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Where is the Mechanistic Target of Rapamycin Signaling
Pathway in Depression?
Jung An Lee, MD
Department of Psychiatry, Haeundae Paik Hospital, Inje University College of Medicine, Busan, Korea

Although the pathophysiology of depression has not been clearly elucidated yet, the mTOR (mechanistic target of
rapamycin) signaling pathway has recently taken an increasingly important position in the pathophysiology of depression. In this review, preclinical and clinical studies of depression related to the mTOR signaling pathway will be summarized to explore the current position of mTOR in depression. Because the role of mTOR in the mechanism of the
antidepressant effect of ketamine has been attracting attention, related studies will also be reviewed. Summarizing
these studies, this review would like to suggest the basis and future direction for treatment and research of depression.
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INTRODUCTION
Depression is a brain disease having various symptoms with various causes. Psychiatric symptoms of
depression include depressed mood, diminished interest, fatigue or loss of energy, loss of appetite, and sleep
problems. In addition, various symptoms including even
psychotic symptoms are also observed. Depression is
also related to the occurrence and prognosis of physical
diseases, affect the course of chronic diseases such as
coronary artery disease or type 2 diabetes. Due to these
characteristics of depression, depression carries a great
burden both socially and personally [1].
However, despite many depression researches studied
for these reasons, the pathophysiology of depression has
not been clearly elucidated compared to other chronic
diseases. One of the major reason is that the diagnosis of
depression is subjective for each clinicians and is based
on the categorization of symptoms almost like heterogeneous syndrome. Due to these diagnostic features, de-

pression can have comorbidity such as anxiety disorders.
In addition, although depression was initially diagnosed
as a major depressive disorder, in the case of a patient
with a manic episode in the future, diagnosis could be
changed to bipolar disorder. This symptom-based diagnostic approach makes it difficult to analyze the pathophysiology of diseases from neuroimaging, post-mortem
study, and genome-wide association studies. Also, in
most cases, no single clear cause can be identified in
depression. Stressful life events, abnormal endocrine
metabolism, cancer, drug side effects, and others are
only one of the risk factors. In addition, genetic correlation studies have not found a definite genetic factor of
depression due to its complexity, and the “depression
gene” causative in depression has not yet been identified
in animal model studies [2]. However, given that genetic
predisposition and environmental risk factors such as
stressful life events induce depressive symptoms in
some patients, and that patients tend to seek out stressful
environments, it is expected that there may be genetic
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factors that provoke depression, with such results, related studies are in progress [3]. Furthermore, difficulty
of analyzing the pathological phenomena in the human
brain in vivo also makes it hard to understand the pathophysiology of depression. There are post-mortem study
and brain imaging study for analyzing brain pathology,
but all of them have many limitations. And even if results about brain function abnormalities and changes of
some areas in the brain are found through these studies, it is insufficient to explain all the various aspects of
depression [4]. In addition, although several new results
on the neural circuits of depression were discovered
through animal model studies, it is difficult to apply that
findings to depression patients.
For these reasons, the clear pathophysiology of depression has not yet been identified. However, with
the recent advances in molecular biology, genetics and
research methods, new facts about the pathophysiology
of depression have been discovered, and clinical applications of these findings are being attempted. Therefore,
in this article, the author attempted to summarize the
research results, which is newly spotlighted as a molecular biological cause and treatment target among the
pathophysiology in depression, of the mechanistic target
of rapamycin (mTOR) signaling system.

