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Abstract: Cognitive impairment is a core feature of schizophrenia, playing a pivotal role in the
pathogenesis and prognosis of this disorder. Cognitive impairment in schizophrenia encompasses
a wide range of domains, including processing speed, episodic memory, working memory, and
executive function. These deficits persist throughout the course of the illness and significantly impact
functional outcomes and quality of life. Therefore, it is imperative to identify the biological basis of
cognitive deficits in schizophrenia and develop effective treatments. The role of N-methyl-D-aspartate
(NMDA) receptors in synaptic transmission and plasticity has long been recognized, making them
potential targets for schizophrenia treatment. This review will focus on emerging pharmacology
targeting NMDA receptors, offering strategies for the prevention and treatment of cognitive deficits
in schizophrenia.
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1. Introduction

Schizophrenia is a chronic and severe mental disorder, typically emerging during
adolescence or early adulthood, with an estimated lifetime prevalence of approximately
1% [1]. It often manifests with positive symptoms, such as hallucinations and delusions,
and negative symptoms characterized by diminished motivation and reduced emotional
expression, as well as cognitive impairment, including decreased attention and memory.
Importantly, cognitive impairment associated with schizophrenia (CIAS) is highly prevalent,
affecting approximately 80% of individuals with the disorder. CIAS often precedes the
onset of positive and negative symptoms and persists throughout the course of the illness.
Even after achieving “stability” in positive symptoms through the usage of antipsychotic
medications, many patients continue to experience cognitive impairment, which in turn
contributes to poorer functional outcomes [2,3]. Therefore, CIAS is considered the strongest
predictor of long-term functional prognosis in individuals with schizophrenia.

Treating cognitive impairment is a crucial aspect of improving functional outcomes
in schizophrenia. The glutamatergic system, illustrated in Figure 1, is one of the key
mechanisms underlying cognitive deficits. The glutamatergic system plays a central role
in various cognitive processes, including learning, memory, and executive function [4].
Dysfunction within this neurotransmitter system has been implicated in the cognitive
impairment observed in schizophrenia. The glutamate hypothesis of schizophrenia is
based on the ability of N-methyl-D-aspartate (NMDA) receptor antagonists to induce
schizophrenia-like symptoms, as well as emergent literature demonstrating disturbances
in NMDA receptor-related gene expression and metabolic pathways in schizophrenia [5].
Therefore, it seems that NMDA receptor and synapse function may participate in the
pathogenesis of schizophrenia, suggesting that modulators of NMDA receptor signaling
are promising candidates for therapy to treat CIAS.
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Figure 1. A schematic overview of the glutamatergic system in the brain, including glutamate syn-
thesis and release, and the subsequent glutamate activities through its receptors. EAATs, excitatory 
amino acid transporters; NMDARs, N-methyl-D-aspartate receptors; AMPARs, α-amino-3-hy-
droxy-5-methyl-4-isoxazole propionic acid receptors; BDNF, brain-derived neurotrophic factor. Fig-
ure created with Biorender.com (accessed on 20th July 2024). 

Neurotrophic factors play a vital role in neuronal development, synaptogenesis, and 
the response to stress and anxiety, and they have been linked to the pathogenesis of schiz-
ophrenia [6,7]. Brain-derived neurotrophic factor (BDNF) is one of the most widely dis-
tributed and extensively studied neurotrophins in the brain, crucial for the plastic changes 
associated with learning and memory [8]. Alterations in BDNF signaling, which regulates 
synaptic function via tropomyosin-related kinase B receptors (TrkB), are implicated in 
schizophrenia alongside NMDA receptor hypofunction [9]. Dysfunctional BDNF signal-
ing resulting from NMDA receptor activity deficits may contribute to the cognitive im-
pairment observed in the PCP model [10]. Moreover, patients with an earlier age of onset 
exhibit more negative symptoms and cognitive deficits, correlating with lower serum 
BDNF levels [11]. Consequently, reduced BDNF levels at the onset of psychosis indicate 
its potential role in the pathogenesis of schizophrenia and suggest that it could serve as a 
valuable neurobiological marker for early treatment interventions targeting NMDA re-
ceptor pathways. 

2. NMDA Receptor Function and Cognition 
NMDA receptors are cation-selective ligand-gated ion channels that, together with 

other ionotropic receptors (AMPA receptors, kainate receptors) and G-protein-coupled 
receptors (metabotropic glutamate receptors, or mGluRs), mediate glutamatergic synaptic 
transmission throughout the central nervous system (CNS) [12]. The channels contain two 
obligatory GluN1 and two modulatory GluN2 (A-D) subunits or a combination of GluN2 
and GluN3 subunits. The activation of NMDA receptors is both voltage-dependent and 
ligand-gated, requiring the binding of two ligands: glutamate and either D-serine or gly-
cine. Glutamate serves as the neurotransmitter, released from presynaptic terminals in an 
activity-dependent manner, while D-serine or glycine acts as a modulator, maintaining 

Figure 1. A schematic overview of the glutamatergic system in the brain, including glutamate
synthesis and release, and the subsequent glutamate activities through its receptors. EAATs, excitatory
amino acid transporters; NMDARs, N-methyl-D-aspartate receptors; AMPARs, α-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid receptors; BDNF, brain-derived neurotrophic factor. Figure created
with Biorender.com (accessed on 20 July 2024).

Neurotrophic factors play a vital role in neuronal development, synaptogenesis, and
the response to stress and anxiety, and they have been linked to the pathogenesis of
schizophrenia [6,7]. Brain-derived neurotrophic factor (BDNF) is one of the most widely
distributed and extensively studied neurotrophins in the brain, crucial for the plastic
changes associated with learning and memory [8]. Alterations in BDNF signaling, which
regulates synaptic function via tropomyosin-related kinase B receptors (TrkB), are impli-
cated in schizophrenia alongside NMDA receptor hypofunction [9]. Dysfunctional BDNF
signaling resulting from NMDA receptor activity deficits may contribute to the cognitive
impairment observed in the PCP model [10]. Moreover, patients with an earlier age of
onset exhibit more negative symptoms and cognitive deficits, correlating with lower serum
BDNF levels [11]. Consequently, reduced BDNF levels at the onset of psychosis indicate
its potential role in the pathogenesis of schizophrenia and suggest that it could serve
as a valuable neurobiological marker for early treatment interventions targeting NMDA
receptor pathways.

2. NMDA Receptor Function and Cognition

NMDA receptors are cation-selective ligand-gated ion channels that, together with
other ionotropic receptors (AMPA receptors, kainate receptors) and G-protein-coupled
receptors (metabotropic glutamate receptors, or mGluRs), mediate glutamatergic synaptic
transmission throughout the central nervous system (CNS) [12]. The channels contain
two obligatory GluN1 and two modulatory GluN2 (A-D) subunits or a combination of
GluN2 and GluN3 subunits. The activation of NMDA receptors is both voltage-dependent
and ligand-gated, requiring the binding of two ligands: glutamate and either D-serine or
glycine. Glutamate serves as the neurotransmitter, released from presynaptic terminals in
an activity-dependent manner, while D-serine or glycine acts as a modulator, maintaining
relatively constant levels in the extracellular fluid. The ion-channel integral to the NMDA
receptor is voltage-dependently blocked by magnesium ions (Mg2+), and depolarization
removes this block [13–15]. Thus, the NMDA receptor serves as a coincidence detector,
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linking neurotransmitter activation with the electrical properties of neurons. Sustained
NMDA receptor activation triggers signaling to the nucleus and coordinated changes in
gene expression, supporting the establishment of long-term synaptic plasticity (LTP), which
is the basis of learning and memory [16]. However, excessive glutamate can chronically
overstimulate NMDA receptors, resulting in excessive intracellular calcium and excitotoxic-
ity, a mechanism implicated in neuronal death in various CNS disorders. Both a deficiency
and an excess of NMDA receptor activity can be detrimental. Excitotoxicity associated with
NMDA receptors has prompted the search for antagonists as potential neuroprotective
agents, while their role in synaptic plasticity has inspired research into receptor potentiators
for treating cognitive dysfunction.

NMDA receptors are integral to the intricate processes of synaptic transmission, neu-
ronal plasticity, and cognitive function in the brain [17]. Their uniqueness among glutamate
receptors lies in their high calcium permeability and voltage-dependent activation prop-
erties. This distinctiveness allows NMDA receptors to act as molecular switches that
mediate critical aspects of synaptic plasticity, particularly LTP [18]. Specifically, activation
of NMDA receptors permits the influx of calcium ions into the postsynaptic neuron. This
influx of calcium serves as a pivotal signal, triggering a cascade of intracellular events that
profoundly impact synaptic strength and neuronal connectivity, including the activation
of protein kinases, such as calcium/calmodulin-dependent protein kinase II (CaMKII)
and protein kinase C (PKC). The phosphorylation of kinases influences target proteins,
leading to changes in synaptic efficacy, including alterations in the function and density of
neurotransmitter receptors at the synapse [19]. Furthermore, activation of NMDA receptors
during LTP induction also influences gene expression within the neuron. This modulation
of gene transcription and translation is mediated by calcium-dependent signaling path-
ways and transcription factors like cAMP response element-binding protein (CREB). When
CREB is activated, it promotes the expression of genes such as BDNF, which is crucial for
synaptic strengthening and the structural remodeling of synapses, thereby contributing to
the consolidation of memory [20].

