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Abstract: Ketamine is a promising alternative to traditional pharmacotherapies for major depressive
disorder, treatment-resistant depression, and other psychiatric conditions that heavily contribute to
the global disease burden. In contrast to the current standard of care medications for these disorders,
ketamine offers rapid onset, enduring clinical efficacy, and unique therapeutic potential for use in acute,
psychiatric emergencies. This narrative presents an alternative framework for understanding depression,
as mounting evidence supports a neuronal atrophy and synaptic disconnection theory, rather than the
prevailing monoamine depletion hypothesis. In this context, we describe ketamine, its enantiomers, and
various metabolites in a range of mechanistic actions through multiple converging pathways, including
N-methyl-D-aspartate receptor (NMDAR) inhibition and the enhancement of glutamatergic signaling.
We describe the disinhibition hypothesis, which posits that ketamine’s pharmacological action ultimately
results in excitatory cortical disinhibition, causing the release of neurotrophic factors, the most important
of which is brain-derived neurotrophic factor (BDNF). BDNF-mediated signaling along with vascular
endothelial growth factor (VEGF) and insulin-like growth factor 1 (IGF-1) subsequently give rise to the
repair of neuro-structural abnormalities in patients with depressive disorders. Ketamine’s efficacious
amelioration of treatment-resistant depression is revolutionizing psychiatric treatment and opening up
fresh vistas for understanding the underlying causes of mental illness.

Keywords: ketamine; esketamine; arketamine; major depressive disorder; treatment-resistant depression;
brain-derived growth factor; synaptogenesis

1. Introduction

Major depressive disorder (MDD) is one of the most prevalent diseases in the world,
affecting around 280 million individuals as of 2019 [1]. In the US alone, MDD is over-
abundant, affecting an estimated 21 million adults in 2020 [2]. MDD can be a debilitating
diagnosis that often presents with symptoms such as anhedonia, insomnia, fatigue, and
feelings of worthlessness, according to the Diagnostic and Statistical Manual of Mental
Disorders (DSM-5) [3]. MDD is also a major burden on health and can lead to poor quality
of life, impaired functioning, and increased risk of suicidality [4,5]. The current standard
of care treatments for MDD include pharmacotherapeutics such as selective serotonin
reuptake inhibitors (SSRIs) [6] or serotonin-norepinephrine reuptake inhibitors (SNRIs) [7],
adjunctive or primary psychotherapy [8], and somatic treatments such as electroconvul-
sive therapy [9]. While these therapies prove effective for many patients and are more
efficacious than a placebo for both initial therapy and maintenance treatment, many more
patients suffer from MDD that is resistant to treatment [6,10]. The failure of at least two dif-
ferent antidepressant therapeutics in the treatment of MDD classifies as treatment-resistant
depression (TRD) [11]. Further, current pharmacological interventions have the drawback
of a slow onset of action, with therapeutic efficacy occurring on the order of weeks to
months [12]. Even after therapeutic effects initiate, current pharmacological interventions
require long-term administration for the maintenance of therapeutic efficacy [13].
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Improvements are needed in the efficacy of the pharmacological treatment of MDD,
the onset of action, and the sustainability of response and remission [14]. With the rising
prevalence of MDD in the US, treatment-resistant depression (TRD) is also occurring at an
increased rate [15]. In a study synthesizing adult claims of Medicare, Medicaid, commercial
plans, and the US Veterans Health Administration (VHA), an estimated 8.9 million adults
were treated for MDD over twelve months in 2017, and 2.8 million (30.9%) were diagnosed
with TRD [16]. The social and fiscal burden that accompanies the increased prevalence of
TRD suggests that more effective treatments and a more complete understanding of the
underlying mechanisms of depression are desperately needed.

The prevailing mechanistic explanation of MDD has shifted in recent years, as bur-
geoning research challenges the previously accepted model of monoamine depletion.
Depletion in neurotransmitter levels with serotonin, norepinephrine, and/or dopamine
as the root cause for MDD (the monoamine hypothesis of depression) has been favored
since the 1990s [17]. This cellular and molecular model specifically focuses on serotonin
(5-hydroxytryptamine or 5-HT) and, in some cases, norepinephrine, and the various mech-
anisms by which they are lacking at the synaptic cleft. This can occur due to the over-
expression of the serotonin transporter, SERT, removing the neurotransmitter from the
presynaptic cleft, or lowering its precursor, tryptophan, causing inadequate serotonin pro-
duction [18]. Similar defects can occur with the norepinephrine transport, NET [19]. This
general mechanism of action is the target of many SSRIs and SNRIs to maintain serotonin
or norepinephrine in the presynaptic cleft for a longer duration [20,21].