mTOR SIGNALING PATHWAY, GROWING
INTEREST IN DEPRESSION STUDY
mTOR is known to be involved in protein synthesis
that plays a central role in neural circuits and in longterm regulation of behaviors, as well as cell growth, cell
differentiation, apoptosis, cell survival and transcription
which is essential regulation processes within cells. In
addition, mTOR activation is mainly regulated by the
nutritional status, growth factors and neurotransmitters
[5,6]. Two types of mTOR complex have been identified,
mTOR complex 1 (mTORC1) and mTOR complex 2
(mTORC2). The mTORC1 is activated by growth factors,
amino acids, energy and others and the activation promote the synthesis of proteins and lipids, the generation
of organelles to participate in cell growth and proliferation. In addition, it regulates intracellular catabolism by
suppressing autophagy, and regulates protein synthesis
by phosphorylating 4E-BP-1 and p70S6K, but such activity is inhibited by stress. The mTORC2 is activated by
growth factors. The mechanism of action of mTORC2 is
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not well known than that of mTORC1, but it is assumed
that it is mainly involved in cytoskeletal organization
and actin remodeling [5,6].
Activation of several cell signaling systems is thought
to promote synaptic neurotransmission and plasticity,
which are known to play an important role from cell
survival to mood regulation [7]. Additionally, in recent
years, mTOR signaling pathway has been shown to
have a significant role in mood regulation. For example,
mTOR signaling was reduced in an animal model of depression study. In particular, changes in mTOR signaling
were observed in a study with a chronic unpredictable
stress (CUS) model, which induces similar neurobiochemical changes occurring in depressed patients. CUS
is known to cause impaired reward salience in rodents
similar to anhedonia, one of symptoms of depression
patients [8]. Depressive behavior observed in rodents exposed to CUS is known to be associated with decreased
phosphorylation of mTOR in the prefrontal cortex, hippocampus, and amygdala, and decreased phosphorylation of p70S6K, a sub-component of mTOR signaling.
And in mice with the mTOR gene removed, behaviors
were almost similar to the depressive behaviors caused
by CUS [9,10].
The association between depression and mTOR has
been repeatedly suggested even through clinical studies. Jernigan et al. [11] investigated the activation level
of mTOR signaling and the expression level of mTOR
subproteins such as p70S6K, eIF4E, and eIF4B in the
prefrontal cortex of 12 depression patients and 12 controls through a post-hoc study. According to this study,
the expression of mTOR, p70S6K, eIF4B, and phosphorylated eIF4B was decreased in the prefrontal cortex
of depression patients compared to the control group
[11]. This result suggests that decreased mTOR signaling in depressed patients also reduced the expression of
synaptic proteins. Similar results were also observed in
a study on patients with bipolar depression, the expression of mTOR mRNA, and Akt mRNA in the plasma
of bipolar depression patients was reduced compared
to the normal control group [12]. According to another
post-hoc study, the expression of N-methyl-D-aspartate
receptor (NMDAR) subunits NR2A, NR2B, and PSD95 in Brodmann’s area 10 (BA10) of the prefrontal lobe
of depression patients was decreased compared to the
normal control group [13]. However, NR2A and PSD95 were increased in the amygdala of some depression
patients [14]. Since the BA10 is related to the executive
www.moodandemotion.org
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functions such as planning and integrating information,
as well as related to reward and reinforcement mechanisms, the BA10 is considered to be closely related to
mood regulation. According to another study, the expression of mitogen-activated protein kinase (MAPK)
phosphatase-1 (MKP-1) was increased in the dentate
gyrus of the hippocampus and CA1 region, MAPK kinase 2 was reduced in the CA1 region, and extracellular
signal-regulated kinase 2 (ERK2) was decreased in the
dentate gyrus in depression patients compared to the
control group [6,15]. Since MKP-1 is a negative regulator of MAPK which is an upstream regulatory protein
of mTOR, increased expression of MKP-1 is considered
to inhibiting the mTOR signaling in the hippocampus
and prefrontal cortex of depression patients. These findings suggest a strong association between morphological
changes of brain with stress or depression and decreased
mTORC1 activity.
As such, mTOR signaling pathway and depression
seem to be closely connected, and accordingly, interest
in the treatment of depression applying the mTOR signaling pathway has increased.

KETAMINE STUDIES, SHEDDING LIGHT
ON THE POSITION OF MTOR SIGNALING
PATHWAY IN DEPRESSION
Recently, several new mechanisms of previous drugs
and neurobiology in depression have been discovered.
Particularly among them, many preclinical and clinical
studies on ketamine, a nonselective antagonist of NMDAR, have been published.
Ketamine has begun to draw attention for its rapid
antidepressant effects and its effects on treatmentresistant depression. In depression patients who had no
response with conventional antidepressant treatment,
administration of ketamine intravenously below anesthetic concentration showed a rapid symptom reduction
[13,16]. However, the antidepressant effect of Ketamine
have not just rapid response, also a sustained antidepressant effect with more than 24 hours and sometimes more
than 72 hours. This sustained effect has been repeatedly demonstrated in recent studies [17]. It is difficult
to explain the sustained antidepressant effect only from
NMDA antagonism of ketamine, this may be understood
by the mechanism of ketamine on the signaling system
following after NMDA antagonism, synaptogenesis, and
www.moodandemotion.org

