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Abstract
Antidepressants that produce rapid and robust effects, particularly for severely ill patients,
represent one of the largest unmet medical needs for the treatment of depression. Currently
available drugs that modulate monoamine neurotransmission provide relief for only a subset of
patients and this minimal efficacy requires several weeks of chronic treatment. The recent
discovery that the glutamatergic agent ketamine produces rapid antidepressant effects within hours
has opened a new area of research to explore the molecular mechanisms through which ketamine
produces these surprising effects. Clinical and preclinical findings have exposed some of
ketamine's unique actions and identified a cell-signaling pathway known as the mammalian target
of rapamycin (mTOR). Activation of mTOR and increased synaptogenesis in the prefrontal cortex
appear to be crucial in mediating the antidepressant effects of ketamine. Importantly, the synaptic
actions of ketamine allow rapid recovery from the insults produced by exposure to repeated stress
that cause neuronal atrophy and loss of synaptic connections. In the following review, we explore
some of the clinical and preclinical findings that have thrust ketamine to the forefront of rapid
antidepressant research and unveiled some of its unique molecular and cellular actions.
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Introduction
Depression affects the lives of over 30 million adults in the US (1). While currently
available antidepressants may provide roughly 60% of these patients with some relief,
achieving this clinical response may require 6-12 weeks of chronic pharmacotherapy, and
even longer before an effective treatment is identified. Particularly in the case of acutely
suicidal patients, this poses a serious concern to patient welfare and presents a critical need
for antidepressants that are more efficacious and rapid-acting. Therapeutic drugs currently
approved to treat depressive symptoms target the monoaminergic neurotransmitter systems,
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however, the discovery that the glutamatergic drug ketamine, an N-methyl-D-aspartate
(NMDA) receptor antagonist, produces rapid (within 2 hrs) and long-lasting (~1 week)
antidepressant effects in patients that have previously not responded to several courses of
typical antidepressants (2, 3) has sparked a flurry of research to understand how ketamine
produces surprisingly fast and efficacious actions.

Findings in post-mortem tissue of depressed patients as well as in rodent stress models
designed to mimic depressive-like symptoms suggest that depression is characterized by
neuronal atrophy in the prefrontal cortex (PFC) and hippocampus. Interestingly, ketamine
has the unique ability to rapidly reverse these neuronal deficits, an effect that typical
antidepressants lack, suggesting that recovery of synaptic connections is critical for a rapid
antidepressant response. Recent evidence points toward a signaling cascade involved in
regulating protein translation and synaptic plasticity known as the mammalian target of
rapamycin (mTOR) in mediating these rapid and robust effects of ketamine, which may
represent a mechanism common to other putative rapid antidepressants.

In the following review, we describe clinical and preclinical neuronal alterations observed in
depression as well as discuss research demonstrating the molecular signaling changes
produced by ketamine that mediate the rapid reversal of neuronal deficits and antidepressant
responses. Finally, we will discuss novel treatment strategies that may allow ketamine-like
rapid antidepressant effects by targeting other receptor systems.

Chronic stress produces neuronal atrophy and maladaptive impairments of
neuroplasticity

Theories of depression suggest that exposure to chronic stress, and the neuronal changes that
follow, produce susceptibility to mood disorders by impairing synaptic number and function
(4-6). Studies of post-mortem human tissue report decreases in neuronal size in the
dorsolateral PFC (dlPFC) (7), anterior cingulate cortex (8, 9), orbitofrontal cortex (10-12),
and hippocampus (13). Alterations in glial density in the PFC and hippocampus have also
been observed (7, 9, 12). A recent electron microscopy study demonstrates a significant
reduction in the number of synapses in the dlPFC of depressed patients (14) providing direct
evidence for alterations in synaptic structure.