The traditional treatment for MDD relies heavily on the monoamine theory of de-
pression [18]. However, SSRIs and related therapies have relatively low efficacy (30-50%
treatment resistance) and delayed clinical outcomes, often requiring many weeks of treat-
ment before seeing any clinical benefit [22]. Furthermore, the large prevalence of TRD
argues against the efficacy of traditional medications. Recently, several systematic and
narrative reviews focused on the efficacy of the monoamine hypothesis and revealed the
inconsistent consequences of serotonin, norepinephrine, or dopamine depletion [18,23,24].
Much research in support of the serotonin hypothesis fails to account for the risk of bias
when interpreting information, does not reach a statistical significance of p < 0.05, or
includes the prior use of antidepressants in participants that skewed therapeutic out-
comes [18]. In addition to the weak clinical evidence in support of the serotonergic model,
this framework does not account for structural brain changes during chronic MDD and
TRD. Altered brain structure, including the reduced volume of the prefrontal cortex and
hippocampus, and the deterioration of neuronal connections, occurs in MDD and TRD [25].
A newer view posits that neuronal atrophy including dendritic spine loss and impaired
synapse formation is the underlying basis of depression and other mood disorders [24,26].
Glutamate neurotransmission plays a key role in these mechanisms [27]. For example,
metabotropic glutamate receptors (mGluRs) in the hippocampus are the targets for synaptic
plasticity or neuronal growth and show robust, antidepressant effects when activating
negative allosteric modulators (NAMs) of mGlu2 and mGlu3 receptors [28]. These ef-
fects occur with N-methyl-D-aspartate receptor (NMDAR) antagonism, leading to mGIluR
activity and a glutamate surge. In addition, increasing the expression of brain-derived
neurotrophic factor (BDNF) and vascular endothelial growth factor (VEGF) may contribute
to the maintenance and number of synapses in hippocampal neuritogenesis [29]. Studies on
the mechanism of action for the fast-acting antidepressant, ketamine, have greatly informed
this newer neurotrophic view of depression [26,30].

2. Review
2.1. Ketamine’s Unique Pharmacological Properties

Ketamine was first synthesized as CI-581 at Parke-Davis & Co. Detroit, MI, USA (now
a subsidiary of Pfizer) [31] in an attempt to create a short-acting derivative of a related
compound, phencyclidine (PCP). PCP was not useful as an anesthetic in the previous
decade, owing in large part to its psychotomimetic properties [32]. Ketamine was shown
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to have dissociative and anesthetic properties, with less pronounced psychotomimetic
effects [33], and was initially introduced as a short-acting anesthetic in 1970 (for a historical
review see [31,34-36]). It had been anecdotally described as an antidepressant since the
late 1970s [31], but it was not until 2000 that this relationship was studied in the first
human clinical trial [37]. Since then, many studies have provided evidence not only of
antidepressant effects [38,39], but also of a reduction in suicidality [40,41]. The US Food and
Drug Administration approved (S)-ketamine for therapy in treatment-resistant depression
in 2019 as the nasal spray Spravato™ [42]. Furthermore, ketamine shows therapeutic
antidepressant effects in bipolar depression [43,44], bipolar disorder [45], and treatment-
resistant bipolar disorder [46]. Overall, ketamine therapy offers a rapid-acting reversal
(in hours) of depressive symptoms and has opened up an exciting new frontier for the
treatment of MDD and related disorders [35,47-49].

Ketamine (IUPAC name: 2-(2-chlorophenyl)-2-(methylamino)cyclohexan-1-one) [50]
is classified as a cyclohexanone and as a monochlorobenzene [51,52]. Chlorobenzenes are
ketamine’s direct parent, in which one or more chlorine atoms are attached to a benzene; in
ketamine’s case, only one is attached to the benzene ring [51,53]. PCP is considered a piperi-
dine rather than a chlorobenzene, but both agents share the same aromatic heteromonocyclic
molecular framework [53]. Additionally, PCP’s direct molecular parent is the same as one of
ketamine’s alternative parents, aralkylamines [51]. Other similar molecules include methox-
etamine, a drug that is also experiencing a revival due to its potential antidepressant effects,
and eticyclidine, a member of the human exposome with unknown significance [54,55].
Classically, ketamine is considered mainly an N-methyl-D-aspartate receptor (NMDAR)
antagonist [56,57], but newer evidence has revealed NMDAR-independent mechanisms
as a part of its antidepressant action [58,59]. Further, ketamine has additional receptor or
enzyme targets, as presented in Table 1.

Table 1. A Repertoire of Ketamine Targets (derived from [53]).

