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Abstract

The monoamine hypothesis has significantly improved our understanding of mood disorders
and their treatment by linking monoaminergic abnormalities to the pathophysiology of mood
disorders. Even 50 years after the monoamine hypothesis was established, some patients do not
respond to treatments for depression, including selective serotonin reuptake drugs.
Accumulating evidence shows that patients with treatment-resistant depression (TRD) have
severe abnormalities in the neuroplasticity and neurotrophic factor pathways, indicating that
different treatment approaches may be necessary. Therefore, the glutamate hypothesis is
gaining attention as a novel hypothesis that can overcome monoamine restrictions. Glutamate
has been linked to structural and maladaptive morphological alterations in several brain areas
associated with mood disorders. Recently, ketamine, an N-methyl-D-aspartate receptor
(NMDAR) antagonist, has shown efficacy in TRD treatment and has received FDA approval,
revitalizing psychiatry research. However, the mechanism by which ketamine improves TRD
remains unclear. In this review, we re-examined the glutamate hypothesis, bringing the
glutamate system onboard to join the modulation of the monoamine systems, emphasizing the
most prominent ketamine antidepressant mechanisms, such as NMDAR inhibition and
NMDAR disinhibition in GABAergic interneurons. Furthermore, we discuss the animal

models used in preclinical studies and the sex differences in the effects of ketamine.
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Introduction

In the early 1900s, it was discovered that physiological mechanisms activated by stress could
protect or harm the body [1]. There has been a long-standing interest in the kind of action in
the brain that mediates mental disorders caused by stress [2]. Several studies using animal
models of stress have shown that various forms of environmental stress have profound effects
on the structure and morphology of the brain, resulting in dendritic remodeling, synaptic spine
loss, glial loss, and volume loss [3]. It is noteworthy that functional (i.e., blood flow,
metabolism) [4] and altered molecular function (i.e., gene expression, etc.) [5] as well as
morphological changes in neurons and glia (cytoarchitectural) [3] are common in humans
showing the depressive phenotypes. It has been observed that such functional and structural
changes can be reversed by behavioral treatments (i.e., cognitive therapy), brain-stimulation,
and pharmacological treatments [6]. Interestingly, these structural and morphological
alterations occur in cortical limbic areas, where glutamate is mainly used as a neurotransmitter
by the vast majority of neurons and synapses [3]. Various monoaminergic antidepressants and
putative non-monoaminergic antidepressants have also been reported to reverse stress-induced
morphological changes [7]. These results suggest that monoamine transport and glutamate
release at synapses are essential for mediating the complex emotional/cognitive changes

associated with stress-induced depressive symptoms [7].

The current pharmacological therapy for depression concentrates on monoamine-based
targets as a result of the early accidental discovery that drugs that inhibit the reuptake or

metabolism of monoaminergic neurotransmitters have antidepressant effects [8, 9]. However,
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it typically takes several weeks or months for the full benefit of medication to manifest, and
some individuals are often resistant to treatment. According to the National Institutes of Mental
Health (NIMH)-funded Sequenced Treatment Alternatives to Relieve Depression (STAR*D)
study, only 27% of patients with major depressive disorder (MDD) achieve remission within
12 weeks of starting treatment with Citalopram, and despite trying other four types of
monoaminergic antidepressants, 33% of patients failed to achieve remission [10]. Another
STAR*D study reported that overall remission rates stabilize at 60%—70% after more than
three antidepressant treatments. It means that about 30% of MDD patients are resistant to
antidepressant treatments [11]. Treatment-resistant depression (TRD) is generally defined as
failure to respond to at least antidepressant treatments of adequate dose and duration [12]. It is
quite surprising that more than 30% of patients with TRD attempt suicide at least once in their
lifetime, which is about twice that of patients with MDD. It suggests an urgent need for TRD
treatment [13]. Recent transcriptome-wide association studies (TWAS) have revealed that
people with TRD have biological characteristics that distinguish them from treatment
responders [14]. According to the TWAS study, TRD patients have more than twice as many
neurotrophic pathway abnormalities as monoamine transmission, suggesting that TRD may be
treated by enhancing synaptic plasticity and neurotrophic factor [14]. These findings indicate
that, unlike patients who may be treated with monoamines antidepressants, TRD patients
require another class of antidepressant treatments that involves neuroplasticity and

neurotrophic factors, rather than monoamines.

Ketamine, an N-methyl-D-aspartate receptor (NMDAR) antagonist, has recently
attracted attention as a new treatment for TRD by reducing anhedonia and suicidal ideation

within hours [15]. A recent animal study showed that ketamine can reverse the depressive
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behaviors that are induced by chronic treatment of corticosterone, the principal murine stress
hormone by selectively rescuing lost spines and restoring prefrontal cortex (PFC) microcircuit
dysfunction during chronic corticosterone exposure [16]. Consistently, a clinical study using
MRI study showed that a single ketamine injection can normalize brain volumes of inferior
frontal gyrus, a part of frontal lobe which is correlated with depressive severity, in MDD
patients [17]. Another imaging study utilizing the diffusion tensor imaging showed that
ketamine can rapidly alter microstructural diffusion properties of white matter in individuals
with TRD [18]. In addition, a recent systematic review revealed that ketamine can treat cognitive

deficits observed in TRD populations [19]. However, it is unclear how ketamine treats TRD although

it was approved as a medicine for TRD in 2019 by the U.S. Food and Drug Administration (FDA).

In this review, we discuss recently hypothesized ketamine mechanisms, such as
spontaneous NMDAR-mediated neurotransmission, inhibition of NMDAR on GABAergic
interneurons, and the role of ketamine metabolites, and how these hypotheses are related to
BDNF signaling. In addition, we discuss the current animal models developed to investigate
the differences in the neurobiological mechanisms of antidepressant responders and non-
responders. Finally, we examine whether there were sex differences in ketamine action,
highlighting the limitations of existing animal models and underlining the importance of

developing additional animal models.