Rodent models using chronic stress exposure to produce depressive-like behavioral states
also provide clear evidence of stress-induced neuronal atrophy. Stress or chronic
glucocorticoid treatment decreases the number and length of dendritic branches of CA3
pyramidal cells of the hippocampus (15-17). Similar atrophy of glutamatergic pyramidal
neuron apical dendrites and decreased spine number are also observed in layers II/III and V
of the rodent medial PFC (mPFC) following stress or glucocorticoid treatment (18-20) (21,
22 and Figure 1). Similarly, the loss of dendritic spines following chronic stress is
accompanied by a loss of key synaptic proteins such as post-synaptic density 95 (PSD-95),
the GluR1 subunit of -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors and the presynaptic protein Synapsin I (23). Other brain regions involved in
emotional behavior also demonstrate stress-induced changes. For example, dendritic
hypertrophy is observed in the amygdala following chronic immobilization stress (24) and a
recent report demonstrates that the manifestation of stress-induced anhedonic behavior is
mediated by decreased synaptic excitation in the nucleus accumbens (25).

In addition to neuronal atrophy, chronic stress impairs normal plasticity and some forms of
learning and memory. The hippocampus, a brain region that is important for declarative
memory, is particularly vulnerable to stress and stress hormones because of the high levels
of glucocorticoid receptors in this region. For example, reduced hippocampal volume and
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reduced neurogenesis are observed following chronic stress (reviewed in 26), which also
reduces hippocampal long-term potentiation (LTP), a cellular model of memory (27-29).
These alterations in synaptic plasticity are accompanied by impairments of memory in
rodent models (30-34). The neuronal and behavioral deficits produced by stress strongly
implicate impaired plasticity in the etiology of depression. Recent evidence indicates that
mTOR, an important kinase that regulates long-term, protein synthesis-dependent forms of
synaptic plasticity may be a key mediator capable of reversing these neuronal and behavioral
deficits induced by stress exposure.

mTOR regulates protein translation and synaptic plasticity
mTOR is a ubiquitously expressed serine-threonine protein kinase that integrates signals
from neuronal activity, growth factors, energy and nutrient levels to regulate rates of protein
translation and synaptic plasticity, as well as other cellular functions. mTOR exists in two
complexes known as mTORC1 and mTORC2, which are bound to distinct accessory
proteins Raptor and Rictor, respectively, and have different substrates (for an extensive
review of mTOR signaling see 35). Downstream of mTORC1 lie two major substrates,
p70S6 kinase (S6K) and eukaryotic initiation factor 4E binding protein 1 (4E-BP1).
Activation of S6K by mTOR regulates a number of downstream targets, including the S6
ribosomal subunit, leading to induction of mRNA translation. Phosphorylation of 4E-BP1 by
mTOR results in its separation from an inhibitory complex with eukaryotic initiation factor
4E (eIF4E), which allows complete formation of the eIF4F complex and cap-dependent
translation.

mTOR activity is regulated by a number of upstream mechanisms that converge on the
tuberous sclerosis complex 1/2 (TSC1/2) consisting of hamartin (TSC1) and tuberin (TSC2)
proteins. This complex has GTPase activating protein (GAP) activity toward the GTPase
Ras homologue enriched in brain (RHEB), shifting RHEB toward the GDP-bound form and
reduced mTOR signaling. Upstream phosphorylation of TSC1/2 by extracellular signal-
related kinase (ERK) and Protein Kinase B (PKB/Akt) inhibit the TSC1/2 complex and
therefore activate mTOR. Conversely, activating phosphorylation by glycogen synthase
kinase 3 (GSK-3) leads to increased GAP activity of TSC1/2 and subsequent suppression of
mTOR signaling. Thus, mTOR has multiple points of upstream regulation that allow it to
integrate signals from a variety of stimuli (Figure 2).