Target

Action Comments Reference

Glutamate receptor ionotropic,
NMDA 3A

blocks the open ion channel directly and through
negative allosteric regulation; prevents the activation of a
calcium-dependent NO synthetase, which plays a role in
nociception and neurotoxicity

antagonist [59]

5-hydroxytryptamine receptor 3A

increases voltage-gated potassium channel activity; binds
potentiator at supratherapeutic doses, and is thought to increase the [60]
effects of the receptor through indirect mechanisms

«-7 nicotinic cholinergic

its effects on skeletal muscle tone are not noticed unless
unmasked by additional muscle relaxants; ketamine’s

receptor subunit antagonist NMDAR antagonism additionally inhibits acetylcholine [61]
release through the receptors
Muscarinic acetylcholine inhibitor primarily found in the hippocampus and the [62]
receptor M1 cerebral cortex
in the brain; functions through the

Nitric oxide synthase indirect inhibitor glutamate/NO/cGMP system; may contrlbut(? to [63]

neuroprotective, sympathetic activating, and additional

analgesic effects

through noncompetitive inhibition; possibly contributes

Neurokinin 1 receptor antagonist to an analgesic effect, as this receptor modulates spinal [64]

cord nociception, but the therapeutic relevance of this
interaction is not fully clear

Dopamine D2 receptor

specifically binds to the high-affinity state of the receptor;
agonist/partial agonist binding is more than 10 times weaker than that of [65]
dopamine and phencyclidine

Opioid receptors

binding affinity from strongest to weakest: mu > kappa >
mild agonist delta; related to some analgesic properties and adverse [66,67]
side effects, particularly with the kappa receptor

Sodium-dependent
noradrenaline transporter

inhibitor blocks reuptake in the heart, leadmg tq increased [68]
chronotropy and vasoconstriction
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Ketamine’s mechanism of action as an anesthetic agent relies on its non-competitive
antagonism of the NMDAR. These anesthetic effects, coupled with maintained blood
pressure, spontaneous respiration, and laryngeal reflexes, made it a useful agent in various
clinical scenarios [69]. Both ketamine and PCP act as NMDAR antagonists, though ketamine
is a less potent NMDAR antagonist and produces fewer psychiatric side effects [53,70].
However, ketamine still has similar anesthetic and analgesic activity, making it an excellent
replacement for short-lived trials of PCP as an anesthetic [70]. Other pertinent NMDAR
antagonists include dextromethorphan, tramadol, methadone, and agmatine, all of which
have significantly different effects on the CNS system and are therapeutically distinct [53].

2.2. Ketamine and Its Metabolites Show Differences in Pharmacology and Antidepressant Effects

Ketamine is metabolized through the hepatic system, initially characterized by N-
demethylation to norketamine [71-73]. Subsequent reactions include hydroxylation of
the cyclohexone ring, conjugation to glucuronic acid, and dehydration until ultimately
clearing the body primarily in the urine [53,74]. CYP3A4 and CYP2B6 are the primary liver
enzymes responsible for ketamine metabolism. CYP3A4 metabolizes (S)-ketamine faster
than (R)-ketamine. CYP2B6 metabolism rates are equal between the two enantiomers [75].
Interestingly, doses of racemic ketamine inhibit the elimination of (S)-ketamine, indicating
that (R)-ketamine affects the metabolic clearance of its enantiomeric partner [76]. Ketamine
is absorbed, distributed, and cleared rapidly. Intramuscular injection shows a bioavailability
of around 93%, but oral dosage only results in 17% bioavailability, due to extensive first-
pass metabolism [77]. Ketamine boasts an impressive distribution half-life of around
1.95 min [77]. With an elimination time of only 186 min and a clearance rate of 95 L/h/70 kg
(£13%), ketamine and its metabolites’ quick excretion have only garnered additional
interest for its rapid antidepressant mechanisms [74,78,79]. The pathways for metabolism
of the (R) and (S) ketamine enantiomers with intermediates are depicted in Figure 1.

Clinically, ketamine has traditionally been administered as a racemic mixture, with each
enantiomer having different therapeutic effects. In addition to the two enantiomers, ketamine’s
metabolites have been implicated in its therapeutic effectiveness [58,78,80]. Of ketamine’s
metabolites, norketamine and specifically (2R,6R)-hydroxynorketamine (HNK) hold the most
clinical relevance. These metabolites are detected in mouse brain tissue within 10 min of
ketamine administration [58,78]. Recent work examined HNKSs and their pharmacological
relevance [81,82]. Most notably, (2R,6R)-HNK shows potential therapeutic efficacy at a dose
that does not involve the direct inhibition of the NMDAR receptor [82-84] (see below).

