstrate that kynurenine, the immediate precursor to kynurenic acid, 

impairs cognition. KATII inhibitors, which block the formation of kynurenic acid, prevent 

the cognitive and auditory-gating deficits in rodents and nonhuman primates caused by 

drugs such as, ketamine and amphetamine [55,56•]. As noted above, kynurenic acid is also a 

potent non-competitive antagonist of the a7nAChR, a risk gene for schizophrenia, and 

disrupts cognitive flexibility [57]. Indeed, Albuquerque and Schwarcz [58] argue that the 

α-7-nicotinic acetylcholine receptor is the primary site at which kyurenic acid exerts its pro-

schizophrenic effects. Regardless, these findings suggest that the modulation of the 

kynurenine pathway could be a novel mechanism by which to attenuate the cognitive 

symptoms in schizophrenia.

Conclusions

Data from both preclinical and clinical studies strongly implicate the NMDAR as a point of 

convergence for many of the signaling pathways that are affected in schizophrenia. Thus, 
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much effort has been made to develop novel therapeutics that target the GMS to stimulate 

NMDAR activity, a strategy now supported by the discovery that SR is a risk gene for 

schizophrenia. A more sanguine interpretation of studies to directly or indirectly activate 

NMDAR GMS function is that the results pro-vide only proof of principle for the 

therapeutic effects of enhancing NMDAR function in schizophrenia, but not evidence for a 

viable long-term treatment. Chronic D-serine promotes NMDAR internalization; chronic D-

cy-closerine results in desensitization; exogenous glycine may preferentially act at extra-

synaptic NMDARs. Nevertheless, other attractive strategies that accomplish enhanced 

synaptic NMDAR function without the GMS limitations, include positive allosteric 

NMDAR modulators [59], mGluR5 agonists [57], a7nAChR agonists [60] that indirectly 

enhance NMDAR function, and muscarinic acetylcholine receptor (M1) positive allosteric 

modulators [60].
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Figure 1. 
Numerous schizophrenia risk genes are involved in glutamatergic transmission. Recent 

large-scale schizophrenia GWAS [3••] and exome sequencing [31] studies have identified 

over 108 genetic loci and de novo mutations, respectively, associated with increased risk for 

schizophrenia. Many of the genes code for proteins that participate in excitatory 

transmission, particularly those that interact with the NMDAR. The NMDAR subunit 2A 

(GRIN2A; NR2A) is an important mediator of synaptic plasticity, with de novo mutations 

reported in schizophrenia. Discs, large homolog 1 (DLG1; SAP97) and 2 (DLG2; PSD93) 

belong to the membrane-associated guanylate kinases (MAGUKs) family of scaffolding 

proteins that regulate NMDAR and AMPAR trafficking, as well as postsynaptic density 

(PSD) organization [61]. The immediate early gene activity-regulated cytoskeleton-
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associated protein (ARC; Arc) is expressed almost exclusively in glutamatergic neurons, 

where it is enriched in the PSD and co-localizes with the NMDAR. Chloride channel, 

voltage-sensitive 3 (CLC-3; CLCN-3) is a voltage-gated chloride channel that co-localizes 

with the NMDAR postsynaptically to regulate neuronal excitability [62], and is localized to 

synaptic vesicles presynaptically where it regulates their size, glutamate content, and release 

probability [63]. The a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 1 

(GRIA1; GluR1) is a subunit of the ionotropic glutamate AMPAR that is a critical mediator 

of fast synaptic transmission. Serine racemase (SRR; SR) is the enzyme that converts L-

serine to D-serine, one of the two NMDAR co-agonists. The metabotropic glutamate-3 

receptor (GRM3; mGluR3), which is located presynaptically and on astrocytes, provides 

feedback inhibition of glutamate release from presynaptic terminals. The risk loci and 

mutations identified in recent genetic studies point to a convergence of perturbations in the 

PSD complex that would potentially lead to altered intracellular signaling, changes in the 

transcription of genes important for neuroplasticity, and ultimately impaired connectivity.
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