A brief history of antidepressants: Pharmacological interventions based on the

“Monoamine hypothesis.”
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In the 1930s, depression was initially treated using amphetamines, a subclass of central nervous
system stimulants that increase synaptic concentrations of monoamine neurotransmitters [20].
However, serious antidepressant medication developments did not begin until the mid-
twentieth century. The first important breakthrough in antidepressant treatment occurred
serendipitously in the early 1950s (Fig. 1). While scientists were evaluating the new hydrazide
drug iproniazid for tuberculosis therapy, they discovered that patients who took the drug gained
energy, increased appetite, and slept better [21]. Subsequent studies have shown that iproniazid
suppresses monoamine oxidase (MAO), an enzyme that degrades monoamines or prevents
their uptake, restores the monoaminergic system, maintains neurotransmitters at synapses, and
enhances cell communication (Fig. 2) [9, 22]. Since reporting the first information on the effect
of iproniazid on depression in 1957 at an American Psychiatric Association meeting, the
function of MAO in depression has been established, and a new class of antidepressants called
MAO inhibitors (MAOIs) has been developed, including isocarboxazid (Marplan®) and
tranylcypromine (Parnate®) [23, 24]. However, iproniazid, the first clinically effective MAOI,

cannot be used as an antidepressant.

Simultaneously, tricyclic antidepressants (TCA), such as imipramine, arose rapidly at
the end of the revolutionary 1950s as the role of monoamine neurotransmitters such as
serotonin, dopamine, and norepinephrine as mood regulators became understood [25, 26].
TCAs influence approximately five different neurotransmitter pathways in a non-selective
manner. They inhibit serotonin and norepinephrine absorption at presynaptic terminals by
acting as competitive antagonists of post-synaptic alpha-cholinergic, muscarinic, and
histaminergic receptors (Fig. 2) [27]. Similar to iproniazid, imipramine (Tofranil®) was

originally intended to be used as a schizophrenia drug rather than an antidepressant. Although
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it was unable to demonstrate its usefulness in tests with schizophrenic individuals [28], it
produced unforeseen effects in depressed patients, leading to its FDA approval as an
antidepressant in 1959 [29]. Electroconvulsive therapy, the primary antidepressant therapy
available in those days, was relegated by the accidental mood-raising effects of two
antidepressants, iproniazid and imipramine [30]. As a result, TCA class medications have been
swiftly developed as new, safe alternatives to MAOIs, which have limited effectiveness and

serious side effects such as hypertension and liver damage [31].

The 1960s was a time of vigorous psychiatric controversy and rapid antidepressant
success. The effectiveness of MAOIs and TCAs supports the monoamine hypothesis of
depression, which contends that depression is caused by a deficiency in the monoaminergic
system (Fig. 1) [8, 9]. Serotonin and catecholamine were the two major concerns. The
"catecholamine hypothesis" was proposed first based on the data given above about the
mechanism of action of MAOIs and TCAs [32, 33]. This hypothesis suggested that an absolute
or relative deficit of catecholamines, particularly norepinephrine, causes depression [9, 34].
Conversely, the "serotonin hypothesis" argued that the pathophysiology of depression is linked

to a decrease in synaptic serotonin levels [35].

In the early 1970s, while concerns about the side effects of MAOIs and TCAs were
being developed, evidence for the function of serotonin in depression was growing. This has
sparked an era of novel antidepressants [36, 37]. In this regard, researchers have attempted to
discover compounds that may selectively inhibit serotonin reuptake without cardiotoxicity or
anticholinergic effects of TCAs [38]. As a result, the selective serotonin reuptake inhibitors
(SSRIs) family of antidepressants was developed. Eli Lilly started to develop the most common

SSRI, fluoxetine, in 1971. Fluoxetine began phase 1 clinical trials in 1976, followed by phase
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2 and 3 studies in 1978 and 1981, respectively. Following unanimous approval by the FDA
advisory panel in 1985, the US FDA legally authorized fluoxetine in 1987 [39]. Soon after, it
reached the market as Prozac®. After it was released as the first SSRI, it has become the
world’s most widely prescribed antidepressant. Since then, other SSRIs, such as sertraline
(Zoloft®) and citalopram (Celexa®), have been developed [40, 41]. Bupropion was presented
as a slightly unusual antidepressant at the end of the 1980s, shortly after fluoxetine was released.
The dopamine-norepinephrine reuptake inhibitor bupropion (Wellbutrin®) is primarily more
selective for dopamine transporters than for norepinephrine transporters [42]. It was approved
by the FDA for the treatment of depression in 1985 [43] because of its superior efficacy and
safety, including the lowest risk of sexual dysfunction, when compared to other types of
depressants. However, no additional depression-related selective dopamine norepinephrine

reuptake inhibitors were identified.

In the 1990s, another unique type of antidepressant called serotonin-norepinephrine
reuptake inhibitors (SNRIs) was released. The prototypical drug, venlafaxine (Effexor®), was
approved by the FDA for the treatment of depression in 1993 [44]. Antidepressants in this
FDA-approved class include duloxetine (Cymbalta®) and levomilnacipran (Fetzima®) [45,
46]. Both SNRIs and TCAs block the serotonin and norepinephrine transporters. However,
unlike TCAs, SNRIs show modest pharmacological activity on alpha cholinergic, muscarinic,
histamine, dopamine, and post-synaptic serotonin receptors (Fig. 2) [27]. There have been

reports that SNRIs may be more effective than SSRIs; however, the difference is minimal [47].

Despite these revolutions, several drawbacks remain unsolved. All antidepressants can
cause side effects, including dry mouth, weight gain, nausea, dizziness, insomnia, and

paraphilia [48]. It frequently takes too long to be effective, and up to one-third of patients with
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depression do not respond to these medications [10]. Since the discovery of antidepressants in
the late 1950s, the hasty conclusion that all antidepressants function by correcting monoamine
signaling deficiency has failed to offer novel therapeutic approaches. In fact, monoamine
deficiency did not cause depression in healthy individuals and did not reliably worsen
depression in drug-free patients [49]. When these aspects are considered together, disruption
of monoamine signaling alone does not cause depression, and elucidating the etiology and
pathophysiology beyond the monoamine system will be critical for developing novel

treatments for depression.