Ketamine’s established association with several acute side effects is a significant factor
in the search for safer yet clinically effective enantiomers. For example, administering
ketamine to patients with psychotic disorders can exacerbate both positive and negative
schizophrenic symptoms [85]. In patients with TRD, the side effects of ketamine treatment
are mostly acute, transient, and self-resolving [86]. The most commonly reported acute
side effects are headache, dizziness, disassociation, anxiety, temporary hypertension, and
blurry vision [86]. However, research on chronic side effects is lacking, which is concerning
for patients with TRD that might require long-term use. In the context of recreational
use, repeated high doses can lead to urogenital dysfunction through urothelial apoptosis,
hepatotoxicity, cognitive deficits in both short and long-term memory, and dependency [86].
Of note, recreational doses and the subsequent side effects can differ from those found in
clinical use. For example, one year of esketamine intranasal treatment was not reported to
result in cognitive impairment [87] and has not been found to increase the risk of new-onset
drug abuse. Nonetheless, 90.1% of patients in the SUSTAIN-2 trial [88] experienced at least
one treatment-emergent adverse event. Additionally, the side effects found throughout
one year of the trial were consistent with the side effects reported in short-term studies [88].
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Figure 1. Intermediates in the metabolism of ketamine enantiomers. Cytochrome P450 (CYP)
enzymes in the liver N-demethylate ketamine or hydroxyketamine to produce norketamine or
hydroxynorketamine, respectively. The oxidation of norketamine to produce dehydronorketamine
also occurs. CYP enzymes can hydroxylate ketamine and norketamine to produce hydroxyketamine
and hydroxynorketamine, respectively. (A) depicts the metabolism of (S)-ketamine (esketamine),
while (B) depicts the metabolism of (R)-ketamine (arketamine). All structures are derived from the
PubChem database (https://pubchem.ncbi.nlm.nih.gov/, accessed on 3 May 2023). The overall
figure is adapted from [72,73].

2.2.1. Arketamine

The (R) enantiomer of ketamine, arketamine, has garnered interest for its therapeutic
potential, with a relative lack of dissociative effects. An open-label pilot study demon-
strates that arketamine has similar efficacy for treatment-resistant depression compared to
esketamine [72,89]. In both animal and human trials, a single arketamine dose has been
associated with fewer adverse side effects than racemic ketamine, possibly due to its lower
NMDAR activity compared to esketamine [72,89]. The differences between arketamine
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and esketamine in binding affinities, particularly with regards to the NMDAR, make it a
compelling and interesting candidate for antidepressant therapy, as it has fewer side effects
than esketamine [72,90].

Although its precise mechanism of action for antidepressant efficacy has yet to be
determined, many proposed mechanisms revolve around neurotropic growth factors (see
below). Arketamine has a unique ability to stimulate BDNF release through an NMDAR-
independent mechanism. Arketamine also induces TGF-B1 expression and the subsequent
release in microglia activating the BDNF-TrkB pathway in a nearby neuron and leading to
synaptogenesis [72].

2.2.2. Esketamine

Esketamine is the predominant enantiomer responsible for its anesthetic and analgesic
activities despite FDA approval for depressive therapy [75]. Esketamine is cleared faster and
has more psychotomimetic effects compared to arketamine [71,90]. The (S) enantiomer binds
strongest to the NMDA receptor and has a two to four-time greater potency for analgesic
effects with similar ratios for the opioid and muscarinic receptors [62,67,79,90]. The greater
affinity for the classic ketamine receptors also leads to increased side effects. However,
esketamine has a proven efficacy for antidepressant treatment, and the recent searches for
other effective metabolites are efforts to avoid unwanted side effects and abuse potential [75].

NMDAR inhibition largely underlies the therapeutic mechanism of esketamine [91]. In
a double-blind RCT, intranasal esketamine in conjunction with a traditional oral antidepres-
sant resulted in greater and quicker improvements in treatment-resistant depression [91].
In terms of adverse side effects, 7% of the treatment group had to discontinue the study,
but most adverse events resolved within 1.5 h [91]. Eukaryotic elongation factor 2 kinase
(eEF2K) has been implicated in ketamine’s antidepressant effects, and its activation through
a cascade started by NMDAR inhibition lends itself to being more effective with eske-
tamine [92]. Interestingly, this pathway leads to BDNF release, converging with one of
arketamine’s proposed mechanisms of antidepressant action (see below).

2.2.3. Norketamine

Norketamine is a primary metabolite of ketamine [71]. (S)-norketamine is a more ef-
fective antidepressant than (R)-norketamine. (S)-norketamine shows potent antidepressant
effects in mice, which continue despite the administration of alpha-amino-3-hyroxy-5-
methyl-4-isoxazole-propionic acid receptors (AMPAR) antagonists, suggesting that other
targets are involved [90,93]. In an inflammatory model of depression, (S)-norketamine’s
stereospecific efficacy could be related to esketamine’s greater analgesic effects, as stated
earlier. Additionally, (S)-norketamine inhibits NMDAR with eight-fold more strength than
(R)-norketamine, continuing the trend of the (S)-enantiomer’s selectivity for NMDAR and its
subsequent pathways [94]. Following the oral administration of esketamine, sufficient con-
centrations of (S)-norketamine occur to cause analgesic effects despite oral ketamine’s poor
availability [94]. However, norketamine induces urothelial cell death through mitochondrial-
mediated apoptosis, which is concerning in the context of repeated use [95].