Protein translation, especially translation mediated by mTOR signaling plays an important
role in long-term synaptic plasticity. mTOR is activated by signals from growth factors such
as Brain-Derived Neurotrophic Factor (BDNF) to regulate protein translation and plasticity
locally in the synapse (36). BDNF binds TrkB receptors to activate Ras-MAP Kinase and
phophoinositide 3-kinase (PI3K)-Akt pathways, which converge on TSC1/2 to increase
mTOR signaling. Treatment of hippocampal slices with the mTORC1 inhibitor rapamycin
prevents late-phase, protein synthesis-dependent LTP (37). Tsc1 heterozygous (+/-) deletion
mutant mice exhibit enhanced hippocampal LTP, owing to increased activation of mTOR,
and have deficits in spatial and context discrimination learning (most likely as a result of
aberrant synaptic activity) that can be reversed by inhibiting mTOR with rapamycin (38).

Aberrant mTOR signaling is observed in neurological and psychiatric
disorders

A large body of evidence implicates mTOR dysregulation in the etiology of various
neurological and psychiatric disorders (39). For example, mTOR signaling is increased in
Alzheimer's disease (40) and is involved in learning deficits observed in tuberous sclerosis
(38). mTOR signaling is altered in patients with Fragile X syndrome (41), an autism
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spectrum disorder that is caused by the silencing of the FMR1 gene (42). The product of
FMR1 is the mRNA binding protein Fragile X Mental Retardation Protein (FMRP), which
controls the expression of hundreds of mRNAs (43) and can be regulated by the downstream
effector of mTOR, S6K (44). In a mouse model of Fragile X syndrome, mTOR signaling is
increased in the hippocampus and may be an important mediator of this disorder (45). A
recent study reports that mTOR signaling proteins are decreased in postmortem PFC of
depressed subjects (46).

An interesting feature shared by these disorders is that they are due, in part, to impairments
of synaptic plasticity. Given it's important role in regulating synaptic protein translation and
LTP, mTOR is perfectly positioned to a mediate rapid reversal of synaptic deficits. Indeed,
mTOR activation can regulate rapid translation of both PSD-95 (47) and GluR1 (48),
proteins critical for synaptic function that are decreased by chronic stress (23). Novel drugs
that can regulate mTOR activity could have utility in the treatment of some of these
psychiatric and neurological disorders associated with aberrant mTOR signaling, especially
depression.

NMDA receptor antagonists activate mTOR signaling, produce mTOR-
dependent behavioral responses, and rapidly reverse the effects of stress

Ketamine produces rapid and acute antidepressant-like effects in the rodent forced swim and
learned helplessness tests (49-51). Similarly, in non-stressed, naïve rats, systemic treatment
with ketamine rapidly increases levels of synaptic proteins (i.e., GluR1, PSD95) and the
number and function of excitatory glutamatergic synapses in the PFC (51). Biochemical
studies have discovered that ketamine rapidly activates signaling through the mTOR
pathway, as well as downstream substrates of mTOR including, S6K and 4E-BP1 (51). The
NR2B selective compound, Ro 25-6981 produces similar activation of mTOR and its
substrates (51). Ketamine also increases signaling through ERK and Akt (51), two upstream
mTOR regulators that are activated by neurotrophic factors such as BDNF. Importantly,
signaling through the mTOR pathway is required for the effects of ketamine as pretreatment
with the mTOR inhibitor rapamycin completely abolishes the rapid antidepressant-like
activity of ketamine and induction of spine-synapses (51). Rapamycin specifically inhibits
mTORC1 (52) indicating a primary role for this complex, although mTORC2 may play a
role since ketamine induces phosphorylation of Akt at Ser473 (51), a substrate for mTORC2
(53).

Interestingly, there is a lack of evidence suggesting that some NMDA receptor antagonists,
such as PCP and memantine, produce rapid antidepressant effects in humans. The reason for
this discrepancy requires further study, but may be due to the doses tested or off-target
effects of these compounds. It is also noteworthy that high, subchronic doses of systemic
rapamycin, but not acute treatment, produces antidepressant-like effects in rodents (54),
which may be due to mTORC2 inhibition by prolonged, but not acute rapamycin (55) or
other non-specific pharmacological targets. At present, only systemic ketamine
administration has been tested, and future local infusion studies are necessary to determine
the specific brain regions that mediate the rapid effects of ketamine.