Glutamate hypothesis sheds new light on the resistance to monoamine-based

antidepressant treatment

In 1921, Weston et al. published a study on the mechanism of a drug that has now been
identified as an N-methyl-D-aspartate (NMDA) antagonist used to alleviate agitation in people
with depression [50]. Since 1990, there has been a convincing theoretical foundation for the
use of NMDAR antagonists in the treatment of depression, but they have had little impact on
the development of antidepressants [9]. The glutamate hypothesis gained support when the
clinical limitations of current monoaminergic approaches began to emerge at the beginning of
the early 21st century, along with the recognition of the generally low efficacy of the available
treatment methods. Although significant quantities of glutamate were discovered in the brain
in the 1930s [51], it was not until the early 1980s that the amino acid glutamate was generally
recognized as a neurotransmitter. Glutamate is recognized as the principal excitatory
neurotransmitter in the neurological system [52]. According to accepted estimates, glutamate

is used by 90% of all the synapses in the brain. In contrast, y-aminobutyric acid (GABA),
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another amino acid neurotransmitter, mediates rapid inhibitory transmission. Glutamate is
created from glutamine, which is produced only by astrocytes, and glutamate decarboxylase
converts glutamate into GABA [53]. Glutamate receptors are divided into G protein-coupled
metabotropic glutamate receptors (mGluRs) and ionotropic glutamate receptors (iGluRs).
iGluRs, consisting of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
(AMPAR), NMDAR, and kainate receptors, allow rapid neurotransmission via glutamate-
gated ion channels. Unlike iGluRs, mGluRs are grouped into three: Group I (1 and 5), Group
IT (2 and 3), and Group I11 (4, 6, 7, 8), based on distinct characteristics such as structure, synapse

location, and pharmacological capabilities [54].

Berman et al. found that a single subanesthetic dose of the NMDAR antagonist
ketamine dramatically reduced patients' standardized depression levels [55]. Converging the
line of evidence for ketamine as an antidepressant, Zarate et al. showed a robust, rapid, and
relatively sustained response to a single dose of ketamine in TRD patients [56]. Additionally,
clinical investigations have demonstrated that single-dose ketamine is effective in treating
cases of bipolar depression (BD) that are resistant to treatment [57]. However, the
neurobiological mechanism underlying the antidepressant effects of ketamine is more
sophisticated than simple NMDAR inhibition. It is based on the duration of the therapeutic
response and long-term influence of ketamine. Low single-doses of ketamine generate a
moderate, temporary psychotomimetic, and dissociative effect that lasts approximately 40 min
and then disappears. After the initial stage of psychotomimetics, antidepressant effects are
detected after 110 min and peak between 24 and 72 h; this effect lasts for approximately 7 days
following ketamine therapy [58]. These preliminary findings suggest that ketamine has a

complex neurobiological mechanism, that glutamate-related antidepressants are more effective
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than currently available monoamine drugs, and that they modulate depression through

mechanisms different from those of monoamine drugs.

Development of a chronic stress paradigm-based animal model for treatment-resistant

depression

Preclinical animal modeling for depression studies has relied on several types of chronic stress
paradigms based on epidemiological data, which show that early adversity, childhood trauma,
and stressful life events are highly related to a high risk for depression [59, 60]. Depressive-
like animal models must fulfill three main criteria: (a) face validity (a reasonable degree of
symptomatic homology), (b) construct or etiological validity (similar causative factors), and (c)
pharmacological validity (which requires reversal of depressive symptoms by available
antidepressants) [61]. Moreover, the following additional conditions must be met to develop a
TRD model that is resistant to antidepressant treatment: (i) increased sensitivity to stress
precipitation of a depressive behavioral phenotype, (ii) resistance to chronic treatment with
conventional antidepressants, (iii) a good response to novel modes of antidepressant treatment
(e.g., ketamine and deep brain stimulation) that are reported to be effective in TRD, and (iv) a
parallel to a known clinical risk factor [62]. To develop a model that suits these criteria,
researchers have attempted to discover and understand the mechanisms of responsiveness and
resistance to long-term antidepressant treatment in chronic stress-based animal models that

fulfill the requirements of conventional depression models [61].

Chronic mild stress (CMS) or chronic unpredictable stress (CUS) was initially induced

in rats using chronic stressors as a behavioral model of anhedonia that might be treated with
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TCA [63]. Subsequent studies have shown that CUS dramatically impairs hippocampal (HPC)
neurogenesis and sucrose consumption in rats [64, 65]. Converging lines of evidence have
demonstrated that CUS mediates depression-like behavior and that long-term antidepressant
treatment reverses depression-like behavior [66]. It is worth noting that CUS suits both criteria
(1) and (ii) for developing a TRD animal model [67]. Importantly, previous studies have shown
that reduced sucrose preference through CUS could be treated with antidepressants, such as
escitalopram and sertraline, but approximately 40%—-50% of mice receiving CUS did not
respond to antidepressant treatment [68]. They also found that CUS and escitalopram non-
responders had a reduced number of BrdU-positive cells compared to escitalopram responders
and controls in HPC [68]. These data suggest that antidepressant resistance is mediated by the
antidepressant action on cell proliferation in HPC. Moreover, a previous study showed that
GABA release was restored in SSRI responders after CUS, but not in SSRI non-responder mice,
and this difference was thought to be due to differences in the expression of presynaptic
proteins associated with neurotransmitter release [69, 70]. Thus, CUS is a useful tool for
investigating the mechanisms underlying antidepressant response and non-response.
Interestingly, the CUS may also be suitable for criterion (iii). As in a previous study, adding
the atypical antipsychotic quetiapine to fluoxetine-resistant mice significantly decreased
depression-like behaviors and stimulated hippocampal neurogenesis [71]. Quetiapine increases
BDNF mRNA expression in the HPC, suggesting that BDNF is involved in TRD [72]. It is
noteworthy that CUS-mediated depressive-like behaviors can be reversed with vagus nerve
stimulation (VNS), which is an FDA-approved noninvasive treatment for depression in clinical
practice [73]. Recent research suggests that VNS intervention during CUS stimulates the
afferent vagus nerve, which projects to the nucleus tractus solitarius (NTS), forms an indirect

ascending projection into the HPC, and mediates antidepressant effects by upregulating the a7
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nicotinic acetylcholine receptor in the HPC [74]. Besides VNS, deep-brain stimulation has also
been shown to improve depression-like behaviors in CUS [75]. Although CUS has been proven
to be a suitable model for TRD, no data have demonstrated that depressive-like behaviors can
be treated by injecting ketamine into antidepressant-resistant CUS mice. Nonetheless, the CUS
was the first chronic stress-based animal model used to study ketamine function in depression
[76]. In an early study, Duman et al. suggested that ketamine rapidly and transiently increased
glutamate transmission in the PFC of mice that received CUS, possibly by inhibiting tonically
active GABAergic intermediate neurons. They also suggested that the rapid antidepressant
effect of ketamine, unlike conventional antidepressants, might be due to the activity-dependent
release of BDNF [77]. Taken together, these results suggest that CUS is a suitable animal model

for TRD.

