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Introduction
The glutamatergic system is one of the primary ex-
g g1C Sy p ry
Abstract citatory neurotransmitter systems in mammals; it plays a
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Glutamate, the principal excitatory neurotransmitter
in the brain, plays a central role in neurotransmission,
synaptic plasticity, and cognitive function. Dysregulation
of glutamatergic signaling is implicated in depression,
schizophrenia (SCZ), and addiction. N-methyl-D-
aspartate receptor/a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor (NMDAR/AMPAR)
abnormalities and neuroinflammation disrupt synaptic
plasticity in depression. NMDARs hypofunction and
cortical excitation-inhibition imbalance are involved
in SCZ. Therapeutic strategies targeting the glutamate
system, including receptor modulation, glial function
restoration, and inflammation control, offer promising
avenues for treatment. However, their successful clinical
application will require overcoming key obstacles such
as disease heterogeneity, the lack of reliable biomarkers
for these diseases, and stage-specific pathophysiological
differences.
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role in signal transmission within the brain and supports
more complex brain functions such as cognitive processing
[1,2]. Glutamate transmission participates in synaptic sig-
naling and neural network activity, serving a crucial role in
numerous fundamental biological processes such as neural
development, cognition, and behavioral regulation [1,3]. A
growing body of evidence suggests that imbalances in glu-
tamate homeostasis are closely linked to the pathophysio-
logical processes underlying various psychiatric and neu-
rodegenerative disorders. This not only highlights the sig-
nificant theoretical value of the glutamate system in eluci-
dating disease mechanisms but also underscores its impor-
tance as a potential therapeutic target.

In recent years, the role of glutamatergic system dys-
function in various mental disorders has attracted increas-
ing attention [4]. Research indicates that conditions such
as depression, schizophrenia (SCZ), and addiction are all
associated with abnormalities in glutamate receptor func-
tion [5]. In summary, alterations in glutamate receptor ex-
pression and abnormalities in glutamate transport can trig-
ger excitotoxicity in neural circuits, leading to impairments
in emotional, cognitive, and behavioral functions [6]. Par-
ticularly in the field of depression, fast-acting antidepres-
sants modulate glutamate receptors and produce significant
therapeutic effects; these findings highlight glutamate as a
potential therapeutic target for affective disorders [7].

Elucidating the molecular mechanisms underlying
glutamatergic dysregulation in these diseases could provide
a crucial basis for potential therapeutic strategies target-
ing the glutamatergic system. This review summarizes the
physiological functions of glutamate, explores how gluta-
matergic dysregulation contributes to the pathogenesis of
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depression, SCZ, and addiction, and summarizes emerg-
ing therapeutic approaches targeting the glutamatergic sys-
tem for these disorders. While numerous reviews have ex-
amined glutamatergic dysfunction in individual disorders,
the present review distinguishes itself by providing a com-
parative analysis across depression, SCZ, and addiction.
Specifically, we focus on synthesizing evidence for shared
versus disorder-specific mechanisms of glutamatergic dys-
regulation (e.g., receptor subunit composition, glial trans-
porter dysfunction, or cross-talk with neuroinflammation).
Furthermore, we critically evaluate emerging therapeutic
strategies that target the glutamatergic system, with an em-
phasis on translational challenges and opportunities that are
often overlooked in disorder-focused reviews.

Physiological Role and Regulatory
Mechanisms of Glutamate

Glutamatergic signaling is tightly regulated by recep-
tor activation, transporters, and neuron-glial interactions;
therefore, it is essential for maintaining synaptic stabil-
ity and the excitability of neural circuits [8]. It is cru-
cial for the transmission of excitatory signals between neu-
rons, enabling fast communication that is essential for a
wide range of brain functions such as sensory process-
ing, motor control, and higher cognitive processes [9].
In particular, glutamate’s role in synaptic plasticity un-
derlies learning and memory, making it central to adap-
tive neural changes [10]. In the nervous system, gluta-
mate exerts its effects mainly through ionotropic glutamate
receptors (iGluRs) and metabotropic glutamate receptors
(mGluRs) [11]. Tonotropic receptors such as N-methyl-
D-aspartate receptors (NMDARS), «-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptors (AMPARs),
and kainate receptors play a crucial role in fast synaptic
transmission and neuronal depolarization [12]. In contrast,
mGluRs (e.g., mGluR1/2/3) are involved in the regulation
of neurotransmitter release and synaptic long-term plastic-

ity [13].

Glutamate function is not limited to receptor acti-
vation; it is also tightly regulated by glutamate trans-
porters. Glutamate transporter proteins, particularly glial
glutamate transporter 1/excitatory amino acid transporter
2 (GLT-1/EAAT?2), are primarily expressed in astrocytes,
where they play a critical role in clearing excess gluta-
mate from the synaptic cleft, preventing excitotoxicity due
to overactivation of glutamate receptors [14,15]. The cys-
tine/glutamate antiporter (system Xc~) represents a non-
redundant heterodimeric antiporter assembled via a disul-
fide bond between its unique light-chain component solute
carrier family 7 member 11 (xCT) and the shared heavy-

chain subunit solute carrier family 3 member 2 (4F2hc,
CD98) [16]. In astrocytes, System Xc~ serves as a ma-
jor non-vesicular glutamate exporter, critically influenc-
ing glutamate homeostasis and excitotoxic thresholds [17].
Dysfunction in system Xc~ has been implicated in sev-
eral psychiatric disorders, including addiction disorders and
SCZ, reflecting its role in glutamate regulation [18].

Glutamatergic Mechanisms and Therapeutic
Strategies in Depression

Glutamate System Alterations in Depression

In this review, depression refers to the broad spectrum
of depressive conditions, while major depressive disorder
(MDD) specifically denotes clinically diagnosed MDD ac-
cording to the Diagnostic and Statistical Manual of Men-
tal Disorders, Fifth Edition (DSM-5) criteria. Recent work
points to the fact that glutamatergic dysfunction plays a
central role in the pathophysiology of depression. Tradi-
tional theories focused on monoaminergic systems (sero-
tonin, dopamine, and norepinephrine) as the primary mech-
anisms underlying depression [19,20]. NMDARs mediate
synaptic plasticity and excitatory neurotransmission, and
their dysfunction is closely linked to multiple psychiatric
illnesses, including depression [21,22]. SiNiSan (SNS) al-
leviates depression-like behaviors in the adolescent mouse
model by downregulating NMDAR expression and mod-
ulating the activities of serotonergic/y-aminobutyric acid
(GABAergic) neurons in the dorsal raphe nucleus (DRN)
[23]. Subsequent studies have confirmed that blocking
NMDAR at rest can inactivate eukaryotic elongation fac-
tor 2 kinase (eEF2K) and inhibit the translation of brain-
derived neurotrophic factor (BDNF), thereby producing
rapid-acting behavioral antidepressant effects [24,25]. An-
other study showed that knocking down the glutamate
ionotropic receptor N-methyl-D-aspartate (NMDA) type
subunit 2B (NR2B) in GABAergic interneurons specifi-
cally reversed antidepressant-like behaviors [26].