3. NMDA Receptor Hypofunction in Schizophrenia

The normal functioning of NMDA receptors is crucial for maintaining cognitive
functions such as learning and memory. The dysfunction of NMDA receptors is a key
mechanism underlying schizophrenia, especially CIAS [21,22]. Early findings have shown
that NMDA receptor antagonists, such as phencyclidine (PCP), ketamine, and MK801, can
induce schizophrenia-like behaviors, including cognitive impairment, in both preclinical
and clinical studies [23,24]. Animal studies have confirmed that administering NMDA
receptor antagonists like MK-801 leads to cognitive impairment across multiple domains
in rodents [25]. NMDA receptor subunit NR1 knockdown mice exhibit behavioral abnor-
malities, which can be ameliorated to varying degrees with antipsychotics or psychoactive
drugs [26–28]. Furthermore, autoimmune encephalitis linked to NMDA receptor-specific
antibodies has been associated with severe psychosis [29]. Inflammation and elevated
levels of pro-inflammatory cytokines in individuals with psychotic disorders can activate
tryptophan metabolism through the kynurenine pathway, resulting in the overproduction
of kynurenic acid, an endogenous allosteric antagonist of NMDA receptors [30–32]. In-
creased kynurenine and kynurenic acid levels have been detected in the cerebrospinal fluid
(CSF) [33–35] and blood [36,37] of patients with schizophrenia, which antagonize the effects
of glycine at the glycine site of the NMDA receptor and contribute to CIAS [36,38–40].
Interestingly, kynurenic acid levels are lower in female Caucasians, which may help explain
their lower incidence of schizophrenia [41]. Collectively, both genetic and environmental
factors that precipitate NMDA receptor hypofunction have been implicated in the disease
progression and symptoms of schizophrenia [42]. Specifically, NMDA receptors can affect
cognitive function at the cellular and neural network levels.
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3.1. Cellular and Molecular Level: Synaptic Plasticity

Synaptic plasticity is the experience-dependent change in connectivity between neu-
rons that is believed to underlie learning and memory [43]. Patients with schizophrenia
who experienced negative life events, such as uterine infection or pregnancy complications,
psychosocial issues, amphetamine abuse, autoimmune disease, and other brain traumas,
can experience activity-dependent modifications to NMDA receptor function that are essen-
tial to synaptic transmission and the establishment of neuronal circuits. Postmortem studies
of the brains of patients with schizophrenia have revealed lower levels of expression of the
obligatory NMDA receptor subunit GluN1 [44], increased expression in the endogenous
NMDA receptor antagonist kynurenate [32], and a reduction in levels of the NMDA recep-
tor co-agonist D-serine, along with reduced activity of its synthesizing enzyme, D-serine
racemase [45]. Additionally, biological pathway analyses of genome-wide association
studies’ (GWAS) data (~60,000 subjects from the Psychiatric Genetics Consortium) revealed
that genetic variants associated with schizophrenia are enriched in pathways related to
the postsynaptic density, the postsynaptic membrane, dendritic spines, and histone methy-
lation [46]. Analyses of copy number variants (CNV) have linked de novo mutations in
genes encoding the NMDA receptor and proteins that are associated with postsynaptic
density to a higher risk of schizophrenia [46,47].

Changes in NMDA receptor expression and function can enhance or suppress synaptic
transmission efficacy. For instance, LTP facilitates memory formation, long-term depression
(LTD), verifies memory content, and maintains a balance between memory and forget-
ting. Accordingly, NMDA receptor hypofunction has been linked to various behavioral
manifestations of schizophrenia, including social withdrawal, increased locomotor activity,
and cognitive impairment, as observed in both humans and animal models [48–50]. Our
findings revealed that diminished excitatory neurotransmission in the medial prefrontal
cortex could be a common pathophysiology, regardless of the prenatal and postnatal patho-
genesis in developmental models of schizophrenia, that might underlie the mechanism of
defective working memory in those models [51]. Activation of neuregulin 1, a growth factor
genetically linked to schizophrenia in humans [52], promotes the internalization of NMDA
receptors from the cell surface by an actin-dependent mechanism in prefrontal pyramidal
neurons [53]. Additionally, overactivation of the ErbB4 receptor by neuregulin suppresses
NMDA receptor activity in the prefrontal cortex of patients with schizophrenia [54], eliciting
schizophrenic-like symptoms.

3.2. Neural Network Level: Excitation/Inhibition Balance and Neural Oscillation

Excitatory synaptic transmission and inhibitory synaptic transmission are the two
main synaptic transmissions in our brain [55]. The balance between excitatory and
inhibitory synaptic transmission (E/I balance) is essential for normal neural develop-
ment, behavior, and cognition, whereas an E/I imbalance leads to neurological disorders,
such as schizophrenia [56]. Importantly, NMDA receptors regulate α-amino-3-hydroxy-5-
methylisoxazole-4-propionate receptor (AMPAR)-mediated excitatory and γ-amino- bu-
tyric acid receptor (GABAR)-mediated inhibitory synaptic transmission, suggesting that
NMDA receptors play an important role in the establishment and maintenance of the E/I
balance [57]. Hypofunction in NMDA receptors have been found in human and animal
models of schizophrenia, which can impact the balance between excitation (E) and inhibi-
tion (I) [22,58,59]. Specifically, within inhibitory neurons, reduced NMDA receptor function
leads to a decrease in GABA neurotransmission. Consequently, excitatory neuron inhibition
is relieved, leading to an increase in excitatory neurotransmission. This imbalance in E/I
results in abnormal neural oscillations and cognitive impairment (Figure 2) [60,61].
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neurocircuitry hypothesis may help explain how reduced NMDAR activity contributes to 
the symptoms of schizophrenia [62]. One hypothesis is that cognitive impairment may 
arise from hypofunctional NMDA receptors on cortical GABA interneurons, particularly 
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[63,64]. This hypothesis is supported by the fact that patients with schizophrenia have 
reduced parvalbumin expression in the dorsolateral prefrontal cortex (PFC) and abnormal 
gamma-band oscillations [63,65], which have been implicated in the synchronization of 
neural ensembles during working memory and attention. Moreover, NMDA receptor 
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way, causing insufficient dopamine release in the PFC and potentially contributing to cog-
nitive and negative symptoms [66]. In individuals with schizophrenia, there is an upreg-
ulation of the serotonin (5-HT) receptor subtype 5-HT1A and a downregulation of 5-
HT2A in the PFC [67], which are important for emotion and cognition and involved in 
modulating NMDA receptor activity [68,69]. Consequently, alterations in 5-HT signaling 
could potentially influence cognitive and negative symptoms by impacting NMDA recep-
tor function in the PFC. 
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Figure 2. The balance between excitation (E) and inhibition (I), as well as neural oscillations, form
the foundation of cognitive function. In healthy individuals, a well-regulated E/I neural network
sustains normal oscillations and cognitive function. However, E/I imbalance leads to abnormal
oscillations, consequently resulting in cognitive impairment. Figure created with Biorender.com
(accessed on 20 July 2024).

Neural oscillations are a crucial mechanism for establishing precise temporal coor-
dination between neuronal responses, which are highly relevant for cognitive processes
like memory, perception, and consciousness. In patients with schizophrenia, the synchro-
nization of gamma-band activity is abnormal, suggesting the crucial role of dysfunctional
oscillations in generating the cognitive deficits and other symptoms of this disorder. The
neurocircuitry hypothesis may help explain how reduced NMDAR activity contributes
to the symptoms of schizophrenia [62]. One hypothesis is that cognitive impairment may
arise from hypofunctional NMDA receptors on cortical GABA interneurons, particularly
fast-spiking parvalbumin interneurons, leading to changes in cortical network oscilla-
tions [63,64]. This hypothesis is supported by the fact that patients with schizophrenia have
reduced parvalbumin expression in the dorsolateral prefrontal cortex (PFC) and abnormal
gamma-band oscillations [63,65], which have been implicated in the synchronization of
neural ensembles during working memory and attention. Moreover, NMDA receptor hy-
pofunction on cortical interneurons could boost glutamatergic projection neurons’ activity
excessively, leading to the hyperstimulation of GABAergic interneurons in the ventral
tegmental area. This overstimulation can dampen the meso-cortical dopamine pathway,
causing insufficient dopamine release in the PFC and potentially contributing to cognitive
and negative symptoms [66]. In individuals with schizophrenia, there is an upregulation
of the serotonin (5-HT) receptor subtype 5-HT1A and a downregulation of 5-HT2A in the
PFC [67], which are important for emotion and cognition and involved in modulating
NMDA receptor activity [68,69]. Consequently, alterations in 5-HT signaling could poten-
tially influence cognitive and negative symptoms by impacting NMDA receptor function
in the PFC.