Similar to CUS, another animal model that allows for four criteria for studying TRD is
chronic social defeat stress (CSDS). In contrast to the CUS paradigm, this model demonstrates
that after 10 days of social defeat stress, some animals develop resistance to chronic stress
without expressing depressed phenotypes, whereas others are CSDS-susceptible, and these
phenotypes are reversible with antidepressant treatment [78]. Although fluoxetine or
desipramine alleviated some depression-like behaviors in CSDS-susceptible mice, some mice
still exhibited depression-like behaviors. They also found that higher expression of
phosphorylated mTOR in the ventral tegmental area (VTA) decreased brain reward function,
which was assessed using an intracranial self-stimulation procedure [78]. This finding supports
previous studies suggesting that mTOR plays a vital role in treatment resistance. Furthermore,
susceptible mice with the highest intracranial self-stimulation thresholds displayed lower

antidepressant efficacy [78]. This is consistent with clinical findings that more severe
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anhedonia is a key negative prognostic indicator of TRD and may predict a poor antidepressant

response [79].

It is noteworthy that comparative transcriptome analysis of ketamine and conventional
antidepressants has yet to be conducted in the CUS model but is being actively pursued in the
CSDS model. A recent study comparing the transcriptional profiles of imipramine and
ketamine was conducted using the CSDS model [5]. Bagot et al. analyzed the transcriptional
profiles in the PFC, nucleus accumbens, HPC, and amygdala, according to antidepressant
response versus non-response to imipramine or ketamine [5]. They found that the PFC showed
the most significant degree of overlap between ketamine and imipramine non-responders, and
that ketamine significantly reduced the dual specificity phosphatase 1 (Dusp/) and activity-
regulated cytoskeletal (4rc) gene expression in the PFC, which was found to be increased in
postmortem tissues of depressed humans [5]. Associated with these studies, in the latest study,
single-cell RNA-sequencing was used for transcriptional profiling of the ventral HPC (vHPC)
of ketamine-treated mice [80]. They identified a gene encoding potassium voltage-gated
channel subfamily Q member 2 (KCNQ2) as an important regulator of ketamine action in
glutamatergic neurons of vHPC [80]. Another study examined the effect of ketamine isomers
on mTOR regulation [81]. Interestingly, (S)-ketamine mediated the antidepressant effect by
regulating mTOR, whereas (R)-ketamine mediated the antidepressant effect by regulating the
ERK pathway [81]. This suggests that the isomers of ketamine may treat depression through
their different biological properties. Taken together, animal studies using the chronic stress
paradigm were able to delineate human depression and TRD, and elucidate the role of
antidepressants. Nevertheless, there are still limitations in TRD animal models of TRD. A

major challenge in creating a TRD model is to demonstrate and validate that treatments that
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have been shown to be effective in TRD patients can reverse depression-like behaviors in
animals that do not respond to classical antidepressants. Although ketamine or VNS, a therapy
to help patients with TRD, has been demonstrated to be effective in chronic stress animal model
[74], the effectiveness of ketamine or VNS treatment in antidepressant-resistant mice has not
been elucidated. As a result, it is necessary to discover the mechanisms by which mice that do
not respond to conventional therapies respond to novel treatments, such as ketamine and VNS,

in addition to the factors that potentially predict TRD.

Mechanism of action of ketamine approved as a novel antidepressant

NMDARs, which occur as heterotetramers, are Ca*"-permeable ion channels that play crucial
roles in synaptic plasticity, learning, and memory, as well as in nervous system damage and
illness. Ketamine is a voltage-dependent NMDAR antagonist that blocks calcium and sodium
transport when glutamate and glycine are present as co-agonists [82]. Since the 1960s,
ketamine, which was initially developed from phencyclidine, has been used for surgical
procedures in both veterinary and human medicine [83] after being first synthesized by the
Parke-Davis Company in 1956 [84]. Domino and Corssen found evidence for the potential
safety and efficacy of ketamine in a pioneering pharmacological study of the drug in 1965 [84].
They also discovered that when ketamine was administered, reflex and respiratory functions
were unaffected, resulting in dissociative anesthesia, in which patients were awake but
unresponsive to stimuli. They reported findings from early clinical trials using ketamine in
1966, showing that it had fewer adverse effects and no significant emergency delirium than

phencyclidine [84]. Based on these preliminary studies, ketamine was approved by the FDA
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for human use under the name Ketalar® in 1970 [85]. Subsequent studies have found that
ketamine is a racemic mixture of R (-) and S (+) enantiomers and has different affinities for
NMDARs. S-ketamine produces 3—4 times more anesthetic potency than R-ketamine and has

a greater affinity for the binding site on NMDARs [86].

Recently, a biologically potent (S)-ketamine nasal spray was developed to make drug
administration more accessible, and its antidepressant effectiveness was assessed in individuals
with depression who failed to respond to treatment [87]. This study used the Montgomery-
Asberg Depression Rating Scale (MADRS) to evaluate the severity of depressive symptoms
and found that depressive-like behavior rapidly decreased within 2 h of intranasal (S)-ketamine
treatment [87]. Given the promising results of these clinical studies, (S)-ketamine appears to
significantly reduce the burden of depressive symptoms, prompting the FDA to approve (S)-
ketamine nasal spray (Spravato®) as an adjunctive treatment for adults with TRD or major
depression with suicidal thoughts or actions in 2019 [88]. Recently, a phase 2a trial was
initiated in treatment-resistant patients utilizing arketamine (PCN-10), an R-ketamine
formulation [89]. In preclinical animal models of depressive behavior, R-ketamine has shown
the potential for longer endurance and possibly a more favorable safety and tolerability profile
than S-ketamine, which might allow for at-home usage [90]. In particular, a previous study
using animal models of depression suggested that arketamine can induce persistent
antidepressant effects compared to S-ketamine, which appears to be mediated by increased
BDNF-TrkB signaling and synaptogenesis in the PFC, dentate gyrus, and CA3 [90]. In addition,
an open pilot study of patients with TRD showed that the MADRS score was significantly
reduced within 24 hours, and no particular dissociation was observed in the subjects [87].

Together, these data strongly suggest that glutamatergic neurotransmission plays a vital role in

15/39



339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

the pathogenesis of mood disorders, and that glutamate modulators, particularly ketamine, can

be new treatment options for patients resistant to traditional antidepressants.