The mGluRs have become increasingly important in
the pathophysiology and treatment of MDD, particularly
because they regulate glutamatergic transmission, synaptic
plasticity, and stress-related circuit remodeling in a more
modulatory manner than iGIuRs [27,28]. Among the eight
receptor subtypes, mGluR5 has emerged as the most inten-
sively studied target in depression. Recent evidence indi-
cates that mGlIuRS is not only involved in chronic stress-
related maladaptation, but may also participate in rapid an-
tidepressant signaling [29]. Notably, a study demonstrated
that enhancement of endogenous mGIluRS signaling was
sufficient to induce rapid antidepressant-like behavioral ef-
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fects and synaptic potentiation. At the same time, while
pharmacological blockade of mGluRS5 prevented ketamine-
like responses, suggesting a functional convergence be-
tween mGluR5-dependent signaling and rapid antidepres-
sant plasticity pathways [30]. Mechanistically, this effect
was linked to calcineurin activation, eukaryotic elongation
factor 2 (eEF2) dephosphorylation, and increased BDNF
expression [31]. In parallel, dysregulated mGluR5 signal-
ing may contribute to impaired neuroplasticity in depres-
sion and mGluR5-directed ligands remain promising can-
didates for next-generation antidepressant development.

Relationship Between the Glutamate System and
Neuroinflammation in Depression

Neuroinflammation has been shown to contribute sig-
nificantly to the pathophysiology of depression, and it is
thought to exacerbate glutamatergic dysfunction. Inflam-
matory cytokines such as interleukin-6 (IL-6), tumor necro-
sis factor-alpha (TNF-«), and C-reactive protein (CRP) can
increase glutamate release in the prefrontal cortex (PFC)
and hippocampus, further disturbing glutamate signaling
and contributing to excitotoxicity [32,33]. Clinical evi-
dence indicates that peripheral blood IL-6 levels are el-
evated in depressed patients [34], while preclinical stud-
ies show that increased TNF-a mediates astrocyte activa-
tion via receptor binding, exacerbating depression-like be-
haviors in chronic unpredictable mild stress (CUMS) mice
[35,36]. Astrocytes are vital for maintaining glutamate
homeostasis, and their dysfunction has been implicated in
the pathophysiology of depression. Among these, astro-
cytic glutamate transporters (such as GLT-1/EAAT?) are re-
sponsible for clearing excess glutamate from the synapse,
preventing excitotoxicity [15]. In depression, reduced ex-
pression and function of these transporters lead to glutamate
spillover and neuronal hyperexcitability.

Astrocytic dysfunction results in impaired glutamate
uptake and altered glutamate recycling, exacerbating the
glutamate imbalance in depression [37,38]. The connec-
tion between neuroinflammation and glutamate dysfunction
also highlights the importance of inflammation-related glu-
tamatergic dysregulation in depression [39]. Beyond this,
these inflammatory processes contribute to the synaptic loss
and neuroplasticity deficits observed in depressive states
[40]. These results indicate that glutamatergic dysfunction,
neuroinflammation, and neuroplasticity impairments form
a complex interplay that exacerbates the symptoms of de-
pression. Understanding the molecular underpinnings of
these interactions is central to developing more effective
therapeutic interventions for depression.

Glutamate-Mediated Molecular Mechanisms and
Therapeutic Strategies in Depression

Given the above mechanisms, targeting the gluta-
matergic system has become a major approach for antide-
pressant discovery in both preclinical studies and clini-
cal applications. Ketamine and its S-enantiomer, eske-
tamine, exemplify rapid-acting antidepressants. Mecha-
nistic research demonstrates that ketamine exerts its ef-
fects primarily via noncompetitive antagonism of NM-
DARs, transiently increasing synaptic glutamate release,
which in turn potentiates AMPAR-mediated signaling and
activates BDNF-tropomyosin receptor kinase B (TrkB)-
mammalian target of rapamycin (mTOR)-dependent synap-
togenesis and synaptic plasticity restoration. This cascade
accounts for the fast antidepressant action seen within hours
[21,41,42]. Clinically, intranasal esketamine has been ap-
proved by the Food and Drug Administration (FDA) for
treatment-resistant depression. It shows fast efficacy, in-
cluding in patients unresponsive to conventional antide-
pressants, although its use necessitates careful monitor-
ing due to potential dissociation, sedation, hypertensive re-
sponses, and abuse liability [43,44]. Besides esketamine,
the dextromethorphan-bupropion combination has emerged
as another glutamatergic-targeted therapy. Dextromethor-
phan functions as a noncompetitive NMDAR antagonist
and sigma-1 receptor agonist, while bupropion inhibits cy-
tochrome P450 2D6 (CYP2D6) to increase dextromethor-
phan bioavailability, thereby enhancing its antidepressant
efficacy [45,46].

Group Il mGluR2/3 continue to show a more complex
translational profile. Preclinical studies have consistently
suggested that mGluR2/3 antagonists or negative allosteric
modulators can produce antidepressant-like effects resem-
bling those of ketamine, likely through disinhibition of cor-
tical glutamate transmission and recruitment of downstream
AMPA-BDNF signaling [47,48]. However, clinical trans-
lation has been less encouraging: a randomized placebo-
controlled trial found that the mGIuR2/3 negative allosteric
modulator decoglurant did not significantly improve symp-
toms in partially refractory MDD [49]. Beyond groups I
and II, group III receptors, especially mGluR7, are receiv-
ing increasing attention because of their role in presynaptic
regulation of stress reactivity, affective behavior, and emo-
tional learning, although current evidence remains largely
preclinical [50]. A series of studies have tested glutamater-
gic agents in preclinical models and clinical trials for de-
pression, with relevant research progress summarized in Ta-
ble 1 (Ref. [51-58]).
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Table 1. Studies using glutamatergic agents in preclinical models and clinical trials of depression.

Drug

Target

Mechanism of action

Principal effect

Development stage

Study subjects

References

Ketamine

Dextromethorphan/

Bupropion

Basimglurant

Rapastinel (GLYX-13)

MGS0039LY 341495

MPEP

NMDAR

NMDAR

mGIluR5

NMDAR

mGluR2/3

mGluR5

Noncompetitive antagonism

Noncompetitive NMDAR an-

tagonist

Negative allosteric modulator

Positive ~ modulation/partial

agonist-like effect

Antagonizes

Antagonizes

In patients with depression, it produces a
rapid antidepressant effect. Preclinical stud-
ies suggest that this effect is associated with
subsequent AMPAR activation, upregulation
of mTOR/BDNF signaling, and enhanced
synaptic plasticity.