2.2.4. Hydroxynorketamine

Initially considered inactive, hydroxynorketamine’s effects lack the classical anesthetic
or analgesic properties of ketamine with a lower affinity for NMDAR than the metabolites
before it [58,80]. Despite its lower affinity for NMDAR, (2R,6R)-HNK administration pro-
duces antidepressant effects in rodents [80], which generated enough interest for a phase I
trial starting in early 2023 (ID: NCT04711005, [96]). Since therapeutic levels of (2R,6R)-HNK
is not enough to inhibit NMDAR, its ability to enhance glutamatergic excitatory signaling
is of great interest [83,84]. One proposed mechanism involves the inhibition of group II
metabotropic glutamate receptors subtype 2 (mGlu2), which follows a similar mechanism
to the disinhibition hypothesis (see below), inhibiting a glutamate signaling inhibitor [84].
Arketamine and (2R,6R)-HNK increase the in vitro production of KCNQ2 mRNA (codes
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for potassium voltage-gated channel subfamily Q member 2) implicated in depression [97],
in ventral hippocampus glutaminergic neurons, adding yet another potential mechanism
of anti-depressant activity [97,98]. Improvement in the glutamatergic transmission ulti-
mately leads to AMPAR activation, converging with the NMDAR-dependent mechanism
of antidepressant action [58,80]. (2R,6R)-HNK’s antidepressant mechanism is dependent
on activity-dependent BDNF release, lending further credence to its alternate pathway to
disinhibition [80,99]. However, one subgroup analysis of a clinical trial found an inverse
correlation between (2R,6R)-HNK levels and improvement in depression and suicidal
ideation in depressed patients [100]. The authors pose that this inverse correlation could be
due to differences in mouse and human metabolism, or that an inverse blood concentration
of HNKs is due to the differences in absorption into the brain [100].

2.3. Neuroplasticity and Neuroprotection Mediate Ketamine’s Complex Antidepressant Mechanism
of Action

In the past two decades, numerous studies show a link between neurotrophic factors
and depression and mood disorders [101]. Ketamine’s mechanism of action in the rapid
relief of depressive symptoms is involved in the activity of several neurotrophic factors [29].
BDNF plays a major role. Since its purification in 1982 [102], BDNF has been the focus of
numerous studies investigating its role in physiologic neuroplasticity and its potential as
a pharmacologic target to treat CNS disorders [101]. BDNF is the most highly expressed
member of the neurotrophin family of growth factors. Other members of this family include
neurotrophin 3 and neurotrophin 4, as well as nerve growth factor (NGF) [103]. Initially,
in animal models, convergent increases in BDNF followed both chronic electroconvulsive
seizure and antidepressant therapy [104]. Several large studies done with human subjects
delineate the utility of BDNF as a possible pharmacologic target or a biomarker for de-
pression. A large meta-analysis (1 = 748) shows that depressant subjects had significantly
lower serum BDNF levels than non-depressed patients, and found that their serum BDNF
levels rose following antidepressant therapy [105]. A more recent similar meta-analysis
repeated this observation that antidepressant classes can raise serum BDNF levels, though
the same effect was only observed with sertraline when applied to individual drugs [106].
Postmortem studies of suicide victims also observe possible differences in BDNF expression
within brain tissue when compared to healthy controls. A systematic review of eight studies
(n = 684) provides data that BDNF dysregulation could play a role in depression, though
more research is needed to provide additional evidence that decreased BDNF levels are
consistently seen in a completed suicide [107]. In addition to studies involving serum BDNF
levels, several studies reveal the connection between a BDNF polymorphism, Val66Met,
to depression. Val66Met affects the activity-dependent release of BDNF [108]. A meta-
analysis in 2012 (n = 523) shows a link between the susceptibility to depression in old age
and this polymorphism [109]. Similarly, more recent meta-analyses (1 = 21,060) show a
relationship between stress and depression with the Val66Met BDNF polymorphism [110].
Although these correlations need further investigation, they provide compelling evidence
that the monoamine hypothesis may not completely explain the underlying mechanisms of
depression and mood disorders. More research is needed to elucidate the pathophysiologi-
cal link between BDNF dysregulation and depression. However, the available evidence
strongly suggests that neurotrophic factors such as BDNF most likely play key roles in the
maintenance of mental health.