Conflicting hypotheses regarding NMDAR inhibition in the antidepressant action of

Kketamine

Preliminary studies on the mechanisms of ketamine have shown that it decreases neuronal
activation through NMDAR [91]. A growing body of evidence has shown that ketamine blocks
excitatory postsynaptic potentials in cortical pyramidal cells and spinal cord neurons in a
manner consistent with NMDAR antagonism [92]. Additionally, an animal study showed that
NMDAR antagonists, such as AP-7 and MK-801 have antidepressant-like effects [93].
However, several studies have suggested that NMDAR antagonism may not fully account for
the antidepressant effects of ketamine. Ketamine, an antidepressant, paradoxically enhances
neuroplasticity while decreasing NMDARSs, a key plasticity mediator [3]. Another study found
that memantine, which blocks the NMDAR ion channel simultaneous with ketamine, is
ineffective in treating depression in people [94]. These preliminary data suggest that the
antagonistic effect of ketamine on NMDAR is not the only mechanism through which it exerts
its antidepressant effects. Each new evidence suggests that ketamine and its metabolites may
have effects that are both dependent on and independent of NMDAR antagonistic activity as

well as the capacity to activate various neurotransmitter systems to elicit antidepressant effects.

A. Inhibition of NMDAR by ketamine in GABAergic interneurons

In 1997, it was shown that ketamine enhances cortical excitability and extrasynaptic glutamate

levels in the medial PFC (mPFC) [95]. It has also been proposed that low dosages of ketamine
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might increase glutamatergic transmission by preferentially attenuating inhibitory tones that
normally press on excitatory (pyramidal) neurons in this region [95]. These findings imply that
because ketamine inhibits open/active NMDARs, it suppresses inhibitory interneurons that
govern tonic activity more quickly. The following findings reveal that the NMDAR antagonist
MK-801 reduces the firing rate of putative fast-spike inhibitory interneurons that disinhibit
cortical pyramidal neuron activity [96]. This is assumed to occur because excitatory pyramidal
neurons are generally in a functional state of quiescence, while inhibitory intermediate neurons
are normally (tonically) active. Another study revealed low-dose ketamine-induced
disinhibition of CA1 pyramidal cells and rapid antidepressant effectiveness [97]. In addition,
it has also been suggested that ketamine may more effectively inhibit triheterometric NMDARs
containing either GluN2C or GIluN2D, which are widely expressed in forebrain inhibitory
interneurons, than receptors containing only GIuN1, GIuN2A, and GluN2B subunits [98].
Therefore, inhibition of NMDAR in GABAergic interneurons is expected to disinhibit
pyramidal cells, enhance excitatory glutamatergic neurotransmission in the limbic system of
the mPFC, and decrease overall inhibition in mood disorder-related brain regions (Fig. 3).
Supporting research shows that administering partial inverse agonists, such as MRK-016, to
the benzodiazepine-binding site of GABAA receptors with the a5-subunit, which is primarily
expressed in the forebrain, quickly alleviates depression by preventing excitatory
neurotransmission such as ketamine [99]. These findings support a role for NMDAR
disinhibition of GABAergic interneurons in the forebrain and show that ketamine is similar to
a negative allosteric modulator of a5-subunit-containing GABAAa receptors. However, some
studies have contradicted this hypothesis. A single subanesthetic dose of ketamine in
GABAergic synaptic transmission defeats mice reversed depressive-like behaviors [100].

Similarly, disinhibition of somatostatin expressed in a subset of GABAergic interneurons can
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cause antidepressant-like behaviors [101]. These contradictory findings imply that NMDAR

disinhibition of GABAergic interneurons is not the only mechanism by which ketamine acts.

B. Suppression of spontaneous NMDAR-mediated propagation

The release of neurotransmitters from presynaptic terminals and subsequent activation of post-
synaptic receptors are necessary for information transfer at synapses. All synapses release
neurotransmitters both evoked (calcium-dependent) and spontaneously (calcium-independent).
In particular, spontaneous glutamate release is important for the brain to maintain synaptic
strength and regulate spike timing [102]. Autry et al. discovered that ketamine inhibits
NMDAR-mediated spontaneous microexcitatory post-synaptic currents (mEPSC). They
further proposed that a single anesthetic dosage of ketamine produces fast antidepressant-like
behavioral effects by suppressing spontaneous NMDAR-mEPSCs and quickly enhancing
BDNF translation while decreasing eukaryotic elongation factor 2 kinase (eEF2K) activity
[103]. In a subsequent study, ketamine and memantine effectively blocked NMDAR-mediated
mEPSC in the absence of Mg”**. However, only ketamine inhibits NMDAR at rest when
physiological quantities of Mg”" are present in the extracellular solution. Memantine, unlike
ketamine, does not inhibit eEF2 phosphorylation or boost BDNF expression, emphasizing the

specific role of ketamine alone in increasing spontaneous glutamate release (Fig. 3) [104].

C. “Direct inhibition hypothesis”: extra-synaptic NMDARs

As previously stated, ketamine promotes the synthesis of proteins such as BDNF and enhances
excitatory synaptic transmission in cortical neurons. However, it is unclear how blocking
NMDAR signaling promotes protein synthesis. Miler et al. proposed that when ambient

glutamate tonically stimulates GluN2B-containing NMDARs to decrease protein production
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directly and basally in principal cortical neurons, the rapid antidepressant effects would begin
by increasing protein synthesis and improving excitatory synaptic transmission in the PFC
[105]. The glutamate transporter EAAT2, which is expressed on glial cells, directly regulates
tonic ambient glutamate levels [106]. Numerous studies have shown that stimulation of the
mTOR signaling pathway in the cortical extrasynaptic GluN2B-selective NMDAR decreases
protein synthesis, which preserves synaptic homeostasis [105]. Blocking extrasynaptic
GluN2B-containing NMDARSs inhibits protein synthesis and exerts an antidepressant effect via
an mTOR-dependent mechanism (Fig. 3). GluN2C- and GluN2D-containing NMDARSs are
more efficiently inhibited by ketamine at physiological magnesium concentrations than
GluN2B- and GIluN2A-containing NMDARs, according to earlier research [98]. Although
GluN2B-specific antagonists exhibited antidepressant-like effects in preclinical studies [107,

108], clinical investigations have not shown antidepressant effects [109].