In a Phase III randomized, double-blind trial,
it demonstrated rapid improvement of de-
pressive symptoms in patients with MDD,
with a signal of efficacy emerging as early as
week 1 and superior efficacy compared with
placebo at week 6.

In a large randomized clinical trial, the pri-
mary endpoint did not significantly differ
from placebo.

Rapid antidepressant effects lasting ~1 week
after a single dose; enhances LTP and in-
creases dendritic spine density in mPFC and
hippocampus. However, Phase III trials
failed to demonstrate efficacy, leading to dis-
continued development for MDD.

It exhibits antidepressant-like effects in ani-
mal models, and these effects are dependent
on AMPAR activation within the mPFC

It exhibits antidepressant-like effects in mul-
tiple rodent models of depression and serves
as a classic tool compound for investigating

mGluR5-mediated mechanisms

Clinical study

Clinical study

Clinical study

Clinical study

Preclinical study

Preclinical study

Patients with depression

Patients with MDD

Patients with MDD

Patients with MDD; rodent

models

Rodent models

Rodent models

Berman et al. [51],
Kang et al. [52]

Tosifescu et al. [53]

Quiroz et al. [54]

Donello et al. [55],
Moskal et al. [56],

Patucha-
Poniewiera et
al. [57]
Tatarczynska et al.
[58]

AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; BDNF, brain-derived neurotrophic factor; LTP, long-term potentiation; MDD, major depressive disorder; mGluR, metabotropic

glutamate receptor; mPFC, medial prefrontal cortex; mTOR, mammalian target of rapamycin; NMDAR, N-methyl-D-aspartate receptor; MPEP, 2-methyl-6-(phenylethynyl) pyridine. Rapastinel (GLYX-13):

an amidated tetrapeptide (Thr-Pro-Pro-Thr-NH3) that acts as a glycine site partial agonist and positive allosteric modulator (PAM) of NMDARs.
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Together, glutamate-mediated molecular mechanisms
associated with depression primarily encompass NM-
DAR/AMPAR dysregulation, aberrant BDNF signal-
ing, impaired astrocytic glutamate homeostasis, and
inflammation-associated metabolic pathway disturbances,
and the latest literature supports the view that mGluRs are
central modulators of depression-relevant synaptic and cir-
cuit plasticity, with mGIuRS5 representing the most promis-
ing near-term target, yet the main challenge in this field is
translating strong preclinical results into biomarker-driven,
subtype-selective therapies for clinically heterogeneous de-
pressive disorders. Such mechanistic insights help to un-
derstanding depression and offer a rational framework for
designing novel, fast-acting antidepressants.

Glutamatergic Mechanisms and Therapeutic
Strategies in SCZ

Glutamatergic Mechanisms in SCZ

SCZ presents with three main symptom categories:
positive symptoms such as hallucinations and delusions,
negative symptoms like apathy and social withdrawal, and
deficits in cognitive function [59]. Growing evidence
suggests that glutamatergic dysfunction is central to SCZ
pathophysiology. Although the dopamine hypothesis re-
mains highly influential, it does not fully account for the
broad clinical spectrum of the disorder, especially negative
symptoms and cognitive impairment [60,61]. Conversely,
the glutamatergic model offers a more comprehensive ac-
count of deficits across psychosis, blunted affect, avolition,
and impaired higher cognitive function [62] (Fig. 1).

Among the various glutamate-related hypotheses,
NMDAR hypofunction continues to be the most strongly
supported. Pharmacological studies have yielded partic-
ularly strong evidence: administration of noncompetitive
NMDAR antagonists such as phencyclidine (PCP) and ke-
tamine can induce a syndrome in healthy individuals that re-
sembles multiple domains of SCZ, including positive symp-
toms, negative symptoms, and cognitive deficits [63,64].
These findings strongly back the notion that NMDAR dys-
function is mechanistically relevant rather than merely sec-
ondary to chronic illness or medication exposure. Notably,
NMDAR hypofunction should not be taken as a consis-
tent reduction in glutamatergic neurotransmission through-
out the brain. A more refined model proposes that reduced
NMDAR signaling on parvalbumin-positive GABAergic
interneurons weakens inhibitory control over cortical pyra-
midal neurons, which disinhibits glutamatergic neurons and
promotes an increase in glutamate release, resulting in the
glutamate-induced excitotoxicity [65,66].

The mGluRs have become increasingly important to
SCZ, because they regulate glutamate signaling, synaptic
plasticity, and neural circuit stability [67]. In this con-
text, mGluRs are important because they can modulate
both glutamate transmission and inhibitory control in the
cortex. Among different subtypes, mGIluR1 and mGIluR5
are mainly linked to postsynaptic mechanisms. mGluR1
has been reported to enhance somatostatin interneuron ac-
tivity in the PFC, suggesting a role in restoring excita-
tion/inhibition balance and improving SCZ-related cogni-
tive deficits [68]. Astrocytic mGluRS links synaptic activ-
ity to mitochondrial energy production, and its dysregula-
tion may contribute to cognitive and neurodevelopmental
disorders [69,70]. In addition to its role in cognitive func-
tions, mGluRS also modulates dopaminergic signaling in
the striatum and PFC, which may contribute to the hyper-
dopaminergic states associated with positive symptoms of
SCZ [71,72]. Conversely, mGluR2 and mGluR3 are more
intimately linked to presynaptic and modulatory regulation.
These receptors can reduce excessive glutamate release and
stabilize cortical and thalamocortical activity [73,74]. Fol-
lowing presynaptic activation, mGIluR2/3, which are cou-
pled with the G inhibitory/o protein (Gi/o) subunit of the
heterotrimeric G-protein, inhibit adenylate cyclase (AC).
This inhibition reduces cyclic adenosine monophosphate
(cAMP) levels, which in turn suppresses Ca?* channel ac-
tivity, leading to a decrease in the excitability of glutamater-
gic neurons and consequently attenuating glutamate release
[13,75]. Of these, mGIluR3 is particularly notable, as the
mGIluR3 gene has been linked to SCZ risk and cognition-
related phenotypes in multiple studies [76,77]. Experimen-
tal work also suggests that activation of mGluR3 may res-
cue synaptic and behavioral abnormalities relevant to SCZ
[77].

In 22ql11 deletion syndrome (22q11DS), a major ge-
netic risk factor for SCZ, mitochondrial dysfunction is
thought to play an important role [78]. In 22q11DS, several
deleted genes code for mitochondrial proteins, establishing
a connection between mitochondrial dysfunction and the
development of SCZ [79]. During the early stages of brain
development, astrocytic mGluR5 stimulates mitochondrial
biogenesis through peroxisome proliferator-activated re-
ceptor gamma coactivator 1-alpha (PGC-1a), a process
critical for astrocyte maturation, synaptic support, and the
establishment of functional circuits. Disruptions in astro-
cyte maturation, especially in the late-developing PFC, may
contribute to the cognitive deficits seen in SCZ [69,80].
Neurons derived from induced pluripotent stem cells (iP-
SCs) of 22q11DS patients show a compensatory increase in
mitochondrial activity even in the absence of SCZ. In con-
trast, neurons from SCZ patients exhibit decreased adeno-
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sine triphosphate (ATP) production. Activation of PGC-1«
restores mitochondrial function, underscoring its protective
role [81].