BDNF is expressed throughout the brain, though it is highly expressed in the hip-
pocampus and the cerebral cortex [103]. BDNF is initially synthesized as pre-pro-BDNF
and is further cleaved to pro-BDNF. It is then cleaved into mature BDNE, which has been
implicated as the active product [111]. It is not clear whether BDNF is specifically released
from presynaptic or postsynaptic sites. Immunofluorescent antibody studies suggest that
BDNF is packaged solely into presynaptic vesicles and is involved in synaptic signaling in
an anterograde fashion [112]. Another prevailing view is that BDNF is synthesized pre- and
post-synaptically, where it is involved in autocrine and paracrine signaling on the pre- and
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postsynaptic membranes [108]. Regardless, the release of BDNF appears to be dependent
on intracellular calcium levels and intracellular calcium influx in normal physiological
states likely related to the activity of NMDAR and AMPAR activity [113].

BDNF plays an essential role as a ligand in several key signaling pathways. It has a
high affinity for the tropomyosin receptor kinase B (TrkB) [114], which is expressed both
in presynaptic axon terminals and postsynaptic dendritic spines [115]. A cAMP/Ca?*-
dependent mechanism heavily regulates TrkB surface translocation. The activity of the
NMDAR and AMPAR likely plays a role in TrkB surface translocation as well [116]. BDNF
and TrkB binding activates three primary intracellular signal cascades: the MAPK pathway,
the PI3K-Akt pathway, and the PLC-y pathway. The PI3K-Akt pathway appears to be
related to BDNF’s anti-apoptotic and pro-survival effects, while the MAPK and PLC-y
pathway is implicated in BDNF’s modulation of synaptic plasticity [103,108]. Studies in
many animal models reveal that BDNF is essential during development. BDNF knockout
mice often die before reaching maturity [112]. In the adult human brain, BDNF appears to
play a role in long-term potentiation, which is the strengthening of the connection between
synapses that is believed to play a vitally important role in memory formation [117,118].

2.4. Ketamine and the Disinhibition Hypothesis

The most substantiated mechanism of ketamine’s antidepressant action is the disinhi-
bition hypothesis, which is primarily focused on glutamate neurotransmission [119,120].
This notion posits that ketamine’s action is related to the inhibition of GABAergic interneu-
rons in the prefrontal cortex and hippocampus, which leads to downstream glutamatergic
stimulation and synaptic plasticity. Ketamine rapidly increases glutamate levels in the
prefrontal cortex and hippocampus using subanesthetic doses in rats. These subanesthetic
doses increase levels of glutamate, while higher anesthetic doses diminish the release of
glutamate [121]. Ketamine also increases glutamate cycling in the PFC [122] and directly
increases glutamate neurotransmission in the mPFC and hippocampus. The inhibition
of GABAergic interneurons within the hippocampus accompanies this increase in gluta-
mate [123,124]. Glutamate release from the CA1 (cornu ammonis 1) region of the hippocam-
pus has a direct, dose-dependent effect on the expression and release of BDNF, as well
as the expression and translocation of TrkB receptors in this brain region. This provides
evidence for the causal link between increased synaptic glutamate mediating the release of
BDNE, supporting the disinhibition hypothesis [125]. The spike in glutamate levels within
the mPFC and hippocampus is then implicated in the activation of post-synaptic AMPAR.
AMPARSs are ionotropic glutamate receptors with a specific function in rapid neurotransmis-
sion. Importantly, they are also implicated in synaptic plasticity [126,127]. The inhibition
of the glutamine reuptake receptor, GLT-1, in glial cells produces a similar antidepressant
effect to ketamine in mouse models [128]. However, a separate study showed that GLT-1
inhibition blocked the antidepressant-like effects of ketamine and altered downstream
phosphorylation [129]. This effect was attributed to the deregulation of glutamate cycling
leading to overstimulation and excitotoxicity.

The downstream effects of AMPAR stimulation involve the release of BDNF, which
interacts with post-synaptic TrkB receptors. Ketamine increases AMPAR synaptic transmis-
sion, specifically in the hippocampus [130]. Several studies show that AMPAR activation
is necessary for the antidepressant actions of ketamine. In mouse models of depression,
AMPAR inhibition had either diminished or fully eradicated the antidepressant effects of
ketamine [131-134]. Furthermore, pre-treatment with AMPAR antagonists decreases levels of
BDNF and the mechanistic target of rapamycin (mMTOR) (a downstream effector of BDNE-TrkB
signaling discussed below) in the prefrontal cortex and hippocampus. Pre-treatment with
AMPAR antagonists also diminishes the antidepressant actions of ketamine, while pretreat-
ment with an AMPAR agonist increases levels of BDNF and mTOR and augments ketamine’s
antidepressant effects [135]. Recent evidence now demonstrates that even TrkB receptor antag-
onists can block the therapeutic effects of ketamine [136]. Taken altogether, this data suggests
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that the AMPA-mediated release of BDNF and BDNF’s action on TrkB receptor-mediated cell
signaling play a cardinal role in the rapid antidepressant effects of ketamine.