Overall, NMDA receptors are critical for synaptic plasticity, learning, and memory
processes in the brain. They play a crucial role in regulating the balance between excitatory
and inhibitory neurotransmission. Dysfunction in NMDA receptor signaling disrupts this
balance, leading to the aberrant neural circuitry function and cognitive deficits observed
in schizophrenia.

4. Targeting NMDA Receptors in Schizophrenia

Given the critical role of NMDA receptors in cognition and their implication in
schizophrenia, targeting NMDA receptors presents a promising approach for treating
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CIAS. Notably, strategies targeting the glycine binding site are expected to have less ad-
verse effects compared to modulating the glutamate binding site [70]. Approaches to
enhance NMDA receptor function directly or indirectly include modulating glycine or
D-serine concentrations in the synaptic cleft and developing selective NMDA receptor
modulators (Figure 3).
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rats treated with a glycine-rich diet display disturbances in sensory gating [74]. Con-
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Figure 3. An overview of direct/indirect treatments in the regulation of NMDA receptor function,
and the therapeutic effects and possible underlying mechanisms in the treatment of schizophrenia.
(1) Enhancing NMDA receptor function through direct treatments (blue: e.g., glutamate, glycine, and
D-serine). (2) Boosting NMDA receptor function via indirect treatments (red: e.g., GLT1 inhibitors,
DAAO inhibitors, and GlyT1 inhibitors). Bottom panels: the effects of NMDA receptor activation
on neural morphology and brain activity, which contribute to the amelioration of symptoms in
schizophrenia. GLT1, glutamate transporter; GlyT1, glycine transporter; SR, serine racemase; DAAO,
D-amino acid oxidase. Figure created with Biorender.com (accessed on 20 July 2024).

4.1. Direct Enhancement of NMDA Receptor Function

A wide range of compounds that directly activate NMDA receptors, such as glycine
and D-serine, have been shown to be effective for improving cognitive function and
reducing symptom severity in schizophrenia patients in clinical trials. These agonists act
by enhancing NMDA receptor-mediated neurotransmission, thereby restoring synaptic
plasticity and neural circuitry function.

4.1.1. Enhancement of NMDA Receptor Functions by Glycine

Glycine is the simplest amino acid and acts as a neurotransmitter in the brain. When
glycine receptors are activated, chloride enters the neuron via ionotropic receptors, causing
an inhibitory postsynaptic potential. Glycine is also a required co-agonist, along with gluta-
mate, for NMDA receptors. In contrast to the inhibitory role of glycine in the spinal cord,
this behavior is facilitated at the NMDA receptors, which are excitatory [71]. Postmortem
studies of schizophrenic patients have revealed increases in NMDA-associated glycine
binding sites in the cerebral cortex [72]. High serum glycine levels have been reported in
chronic schizophrenia patients with pre-pulse inhibition deficits [73]. Similarly, rats treated
with a glycine-rich diet display disturbances in sensory gating [74]. Conversely, some
studies have reported lower plasma glycine levels in schizophrenia patients compared to
healthy controls, and these lower glycine levels were associated with a greater severity of
negative symptoms [75]. These findings suggest that glycine levels may compensate for
changes in glutamate NMDA receptor transmission in patients with schizophrenia. Further
large-scale studies measuring glycine concentrations in both serum and cerebrospinal
fluid are needed to elucidate the complex relationship between glycine signaling and the
pathogenesis of schizophrenia.
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Although there is controversy over glycine levels in patients with schizophrenia,
glycine-induced NMDA receptor-mediated enhanced neurotransmission is considered a
potentially safe and feasible method for improving negative symptoms as well as CIAS.
It has been reported that the potentiation of NMDA receptor function by the infusion of
glycine into the prefrontal cortex ameliorated PCP-induced behavioral deficits in latent
learning [76]. Glycinamide, a prodrug of glycine, can be converted to glycine in the CNS,
and it prevented MK-801-induced deficits in a novel object recognition task in rabbits [77].
Briefly, Table 1 summarizes the key findings from several clinical studies examining the
effects of glycine supplementation on the treatment of schizophrenic symptoms. The
studies varied in sample size and glycine dosage, but the majority reported significant
improvements in negative symptoms and cognitive deficits of schizophrenia with glycine
treatment. However, several studies did not find any significant effects on symptoms. The
lack of consistency across trials may be due to small sample sizes, various doses of glycine,
different trial durations, and clinical ratings. Overall, the evidence suggests that glycine
may be a promising adjunctive therapy for targeting the cognitive and negative symptom
domains in schizophrenia.

Table 1. Effects of glycine on the treatment of schizophrenic symptoms in clinical studies.

Compound Sample Size
(Placebo vs. Experiment) Dosage Clinical Results References

Glycine 11 (no placebo) 5–25 (g/day) No significant effects on symptoms [78]
6 (no placebo) 10.8 (g/day) No significant effects on symptoms [79]
6 (no placebo) 15 (g/day) No significant effects on symptoms [80]

7 vs. 7 2–30 (g/day) Significant improvements in negative
symptoms [81]

5 (no placebo) 0.14–0.8 (g/kg/day) Significant improvements in negative
symptoms [82]

11 vs. 11 0.8 (g/kg/day) Significant improvements in depressive,
cognitive, and negative symptoms [83]

22 vs. 22 0.8 (g/kg/day) Significant improvements in depressive,
cognitive, and negative symptoms [84]

10 vs. 9 30 (g/day) No significant effects on symptoms [85]
13 vs. 14 60 (g/day) No significant effects on symptoms [86]

6 vs. 6 0.2–0.8 (g/kg/day) Significant improvements in negative
symptoms [87]

12 vs. 12 60 (g/day) No significant effects on symptoms [88]

2 vs. 2 6–48 (g/day) Significant improvements in clinical
symptoms [89]

2 (no placebo) 5.4–86.5 (g/day) Significant improvements in clinical
symptoms [90]

10 vs. 10 0.8 (g/kg/day) No significant effects on symptoms [91]

29 (no placebo) 0.8 (g/kg/day) Significant improvements in positive and
negative symptoms [92]

4.1.2. Enhancement of NMDA Receptor Function by D-Serine

D-serine is an endogenous ligand for the glycine site of the NMDA receptor [93].
For the GluN1/N2 subunits of the NMDA receptor, the binding affinity of D-serine is
three-fold more potent than that of glycine [94]. Notably, D-serine is the primary co-agonist
of synaptic NMDA receptors, whereas glycine is the primary co-agonist of extrasynaptic
NMDA receptors [95]. The differential localization and co-agonist preferences of synaptic
versus extrasynaptic NMDA receptors have important implications for their distinct roles
in neuronal signaling and synaptic function. Synaptic NMDA receptors are typically
associated with excitatory neurotransmission and the induction of LTP, processes critical
for learning and memory. Moreover, depletion of D-serine diminishes NMDA receptor
activity [93] and LTP [96]. In contrast, extrasynaptic NMDA receptors have been linked
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to excitotoxicity and the propagation of pathological signals, which may contribute to the
cognitive deficits observed in neuropsychiatric disorders such as schizophrenia [97,98].

Accumulating evidence highlights the potential therapeutic role of D-serine in the
modulation of NMDA receptor function for the treatment of schizophrenia. Indeed, re-
duced levels of D-serine have been found in the serum of patients with schizophrenia
compared to healthy individuals [99]. A postmortem brain study also revealed decreased
D-serine in the CSF of schizophrenia patients [100]. Correspondingly, D-serine supple-
mentation during juvenile and adolescent stages has been shown to prevent the onset of
cognitive deficits, as well as the prodromal and core symptoms of schizophrenia, in adult
offspring following maternal immune activation [101]. Our recent study demonstrated
that chronic D-serine treatment ameliorated cognitive dysfunction in a neurodevelopmen-
tal mouse model of schizophrenia. Mechanistically, we found that D-serine restores the
excitation/inhibition balance by reconstituting both synaptic and intrinsic inhibitory con-
trol of cingulate pyramidal neurons. This effect was mediated through the facilitation
of parvalbumin-positive (PV) interneuron-preferential NMDA receptor function and the
activation of small-conductance calcium-activated potassium (SK) channels in pyramidal
neurons, respectively [49]. However, it is important to note that the rapid metabolism
of D-serine by the enzyme D-amino acid oxidase (DAAO) may reduce its bioavailability,
potentially posing a challenge for its therapeutic use in schizophrenia [102]. Additionally,
there are concerns regarding the potential nephrotoxicity associated with high concen-
trations of D-serine, as observed in rats developing acute tubular necrosis with higher
doses [103,104]. Nonetheless, the measurement of serum D- and L-serine levels has been
proposed as a potential biological marker for schizophrenia [99]. Further research with
larger sample sizes and specific controls, following the guidelines for accurate measurement
and detection methods [105], is warranted to fully elucidate the therapeutic potential of
modulating the D-serine–NMDA receptor axis in schizophrenia.