Glutamatergic signaling is critically dependent on as-
trocytic regulation of extracellular glutamate levels. As-
trocytes remove synaptically released glutamate primar-
ily through EAAT1 and EAAT2, thus maintaining synap-
tic precision and preventing excessive extrasynaptic recep-
tor activation [82]. Compromised astrocytic uptake may
therefore contribute to glutamate spillover, altered synap-
tic integration, and maladaptive plasticity. Previous stud-
ies have suggested cell-specific abnormalities in glutamate
transporter systems in SCZ [83,84], and recent studies
have expanded this view by showing broader disruption
of neuron-astrocyte transcriptional programs in the disor-
der [80]. Rather, glutamatergic dysfunction in SCZ should
increasingly be framed within a neuron-glia systems frame-
work.

Another layer of complexity comes from neuroim-
mune regulation of glutamatergic signaling. The kynure-
nine pathway, which converts tryptophan into diverse neu-
roactive molecules, provides a critical link between inflam-
mation and glutamatergic transmission [85]. Importantly,
kynurenic acid (KYNA) acts as an endogenous antago-
nist at NMDARs and a-7 nicotinic acetylcholine recep-
tors, while quinolinic acid (QUIN) can promote excitotoxic
glutamatergic activity [86—88]. Meta-analytic data indi-
cate that kynurenine pathway abnormalities are present in
SCZ and may differ between central and peripheral com-
partments [89]. These alterations may be particularly rele-
vant to cognitive impairment and treatment resistance [90].
By regulating NMDAR tone and cholinergic-glutamatergic
crosstalk, kynurenine metabolites can shape information
processing, attentional control, and synaptic plasticity [87].
This has sparked growing interest in neuroinflammation as
a critical mediator of glutamatergic heterogeneity across
SCZ subtypes. Thus, glutamatergic interventions have been
explored not only as alternative antipsychotic strategies, but
also as adjunctive approaches targeting symptom domains
that are poorly addressed by current standard treatments.
Fig. 1 summarizes the glutamatergic mechanisms in SCZ.

Therapeutic Strategies Targeting the Glutamatergic
System in SCZ

Translational approaches have targeted enhancement
of NMDAR signaling via the glycine modulatory site
[91]. Agents investigated for this purpose include D-serine,
glycine, D-cycloserine, D-alanine, and sarcosine [92]. By
increasing co-agonist occupancy at NMDARs, these com-

pounds may partially restore receptor function and improve
cortical synaptic plasticity [93]. While early studies yielded
promising signals, especially for negative symptoms and
cognition, the overall evidence base remains inconsistent
[92,94]. Among these compounds, D-serine has continued
to attract particular interest due to its endogenous phys-
iological role at the co-agonist site of NMDARs. How-
ever, whether D-serine acts as a gliotransmitter or a neu-
ronal cotransmitter remains debated [95]. Yet, its clinical
development has been constrained by uncertainty regarding
dose-response relationships, interindividual metabolic dif-
ferences, and the absence of validated biomarkers for treat-
ment selection [96]. Thus, despite strong mechanistic ap-
peal, co-agonist-based NMDAR enhancement has not yet
produced a broadly effective clinical intervention. Multiple
studies have investigated glutamatergic agents in preclini-
cal models and clinical trials of SCZ, and related research
progress is summarized in Table 2 (Ref. [98,108—113]).

Inhibition of glycine transporter 1 (GlyT1) is another
approach designed to increase synaptic glycine concentra-
tions and thereby potentiate NMDAR function indirectly
[97]. This approach has been deemed particularly attrac-
tive for cognitive impairment in SCZ. Among candidate
agents, iclepertin (BI 425809) progressed furthest in clin-
ical development [98]. In 6-month Phase III trials, icleper-
tin failed to reach its primary and key secondary endpoints,
with no significant improvement in cognition or functional
outcomes versus placebo [99]. The experience with GlyT1
inhibitors highlights a key takeaway: mechanism-based in-
terventions need to be combined with appropriate patient
stratification and well-chosen cognitive endpoints to de-
liver tangible results. Sarcosine is another proven selec-
tive GlyT1 inhibitor [100]. D-amino acid oxidase (DAAO),
the enzyme responsible for D-serine degradation. By re-
ducing D-serine catabolism, DAAO inhibitors may increase
endogenous co-agonist availability for NMDARs. This ap-
proach has regained attention in recent years, particularly
through compounds such as sodium benzoate and TAK-831
(luvadaxistat) [101,102]. A meta-analysis of randomized
controlled trials reported that DA AO inhibitors were associ-
ated with improvements in Positive and Negative Syndrome
Scale (PANSS) total score, positive symptoms, negative
symptoms, and general psychopathology, with additional
signals for cognitive benefit [102]. Yet, the evidence re-
mains preliminary. Trial numbers are limited, sample sizes
are modest, and the apparent benefit may not generalize
across compounds. For example, recent phase 2 data with
luvadaxistat did not establish clear efficacy in patients with
persistent negative symptoms [103]. Therefore, DAAO in-
hibition represents a promising yet incompletely validated
therapeutic strategy.
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Fig. 1. The glutamate hypothesis of SCZ and modulation through the glutamate receptors. The core deficit is hypothesized to be

NMDAR hypofunction, particularly on GABAergic interneurons. This leads to a state of cortical disinhibition, resulting in an imbal-

anced E/I ratio within key neural circuits. Aberrant synaptic plasticity and dendritic overpruning may occur as secondary consequences

of E/I imbalance. Astrocytes clear synaptic glutamate via EAATS, convert it to glutamine, and recycle it back to presynaptic neurons

via vGIuT for glutamate resynthesis. In SCZ, mGluR2/3 positive allosteric modulators (PAMs) mitigate glutamatergic dysregulation

and promote neuroprotection. Aberrant astrocytic mGluRS5 signaling impairs PGC-1a-mediated mitochondrial biogenesis, disrupting

astrocyte maturation and glutamate homeostasis. Neuronal mGIuRS downregulation further reduces NMDAR activity, while mGIuRS5

antagonists (e.g., MPEP) may restore cognitive function and normalize glutamatergic signaling. NMDAR, N-methyl-D-aspartate re-

ceptor; AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; EAAT, excitatory amino acid transporter; vGluT,

vesicular glutamate transporter; mGluRs, metabotropic glutamate receptors; mGluR2/3, metabotropic glutamate receptor 2/3; mGIuRS,

metabotropic glutamate receptor 5; mGluR3, metabotropic glutamate receptor 3; PAM, positive allosteric modulator; PGC-1c, perox-

isome proliferator-activated receptor gamma coactivator 1-alpha; MPEP, 2-methyl-6-(phenylethynyl) pyridine; KAR, kainate receptor;

DR, dopamine receptor.