The elucidation of downstream effectors that play a role in ketamine’s mechanism of
action has provided a difficult challenge. As previously mentioned, BDNF has several down-
stream effectors that are implicated in synaptic plasticity. One specific effector of interest
involves downstream actions of the phosphatidylinositol-3-kinase (PI3K)-Akt and the mitogen-
activated protein kinase kinase-extracellular signal-regulated kinase (MEK-ERK) pathways
leading to the activation of mTOR, specifically mTORC1 [137]. mTOR is ubiquitously ex-
pressed and has numerous functions in cell proliferation, survival, and growth [138]. These
pathways, as previously stated, are implicated in the survival of neurons, neuritogenesis, and
synaptic plasticity [26]. Additionally, dysregulation of the MEK-ERK pathway is implicated
in depression [139]. Recent data show that mTOR knockdowns in the infralimbic cortex
induced a depressive state in mice [140]. Mouse models also reveal that mTOR inhibition
with rapamycin directly infused via intracerebroventricular injection completely abolishes the
antidepressant actions of ketamine [27,141]. However, rapamycin administration to human
patients undergoing ketamine therapy greatly increases the duration of ketamine’s antide-
pressant effects [142]. While this might suggest that ketamine’s mechanism of action in the
treatment of depression is independent of mTOR activation, it is likely that the route of
administration (oral formulation of rapamycin) and peripheral decrease of inflammation is
the reason for these findings. Interestingly, rapamycin pretreatment has no effect on suicidal
ideation during a depressive intervention with ketamine, suggesting that mTOR may not me-
diate this comorbidity [143]. The major events of the disinhibition hypothesis for ketamine’s
mechanism of action are depicted in Figure 2.

2.5. Other Potential Growth Factors Involved in Ketamine's Action
2.5.1. VEGF

VEGF may play a role in MDD [144] and chronic stress [145]. VEGF stimulates
neurogenesis both in vitro and in vivo [146]. The activation of TrkB increases VEGF levels
in neuroblastoma cells and could play a direct role in tumor progression. Thus, a question
arises as to whether VEGF plays a role in BDNF-related neurogenesis or even neuritogenesis,
and if VEGF plays a role in ketamine’s mechanism of action. VEGF expression in the basal
hippocampus was partially necessary for the antidepressant effects of ketamine [147]. More
recently, the co-infusion of BDNF and VEGF-neutralizing antibodies into rat brains block
the antidepressant actions of direct infusions of BDNF [148]. Furthermore, deletion of the
VEGE gene, the VEGF receptor, Flk-1, or infusions of VEGF neutralizing antibodies into
the mPFC blocks the antidepressant actions of ketamine in mice [149]. To address the role
of VEGF in humans, recent studies have examined the plasma level of VEGF during the
treatment response with ketamine. Plasma VEGEF is not associated with the antianhedonic
effects of intravenous ketamine [150]. Additionally, plasma VEGEF levels are not related
to ketamine’s effects on suicidal ideation [151]. Finally, plasma VEGF does not predict
ketamine treatment response in depressed patients using a MADRS rating scale [150].
These observations suggest that plasma VEGF plays no role in the antidepressant actions
of ketamine. However, a simple view of these results would be that although serum VEGF
levels in patients do not predict treatment response, they could very well be responsible
for its actions in the brain when taken with previous animal models. Testing that idea is
difficult with our current technology.
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Figure 2. Model of the disinhibition hypothesis. A. Ketamine’s antidepressant mechanism of action
primarily depends on the antagonism of NMDARs (N-methyl-D-aspartate receptors) on GABAergic
interneurons preventing GABA release. B. The inhibition of GABA release prevents the inhibition
of pyramidal glutamatergic neurons. This allows for the release of glutamate and the downstream
effects of the subsequent glutamate surge. C. Glutamate binds to post-synaptic AMPARSs (a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor), allowing for calcium influx. D. Calcium
influx leads to the calcium-dependent release of BDNF from the post-synaptic membrane. NOTE:
the model shows the post-synaptic release of BDNF, though an immunofluorescent localization
study has suggested that the pre-synaptic release of BDNF at the downstream synaptic cleft is
involved [112]. E. Autocrine signaling of BDNF leads to downstream signaling through the MAPK,
PLC-y, and PI3K-Akt signaling pathways. The MAPK and PLC-y pathway are primarily implicated
in synaptic plasticity, while the PI3k-Akt pathway leads to anti-apoptotic signaling and cell survival.
Signaling through mTORC1 has also been implicated in synaptic plasticity and neuritogenesis.
NOTE: As mentioned previously, autocrine signaling is shown, but paracrine signaling may be
involved based on the location of BNDF-containing vesicles in immunofluorescence studies [112].
Some graphic components from Servier Medical Art were used to draw parts of this model. Servier
Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License
(https:/ /creativecommons.org/licenses/by/3.0/, accessed 3 May 2023).
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2.5.2. IGF-1

