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Major depressive disorder (MDD) is a heterogeneous neuropsychological disorder characterized by a combination

of symptoms that negatively impact the productivity and well-being of inflicted patients, including impairments in

cognition, emotional regulation, memory, motor function, motivation, and possible suicidal ideation. Glutamate is

the major excitatory neurotransmitter in the central nervous system. It plays an important role in several

physiological functions.
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1. Introduction

Major depressive disorder (MDD) is a heterogeneous neuropsychological disorder characterized by a combination

of symptoms that negatively impact the productivity and well-being of inflicted patients, including impairments in

cognition, emotional regulation, memory, motor function, motivation, and possible suicidal ideation. Approximately

280 million people in the world are affected by this psychiatric disorder, and it is regarded as one of the leading

causes of morbidity and disability worldwide . An episode of major depression may occur once in a person’s

lifetime, but it is more likely to relapse throughout a person’s life . Although several pharmaceutical strategies

have been proven in clinical settings, more than two-thirds of patients with MDD do not achieve stable remission of

symptoms, despite currently available medication . Furthermore, the current antidepressant drugs targeting the

monoamine systems (norepinephrine, dopamine, and/or serotonin) require a long duration (4–8 weeks) to take

effect . The severe adverse effects associated with the pharmacotherapy, including cardiac toxicity, hyperpiesia,

sexual dysfunction, body weight gain, and sleep disorders, often hamper patients’ adherence . The current

pharmacotherapy for MDD remains unsatisfactory, which may be attributed to the lack of understanding of the

neurobiological mechanisms underlying this pathological condition.

MDD is a debilitating disorder with multiple potential etiologies, including environmental and genetical influences .

Although several hypotheses have been suggested to explain the pathophysiological mechanisms of MDD, the

contours of the disorder are still unclear. Among these hypotheses, the dysregulation of neurotransmitters has

received the most attention in the neurobiological mechanisms of MDD, i.e., the monoaminergic hypothesis

involving serotonin, norepinephrine, and/or dopamine. Clinically, most antidepressants target this system as a

therapeutic goal, including tricyclic antidepressants, selective serotonin reuptake inhibitors (SSRIs), serotonin, and

norepinephrine reuptake inhibitors (SNRIs), to restore the levels of these monoamines .
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A growing consensus posits that altered monoaminergic transmission is insufficient to explain the etiology of

depressive disorders . Hypothalamic–pituitary–adrenal (HPA) axis dysregulation has been implicated in the

pathogenesis of MDD, as the hyperactivity state of the HPA axis is one of the most consistent findings in the

neuroendocrinology of depression  and as the HPA axis is dysregulated by stress and trauma, both of which

are known precipitants of MDD . Furthermore, data from rodents showed that central administration of

corticosterone, a stress-related hormone, can produce depression-like behaviors . The plasma levels of

corticosterone, a stress hormone, have been widely used as biomarkers of stress , depression  and anxiety

 in mice, and such a phenomenon was also observed in humans  in the form of plasma cortisol. Chronic

stress is reported to induce neuropsychological disorders, including depression and anxiety, via the hyperactivity of

the hypothalamic–pituitary–adrenal (HPA) axis .

In addition to the monoaminergic system, a growing body of evidence has revealed that the glutamatergic system

plays a critical role in the pathophysiological mechanisms of MDD . Several postmortem studies have

indicated that glutamate receptor subunits, including the GluR1 subunit and AMPA binding, were reduced in

patients with major depression . Beyond the conventional monoaminergic theory, these findings

provided an alternative concept in the possible pathological mechanisms of MDD and the different approach in the

development of novel antidepressants.

2. A Brief Overview of Glutamate Neurotransmission in the
Brain

Glutamate is the major excitatory neurotransmitter in the central nervous system. It plays an important role in

several physiological functions. A typical glutamate synapse is composed of three distinct cell types: an astrocyte, a

presynaptic neuron, and a postsynaptic neuron . In the central nervous system, glutamine synthesis from

glutamate and ammonia occurs exclusively in the astrocytes. Then, glutaminase, a precursor for the synthesis of

the neurotransmitter glutamate, hydrolyses glutamine to glutamate and ammonia within neurons, completing the

glutamate–glutamine cycle in the brain (Figure 1). Glutamate is then packaged into vesicles in the presynaptic

neuron by three types of vesicular glutamate transporters (VGLUT1, VGLUT2 and VGLUT3) and released into the

synapse from the presynaptic terminals , in an activity-dependent manner. The released glutamate in the

synaptic cleft can engage both ionotropic and metabotropic glutamate receptors, located in the presynaptic and

postsynaptic neurons, as well as on astrocytes . The ionotropic subtypes of glutamate receptors, including the