Astrocytic mGIuRS represents a promising therapeu-
tic target across a range of neurological and psychiatric dis-
orders. 2-methyl-6-(phenylethynyl) pyridine (MPEP), have
shown potential to reduce synaptic dysfunction, excitotox-
icity, and neuroinflammation [104]. A mechanistically dis-
tinct glutamatergic strategy aims to reduce excessive presy-
naptic glutamate release through stimulation of mGluR2/3.
This approach was initially attractive because it offered a
means of modulating cortical hyperexcitability without di-
rectly stimulating iGluRs [105]. The best-characterized ex-
ample, pomgulated methionil (LY2140023), generated sub-
stantial enthusiasm as a possible nondopaminergic antipsy-
chotic. Nonetheless, later-stage studies did not confirm
consistent clinical efficacy, and its development was dis-
continued [106,107].

Glutamatergic dysfunction is now widely regarded as
a major component of SCZ pathophysiology. The most
robust evidence implicates NMDARs hypofunction, corti-
cal E/I imbalance, circuit-level dysregulation linking glu-
tamatergic and dopaminergic systems, astrocytic impair-

ment in glutamate homeostasis, and neuroimmune modu-
lation through the kynurenine pathway. While therapeutic
strategies targeting these mechanisms have not yet yielded a
broadly effective alternative to conventional antipsychotic
medications, they have markedly advanced our understand-
ing of the disorder and established critical avenues for the
future development of novel treatments. The key ques-
tion is not whether glutamatergic dysfunction is involved in
SCZ, but how this pathway can be translated into clinically
effective and personalized therapies. The most promising
path forward lies in precision-guided, biomarker-informed
glutamatergic therapeutics, particularly for negative symp-
toms and cognitive impairment that remain inadequately
addressed by dopamine-centered treatment approaches.

Glutamatergic Mechanisms and Therapeutic
Strategies in Drug Addiction

Glutamate-Related Molecular Mechanisms and Drug
Addiction
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Table 2. Studies using glutamatergic agents in preclinical models and clinical trials of SCZ.

Drug

Target

Mechanism of action

Principal effect

Development stage

Study subjects

References

Glycine

D-serine

Sarcosine

(N-methylglycine)

BI425809 (iclepertin)

LY404039

CDPPB

BMS-955829

NMDAR glycine co-

agonist site

Glycine  co-agonist
site of the NMDAR

GlyT1 inhibition indi-
rectly enhances NM-
DAR function

GlyT! inhibition indi-
rectly enhances NM-
DAR function
mGluR2/3

mGluR5

mGluRS5

Co-agonism/Enhancement
of NMDAR function

Co-agonist

GlyT1 inhibitor

GlyT1 inhibitor

Agonist

PAM

PAM

In several early-phase studies, improvements
were observed in negative symptoms and certain
cognitive or overall symptom domains; however,
when combined with clozapine, the effect was ei-
ther diminished or absent.

When added to antipsychotic therapy, some stud-
ies have demonstrated improvements in positive,

negative, and cognitive symptoms.

In small-scale studies, it has been shown to im-

prove negative and overall symptoms.

It primarily targets cognitive impairment; Phase
II studies have shown a signal of cognitive im-
provement.

It exhibits antipsychotic-like effects in animal
models induced by phencyclidine (PCP) or am-
phetamine.

It ameliorates MK-801-induced recognition
memory deficits, an effect associated with
increased phosphorylation of GluR1 and CREB
in the PFC and hippocampus.

In rodents, it preserves improvements in set-
shifting and novel object recognition, supporting

its potential for cognitive enhancement.

Clinical study

Clinical study

Clinical study

Clinical study

Preclinical study

Preclinical study

Preclinical study

Patients with SCZ
(early-phase stud-

ies)

Patients with
SCZ (adjunct to
antipsychotics)

Patients with SCZ

Patients with SCZ

Rodent models

Rodent models

Rodent models

Javitt et al. [108]

Tsai et al. [109]

Lane et al. [110]

Rosenbrock et al. [98]

Rorick-Kehn ez al. [111]

Uslaner et al. [112]

Yang et al. [113]

CREB, cAMP response element-binding protein; GluR 1, glutamate receptor 1 (subtype of AMPA receptor); GlyT1, glycine transporter type 1; mGluR, metabotropic glutamate receptor; NMDAR, N-methyl-D-

aspartate receptor; PAM, positive allosteric modulator; PCP, phencyclidine; SCZ, schizophrenia; CDPPB, 3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl) benzamide; PFC, prefrontal cortex. BI 425809 (iclepertin):

an investigational GlyT1 inhibitor for cognitive impairment in SCZ; LY404039: a selective mGluR2/3 agonist (also known as pomaglumetad methionil); MK-801: dizocilpine, a noncompetitive NMDAR

antagonist used to induce SCZ-like deficits in animal models.
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Addiction is a psychiatric disorder characterized by
compulsive substance use, accompanied by intense drug
craving that promotes persistent drug-seeking and drug-
taking behaviors [114]. These behaviors persist despite se-
vere adverse health outcomes and profound social conse-
quences. Addiction typically arises following repeated drug
administration and is modulated by a complex interplay of
genetic predisposition and environmental influences [115].
In recent decades, growing attention has been devoted to
the role of glutamate. As a ubiquitous excitatory neuro-
transmitter, glutamate mediates a wide range of physiolog-
ical functions in the central nervous system [116], and its
role in addiction is particularly complex [117]. All these
processes are closely intertwined with synaptic plasticity,
the capacity of the brain to adapt to external stimuli, which
is mainly governed by AMPARs via long-term potentiation
(LTP) and long-term depression (LTD) [118]. Notably, both
LTP and LTD are precisely modulated by metaplasticity, a
higher-order regulatory process that governs synaptic plas-
ticity dynamics. Robust dopamine release elicited by ad-
dictive drugs within mesocorticolimbic circuits is thought
to trigger enduring neuroadaptations, establishing a persis-
tent drug-associated memory that progressively strength-
ens addiction-related behaviors [119]. Repeated drug ex-
posure alters both the AMPA/NMDA current ratio and glu-
tamate receptor subunit composition, indicating that exci-
tatory synapses are not simply strengthened, but are funda-
mentally reprogrammed in a manner that favors maladap-
tive behavioral output [120].