Insulin-like growth factor 1 (IGF-1) is a polypeptide hormone that plays a pivotal role
in the development of the brain, and recent evidence suggests that it may play a role in
the pathogenesis of depression. It is widely expressed throughout the body, and during
embryonic development in mice it is highly expressed in nervous tissues, particularly in
the hippocampus, olfactory bulbs, and cerebellum [151]. Mice lineages that overexpress
IGF-1 show drastic increases in brain size that are directly due to increased numbers of
neurons [152,153], while mice that under-express IGF-1 show profound developmental
delays and abnormalities of several brain regions [154,155]. A potential link between
decreases in IGF-1 expression and depression in rat models [156] and peripheral IGF-1
levels could potentially be a marker of depression in human subjects with MDD and
bipolar disorder [157]. In addition to the possible role of IGF-1 dysregulation in depression,
IGF-1 modulation within the prefrontal cortex plays a role in the mechanism of action of
fluoxetine [158]. Furthermore, IGF-1 infusions systemically, centrally, and into the mPFC
can also elicit an antidepressant effect [159-161].

A recent study shows that ketamine significantly increases IGF-1 levels in the mPFC.
To test the potential role of this IGF-1 modulation in ketamine’s antidepressant effects,
anti-IGF-1 antibodies were administered either 15 min before or 2 h after ketamine infusion.
The antibody pre and post-treatment blocked the antidepressant effects of ketamine, as
measured in multiple experimental models of depression regardless of the sequence of
intervention (antibodies first or ketamine infusion first) [162]. This implicates IGF-1 as
a requirement for the antidepressant action of ketamine. Furthermore, IGF-I modulates
BDNF expression [163], and this could potentially indicate that IGF-1 plays an essential role
in glutamate-mediated BDNF release. However, more investigation into the role of IGF-1
in ketamine’s antidepressant effect is needed to further delineate this possible connection.

3. Conclusions

Ketamine’s pharmacological and rapid antidepressant properties make it of keen
interest in clinical settings, especially in treating TRD. Ketamine stimulates glutamate surge,
BDNF release, and downstream effects on TrkB, giving it potent activity on synaptic plas-
ticity, synaptogenesis, and modulating neuroprotection. More research is needed to reveal
the specific roles of VEGF and IGF-1. Additionally, intranasal agents such as arketamine
and esketamine are of particular interest, though arketamine appears to have superior an-
tidepressant efficacy, a longer effect time, and minimal side effects compared to esketamine.
One sub-anesthetic dose of ketamine is also a promising, rapid treatment for suicidal
ideation due to ketamine’s prompt cascade of effects within hours of administration.

Current antidepressant interventions require long-term consistent use and have sig-
nificant latency periods between the initiation of therapy and the desired therapeutic
outcomes. Ketamine’s rapid effects and limited side effects can increase patient compliance,
as fewer doses equate to the effects of weeks to months of traditional pharmacological
treatments. One specific shortcoming of ketamine infusions is its rapidly dissipating effects,
with many clinical trials showing its effectiveness beginning to wane only after 2—-4 weeks
post-infusion [164]. Drug-assisted psychotherapy with novel rapid-acting psychoactive
agents such as MDMA is highly successful in the treatment of other psychiatric conditions
such as PTSD [165], with effects sustained up to 12 months post-treatment [166]. A simi-
lar ketamine-assisted psychotherapy paradigm could potentially increase the duration of
ketamine treatment and further reduce the number of treatments required to sustain the
antidepressant effects for prolonged periods.

Combining psychotherapy with medications may lead to superior therapeutic out-
comes. SSRIs and SNRIs are commonly coupled with “talk therapy” to maximize benefits.
More research is needed on the use of esketamine when combined with psychotherapy. This
biopsychosocial perspective addresses both the intrinsic and extrinsic factors of MDD and
TRD. In addition to MDD and TRD, ketamine’s promising effects on bipolar disorder [43,44],
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postpartum depression [167-169], Alzheimer’s disease [170], suicidality [171], and remission
from other psychiatric disorders such as PTSD [165,166,172] are still being investigated.
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