D. Independent mechanism hypothesis of NMDAR inhibition: metabolite

Despite numerous hypotheses, the main assumption of previous hypotheses is that NMDAR
blockade is essential for the antidepressant action of ketamine. However, in 2006, findings that
conflicted with this hypothesis were reported. Memantine was observed to be less effective
than placebo [110] and had no impact as a clinical antidepressant, even after several weeks of
continuous medication [111]. Furthermore, even high-affinity NMDAR channel blockers lack
the preclinical antidepressant effects similar with that of ketamine [103, 108, 112]. In a clinical
study, the low-capture, nonselective NMADR channel blocker AZD6765 temporarily
produced an antidepressant response in patients with depression; however, this effect could not
be sustained [113]. Therefore, these findings confirmed the hypothesis that ketamine may act
as an antidepressant independent of NMDAR. In addition, interesting discoveries have been
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made regarding ketamine metabolites. Previous studies have shown that preventing ketamine
from being metabolized to (2R,6R)-HNK blocks antidepressant-like effects, and the direct
administration of (2R,6R)-HNK has been shown to have ketamine-like antidepressant effects
[113]. Subsequent studies have suggested that (2R,6R)-HNK may have an antidepressant-like
effect by promoting glutamatergic synaptic transmission and causing a sharp increase in BDNF

release, a function similar to that of ketamine (Fig. 3) [114].

E. Independent mechanism hypothesis of NMDAR inhibition: AMPAR and mGLUR

According to the disinhibition hypothesis, the activation balance in these regions quickly shifts
in favor of excitability, particularly in terms of AMPAR transmission, which may be the basis
for antidepressant efficacy. Since AMPAR activation causes membrane depolarization and
voltage-dependent NMDAR Mg?" blocking, it is plausible that AMPAR inhibition selectively
inhibits NMDAR activation [115]. Previous studies have shown that AMPAR activity is
essential because AMPAR antagonist pretreatment prevents the preclinical antidepressant-like
effect [108], and these results are supported by additional studies [116]. Consequently, the
effects of ketamine might either affect AMPAR directly or be influenced by cellular functions
that directly affect AMPA. Previous studies have shown that after ketamine injection, GluA1
and GIuA2 of the membrane AMPAR subunits are upregulated [107]. Moreover, similar to
ketamine, NMDAR antagonists mimic the effects of ketamine in inducing AMPAR-mediated
synaptic potential [117]. Notably, previous studies have shown that the release of BDNF is
caused by an activity-dependent increase in intracellular calcium mediated by AMPARs [118].
This is required for ketamine to function as an antidepressant [ 107]. BDNF binds to its receptor,
the tropomyosin receptor kinase B (TrkB), which promotes neuronal survival and contributes
to the formation of new synaptic connections. According to several previous studies, ketamine
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exerts an antidepressant-like effect by initiating synapse generation in an AMPAR-BDNF-
mTORCI1-dependent manner (Fig. 3) [107]. Subsequent studies have suggested that this causes
a sustained increase in the efficacy of synaptic transmission, including the recruitment of the
mTORCI effector, eukaryotic translation initiation factor 4E-binding protein 2 (4E-BP2) [119].
Following the AMPAR activation-dependent mechanism of ketamine's antidepressant activity,
(2R,6R)-HNK causes an increase in AMPAR-mediated excitatory post-synaptic potentials
recorded in the CA1 of the hippocampal slice in response to the stimulation of Schaffer
collateral axons [112]. More recently, mGlu2/3 has been suggested to regulate glutamate
excitatory synaptic transmission, which is increased by ketamine and (2R,6R)-HNK (Fig. 3).
Importantly, animals lacking Grm2, but not Grm3, lacked the behavioral effects of (2R,6R)-
HNK, which are important to antidepressants [120]. In addition, it was previously found that
mGlu2/3 receptor antagonists activate AMPA receptors to promote 5-HT release from mPFC
[121]. Therefore, we need to learn more about how mGluRs function in response to ketamine.
Consequently, although the role of NMDAR inhibition in the antidepressant action of ketamine
remains controversial, there is strong evidence that BDNF signaling is required for its

antidepressant effect.

Sex difference in ketamine effects

According to a recent clinical investigation, approximately 11% of over 177,000 people with
depression treated with antidepressants developed TRD. Surprisingly, researchers discovered
a higher prevalence of TRD in younger men hospitalized for depression and suffering from

severe depression [122]. In contrast, another study found that 65% of patients with TRD were
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female [123]. It is not surprising that many women had TRD. According to accumulating
evidence, MDD is about twice as common in women as in men, and this sex difference is one

of the most conclusive discoveries in psychopathology research [124].

Notably, the efficacy of antidepressants may differ between women and men with
depression. According to an earlier study by Kornstein et al., men and women with chronic
depression may respond to and tolerate SSRIs and tricyclic antidepressants differently. They
demonstrated that men were significantly more likely to respond favorably to imipramine than
to sertraline, and women were significantly more likely to respond favorably to sertraline [125].
A recent ketamine study showed that women exhibited 20% higher (S)-ketamine and (S)-
norketamine clearance, resulting in higher plasma concentrations in men [126]. This suggests
that the already approved drug SPRAVATO® can be rapidly cleared from the plasma in
women. In 2019, Freeman et al. investigated sex differences in ketamine responsiveness as a
treatment strategy for TRD in 99 patients [127]. The participants received four different single
ketamine doses (0.1 mg/kg, 0.2 mg/kg, 0.5 mg/kg, and 1.0 mg/kg). The six-item Hamilton
Depression Rating Scale (HAMD6) was administered 24 hours after drug administration.
Interesting sex differences were observed in the 0.5 mg/kg and 1.0 mg/kg groups. Women fared
considerably better on the HAMDG test than males when given 0.5 mg/kg ketamine but worse
when given 1.0 mg/kg ketamine. In another study, patients with treatment-resistant BD were
divided into two groups based on ketamine usage. Each participant received a single
intravenous infusion of 0.5 mg/kg ketamine. Men (77%) were found to be much more likely to
have an antidepressant response to ketamine on day 7 than women (43%) [128]. These clinical
findings imply that they may not function equally in both men and women. Preclinical research