Accumulating evidence indicates that drug addiction
is not merely a consequence of dysregulated dopaminer-
gic reward signaling, but also a disorder of persistent gluta-
matergic maladaptation within the corticostriatal circuitry,
particularly the projection from the PFC to the nucleus
accumbens core (NAcore) (Fig. 2). Within this frame-
work, impaired glutamate homeostasis is viewed as a core
pathological event that diminishes top-down executive con-
trol over drug seeking and promotes cue-induced crav-
ing and relapse [121,122]. This does not merely reflect
enhanced excitatory transmission, and addiction-related
glutamatergic dysfunction involves coordinated alterations
in astrocyte-dependent glutamate clearance, extrasynaptic
glutamate tone, receptor composition, intracellular signal-
ing, and structural synaptic plasticity [121,123].

Following prolonged exposure to addictive drugs such
as cocaine, the expression or function of the primary glu-
tamate transporters GLT-1/EAAT?2 and system Xc™ is de-
creased in the nucleus accumbens, leading to impaired glu-
tamate clearance and dysregulated extracellular glutamate
levels. This impairment decreases basal extrasynaptic glu-
tamate levels while simultaneously weakening the capac-

ity of the perisynaptic environment to buffer transient in-
creases in synaptic glutamate [124—126]. This glutamate
spillover is now regarded as a key molecular trigger link-
ing drug-associated cues to relapse-related synaptic events
in the NAcore [125].

mGluR1 signaling in the NAcore appears to function
as a brake on pathological synaptic maturation. Notably,
reduced surface expression and activity of mGluR1 pre-
cede the accumulation of Ca%*-permeable AMPA recep-
tors (CP-AMPARS) during withdrawal, thereby facilitat-
ing the progression of such pathological changes [127,128].
In contrast, pharmacological enhancement of mGluR1 sig-
naling can remove CP-AMPARs from accumbal synapses
and attenuate cue-induced cocaine craving, indicating that
mGluR1 underlies addiction-related plasticity and repre-
sents a potential therapeutic target [129]. Conversely,
presynaptic mGluR2/3 receptors act primarily through neg-
ative feedback mechanisms to suppress glutamate release.
When chronic drug exposure lowers basal extrasynaptic
glutamate levels, tonic activation of mGIuR2/3 is reduced,
thereby weakening presynaptic inhibitory control and en-
abling greater glutamate release during reinstatement [ 130,
131]. This loss of presynaptic restraint further amplifies
relapse-associated glutamatergic transmission within the
PFC-NAcore pathway [132].

NMDARs also contribute to addiction-related gluta-
matergic plasticity by modulating Ca®*-dependent plastic-
ity thresholds and downstream signaling cascades. Drug
self-administration and withdrawal have been associated
with changes in NMDAR subunit expression in the nu-
cleus accumbens, which may influence coincidence de-
tection, synaptic strengthening, and the persistence of
drug-associated memory traces [133—135]. At the in-
tracellular level, CaMKII, extracellular signal-regulated
kinase (ERK)/mitogen-activated protein kinase (MAPK),
and cAMP response element-binding protein (CREB) are
widely recognized as core effectors of glutamate-dependent
neuroplasticity in addiction. Ca?* entry through AMPARs
and NMDARs activates kinase cascades that regulate recep-
tor phosphorylation, trafficking, cytoskeletal organization,
and postsynaptic density assembly [136]. These events in
turn modulate transcriptional programs involving imme-
diate early genes and plasticity-related proteins, thereby
translating repeated drug exposure into long-lasting molec-
ular and structural adaptations [137]. Thus, glutamater-
gic dysregulation in addiction should be understood not
only as aberrant neurotransmission, but also as a mecha-
nism that drives durable synaptic and transcriptional repro-
gramming [138]. These molecular changes are accompa-
nied by structural plasticity at the synaptic level. During
cue-induced relapse, MSNs in the NAcore undergo a form
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Fig. 2. Schematic of addiction-related synaptic remodeling in the PFC-NAcore pathway. This figure illustrates the molecular
and cellular mechanisms underlying glutamatergic dysregulation in addiction, with a focus on the PFC-NAcore pathway. Astrocytes
and glutamate transporters, including GLT-1/EAAT2 and system Xc ™, are critical for preserving glutamate homeostasis. Chronic drug
exposure impairs these transporters, leading to reduced glutamate clearance, lower basal extracellular glutamate levels, and weakened
synaptic buffering capacity. This leads to glutamate spillover, activating presynaptic and postsynaptic mGluR 1 and mGluR2/3, and further
disrupting autoreceptor-mediated feedback control. As a result, postsynaptic activity is aberrantly enhanced, triggering extrasynaptic
signaling pathways that mediate relapse-related behaviors. Chronic drug exposure also leads to reduced autoreceptor activity, causing
abnormal activation of AMPA receptors and CP-AMPARs in MSNs within the NAcore. This activation, together with Ca®>" influx
via NMDA receptors, initiates intracellular signaling cascades, including the ERK/MAPK and CREB pathways. These pathways drive
synaptic plasticity and structural changes, such as dendritic spine enlargement, which are linked to increased drug craving and relapse
risk. The induction of t-SP in the NAcore, which strengthens drug-related synaptic responses and correlates with heightened drug-seeking
behavior. This plastic remodeling contributes to the formation of addiction-related memories and the long-term persistence of drug
craving. AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; CP-AMPAR, Ca®*-permeable AMPA receptor;
EAAT2, excitatory amino acid transporter 2; mGluR2/3, metabotropic glutamate receptor 2/3; mGluR 1, metabotropic glutamate receptor
1; mGluR3, metabotropic glutamate receptor 3; PAM, positive allosteric modulator; t-SP, transient synaptic potentiation; PFC, prefrontal
cortex; CREB, cAMP response element-binding protein; ERK, extracellular signal-regulated kinase; MAPK, mitogen-activated protein
kinase; NAcore, nucleus accumbens core; GLT-1, glutamate transporter 1.

of transient synaptic potentiation (t-SP), characterized by
increased dendritic spine head diameter, enhanced AMPA-
mediated transmission, and rapid strengthening of excita-

Glutamate-Mediated Molecular Mechanisms in Drug
Addiction and Therapeutic Strategies

tory synapses. This relapse-associated t-SP depends on glu-
tamate spillover from corticostriatal afferents and correlates
with the intensity of reinstatement behavior, supporting the
view that it is a mechanistic component of relapse rather
than an epiphenomenon [139,140].

Taken together, these findings support a mechanis-
tic cascade in which astrocytic transporter dysfunction and
impaired system Xc~ activity lead to reduced glutamate
homeostasis, excessive glutamate spillover, abnormal AM-
PAR/NMDAR/mGIuR signaling, activation of intracellular
plasticity pathways, and ultimately craving incubation and
relapse vulnerability.