AMPA, N-methyl-D-aspartate (NMDA), and kainate receptors, control fast excitatory neurotransmission, whereas

the family of eight metabotropic glutamate receptors (mGluR1-8) are located in presynaptic areas, postsynaptic

areas, and extra-synaptically throughout the central nervous system . The concentrations of synaptic glutamate

are regulated by glutamate transporters localized in glial cells and neurons due to the fact that there is no process

by which glutamate is metabolized in neurons.
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Figure 1. The tripartite

glutamate synapses. Most glutamate molecules are cleared from the synaptic cleft through the excitatory amino-

acid transporter (EAAT 1/2) located on the astrocytes. Within the astrocyte, glutamine synthetase converts

glutamate to glutamine, and the glutamine is subsequently released from the astrocyte and taken up by

neighboring neurons to complete the glutamate–glutamine cycle in the brain. Neuronal glutamate is synthesized de

novo from glutamine originating from nearby astrocytes. Glutamate is then loaded into synaptic vesicles by

vesicular glutamate transporters (VGLUTs). Upon being triggered by an action potential, glutamate will be rapidly

released into the synaptic cleft. Here, glutamate binds to either ionotropic glutamate receptors (AMPA receptors

and NMDA receptors) and/or metabotropic glutamate receptors (mGluRs) on the membranes of both postsynaptic

and presynaptic neurons and astrocytes. Upon activation, these glutamate receptors initiate various cellular

responses, including depolarization of membrane potential, activation of intracellular signaling, regulation of protein

synthesis, and/or gene expression. Surface expression and functional alteration of AMPARs and NMDARs are

dynamically mediated by protein synthesis and degradation. The receptors traffic between the postsynaptic

membrane and endosomes to maintain the dynamic adaptation/alteration of physiological/pathological responses.

3. Targeting AMPA-Glutamatergic Signaling for the
Development of Novel Therapeutics for Depressive
Disorders

Emerging evidence of glutamatergic synaptic transmission dysfunctions demonstrates how this defect correlates

with the pathogenesis of depression. MDD is attributed to a weakening of specific subsets of excitatory synapses in

various brain nuclei that are important in the processing of affect and reward (Table 1). The critical action of

effective antidepressants is the reversal of the diminished excitatory synaptic strength in these impaired brain

areas. A candidate agent verified in preclinical models that promotes stress-sensitive excitatory synapses in the

emotional and reward circuits may be an effective antidepressant. Reduced glutamate levels have been noted in
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several neural regions of patients with MDD , whereas several glutamatergic agents have been proven to

effectively alleviate depressive symptoms in patients with MDD . Accumulating evidence demonstrates that

transcriptional regulation is involved in various levels of regulation of gene expression . Chronic stress causes a

loss of AMPA receptors, and GluR1 expression in the PFC is attributed to the enhancement of ubiquitin–

proteasome-dependent degradation of GluR1 controlling by E3 ubiquitin ligase . Transcriptional regulation of

gene expression has been considered as a key player underlying the persistent impact of stress response.

Table 1. Effects of AMPA receptor response to different stress paradigms. ↑ = increase; ↓ = decrease; - = no

change.
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Classification Type of Stress Brain Area Effects on AMPA Receptor Reference

Acute stress

Restraint stress for 2 h

Hippocampus
GluA1 subunit phosphorylation
↑

Basolateral
amygdala

GluA1 subunit phosphorylation
-

Frontal cortex
GluA1 subunit phosphorylation
-

Restraint stress for 30
min

Hippocampus
GluA1 subunit phosphorylation
↑
GluA1 expression ↑

Unsteady platform for
acute stress

Hippocampus GluA1 expression ↓

Acute footshock stress
Prefrontal and
frontal cortex

GluA1 subunit phosphorylation
↑
GluA2 subunit phosphorylation
↑

Elevated platform
stress

Amygdala
GluA1 subunit phosphorylation
↑

mPFC
GluA1 subunit phosphorylation
↑

Hippocampus
GluA1 subunit phosphorylation
↑

Acute restraint stress
for 1 h

Hippocampus
GluA1 expression -
GluA2 expression -

Acute restraint stress
for 30 min

Hippocampus
GluA1 subunit phosphorylation
↑

Elevated platform
stress

Hippocampus GluA2 expression ↓
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Classification Type of Stress Brain Area Effects on AMPA Receptor Reference