neuroplasticity.
In particular, the action of ketamine on mTOR has
been noted [18,19]. In addition, the fact that the effect of ketamine is blocked by rapamycin, the selective
mTORC1 inhibitor, supports the action of ketamine
on mTOR. The antidepressant effect of ketamine was
also observed through animal experimentations. In a
forced swimming test, ketamine increased the expression of brain-derived neurotrophic factor (BDNF) and
phosphorylated mTOR in the hippocampus, and reduced
the immobility time [14,20,21]. The most representative
study on the antidepressant effect of ketamine through
activation of mTOR signaling is a study conducted by
Li et al. [18]. In this study, in order to reveal the rapid
antidepressant effect of ketamine, rapid effects on synaptic plasticity and changes in the cell signaling system
were investigated. Ketamine showed antidepressant effect at concentration much lower than as an anesthetic,
phosphorylate the mTOR which regulate the synthesis
of proteins in prefrontal cortex of rodents, as well as eukaryotic initiation factor 4E-binding protein 1 (4E-BP-1),
p70S6 kinase (p70S6K) which is downstream pathway,
from 30 minutes to 2 hours, and activates extracellularsignal-regulated kinase, protein kinase B (Akt) which
connects the mTOR and growth factor. In this study, the
researchers found that a single dose of ketamine activated mTOR signaling within 2 hours and increased prefrontal synaptic protein expression. The concentration
and activity of synaptic proteins were increased up to 24
hours.
It was also observed that ketamine increased synapsin
1, postsynaptic density protein 95 and glutamate receptor 1 from 2 hours [15,18]. In addition, ketamine restored
the neuronal cells degenerated and the reduced synaptic
connections caused by repeated stress. It has been found
that the increasing the expression of synaptic proteins
in the prefrontal cortex and antidepressant effect of ketamine are achieved by activation of mTOR signaling. It
was also confirmed that administration of rapamycin,
which inhibits the activation of mTOR, reduces the effect of such ketamine [18,22]. In addition, it was repeatedly found by Zhou et al. [23] that phosphorylation of
mTOR and expression of BDNF were increased not only
in the hippocampus but also in the prefrontal cortex.
The relationship between ketamine and mTOR signaling was also revealed by the association with α-amino3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA)
receptors. For example, Ketamine induced mTOR
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phosphorylation and BDNF expression were reduced by
NBQX, an AMPA receptor antagonist. Also, ketamineinduced increases in mTOR phosphorylation and BDNF
expression in the hippocampus and prefrontal cortex
were enhanced by CX546, an AMPA agonist [24]. In addition, CX614, an AMPA potentiating agent, increased
the release of BDNF and activated mTORC1 signaling to
increase synapse formation [25]. Taken together, these
results suggest that the antidepressant effect of ketamine
in rodents is related to the increase of the expression of
mTOR and BDNF through activation of AMAP receptors in the hippocampus and prefrontal cortex. Another
study found that AMPA activation modulates BDNF,
tropomyosin receptor kinase B (TrkB), glycogen synthase kinase 3 (GSK3), eukaryotic elongation factor 2
(eEF2), and mTORC1 to increase neuroplastic processes
[18]. In another study, on cultured neuronal cell, administration of ketamine increased the expression of BDNF,
but blocking the AMPA receptor reduced the expression of BDNF. And to the prefrontal lobe, when BDNF
antibody was administered, the antidepressant effect of
ketamine in the forced swimming test was reduced [26].
BDNF is another important factor in the induction of
mTORC1 signaling and synapse formation. It has also
been reported that blockade of NMDA receptors via
ketamine causes activation of mTOR signaling and increases BDNF expression by inactivating eEF2 kinase.
Including the aforementioned studies, BDNF has also
been known to play a role in the action of ketamine,
providing another basis for explaining the relationship
between mTOR and ketamine [27].
As such, ketamine appears to make antidepressant
action by activating mTOR and its related signaling system, and has contributed a lot to elucidating the relationship between mTOR and depression (Fig. 1).

OTHER STUDIES, BESIDES KETAMINE,
GUIDING mTOR SIGNALING PATHWAY IN
DEPRESSION
In addition to ketamine, many studies have been conducted on the association between mTOR and depression.
There was a study confirming that the phosphorylation of mTOR was decreased when corticosteroids were
given continuously to the cultured neuronal cells of
rodent, but it was also observed that the expression of
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mTOR in the hippocampus was increased in the rodent
with restraint stress for 10 days [28]. In rats with depression caused by neonatal clomipramine administration,
phosphorylation of p70S6K, an mTOR effector, was
decreased in the hippocampus, hypothalamus, and prefrontal cortex. Through these findings, mTOR signaling activation and depression seemed to be related [29].
Ascorbic acid is known to have an antidepressant effect
in animal model experiments because of its antioxidant
effect and prevention effect of neurotoxicity caused by
glutamine [30,31]. Ascorbic acid promotes phosphorylation of p70S6K, to increase the expression of PSD-95, a
synaptic protein in hippocampus of rat, within 1 hour.
There was also a result that this antidepressant effect
of ascorbic acid disappeared with administration of rapamycin, an antagonist of mTOR signaling [32]. Similar
to ascorbic acid, creatine is known to have an antidepressant effect by affecting mTOR signaling. Creatine
was found to have antidepressant effects by inhibiting
NMDA receptors and signaling of GSK3, and activating signaling of Akt, Nrf2/HO-1, GPx, and mTOR [33].
Creatine is also known to exhibit antidepressant effects