Building on these findings regarding molecular mech-
anisms, glutamate-targeted interventions have emerged as
a promising therapeutic strategy for substance use disor-
ders (SUDs) [141]. Rather than globally suppressing ex-
citatory transmission, these interventions aim to restore
glutamate homeostasis, normalize receptor-dependent plas-
ticity, and dampen relapse-associated synaptic reactivity.
Restoring glutamate balance via modulation of glutamate
transporters and receptors represents a viable therapeutic
strategy to prevent reinstatement of drug-seeking behavior
in preclinical models [122]. Current glutamatergic ther-
apeutic approaches can be broadly classified into three
categories: (i) agents that restore astrocyte-synapse glu-
tamate homeostasis, (ii) agents that modulate ionotropic
or mGluRs, and (iii) compounds that indirectly reshape
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glutamate-dependent plasticity. These strategies aim to
reestablish proper glutamatergic function, thereby reduc-
ing relapse and promoting long-term recovery [142]. Stud-
ies using glutamatergic agents in preclinical models and
clinical trials of addiction are summarized in Table 3 (Ref.
[147,155-157]).

Another therapeutic strategy involves enhancing glu-
tamate uptake to normalize the perisynaptic environment.
Ceftriaxone has garnered considerable interest because
it upregulates GLT-1 expression and improves glutamate
clearance in the NAc, which restores glutamate homeosta-
sis and normalizes synaptic transmission [143]. In ani-
mal studies, ceftriaxone has been demonstrated to reduce
reinstatement-like behavior induced by various drugs of
abuse, highlighting its potential in treating SUDs [144].
However, the translational value of ceftriaxone in clinical
addiction treatment remains uncertain, largely owing to its
antibiotic properties and the lack of direct long-term clinical
application. The therapeutic significance of ceftriaxone lies
in validating GLT-1 upregulation as a relevant mechanism,
instead of in immediate clinical application [145].

Targeting mGluRs represents another promising phar-
macological strategy. Because mGluR2/3 inhibit gluta-
mate release through presynaptic negative feedback, restor-
ing their function may help attenuate the excessive gluta-
matergic drive linked to relapse [146]. Preclinical studies
have demonstrated that the mGluR2/3 agonist LY379268
reduces cue-induced reinstatement of cocaine seeking, sug-
gesting that re-establishing presynaptic inhibition of gluta-
mate release can be an effective anti-relapse strategy [147,
148]. Chronic exposure to alcohol and other addictive sub-
stances has been shown to reduce mGluR2 expression and
function, indicating that interventions targeting mGluR2
may have broad applicability across multiple SUDs [149].
The mGluR1-targeted interventions more directly coun-
teract pathological postsynaptic plasticity. Activation of
mGlIuR1 promotes the removal of CP-AMPARs from ac-
cumbal synapses, which may help reverse the synaptic
adaptations underlying the incubation of craving [150].
Preclinical evidence suggests that mGluR2/3-directed ther-
apies are more likely to reduce glutamate release, while
mGluR I-directed therapies may reset the pathological state
of excitatory synapses themselves. These two strategies tar-
get distinct but complementary stages in the relapse cascade
[131,151].

In recent years, ketamine and other NMDAR-
modulating interventions have been investigated as poten-
tial treatments for SUDs. Initial evidence suggests that
ketamine may influence maladaptive reward learning and
synaptic plasticity through rapid glutamatergic remodel-

ing, though existing research is limited by small sample
sizes and heterogeneous study designs [42,152]. In animal
models of addiction, glutamatergic interventions offer an
important therapeutic framework distinct from traditional
dopamine or opioid based approaches. The primary ad-
vantage of these strategies lies in their direct targeting of
relapse vulnerability, cue-induced craving, and maladap-
tive synaptic plasticity—all of which are central features
of the chronic and recurrent nature of addiction [153,154].
Future advances will likely depend on stratified treatment
strategies that account for substance type, abstinence sta-
tus, relapse risk, and circuit-level neurobiological pheno-
types, as well as combining glutamatergic agents with be-
havioral or other pharmacological therapies. In this regard,
glutamate-targeted therapies hold value not merely through
novel pharmacological candidates, but by redefining addic-
tion treatment as the restoration of pathological neuroplas-
ticity, instead of simply dampening reward or withdrawal
symptoms.

Challenges in Translating Glutamatergic
Therapies

Despite strong theoretical rationale and promising pre-
clinical data, the translation of glutamatergic therapies into
approved treatments for psychiatric and neurodegenera-
tive disorders has been exceptionally difficult. Several
glutamate-targeted compounds have failed in late-phase
clinical trials, highlighting critical gaps between preclinical
models and patient outcomes.

Disease Heterogeneity and Lack of Patient Stratification

Psychiatric diagnoses such as SCZ are clinical syn-
dromes that encompass significant biological heterogene-
ity. Recent genome-wide association studies have demon-
strated that these disorders are the product of complex ge-
netics involving hundreds of risk genes, indicating that cur-
rent diagnostic labels encompass many etiologically dis-
tinct conditions [158,159]. This heterogeneity likely un-
derlies the failure of multiple late-phase clinical trials of
glutamatergic drugs. A notable example is pomaglumetad
methionil, an mGluR2/3 agonist that failed to meet pri-
mary endpoints in Phase III SCZ trials [107]. However,
subsequent analysis of machine-learning models applied to
electroencephalography (EEG) data from these failed tri-
als identified a subgroup of patients who had responded
substantially to the drug, with accuracy rates over 90%,
suggesting that the efficacy signal was diluted by non-
responders who did not share the same underlying gluta-
matergic pathology [160]. Asa 2024 review concluded, the
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Table 3. Studies using glutamatergic agents in preclinical models and clinical trials of addiction.

Drug Addiction type

Mechanism of action

Principal effect

Development stage

Study subjects

References

N-acetylcysteine Cocaine dependence

Memantine Opioid dependence

D-cycloserine Nicotine dependence

LY379268 Cocaine/Nicotine re-

instatement

Indirectly
mGluR2/3 and mGIuRS
pathways.
NMDAR noncompetitive
antagonist
NMDAR

modulating

mGluR2/3

In animals, it reduces reinstatement-like behavior.

It can attenuate the expression of physical opioid de-
pendence and withdrawal in humans.

It attenuates reactivity to smoking cues and appears
to preferentially facilitate extinction learning or cue
exposure therapy.

It inhibits conditioned reinstatement and certain forms

of self-administration behavior.

Preclinical study

Clinical study

Clinical study

Preclinical study

Humans

Humans

Humans

Rodent models

Kupchik et al. [155]

Bisaga et al. [156]

Santa Ana et al. [157]

Baptista et al. [147]

mGluR, metabotropic glutamate receptor; NMDAR, N-methyl-D-aspartate receptor. LY379268: a selective orthosteric agonist of mGluR2/3 receptors. N-acetylcysteine: a prodrug of cysteine and precursor

to glutathione; its effects on glutamatergic signaling are mediated in part through modulation of mGluR2/3 and mGluRS. D-cycloserine: a partial agonist at the glycine-binding site of the NMDAR, used

experimentally to facilitate fear extinction and cue-exposure therapy in addiction.
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definition of the responsive subject population and devel-
opment of response-predicting biomarkers are among the
main avenues for further research in targeting glutamater-
gic receptors [161].