Restraint or forced
swimming

Amygdala
GluA1 subunit phosphorylation
↑GluA1 expression ↑

Acute restraint stress
for 2 h

Nucleus accumbens GluA1 expression ↑

Unsteady platform for
30 min

mPFC

Ser831-GluA1 phosphorylation
↓
Ser880-GluA2 phosphorylation
↑

Hippocampus
Ser831-GluA1 phosphorylation
↓

Amygdala

Ser845-GluA1 phosphorylation
↑
Tyr876-GluA2 phosphorylation
↓
Ser880-GluA2 phosphorylation
↓

Forced-swim stress Prefrontal cortex
Surface GluA1 expression ↑
Surface GluA2 expression ↑

Immobilization stress
for 45 min

Hippocampus AMPA mRNA levels -

Acute restraint stress
for 6 h

Dentate gyrus GluR2 flip mRNA expression↑

Chronic
stress

Chronic mild stress Hippocampus
AMPA mRNA -
GluA2 expression ↑

Chronic unpredictable
mild stress

Hippocampus
GluA1 expression -
GluA2 expression↑
GluA3 expression ↑

Early life Stress Hippocampus NMDA/AMPA ratio ↓

Chronic unpredictable
mild stress

Hippocampus

GluA1 expression ↓
GluA2 expression ↓
GluA1 subunit phosphorylation
↓

Week chronic mild
stress

Hippocampus GluA1 expression ↓

Chronic unpredictable
stress

Hippocampus GluA1 expression ↓

[42]

[43]

[44]

[44]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]



Glutamatergic System in Depression | Encyclopedia.pub

https://encyclopedia.pub/entry/22768 6/11

Despite mounting positive preclinical results, most AMPA receptor-targeting agents have failed to declare any

relevant clinical effects in treating neuropsychiatric disorders. This discrepancy may be due to multiple factors.

Nonetheless, strong preclinical evidence supports that AMPA receptors are involved in the therapeutic effects of

current antidepressant drugs. Chronic restraint stress-induced depression in rodents was reversed by the

metabolite of ketamine, (2R,6R)-HNK, via AMPA receptors  at the concentration that do not block NMDA

receptor function . On the other hand, mPFC AMPA receptor and BDNF signaling are required for the rapid and

sustained antidepressant-like effects of 5-HT  receptor stimulation . Interestingly, pharmacological

enhancement of AMPA transmission has been reported to synergize the antidepressant potency of conventional

antidepressants, e.g., fluoxetine, imipramine, and rolipram . Given that AMPA-glutamatergic neurotransmission

in various stress-related brain regions signifies the dysfunction of excitatory synapse, it could point to a new

strategy for developing novel antidepressants or as a target for adjunct therapy alongside current antidepressants

(Figure 2).

Figure 2. Synaptic model for

the cellular target sites for different types of candidate drugs for antidepressants. (2R,6R)-HNK exerts increased

glutamate release and AMPA receptor-mediated synaptic potentiation. GLYX-13 elicited partial activation of the

NMDA receptor, hence activation of mTORC1 and thus induction of protein synthesis. CX614 and LY392098,

AMPA receptor potentiators, induce antidepressant effects by enhancement of AMPA receptor function and BDNF

expression. NV-5138 exerts rapid and sustained antidepressant effects through stimulating mTORC1 signaling.

Activation of the 5-HT  receptor produces rapid and sustained antidepressant effects through the initiation of

AMPA receptor/BDNF/mTORC1 cascades. All the candidates propose long-lasting modifications in synaptic

plasticity, resulting in strengthening of glutamatergic synapses, which is necessary for antidepressant responses.

Classification Type of Stress Brain Area Effects on AMPA Receptor Reference

Neonatal isolation
stress

Paraventricular
nucleus

AMPA binding sites ↑

Chronic immobilized
stress

Nucleus accumbens GluA1 expression ↑

Immobilization stress
for 14 days

Hippocampus AMPA mRNA levels -

Chronic restraint stress
for 21 days

Hippocampus CA1 GluR1 flip mRNA expression ↓
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