Building upon the same lines, D-serine has been extensively investigated in numerous
clinical studies, both employed alone and as an adjunct to antipsychotics, for its ability
to improve the cognitive and negative symptoms of schizophrenia. Key findings from
these studies are summarized in Table 2. Many clinical trials have reported significant
improvements in the cognitive and negative symptoms of schizophrenia with D-serine
supplementation. For instance, a pilot, double-blind, placebo-controlled, randomized
parallel group, mechanistic proof-of-concept trial demonstrated a 35.7% improvement in
negative symptoms (cognitive impairment is a common negative symptom of schizophre-
nia) compared with a placebo in individuals at high risk of schizophrenia [106]. Similarly,
a study of 31 Taiwanese schizophrenic patients receiving D-serine (30 mg/kg/day) as an
adjunct to standard antipsychotics revealed significant improvements in their cognition,
negative and positive symptoms, as well as enhanced performance on the Wisconsin Card
Sorting Test (WCST) [107]. However, not all studies have yielded positive results. A multi-
center, add-on randomized controlled trial indicated that the effect of low-dose D-serine
(2 g/day) on the treatment of cognitive and negative symptoms appeared to be small [108].
Conversely, the first randomized, double-blind, placebo-controlled study using a higher
dose of D-serine (60 mg/kg) in schizophrenia patients reported significant improvements
in clinical symptoms, suggesting that a minimum daily dose of 3.6 g of D-serine may be
necessary to achieve improvements in negative symptoms [109]. It is important to note
that high-dose D-serine administration can lead to adverse effects, such as peripheral
neuropathies, oxidative damage [110], neurotoxicity [111], and renal toxicity [112,113].

In summary, existing clinical evidence suggests that D-serine may be a promising
treatment for cognitive and negative symptoms in schizophrenia, particularly when used
as an adjunct to antipsychotic medications. However, the therapeutic benefit appears to be
dose dependent, and the potential for adverse effects, especially with higher doses, should
be carefully considered in the design and implementation of future clinical trials.
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Table 2. Effects of D-serine on the treatment of schizophrenic symptoms in clinical studies.

Compound Sample Size
(Placebo vs. Experiment) Dosage Clinical Results References

D-serine 15 vs. 14 30 (mg/kg/day) Significant improvements in cognitive,
negative, and positive symptoms [107]

10 vs. 10 30 (mg/kg/day) No significant effects on symptoms [114]

38 vs. 37 20–30 (mg/kg/day)
Significant improvements in negative,

positive, cognitive, and depression
symptoms

[115]

16 (20) vs. 16 (20) 2 (g/day) No significant effects on symptoms [116]

12 vs. 19 vs. 16 30, 60, 120
(mg/kg/day) Significant improvements in symptoms [113]

69 (98) vs. 73 (97) 2 (g/day) No significant effects on symptoms [108]

5 (10) vs. 3 (8) 1.5–3 (g/day) Significant improvements in negative
symptoms [117]

23 (26) vs. 25 (27) 30 (mg/kg/day) No significant effects on symptoms [118]
17 1.5–4 (g/day) Significant improvements in symptoms [119]

20 (24) vs. 15 (20) 60 (mg/kg/day) Significant improvements in negative
symptoms [106]

13 60 (mg/kg/day) Improvements in auditory plasticity [120]
16 vs. 16 60 (mg/kg/day) Significant improvements in symptoms [109]
9 vs. 12 100 mg/kg Significant plasticity improvements [121]

4.2. Indirect Enhancement of NMDA Receptor Function

As described previously, glutamate, glycine, and D-serine directly target postsynaptic
NMDA receptors and activate NMDA receptor functioning. However, the beneficial effects
of directly targeting the NMDA receptor with the above compounds is limited due to
several factors, including the need for high doses, a narrow therapeutic window, poor CNS
penetration, and associated side effects. Alternatively, as illustrated in Figure 3, indirect
enhancement of NMDA receptor function by improving the availability of synaptic glycine
and D-serine levels in astrocytes provides a new approach to help meet the needs of patients
with schizophrenia.

4.2.1. Enhancement of NMDA Receptor Function by GlyT1 Inhibitors

Glycine transporter type 1 (GlyT1) is involved in the reuptake of glycine from the
synaptic cleft. By inhibiting GlyT1, compounds such as sarcosine, BI 425809, and bitopertin
can reduce the reuptake of glycine, increasing its concentration in the synaptic cleft [122].
GlyT1 is highly colocalized with NMDA receptors on glial cells and neurons in the cortex,
hippocampus, septum, and thalamus [123]. GlyT1 effectively regulates synaptic glycine
reuptake and enhances NMDA receptor function by promoting the binding of glycine to
subtypes of NMDA receptors [124]. Thus, selective inhibition of astrocytic GlyT1 represents
a promising therapeutic strategy to enhance synaptic glycine concentrations and boost
NMDA receptor activity.

Multiple lines of evidence indicate that inhibition of GlyT1 enhances NMDA re-
ceptor function, which holds promise for the treatment of CIAS. BI 425809 is a novel,
potent, and selective GlyT1 inhibitor that can increase synaptic glycine concentrations,
thereby enhancing NMDA receptor signaling and improving neural plasticity, which in
turn ameliorates cognitive function [125,126]. A randomized controlled trial found that
PF-03463275 as a GlyT1 inhibitor could enhance cognitive training and neuroplasticity
in schizophrenia [127]. Glycyldodecylamide, a compound that blocks neuronal glycine
uptake and that may therefore increase intrasynaptic glycine levels, inhibits PCP-induced
psychosis in schizophrenia [128]. Subsequent chronic (2-week) administration of (R)-(N-[3-
(4′-fluorophenyl)-3-(4′-phenylphenoxy)propyl])sarcosine (NFPS, also known as ALX5407),
a GlyT1 inhibitor, enhanced PCP-induced cognitive deficits [129,130]. Sarcosine, another
GlyT1 inhibitor, has promising therapeutic potential in ameliorating cognitive deficits
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in both animal models [131–133] and patients with schizophrenia [134]. Intriguingly, it
has been proven that sarcosine may enhance NMDA receptor function by more than one
mechanism and may have different effects from NMDA receptor agonists like glycine [135].
In addition, other GlyT1 inhibitors, such as SSR103800 and SSR504734, have also exhibited
similar beneficial effects in sensorimotor gating, learning and memory, and schizophrenia-
like behaviors [136,137]. Furthermore, selective genetic disruption of GlyT1 resulted in
the enhancement of NMDA receptor function, memory retention, and protected against
amphetamine disruption of sensory gating, suggesting that inhibition of GlyT1 might
have both cognitive-enhancing and antipsychotic effects [138]. These findings indicate that
GlyT1 is a promising drug target for the treatment of schizophrenia-related behaviors and
cognitive deficits, even though the high binding affinity of the GlyT1 inhibitor can cause
unpredictable toxicity [139–141].

4.2.2. Enhancement of NMDA Receptor Functions by DAAO Inhibitors

In contrast to GlyT1 inhibitors, another promising therapeutic strategy for treating
schizophrenia is to indirectly increase synaptic D-serine levels by targeting D-amino acid
oxidase (DAAO). DAAO is an enzyme that degrades D-serine. Inhibiting DAAO via
DAAO inhibitors can lead to increased synaptic D-serine levels and the regulation of
NMDA receptor-evoked electrophysiological activity, thereby ameliorating NMDA recep-
tor hypofunction and the cognitive deficits observed in schizophrenia. Interestingly, the
expression and activity of DAAO are found to be elevated in individuals with schizophre-
nia, and this enhanced DAAO activity is thought to contribute to the reduced D-serine
levels and subsequent impairment in NMDA receptor functioning [102,142]. Furthermore,
genetic variations in DAAO and its activator have been associated with the negative symp-
toms and cognitive deficits observed in schizophrenic patients [143–145]. Adding to the
therapeutic potential of DAAO inhibition, it has been reported that certain antipsychotic
medications, such as chlorpromazine (a first-generation antipsychotic) and risperidone (a
second-generation antipsychotic), may possess DAAO-inhibiting properties [146,147]. In-
deed, elevated levels of D-serine have been observed in rodents after the administration of
DAAO inhibitors [148,149]. Consistently, pre-pulse inhibition deficits and cognitive deficits
relevant to schizophrenia were ameliorated after treatment with DAAO inhibitors [149,150].
Moreover, mutant mice lacking DAAO exhibit increased NMDA receptor function [151]
that facilitated hippocampal LTP and spatial learning [152]. Other animal studies have
indicated that DAAO is involved in the mechanism of D-serine nephrotoxicity [153], which
also could be attenuated by DAAO inhibitors [154]. Therefore, DAAO inhibitors, combined
with D-serine or used alone, might be beneficial for enhancing NMDA receptor function
in schizophrenia.