Absence of Validated Target-Engagement Biomarkers

A key limitation for glutamate-based treatment devel-
opment is the lack of functional biomarkers to verify that in-
vestigational drugs engage their intended targets in the hu-
man brain. A randomized clinical trial evaluated three po-
tential imaging-based biomarkers—pharmacological blood
oxygenation level dependent (pharmacoBOLD), proton
magnetic resonance spectroscopy (‘H MRS), and task-
based fMRI—for detecting ketamine-induced changes in
brain glutamate function [162]. The results demonstrated
that pharmacoBOLD produced a highly robust and consis-
tent response across study sites, with a very large effect size
(Cohen d = 5.4), supporting its utility for definitive assess-
ment of functional target engagement. In contrast, 'H MRS
showed only a small but significant signal (Cohen d = 0.64),
while task-based fMRI failed to detect any significant dif-
ferences [162]. The lack of validated target-engagement
biomarkers has hampered translation between preclinical
and early-stage clinical studies, making it difficult to deter-
mine whether a failed trial reflects an invalid mechanism,
an inadequate compound, or simply insufficient target ex-
posure.

Disease Stage-Dependent Glutamatergic Dysfunction

Glutamatergic abnormalities evolve with disease pro-
gression, yet most clinical trials fail to stratify patients
by illness stage. In SCZ, elevated glutamatergic metabo-
lites are most consistently observed in early psychosis,
while chronic illness often shows normal or reduced lev-
els [163]. Depression may similarly show stage-dependent
glutamatergic involvement [ 164]. Including patients across
different stages without stratification likely obscures treat-
ment signals and contributes to failed trials.

Dose-Limiting Side Effects

The widespread expression of glutamate receptors cre-
ates a narrow therapeutic window for most glutamatergic
agents. Non-selective NMDAR antagonists produce psy-
chotomimetic effects, sedation, and cognitive impairment
[62]. AMPAR positive allosteric modulators carry procon-
vulsant risks [165]. mGluRS negative allosteric modulators
have shown dose-limiting dizziness and somnolence [166].

Separating desired therapeutic effects from on-target side
effects mediated by the same receptors in different brain cir-
cuits remains a fundamental challenge. Subtype-selective
agents and peripheral-restricted compounds offer partial so-
lutions, but chronic modulation of glutamatergic signaling
inevitably risks disrupting normal cognitive and synaptic
function.

Collectively, without biomarkers to confirm target en-
gagement and without validated methods to identify respon-
sive patient subgroups, the glutamatergic field continues
to struggle to translate decades of preclinical research into
clinical success.

Conclusions

This review has synthesized evidence demonstrating
that glutamatergic dysregulation is a central, transdiagnos-
tic mechanism spanning depression, SCZ, and drug addic-
tion. Despite their distinct clinical presentations, these three
disorders share a core set of interconnected pathologies:
disrupted glutamate homeostasis, aberrant ionotropic and
metabotropic receptor signaling, impaired astrocytic clear-
ance and metabolic support, and a self-perpetuating cy-
cle of neuroinflammation and excitotoxicity. Across all
conditions, the delicate balance between synaptic and ex-
trasynaptic glutamate signaling is disrupted, leading to im-
paired neuroplasticity that compromises emotional regula-
tion, cognitive function, and behavioral control.

However, the nature of glutamatergic dysfunction is
critically disease-specific. In depression, chronic stress
drives NMDAR overactivation and neuroinflammatory cas-
cades that compromise AMPAR trafficking and BDNF sig-
naling, producing synaptic weakening and dendritic spine
loss in prefrontal and hippocampal circuits. SCZ involves
a fundamentally different mechanism: NMDAR hypofunc-
tion on parvalbumin-positive GABAergic interneurons dis-
inhibits cortical pyramidal neurons, creating a glutamate
excitotoxicity and excitation-inhibition imbalance that dis-
rupts network oscillations and downstream dopaminergic
signaling. Addiction is characterized by drug-induced
downregulation of astrocytic glutamate transporters and
system Xc ™ in the nucleus accumbens, leading to glutamate
spillover, pathological accumulation of Ca?*-permeable
AMPAR, and synaptic metaplasticity that encodes persis-
tent craving and relapse vulnerability.

The translational history of glutamatergic therapies re-
veals several common reasons for the gap between pre-
clinical promise and clinical outcomes. First, many agents
strongly engage their molecular target, such as NMDAR co-
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agonists or mGluR2/3 agonists, yet fail to produce mean-
ingful clinical improvement, often because the downstream
circuit consequences in the intact human brain remain in-
completely understood. Second, profound patient hetero-
geneity means that the same intervention may normalize
hyperglutamatergic tone in one individual while worsen-
ing hypofunction in another. Third, compensatory neu-
roadaptations can counteract therapeutic effects over time
as homeostatic mechanisms resist the induced pharmaco-
logical change. Fourth, glutamatergic agents typically
have narrow therapeutic windows, where insufficient mod-
ulation yields no benefit but excessive modulation im-
pairs physiological plasticity, producing cognitive or psy-
chotomimetic side effects. Finally, the absence of validated
biomarkers prevents the stratification of patients most likely
to benefit from a given intervention.

Addressing these challenges requires several intercon-
nected strategies. Clinically deployable biomarkers are
urgently needed, including advanced magnetic resonance
spectroscopy, positron emission tomography (PET) ligands
for specific receptor subtypes, and EEG-based indices of
excitation-inhibition balance to guide patient selection and
monitor target engagement. Pharmacologically, the field
should move toward subtype-selective allosteric modula-
tors for specific mGluRs and NMDAR/AMPAR subunits,
as these offer greater precision than broad-acting orthos-
teric agents. Multi-target approaches that simultaneously
address receptor dysfunction, astrocytic homeostasis, and
neuroinflammation may better reflect the inherently mul-
timodal nature of glutamatergic pathology. Integration
of pharmacological strategies with circuit-based interven-
tions such as repetitive transcranial magnetic stimulation,
which can prime or consolidate plasticity, represents an-
other promising avenue. Preclinical models must better
align with the chronic, stage-dependent nature of human
disease by incorporating disease-relevant genetic back-
grounds and clinically meaningful endpoints. Ultimately,
the success of glutamatergic therapeutics will depend on
precision psychiatry frameworks that integrate clinical phe-
notyping, neuroimaging, genetics, and biomarkers to match
the right glutamatergic agent to the right patient at the right
stage of illness, thereby fulfilling the considerable promise
of targeting this system across the spectrum of psychiatric
and neurodegenerative disorders.
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