Fig. 1. Mechanism of antidepressant effect of Ketamine associated with mTOR signaling pathway. The antidepressant effect
of ketamine has its effects not only by the NMDA antagonism,
but also by the subsequent activation of AMPA, BDNF expression, mTOR signaling pathway, protein synthesis and synaptic
plasticity. Akt, protein kinase B; AMPA, α-amino-3-hydroxy-5methylisoxazole-4-propionic acid; BDNF, brain-derived neurotrophic factor; ERK, extracellular signal-regulated kinase; GABA,
γ-aminobutyric acid; mTORC1, mechanistic target of rapamycin
complex 1; NMDA, N-methyl-D-aspartate; TrkB, tropomyosin
receptor kinase B. Original illustration created by JA Lee using
BioRender (biorender.com).
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by increasing phosphorylation of p70S6K, a downstream
protein of mTOR signaling, and increasing the expression of an upstream protein, AKT, additionally, rapamycin reduces the antidepressant effect of creatine. Recently, it was also known that zinc, which directly inhibits
the NMDA receptor, may have an antidepressant effect
by promoting the activation of mTOR signaling [34].
Similarly, guanosine, erythropoietin and scopolamine
may have antidepressant effects by modulating mTOR
signaling as well. Scopolamine, a muscarinic receptor
antagonist, and erythropoietin have been studied to have
antidepressant effects in forced swimming test (FST),
and, like other drugs, the antidepressant effect was
eliminated by rapamycin. Erythropoietin promotes the
hippocampal neurogenesis in adults, and scopolamine,
similar to ketamine, activates glutamic acid signaling
and synapse formation [35].
The metabolic glutamate 2/3 (mGlu2/3) receptor is a
G-protein coupled receptor that negatively modulates
adenylyl cyclase activity and reduces glutamate and
monoamine release. Antagonists of these receptors (e.g.,
LY341495 and MGS0039) enhance glutamate transmission in brain regions known to be affected by depression
[36]. LY341495, an mGlu2/3 receptor antagonist, was
found to rapidly activate the mTOR signaling system
(within 1 h) and increase the expression of synaptic proteins (within 24 h), which is very similar to the effect
of ketamine [35]. A recent preclinical study suggested
that chronic treatment of LY341495 also reversed the
CUS-induced behavioral effects of FST through activation of hippocampal mTORC1 signaling, thought to be
associated with antidepressant effects [37]. The antidepressant effect through activation of mTOR signaling
by LY341495 confirmed in FST were also reduced by
rapamycin [38]. It was also confirmed that the antidepressant effect of MGS00039, an mGlu2/3 receptor
antagonist also, was inhibited by rapamycin in the same
manner. These repeated observations may serve as the
basis for the association of the antidepressant effect of
mGlu2/3 receptor antagonists with mTOR signaling [39].
According to a recent study, AMN082, an mGLu7 antagonist, also showed an antidepressant effect within 1 hour
in FST in rats, increasing the expression of mTOR and
P70S6K. In this study, in addition, the expression of sysnapsin I and GluR1 was increased in the prefrontal cortex as well [40]. Looking at the results of another study
related with a rapid antidepressant effect according to
the activity of mTOR signaling, 7-CTKA, an NMDA rewww.moodandemotion.org