4.2.3. Enhancement of NMDA Receptor Function by Other NMDAR Modulators

Several compounds that modulate NMDA receptor activity indirectly have been in-
vestigated as potential therapeutics for schizophrenia. For example, agents that target
the glycine site on the NMDA receptor, such as D-cycloserine (DCS), have shown mixed
results in treating negative symptoms and cognitive impairment in schizophrenia [155].
Lower doses of 50 mg/day produced persistent benefits for negative symptoms and mem-
ory deficits when added to first-generation antipsychotics [156,157], but higher doses
of 100 mg/day or more worsened psychotic symptoms [158]. The Cognitive and Neg-
ative Symptoms in Schizophrenia Trial (CONSIST) found no significant improvements
in negative symptoms or cognition when DCS was added to second-generation antipsy-
chotics [159]. Similarly, the efficacy of DCS did not achieve statistical significance in a
meta-analysis of add-on trials, in contrast to the more consistently positive results with the
full NMDA receptor co-agonist glycine [157,160]. Beyond its effects on symptoms, DCS
positively modulated NMDAR-dependent forms of LTP and LTD in the hippocampal brain
slices of juvenile rats without affecting basal synaptic transmission [161]. The modulation
of synaptic plasticity by DCS may contribute to its potential therapeutic effects, though the
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clinical efficacy appears to be influenced by factors like antipsychotic medication type. Fur-
thermore, research in rats has shown that the actions of endogenous kynurenic acid on VTA
dopamine (DA) neurons are antagonized by DCS [162]. This suggests that elevated levels
of kynurenic acid impact the basal firing characteristics of VTA DA neurons, specifically
by blocking the glycine site of the NMDA receptor. Collectively, these findings highlight
the interactions between DCS, NMDA receptor modulation, and the treatment of cognitive
and negative symptoms in schizophrenia.

Other modulators, including allosteric modulators and subtype-selective agonists, are
also being explored for their therapeutic potential. These modulators bind to sites distinct
from agonist binding sites, inducing conformational changes that enhance or inhibit recep-
tor function. Positive allosteric modulators (PAMs) can enhance NMDA receptor activity,
potentially offering benefits for cognitive enhancement and treating psychiatric disorders.
Relatively non-selective PAMs that alter NMDA receptor function independent of subunit
composition, such as CAD-9303, have been studied as treatments for the cognitive deficits
and negative symptoms of schizophrenia [21]. GluN2A-selective PAMs, including GNE-
6901 and GNE-8324, have provided a proof-of-principle for the development of allosteric
modulators of NMDA receptors; however, their poor pharmacokinetic properties and
poor central nervous system exposures hinder their uses in vivo [163]. These PAMs also
showed cell-selective functional differences in brain slice neurophysiology experiments,
with GNE-6901 enhancing NMDA receptor synaptic responses on both excitatory and
inhibitory neurons, whereas GNE-8324 selectively enhanced NMDA receptor responses
on inhibitory neurons but not excitatory neurons. The reason for this synaptic selectivity
might involve differences in the microenvironment between synapses on excitatory and
inhibitory neurons that result in different susceptibilities to potentiation by specific modes
of PAM action [70]. Accumulating evidence suggests that GluN2B PAMs may have ef-
fects on cognitive function [70,164]. In contrast, negative allosteric modulators (NAMs) of
GluN2B have been shown to induce transient cognitive impairment [165] similar to the
actions of NMDA receptor blockers, suggesting that GluN2B potentiation may produce an
opposing effect.

Overall, targeting NMDA receptors presents a logical approach to addressing the
underlying neurobiological abnormalities in schizophrenia. By restoring NMDA receptor
function and enhancing synaptic plasticity, these therapeutic strategies have the potential
to improve cognitive deficits and alleviate symptoms, thereby enhancing the quality of life
for individuals with schizophrenia.

5. Conclusions

The NMDA receptor hypofunction hypothesis provides a framework for understand-
ing the neurobiological basis of schizophrenia, particularly its cognitive impairment. Tar-
geting NMDA receptor pathways represents a promising avenue for developing novel
therapeutics aimed at restoring cognitive function and improving outcomes for individuals
affected by schizophrenia. Data from clinical and animal studies have strongly implicated
NMDA receptors as central hubs in the complex pathophysiological processes underlying
schizophrenia. Accordingly, therapeutic drugs for CIAS that are based on the regulation of
NMDA receptor function are currently under development. Importantly, several NMDAR-
enhancing agents, particularly those that indirectly modulate NMDA receptor function,
have demonstrated significant alleviation in schizophrenia-like behavioral deficits and
cognitive dysfunctions in both animal models and patients with schizophrenia. Moreover,
current findings suggest that indirectly targeting NMDA receptors appears to be more
beneficial and results in fewer adverse effects than directly modulating NMDA receptor
function. Additionally, as the development of new antipsychotic drugs progresses, the
establishment of comprehensive safety profiles for these potential compounds will be
highly informative. This could elucidate their precise mechanisms of action and enable the
evaluation of their therapeutic effects in both animal models and clinical studies.
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Notably, however, this review offers an oversimplified summary of treatment alterna-
tives for a highly complex psychiatric disorder. The functioning of the glutamate system,
particularly NMDA receptors, is influenced by sex differences [166]. Understanding these
differences is crucial, especially regarding their implications for cognitive impairment and
negative symptoms in schizophrenia. Clinical trials are essential in drug development,
while preclinical animal studies provide valuable insights into underlying mechanisms
and help inform new therapeutic interventions. Lumateperone (also known as ITI-007 or
ITI-722) has been shown to be effective in treating the positive, negative, and cognitive
symptoms of schizophrenia [167]. It simultaneously modulates key neurotransmitters,
including serotonin, dopamine, and glutamate [168]. Future research that integrates single-
cell sequencing techniques may uncover cell-type-specific NMDA receptor hypofunction
in schizophrenia. This could help identify potential biomarkers for multi-target drugs like
lumateperone, leading to more precise and personalized clinical treatments. It is important
to note that not all patients with schizophrenia experience cognitive deficits or primary
negative symptoms, highlighting the disorder’s heterogeneity. Advances in cognitive
assessment, such as the MATRICS Consensus Cognitive Battery (MCCB), enable a compre-
hensive evaluation of cognitive functioning across various domains. This recognition of
individual cognitive profiles is vital for personalizing treatment strategies and improving
outcomes, including those targeting glutamatergic systems.
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21. Veselinović, T.; Neuner, I. Progress and pitfalls in developing agents to treat neurocognitive deficits associated with schizophrenia.

CNS Drugs 2022, 36, 819–858. [CrossRef] [PubMed]
22. Nakazawa, K.; Sapkota, K. The origin of NMDA receptor hypofunction in schizophrenia. Pharmacol. Ther. 2020, 205, 107426.

[CrossRef] [PubMed]
23. Coyle, J.T.; Tsai, G.; Goff, D. Converging evidence of NMDA receptor hypofunction in the pathophysiology of schizophrenia.