has helped validate this notion. Male mice exposed to isolation stress showed anhedonic
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behaviors together with a reduction in mPFC neuron spinal densities, PSD-95 expression, and
synapsin expression, all of which improved 3 h after a single ketamine infusion. In female mice,
isolation stress reduced mPFC spine density, PSD-95, and synapsin, but had no effect on
anhedonia behavior, and none of these effects were reversed by ketamine [129]. Another study
found that ketamine did not reduce eEF2 in the HPC and PFC of female mice, whereas it
decreased in male mice [130]. In another intriguing study, female mice required half the
minimal dose to produce an antidepressant effect of ketamine, but this effect only occurred
when both estradiol and progesterone were present [131], which is consistent with the findings
of clinical research [127, 128]. This suggests that ketamine has sex-specific effects and that
ovarian hormones may alter how it works in the female brain. Estrogen has been shown to
boost ketamine sensitivity in a mouse depression model [129, 130]. However, to date, few
studies have examined how ketamine affects women before and after menopause differently.
Nevertheless, one study found that ketamine administration did not significantly differ between
premenopausal and postmenopausal women [127]. In addition, some studies have found no
differences between men and women in the ketamine response [132]. Therefore, although the
results of studies suggesting that the action of ketamine is related to hormone levels and

concentrations in women are attractive, additional in-depth preclinical studies are required.

Conclusion

TRD is one of the greatest preclinical and clinical challenges in the field of psychiatry. In
particular, TRD is a life-threatening condition due to the high risk of suicide. Research on

ketamine has provided new insights into the neuroscience of depression, leading to the
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development of a unique and unexpected class of antidepressants that have emerged as a viable
choice for treating depression that has become resistant to therapy. Preclinical and clinical data
have demonstrated that low-dose ketamine monotherapy can alleviate chronic stress and
depression within 24 hours. This implies that ketamine initiates brain plasticity. Increased
glutamate levels in the frontal lobes, AMPAR activation, and AMPAR circulation are likely to
mediate these antidepressant effects. It is regulated by neuroplastic signaling pathways,
specifically BDNF and mTORCI1. Ketamine can also be used to inhibit putative extrasynaptic

NMDARSs while they are at rest, allowing for the formation of new synapses.

Future direction

Although the effect of ketamine has been investigated in numerous preclinical studies, animal
models are yet to be developed to elucidate how ketamine improves TRD, which is generally
the outcome of a poor response to at least one traditional antidepressant therapy at the
recommended dose and duration. CUS and CSDS have previously been used in preclinical
investigations to identify depression-like symptoms and their underlying mechanisms in
animals that do not respond to presently available medications. However, it is yet to be
confirmed whether individuals who do not respond to traditional therapy genuinely recover

when given ketamine, and if so, by what mechanisms.

Furthermore, despite the greater prevalence of depression in women, few studies have
investigated sex differences and psychopharmacological response difficulties in MDD,
specifically TRD [133]. As previously noted, some clinical and preclinical studies have
suggested sex differences in ketamine-related features between individuals with depression and

TRD. Thus, placing men and women into the same model is incorrect, and studying the same
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behavioral results may not be acceptable in practice. It may be more beneficial to focus on
endophenotypes specific to each sex and to model depression in men and women separately.
This methodology may identify novel sex-specific biomarkers and processes linked to

depression and TRD as well as new sex-specific targets for antidepressant development.

Therefore, ketamine, which has been approved as a treatment for TRD, has reignited a
dormant market, as resistance to conventional treatments has grown. Further research is needed
to resolve critical issues, including TRD-specific preclinical models, nervous system, and sex

differences, to develop the most effective therapies for TRD with minimal side effects.
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Figure Legend

Fig. 1 The main advances in antidepressant drugs since the 1950s.

The monoamine oxidase inhibitor iproniazid was initially prescribed to treat tuberculosis. Iproniazid was
broadened; however, it is now at the forefront of treating depression after a quick demonstration of its
antidepressant effects in 1952. Around the same time, imipramine has also been shown to have antidepressant
properties. Imipramine, the first TCA medicine to obtain FDA approval, is thought to help prevent monoamine
reuptake, supporting the catecholamine hypothesis, notably the serotonin hypothesis. Evidence supporting the
significance of serotonin in depression grew in the early 1970s as concerns about the side effects of MAOIs and
TCAs grew. Fluoxetine was the first serotonin reuptake inhibitor, replacing previously used MAOIs and TCAs,
and it was refined and FDA-approved as Prozac in 1985. Although these developments have become watersheds
for the treatment of depression, monoamine-based medications can only be effective when taken continuously for
several weeks, and many patients still do not fully recover. Therefore, new medications that function swiftly,
particularly for patients who are resistant to traditional monoamine therapy, are required. As the limitations of the
monoamine hypothesis became obvious, researchers began to notice that ketamine, found in 2000, dramatically
relieved depressive symptoms within a few hours. Furthermore, when it was shown in 2006 that ketamine had
antidepressant benefits in those who did not respond to standard monoamine drugs, the paradigm of depression
research was radically altered. Because of this discovery, the FDA authorized the use of (S)-ketamine in 2019 for
the treatment of treatment-resistant depression. Although the success of ketamine as an antidepressant has
stimulated research into glutamate-based mechanisms of action, new NMDAR antagonists and glutamate-based
drugs are yet to display the fast and long-lasting antidepressant effects of ketamine. Research on ketamine is

underway to further understand its impact on treatment-resistant depression.

26/39



587

588

589

590

591

592

593

594

595

596

597

598
599

600
601
602
603
604
605
606
607
608
609
610
611
612
613

Fig. 2 Key mechanisms of action for the antidepressants SSRI, TCA, and ketamine

MAOIs elevate brain amine levels by interfering with nerve-ending metabolism, resulting in increased vesicular
storage of NE and 5-HT. Increased levels of amines are generated when nerve activity releases vesicles, boosting
the activity of neurotransmitters. Tricyclic antidepressants have an immediate influence on neurotransmitter
function at post-synaptic receptors by blocking the reuptake mechanism responsible for the synaptic termination
of NE and 5-HT in the brain. The acute activity of SSRIs on the serotonin transporter is highly selective (SERT).
SSRIs allosterically block the transporter by binding to sites other than serotonin. They may have little inhibition
of the NE transporter or block adrenergic and cholinergic receptors. SNRI enhances the functions of both
neurotransmitters by binding to SERT and NE transporters (NET). Unlike TCA, SNRI has no substantial blocking
effect on peripheral receptors, such as histamine H1, muscarinic, or adrenergic receptors. This figure is adapted

from Aswal N et al., 2018 [134], and Martin-Herndndez D et al., 2021 [135] with permission.