ceptor antagonist that acts on the glycine binding site, is
also shown to have antidepressant effects. 7-CTKA was
found to exhibit antidepressant effects by expressing
post-synaptic proteins in the medial prefrontal cortex of
rats through GSK3 phosphorylation as well as enhancement of mTOR signaling [9]. GLYX-13, a partial agonist
of the glycine binding site of the NMDA receptor, also
increased the expression of Akt and mTOR, which were
decreased by chronic mild stress (CMS), and this effect
was also reduced by rapamycin [41].
The NMDA receptor has two major subunits, NR1 and
NR2. Unlike ketamine, a non-selective NMDA receptor antagonist, Ro 25-6981, which acts selectively only
on the NR2B subunit of NR2, has also been studied.
NR2b has been studied as a potential target to block the
excitotoxic damage of glutamate. In a study on Ro 256981, Ro 25-6981 produced a rapid antidepressant response and reversal of anhedonia in the CUS model with
a single dose, and stimulated mTORC1 signaling and
increased synaptic protein synthesis in prefrontal cortex
(PFC), and also, as in other studies, this antidepressant
action of Ro 25-6981 was also blocked by rapamycin. In
accordance with the results of these studies, studies with
depression patients confirming the clinical action of Ro
25-6981 and related compounds are currently being conducted [42,43].
There are also drug studies targeting direct modulation of mTOR signaling for antidepressant effect. As
previously mentioned, mTORC1 is implicated in a
downstream pathway linking glutamate regulation and
induction of neuroplastic processes. NV-5138, an analogue of the amino acid leucine, has been developed
as an mTORC1 activator, potential antidepressant. In
a preclinical study, NV-5138 was found to have a rapid
antidepressant effect. With these promising preliminary
results, clinical studies are under consideration [44-46].
As such, it has been revealed that the mTOR signaling
system has an important position in the pathophysiology
of depression, accordingly, the development of new antidepressant agent utilizing mTOR signaling pathway has
grown to prominence recently. However, there are still
not many depression-related-mTOR signaling pathway
studies in Korea.
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STUDIES SHAKING THE POSITION OF
mTOR IN DEPRESSION
Having seen so far, mTOR and depression seemed to
have a significant relationship, but there are also studies
with contrary or inconsistent results.
Electroconvulsive therapy, one of treatment indication
for major depressive disorder is thought to have therapeutic effect by depolarizing the entire central nervous
system causing explosion of glutamate transmission.
However, preclinical study in rodents failed to demonstrate the effect of electroconvulsive shock on mTORC1
signaling in PFCs [18]. Furthermore, Administration of
rapamycin, an mTOR antagonist, for 7 weeks, reduced
the immobility time in FST in epilepsy rat model [47].
Also, in the study of sleep deprivation, which is known
to have an antidepressant effect, it inhibits the signaling activity of mTOR in the hippocampus of mice [48].
According to a recent study on hippocampal neurons,
antidepressants such as escitalopram, paroxetine, and
tranylcypromine increase activation of mTOR and its
downstream regulators, and promote neuronal growth
and synaptic protein synthesis. But in case of fluoxetine,
sertraline, and imipramine have no effect on mTOR
signaling [49]. This result means that different antidepressants may have different effects on mTOR activity,
although further in vitro analysis is needed. In addition,
because there are studies suggesting that the effect of
CUS on mTORC1 signaling may be specific to various
brain regions respectively, and may vary depending on
the duration of CUS, so study results need to be interpreted with caution [37].
In addition, there are limitations to the use of the
mTOR signaling system as a treatment for depression.
According to several studies, inhibition of mTOR activity is known to have effects on treatment for epilepsy,
cognitive impairment, cancer, and suppression of transplant rejection. However, mTOR activity also exhibits
antidepressant and neuronal regeneration effects [50].
Depressive symptoms often appear in patients with
epilepsy, Alzheimer’s dementia, and cancer, but in this
case, it is difficult to treat depression through mTOR activation because it can have the opposite effect between
depression and other diseases. In addition, glutaminergic
agents such as ketamine that activate mTOR can induce
dependence or psychotic symptoms, so there is a limitation for a long-term treatment.
Considering these limitations, the development of
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a safe, long-term-usable drug utilizing mTOR signaling pathway is needed. Taken together, in order to use
mTOR widely for depression treatment, much more
research is needed to find out the position of mTOR in
depression.

CONCLUSIONS
The mTOR signaling pathway appears to be strongly
associated with depression.
Decrease in protein phosphorylation related to mTOR
signaling in the prefrontal cortex and hippocampus is
thought to be related to depression, and drugs such as
Ketamine are thought to have antidepressant effect by
regulating glutamine and mTOR signaling. In addition
to ketamine, drugs affecting the mTOR signaling system
and related synaptogenesis and neuroplasticity, such as
mGlu2/3 receptor antagonists, NR2B antagonists, or
mTORC1 activators, are attracting a lot of attention.
Through this review, the author confirm that mTOR
signaling pathway occupies a new and important position in the neuropathophysiology of depression. However, there are still unclear areas between mTOR signaling
pathway and antidepressant effects. In addition, except
for Ketamine, clinical efficacy and safety have not been
established for mTOR-related drugs in most cases yet.
Furthermore, because there are inconsistent results between the mTOR signaling pathway and the antidepressant effect, additional research is required. If the functions and roles of up and downstream proteins in the
mTOR signaling pathway become more clear, the mTOR
signaling pathway will obviously take a step forward to
a novel position in the treatment of depression.
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