Ann. N. Y. Acad. Sci. 2003, 1003, 318–327. [CrossRef] [PubMed]
24. Jentsch, J.D.; Roth, R.H. The neuropsychopharmacology of phencyclidine: From NMDA receptor hypofunction to the dopamine

hypothesis of schizophrenia. Neuropsychopharmacology 1999, 20, 201–225. [CrossRef]
25. Janus, A.; Lustyk, K.; Pytka, K. MK-801 and cognitive functions: Investigating the behavioral effects of a non-competitive NMDA

receptor antagonist. Psychopharmacology 2023, 240, 2435–2457. [CrossRef]
26. Ramsey, A.J. NR1 knockdown mice as a representative model of the glutamate hypothesis of schizophrenia. Prog. Brain Res. 2009,

179, 51–58. [CrossRef]
27. Nakazawa, K.; Jeevakumar, V.; Nakao, K. Spatial and temporal boundaries of NMDA receptor hypofunction leading to schizophre-

nia. NPJ Schizophr. 2017, 3, 7. [CrossRef]
28. Bygrave, A.M.; Masiulis, S.; Nicholson, E.; Berkemann, M.; Barkus, C.; Sprengel, R.; Harrison, P.J.; Kullmann, D.M.; Bannerman,

D.M.; Kätzel, D. Knockout of NMDA-receptors from parvalbumin interneurons sensitizes to schizophrenia-related deficits
induced by MK-801. Transl. Psychiatry 2016, 6, e778. [CrossRef]

29. Dalmau, J.; Gleichman, A.J.; Hughes, E.G.; Rossi, J.E.; Peng, X.; Lai, M.; Dessain, S.K.; Rosenfeld, M.R.; Balice-Gordon, R.; Lynch,
D.R. Anti-NMDA-receptor encephalitis: Case series and analysis of the effects of antibodies. Lancet Neurol. 2008, 7, 1091–1098.
[CrossRef]

30. Kindler, J.; Lim, C.K.; Weickert, C.S.; Boerrigter, D.; Galletly, C.; Liu, D.; Jacobs, K.R.; Balzan, R.; Bruggemann, J.; O’Donnell, M.;
et al. Dysregulation of kynurenine metabolism is related to proinflammatory cytokines, attention, and prefrontal cortex volume
in schizophrenia. Mol. Psychiatry 2020, 25, 2860–2872. [CrossRef]

31. Erhardt, S.; Schwieler, L.; Nilsson, L.; Linderholm, K.; Engberg, G. The kynurenic acid hypothesis of schizophrenia. Physiol. Behav.
2007, 92, 203–209. [CrossRef] [PubMed]

32. Schwarcz, R.; Rassoulpour, A.; Wu, H.Q.; Medoff, D.; Tamminga, C.A.; Roberts, R.C. Increased cortical kynurenate content in
schizophrenia. Biol. Psychiatry 2001, 50, 521–530. [CrossRef] [PubMed]

33. Linderholm, K.R.; Skogh, E.; Olsson, S.K.; Dahl, M.L.; Holtze, M.; Engberg, G.; Samuelsson, M.; Erhardt, S. Increased levels of
kynurenine and kynurenic acid in the CSF of patients with schizophrenia. Schizophr. Bull. 2012, 38, 426–432. [CrossRef]

34. Plitman, E.; Iwata, Y.; Caravaggio, F.; Nakajima, S.; Chung, J.K.; Gerretsen, P.; Kim, J.; Takeuchi, H.; Chakravarty, M.M.; Remington,
G.; et al. Kynurenic acid in schizophrenia: A systematic review and meta-analysis. Schizophr. Bull. 2017, 43, 764–777. [CrossRef]
[PubMed]

35. Erhardt, S.; Schwieler, L.; Engberg, G. Kynurenic acid and schizophrenia. Adv. Exp. Med. Biol. 2003, 527, 155–165. [CrossRef]
[PubMed]

36. Hare, S.M.; Adhikari, B.M.; Mo, C.; Chen, S.; Wijtenburg, S.A.; Seneviratne, C.; Kane-Gerard, S.; Sathyasaikumar, K.V.; No-
tarangelo, F.M.; Schwarcz, R.; et al. Tryptophan challenge in individuals with schizophrenia and healthy controls: Acute effects
on circulating kynurenine and kynurenic acid, cognition and cerebral blood flow. Neuropsychopharmacology 2023, 48, 1594–1601.
[CrossRef]

https://doi.org/10.1016/j.psyneuen.2020.105121
https://www.ncbi.nlm.nih.gov/pubmed/33387927
https://doi.org/10.1124/pharmrev.120.000131
https://www.ncbi.nlm.nih.gov/pubmed/34753794
https://doi.org/10.1042/BST20230122
https://www.ncbi.nlm.nih.gov/pubmed/37431773
https://doi.org/10.33549/physiolres.932678
https://doi.org/10.1007/978-1-4939-7321-7_1
https://doi.org/10.1101/cshperspect.a005710
https://doi.org/10.1016/j.neuron.2023.05.002
https://doi.org/10.1038/sj.embor.7400830
https://doi.org/10.1042/BST0371369
https://doi.org/10.1016/j.neuron.2008.09.002
https://doi.org/10.1007/s40263-022-00935-z
https://www.ncbi.nlm.nih.gov/pubmed/35831706
https://doi.org/10.1016/j.pharmthera.2019.107426
https://www.ncbi.nlm.nih.gov/pubmed/31629007
https://doi.org/10.1196/annals.1300.020
https://www.ncbi.nlm.nih.gov/pubmed/14684455
https://doi.org/10.1016/S0893-133X(98)00060-8
https://doi.org/10.1007/s00213-023-06454-z
https://doi.org/10.1016/s0079-6123(09)17906-2
https://doi.org/10.1038/s41537-016-0003-3
https://doi.org/10.1038/tp.2016.44
https://doi.org/10.1016/S1474-4422(08)70224-2
https://doi.org/10.1038/s41380-019-0401-9
https://doi.org/10.1016/j.physbeh.2007.05.025
https://www.ncbi.nlm.nih.gov/pubmed/17573079
https://doi.org/10.1016/S0006-3223(01)01078-2
https://www.ncbi.nlm.nih.gov/pubmed/11600105
https://doi.org/10.1093/schbul/sbq086
https://doi.org/10.1093/schbul/sbw221
https://www.ncbi.nlm.nih.gov/pubmed/28187219
https://doi.org/10.1007/978-1-4615-0135-0_18
https://www.ncbi.nlm.nih.gov/pubmed/15206728
https://doi.org/10.1038/s41386-023-01587-3


Int. J. Mol. Sci. 2024, 25, 10668 14 of 19

37. Ding, W.; Wu, F.; Zhou, S.; Li, H.; Wang, R.; Ning, Y. Increased plasma level of kynurenic acid in drug-free patients with
first-episode schizophrenia compared to patients with chronic schizophrenia and healthy controls: Preliminary data. Nord. J.
Psychiatry 2022, 76, 451–456. [CrossRef]

38. Javitt, D.C. Distress intolerance, kynurenic acid, and schizophrenia. JAMA Psychiatry 2014, 71, 749–750. [CrossRef]
39. Pocivavsek, A.; Wu, H.Q.; Elmer, G.I.; Bruno, J.P.; Schwarcz, R. Pre- and postnatal exposure to kynurenine causes cognitive

deficits in adulthood. Eur. J. Neurosci. 2012, 35, 1605–1612. [CrossRef]
40. Shepard, P.D.; Joy, B.; Clerkin, L.; Schwarcz, R. Micromolar brain levels of kynurenic acid are associated with a disruption of

auditory sensory gating in the rat. Neuropsychopharmacology 2003, 28, 1454–1462. [CrossRef]
41. Badawy, A.A.; Dougherty, D.M. Assessment of the human kynurenine pathway: Comparisons and clinical implications of ethnic

and gender differences in plasma tryptophan, kynurenine metabolites, and enzyme expressions at baseline and after acute
tryptophan loading and depletion. Int. J. Tryptophan. Res. 2016, 9, 31–49. [CrossRef] [PubMed]

42. Snyder, M.A.; Gao, W.J. NMDA receptor hypofunction for schizophrenia revisited: Perspectives from epigenetic mechanisms.
Schizophr. Res. 2020, 217, 60–70. [CrossRef] [PubMed]

43. Cotman, C.W.; Nieto-Sampedro, M. Cell biology of synaptic plasticity. Science 1984, 225, 1287–1294. [CrossRef] [PubMed]
44. Catts, V.S.; Lai, Y.L.; Weickert, C.S.; Weickert, T.W.; Catts, S.V. A quantitative review of the postmortem evidence for decreased

cortical N-methyl-D-aspartate receptor expression levels in schizophrenia: How can we link molecular abnormalities to mismatch
negativity deficits? Biol. Psychol. 2016, 116, 57–67. [CrossRef] [PubMed]

45. Hashimoto, K.; Engberg, G.; Shimizu, E.; Nordin, C.; Lindström, L.H.; Iyo, M. Reduced D-serine to total serine ratio in the
cerebrospinal fluid of drug naive schizophrenic patients. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2005, 29, 767–769.
[CrossRef] [PubMed]

46. Psychiatric genome-wide association study analyses implicate neuronal, immune and histone pathways. Nat. Neurosci. 2015, 18,
199–209. [CrossRef]

47. Kirov, G.; Pocklington, A.J.; Holmans, P.; Ivanov, D.; Ikeda, M.; Ruderfer, D.; Moran, J.; Chambert, K.; Toncheva, D.; Georgieva,
L.; et al. De novo CNV analysis implicates specific abnormalities of postsynaptic signalling complexes in the pathogenesis of
schizophrenia. Mol. Psychiatry 2012, 17, 142–153. [CrossRef]