Fig. 3 Major hypotheses regarding how ketamine acts as an antidepressant

Ketamine has been utilized as an anesthetic because it is an NMDAR antagonist. Following the discovery that
ketamine has rapid antidepressant effects, numerous ideas have been proposed to explain how subanesthetic
dosages of ketamine function as antidepressants. (a) According to the disinhibition hypothesis, ketamine
selectively inhibits NMDARs expressed in GABAergic inhibitory interneurons, resulting in pyramidal neuron
disinhibition and increased glutamatergic firing. Evoked glutamate binds to and activates post-synaptic AMPARSs,
resulting in enhanced BDNF release, TrkB receptor activation, and subsequent augmentation of protein synthesis
via mTORCI. (b) It has been proposed that ketamine specifically inhibits extrasynaptic GluN2B-containing
NMDARs, which are intensely stimulated by peripheral Glu levels controlled by EAAT? in astrocytes, resulting
in a decrease in mTORCI1 activity. (c) It was predicted that ketamine would increase BDNF translation by
decreasing NMDAR-mediated spontaneous neurotransmission, which would reduce eEF2K activity and prevent
eEF2 substrate phosphorylation. (d-e) This hypothesis proposes that (2R,6R)-HNK serves as an antidepressant
irrespective of NMDAR inhibition. Following treatment, ketamine may be metabolized to HNK, and these HNK
metabolites may facilitate AMPAR-mediated synaptic enhancement or increase glutamate release by inhibiting

mGluR2. This figure is adapted from Sanacora G et al., 2012 [7], and Pham T H et al., 2019 [136] with permission.
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Hydrazide drug, iproniazid showed mood-
raising effects on tuberculosis patients.

Antidepressive effects ofimipramine had
discovered by chance.

But, they developed in those days were
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MAOQIs, Monoamine oxidase inhibitors; FDA, Food and Drug Administration; TCAs, tricyclic antidepressants; SSRIs, selective serotonin reuptake inhibitors;
MDD, major depressive disorder; TRD, treatment-resistant depression

Fig. 1. The main advances in antidepressant drugs since the 1950s.

The monoamine oxidase inhibitor iproniazid was initially prescribed to treat tuberculosis. Iproniazid was
broadened; however, it is now at the forefront of treating depression after a quick demonstration of its
antidepressant effects in 1952. Around the same time, imipramine has also been shown to have antidepressant
properties. Imipramine, the first TCA medicine to obtain FDA approval, is thought to help prevent monoamine
reuptake, supporting the catecholamine hypothesis, notably the serotonin hypothesis. Evidence supporting the
significance of serotonin in depression grew in the early 1970s as concerns about the side effects of MAOIs and
TCAs grew. Fluoxetine was the first serotonin reuptake inhibitor, replacing previously used MAOIs and TCAs, and
it was refined and FDA-approved as Prozac in 1985. Although these developments have become watersheds for
the treatment of depression, monoamine-based medications can only be effective when taken continuously for
several weeks, and many patients still do not fully recover. Therefore, new medications that function swiftly,
particularly for patients who are resistant to traditional monoamine therapy, are required. As the limitations of
the monoamine hypothesis became obvious, researchers began to notice that ketamine, found in 2000,
dramatically relieved depressive symptoms within a few hours. Furthermore, when it was shown in 2006 that
ketamine had antidepressant benefits in those who did not respond to standard monoamine drugs, the
paradigm of depression research was radically altered. Because of this discovery, the FDA authorized the use of
(S)-ketamine in 2019 for the treatment of treatment-resistant depression. Although the success of ketamine as
an antidepressant has stimulated research into glutamate-based mechanisms of action, new NMDAR antagonists
and glutamate-based drugs are yet to display the fast and long-lasting antidepressant effects of ketamine.
Research on ketamine is underway to further understand its impact on treatment-resistant depression.
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Fig. 2. Key mechanisms of action for the antidepressants SSRI, TCA, and ketamine

MAOIs elevate brain amine levels by interfering with nerve-ending metabolism, resulting in increased vesicular
storage of NE and 5-HT. Increased levels of amines are generated when nerve activity releases vesicles, boosting
the activity of neurotransmitters. Tricyclic antidepressants have an immediate influence on neurotransmitter
function at post-synaptic receptors by blocking the reuptake mechanism responsible for the synaptic termination
of NE and 5-HT in the brain. The acute activity of SSRIs on the serotonin transporter is highly selective (SERT).
SSRIs allosterically block the transporter by binding to sites other than serotonin. They may have little inhibition
of the NE transporter or block adrenergic and cholinergic receptors. SNRI enhances the functions of both
neurotransmitters by binding to SERT and NE transporters (NET). Unlike TCA, SNRI has no substantial blocking
effect on peripheral receptors, such as histamine H1, muscarinic, or adrenergic receptors. This figure is adapted
from Aswal N et al., 2018 [134], and Martin-Hernandez D et al., 2021 [135] with permission.
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Fig. 3. Major hypotheses regarding how ketamine acts as an antidepressant

Ketamine has been utilized as an anesthetic because it is an NMDAR antagonist. Following the discovery that
ketamine has rapid antidepressant effects, numerous ideas have been proposed to explain how subanesthetic
dosages of ketamine function as antidepressants. (a) According to the disinhibition hypothesis, ketamine
selectively inhibits NMDARs expressed in GABAergic inhibitory interneurons, resulting in pyramidal neuron
disinhibition and increased glutamatergic firing. Evoked glutamate binds to and activates post-synaptic AMPARs,
resulting in enhanced BDNF release, TrkB receptor activation, and subsequent augmentation of protein synthesis
via mTORC1. (b) It has been proposed that ketamine specifically inhibits extrasynaptic GIuN2B-containing
NMDARs, which are intensely stimulated by peripheral Glu levels controlled by EAAT2 in astrocytes, resulting in a
decrease in mTORC1 activity. () It was predicted that ketamine would increase BDNF translation by decreasing
NMDAR-mediated spontaneous neurotransmission, which would reduce eEF2K activity and prevent eEF2
substrate phosphorylation. (d-e) This hypothesis proposes that (2R,6R)-HNK serves as an antidepressant
irrespective of NMDAR inhibition. Following treatment, ketamine may be metabolized to HNK, and these HNK
metabolites may facilitate AMPAR-mediated synaptic enhancement or increase glutamate release by inhibiting
mGIuR2. This figure is adapted from Sanacora G et al, 2012 [7], and Pham T H et al,, 2019 [136] with
permission.