48. Mohn, A.R.; Gainetdinov, R.R.; Caron, M.G.; Koller, B.H. Mice with reduced NMDA receptor expression display behaviors related
to schizophrenia. Cell 1999, 98, 427–436. [CrossRef]

49. Zhang, X.-Q.; Xu, L.; Zhu, X.-Y.; Tang, Z.-H.; Dong, Y.-B.; Yu, Z.-P.; Shang, Q.; Wang, Z.-C.; Shen, H.-W. D-serine reconstitutes
synaptic and intrinsic inhibitory control of pyramidal neurons in a neurodevelopmental mouse model for schizophrenia. Nat.
Commun. 2023, 14, 8255. [CrossRef]

50. Sawa, A.; Snyder, S.H. Schizophrenia: Diverse approaches to a complex disease. Science 2002, 296, 692–695. [CrossRef]
51. Zhang, X.Q.; Xu, L.; Ling, Y.; Hu, L.B.; Huang, J.; Shen, H.W. Diminished excitatory synaptic transmission correlates with

impaired spatial working memory in neurodevelopmental rodent models of schizophrenia. Pharmacol. Biochem. Behav. 2021,
202, 173103. [CrossRef] [PubMed]

52. Stefansson, H.; Sigurdsson, E.; Steinthorsdottir, V.; Bjornsdottir, S.; Sigmundsson, T.; Ghosh, S.; Brynjolfsson, J.; Gunnarsdottir, S.;
Ivarsson, O.; Chou, T.T.; et al. Neuregulin 1 and susceptibility to schizophrenia. Am. J. Hum. Genet. 2002, 71, 877–892. [CrossRef]
[PubMed]

53. Gu, Z.; Jiang, Q.; Fu, A.K.; Ip, N.Y.; Yan, Z. Regulation of NMDA receptors by neuregulin signaling in prefrontal cortex. J. Neurosci.
2005, 25, 4974–4984. [CrossRef] [PubMed]

54. Hahn, C.G.; Wang, H.Y.; Cho, D.S.; Talbot, K.; Gur, R.E.; Berrettini, W.H.; Bakshi, K.; Kamins, J.; Borgmann-Winter, K.E.; Siegel,
S.J.; et al. Altered neuregulin 1-erbB4 signaling contributes to NMDA receptor hypofunction in schizophrenia. Nat. Med. 2006, 12,
824–828. [CrossRef]

55. Levinson, J.N.; El-Husseini, A. Building excitatory and inhibitory synapses: Balancing neuroligin partnerships. Neuron 2005, 48,
171–174. [CrossRef]

56. Sohal, V.S.; Rubenstein, J.L.R. Excitation-inhibition balance as a framework for investigating mechanisms in neuropsychiatric
disorders. Mol. Psychiatry 2019, 24, 1248–1257. [CrossRef]

57. Zhou, L.; Sun, X.; Duan, J. NMDARs regulate the excitatory-inhibitory balance within neural circuits. Brain Sci. Adv. 2023, 9, 3–14.
[CrossRef]

58. Balu, D.T. The NMDA receptor and schizophrenia: From pathophysiology to treatment. Adv. Pharmacol. 2016, 76, 351–382.
[CrossRef]

59. Gaebler, A.J.; Fakour, N.; Stöhr, F.; Zweerings, J.; Taebi, A.; Suslova, M.; Dukart, J.; Hipp, J.F.; Adhikari, B.M.; Kochunov, P.; et al.
Functional connectivity signatures of NMDAR dysfunction in schizophrenia—Integrating findings from imaging genetics and
pharmaco-fMRI. Transl. Psychiatry 2023, 13, 59. [CrossRef]

60. Gonzalez-Burgos, G.; Lewis, D.A. NMDA receptor hypofunction, parvalbumin-positive neurons, and cortical gamma oscillations
in schizophrenia. Schizophr. Bull. 2012, 38, 950–957. [CrossRef]

61. Gonzalez-Burgos, G.; Fish, K.N.; Lewis, D.A. GABA neuron alterations, cortical circuit dysfunction and cognitive deficits in
schizophrenia. Neural. Plast. 2011, 2011, 723184. [CrossRef] [PubMed]

62. Sigurdsson, T. Neural circuit dysfunction in schizophrenia: Insights from animal models. Neuroscience 2016, 321, 42–65. [CrossRef]
[PubMed]

https://doi.org/10.1080/08039488.2021.1992647
https://doi.org/10.1001/jamapsychiatry.2014.518
https://doi.org/10.1111/j.1460-9568.2012.08064.x
https://doi.org/10.1038/sj.npp.1300188
https://doi.org/10.4137/IJTR.S38189
https://www.ncbi.nlm.nih.gov/pubmed/27547036
https://doi.org/10.1016/j.schres.2019.03.010
https://www.ncbi.nlm.nih.gov/pubmed/30979669
https://doi.org/10.1126/science.6382610
https://www.ncbi.nlm.nih.gov/pubmed/6382610
https://doi.org/10.1016/j.biopsycho.2015.10.013
https://www.ncbi.nlm.nih.gov/pubmed/26549579
https://doi.org/10.1016/j.pnpbp.2005.04.023
https://www.ncbi.nlm.nih.gov/pubmed/15939521
https://doi.org/10.1038/nn.3922
https://doi.org/10.1038/mp.2011.154
https://doi.org/10.1016/S0092-8674(00)81972-8
https://doi.org/10.1038/s41467-023-43930-8
https://doi.org/10.1126/science.1070532
https://doi.org/10.1016/j.pbb.2021.173103
https://www.ncbi.nlm.nih.gov/pubmed/33444600
https://doi.org/10.1086/342734
https://www.ncbi.nlm.nih.gov/pubmed/12145742
https://doi.org/10.1523/JNEUROSCI.1086-05.2005
https://www.ncbi.nlm.nih.gov/pubmed/15901778
https://doi.org/10.1038/nm1418
https://doi.org/10.1016/j.neuron.2005.09.017
https://doi.org/10.1038/s41380-019-0426-0
https://doi.org/10.26599/BSA.2022.9050020
https://doi.org/10.1016/bs.apha.2016.01.006
https://doi.org/10.1038/s41398-023-02344-2
https://doi.org/10.1093/schbul/sbs010
https://doi.org/10.1155/2011/723184
https://www.ncbi.nlm.nih.gov/pubmed/21904685
https://doi.org/10.1016/j.neuroscience.2015.06.059
https://www.ncbi.nlm.nih.gov/pubmed/26151679


Int. J. Mol. Sci. 2024, 25, 10668 15 of 19

63. Jadi, M.P.; Behrens, M.M.; Sejnowski, T.J. Abnormal gamma oscillations in N-methyl-D-aspartate receptor hypofunction models
of schizophrenia. Biol. Psychiatry 2016, 79, 716–726. [CrossRef] [PubMed]

64. Uhlhaas, P.J.; Singer, W. Abnormal neural oscillations and synchrony in schizophrenia. Nat. Rev. Neurosci. 2010, 11, 100–113.
[CrossRef] [PubMed]

65. Gonzalez-Burgos, G.; Cho, R.Y.; Lewis, D.A. Alterations in cortical network oscillations and parvalbumin neurons in schizophrenia.
Biol. Psychiatry 2015, 77, 1031–1040. [CrossRef]

66. Ellaithy, A.; Younkin, J.; González-Maeso, J.; Logothetis, D.E. Positive allosteric modulators of metabotropic glutamate 2 receptors
in schizophrenia treatment. Trends Neurosci. 2015, 38, 506–516. [CrossRef]

67. Selvaraj, S.; Arnone, D.; Cappai, A.; Howes, O. Alterations in the serotonin system in schizophrenia: A systematic review and
meta-analysis of postmortem and molecular imaging studies. Neurosci. Biobehav. Rev. 2014, 45, 233–245. [CrossRef]

68. Yuen, E.Y.; Jiang, Q.; Chen, P.; Feng, J.; Yan, Z. Activation of 5-HT2A/C receptors counteracts 5-HT1A regulation of n-methyl-D-
aspartate receptor channels in pyramidal neurons of prefrontal cortex. J. Biol. Chem. 2008, 283, 17194–17204. [CrossRef]

69. Yuen, E.Y.; Jiang, Q.; Chen, P.; Gu, Z.; Feng, J.; Yan, Z. Serotonin 5-HT1A receptors regulate NMDA receptor channels through a
microtubule-dependent mechanism. J. Neurosci. 2005, 25, 5488–5501. [CrossRef]

70. Hanson, J.E.; Yuan, H.; Perszyk, R.E.; Banke, T.G.; Xing, H.; Tsai, M.C.; Menniti, F.S.; Traynelis, S.F. Therapeutic potential of
N-methyl-D-aspartate receptor modulators in psychiatry. Neuropsychopharmacology 2024, 49, 51–66. [CrossRef]

71. López-Corcuera, B.; Geerlings, A.; Aragón, C. Glycine neurotransmitter transporters: An update. Mol. Membr. Biol. 2001, 18,
13–20. [CrossRef] [PubMed]

72. Ishimaru, M.; Kurumaji, A.; Toru, M. Increases in strychnine-insensitive glycine binding sites in cerebral cortex of chronic
schizophrenics: Evidence for glutamate hypothesis. Biol. Psychiatry 1994, 35, 84–95. [CrossRef] [PubMed]

73. Heresco-Levy, U.; Bar, G.; Levin, R.; Ermilov, M.; Ebstein, R.P.; Javitt, D.C. High glycine levels are associated with prepulse
inhibition deficits in chronic schizophrenia patients. Schizophr. Res. 2007, 91, 14–21. [CrossRef] [PubMed]

74. Waziri, R.; Baruah, S. A hyperglycinergic rat model for the pathogenesis of schizophrenia: Preliminary findings. Schizophr. Res.
1999, 37, 205–215. [CrossRef]

75. Neeman, G.; Blanaru, M.; Bloch, B.; Kremer, I.; Ermilov, M.; Javitt, D.C.; Heresco-Levy, U. Relation of plasma glycine, serine, and
homocysteine levels to schizophrenia symptoms and medication type. Am. J. Psychiatry 2005, 162, 1738–1740. [CrossRef]

76. Mouri, A.; Noda, Y.; Noda, A.; Nakamura, T.; Tokura, T.; Yura, Y.; Nitta, A.; Furukawa, H.; Nabeshima, T. Involvement of a
dysfunctional dopamine-D1/N-methyl-d-aspartate-NR1 and Ca2+/calmodulin-dependent protein kinase II pathway in the
impairment of latent learning in a model of schizophrenia induced by phencyclidine. Mol. Pharmacol. 2007, 71, 1598–1609.
[CrossRef]

77. Hoffman, K.L.; Basurto, E. Clozapine and glycinamide prevent MK-801-induced deficits in the novel object recognition (NOR)
test in the domestic rabbit (Oryctolagus cuniculus). Behav. Brain Res. 2014, 271, 203–211. [CrossRef]

78. Waziri, R. Glycine therapy of schizophrenia. Biol. Psychiatry 1988, 23, 210–211. [CrossRef]
79. Rosse, R.B.; Theut, S.K.; Banay-Schwartz, M.; Leighton, M.; Scarcella, E.; Cohen, C.G.; Deutsch, S.I. Glycine adjuvant therapy

to conventional neuroleptic treatment in schizophrenia: An open-label, pilot study. Clin. Neuropharmacol. 1989, 12, 416–424.
[CrossRef]

80. Costa, J.; Khaled, E.; Sramek, J.; Bunney, W., Jr.; Potkin, S.G. An open trial of glycine as an adjunct to neuroleptics in chronic
treatment-refractory schizophrenics. J. Clin. Psychopharmacol. 1990, 10, 71–72. [CrossRef]

81. Javitt, D.C.; Zylberman, I.; Zukin, S.R.; Heresco-Levy, U.; Lindenmayer, J.P. Amelioration of negative symptoms in schizophrenia
by glycine. Am. J. Psychiatry 1994, 151, 1234–1236. [PubMed]

82. Leiderman, E.; Zylberman, I.; Zukin, S.R.; Cooper, T.B.; Javitt, D.C. Preliminary investigation of high-dose oral glycine on serum
levels and negative symptoms in schizophrenia: An open-label trial. Biol. Psychiatry 1996, 39, 213–215. [CrossRef] [PubMed]

83. HerescoLevy, U.; Javitt, D.C.; Ermilov, M.; Mordel, C.; Horowitz, A.; Kelly, D. Double-blind, placebo-controlled, crossover trial of
glycine adjuvant therapy for treatment-resistant schizophrenia. Br. J. Psychiatry 1996, 169, 610–617. [CrossRef] [PubMed]

84. Heresco-Levy, U.; Javitt, D.C.; Ermilov, M.; Mordel, C.; Silipo, G.; Lichtenstein, M. Efficacy of high-dose glycine in the treatment
of enduring negative symptoms of schizophrenia. Arch. Gen. Psychiatry 1999, 56, 29–36. [CrossRef]

85. Potkin, S.G.; Jin, Y.; Bunney, B.G.; Costa, J.; Gulasekaram, B. Effect of clozapine and adjunctive high-dose glycine in treatment-
resistant schizophrenia. Am. J. Psychiatry 1999, 156, 145–147. [CrossRef]

86. Evins, A.E.; Fitzgerald, S.M.; Wine, L.; Rosselli, R.; Goff, D.C. Placebo-controlled trial of glycine added to clozapine in schizophre-
nia. Am. J. Psychiatry 2000, 157, 826–828. [CrossRef]

87. Javitt, D.C.; Silipo, G.; Cienfuegos, A.; Shelley, A.M.; Bark, N.; Park, M.; Lindenmayer, J.P.; Suckow, R.; Zukin, S.R. Adjunctive
high-dose glycine in the, treatment of schizophrenia. Int. J. Neuropsychopharmacol. 2001, 4, 385–391. [CrossRef]

88. Heresco-Levy, U.; Ermilov, M.; Lichtenberg, P.; Bar, G.; Javitt, D.C. High-dose glycine added to olanzapine and risperidone for the
treatment of schizophrenia. Biol. Psychiatry 2004, 55, 165–171. [CrossRef]

89. Greenwood, L.-M.; Leung, S.; Michie, P.T.; Green, A.; Nathan, P.J.; Fitzgerald, P.; Johnston, P.; Solowij, N.; Kulkarni, J.; Croft, R.J.
The effects of glycine on auditory mismatch negativity in schizophrenia. Schizophr. Res. 2018, 191, 61–69. [CrossRef]

90. Bodkin, J.A.; Coleman, M.J.; Godfrey, L.J.; Carvalho, C.M.B.; Morgan, C.J.; Suckow, R.F.; Anderson, T.; Öngür, D.; Kaufman, M.J.;
Lewandowski, K.E.; et al. Targeted treatment of individuals with psychosis carrying a copy number variant containing a genomic
triplication of the glycine decarboxylase gene. Biol. Psychiatry 2019, 86, 523–535. [CrossRef]

https://doi.org/10.1016/j.biopsych.2015.07.005
https://www.ncbi.nlm.nih.gov/pubmed/26281716
https://doi.org/10.1038/nrn2774
https://www.ncbi.nlm.nih.gov/pubmed/20087360
https://doi.org/10.1016/j.biopsych.2015.03.010
https://doi.org/10.1016/j.tins.2015.06.002
https://doi.org/10.1016/j.neubiorev.2014.06.005
https://doi.org/10.1074/jbc.M801713200
https://doi.org/10.1523/JNEUROSCI.1187-05.2005
https://doi.org/10.1038/s41386-023-01614-3
https://doi.org/10.1080/09687680010028762
https://www.ncbi.nlm.nih.gov/pubmed/11396606
https://doi.org/10.1016/0006-3223(94)91197-5
https://www.ncbi.nlm.nih.gov/pubmed/7909453
https://doi.org/10.1016/j.schres.2006.12.003
https://www.ncbi.nlm.nih.gov/pubmed/17276036
https://doi.org/10.1016/S0920-9964(98)00169-8
https://doi.org/10.1176/appi.ajp.162.9.1738
https://doi.org/10.1124/mol.106.032961
https://doi.org/10.1016/j.bbr.2014.06.012
https://doi.org/10.1016/0006-3223(88)90093-5
https://doi.org/10.1097/00002826-198910000-00006
https://doi.org/10.1097/00004714-199002000-00027
https://www.ncbi.nlm.nih.gov/pubmed/8037263
https://doi.org/10.1016/0006-3223(95)00585-4
https://www.ncbi.nlm.nih.gov/pubmed/8837983
https://doi.org/10.1192/bjp.169.5.610
https://www.ncbi.nlm.nih.gov/pubmed/8932891
https://doi.org/10.1001/archpsyc.56.1.29
https://doi.org/10.1176/ajp.156.1.145
https://doi.org/10.1176/appi.ajp.157.5.826
https://doi.org/10.1017/S1461145701002590
https://doi.org/10.1016/S0006-3223(03)00707-8
https://doi.org/10.1016/j.schres.2017.05.031
https://doi.org/10.1016/j.biopsych.2019.04.031


Int. J. Mol. Sci. 2024, 25, 10668 16 of 19

91. Serrita, J.; Ralevski, E.; Yoon, G.; Petrakis, I. A Pilot Randomized, Placebo-Controlled Trial of Glycine for Treatment of Schizophre-
nia and Alcohol Dependence. J. Dual Diagn. 2019, 15, 46–55. [CrossRef] [PubMed]
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