More recently, studies have focused on the use of rodent chronic stress models that require
several weeks of treatment with typical antidepressants to reverse behavioral deficits,
recapitulating the therapeutic lag observed in depressed patients. Chronic stress exposure
results in anhedonia, a core symptom of depression that is measured by preference for a
sweetened solution. In the chronic unpredictable stress (CUS) model, ketamine, as well as
the NR2B selective antagonist, Ro 25-6981 produces rapid antidepressant-like behavioral
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responses within 24 hours of a single treatment, compared to 3 weeks administration of a
typical antidepressant (23).

In addition to producing mTOR-dependent antidepressant-like behavioral responses,
ketamine reverses the neuronal atrophy produced by stress. Rats exposed to CUS
demonstrate reduced levels of synaptic proteins and number and function of glutamatergic
synapses in layer V pyramidal cells in the mPFC (21). Ketamine rapidly reverses these
synaptic deficits within 24 hours in an mTOR-dependent manner (23). Together, these data
demonstrate that NMDA receptor antagonists have the unique ability to rapidly activate
mTOR signaling and reverse the impairment of synapses produced by chronic stress
exposure.

In contrast to NMDA receptor antagonists, typical antidepressants (e.g., SSRIs or tricyclics)
that require several weeks to produce antidepressant effects fail to activate mTOR signaling
(51), indicating that these agents produce antidepressant effects through a different
mechanism. There are reports that typical antidepressants can influence synaptic plasticity
and related proteins. For example, chronic fluoxetine administration is reported to increase
dendritic spine density in the retrosplenial granular and prelimbic cortical regions (56).
Chronic treatment with typical antidepressants can also reverse the neuronal atrophy and
decrease in spine density in the hippocampus and PFC produced by chronic stress (57).
Interestingly, other reports found no reversal of stress-induced neuronal atrophy in the
hippocampus by typical antidepressants but did find prevention by the atypical
antidepressant tianeptine (58). In ovariectomized female rats, chronic fluoxetine increases
synaptic levels of PSD-95 and GluR1, as well as phospho-synapsin (59). However, these
changes in AMPA receptor subunit expression may be due to trafficking of receptors to the
synaptic membrane induced by typical antidepressants and not via protein translation (60,
61). These data highlight ketamine's unique ability to rapidly activate mTOR signaling,
increase synaptic protein synthesis and synaptogenesis, and rapidly reverse the synaptic
deficits caused by chronic stress.

Several studies provide insight into the mechanisms through which NMDA receptor
antagonists activate mTOR signaling and increase synaptogenesis. Low, sub-anesthetic
doses of ketamine preferentially decrease the firing rate of fast-spiking GABAergic
interneurons, decreasing inhibitory tone, and increasing extracellular levels of glutamate in
the rat PFC (62). Although acute stress is also reported to increase extracellular glutamate in
the PFC (63) and treatment with typical antidepressants prevents glutamate release induced
by acute stress (reviewed in 64), the effects of stress may be more long-lasting and
widespread than ketamine, which produces rapid but transient effects. Additionally, synaptic
and extrasynaptic NMDA receptors can have different effects on signaling pathways. For
example, activation of synaptic NMDA receptors can activate ERK whereas extrasynaptic
NMDA receptors suppress ERK signaling (for review see 65). Thus, it is also possible that
the detrimental effects of prolonged glutamate elevation produced by chronic stress are
mediated by extrasynaptic NMDA receptors, whereas ketamine's primary effects may be
mediated by synaptic NMDA receptors, although this requires further study.

Activation of AMPA receptors is required for the antidepressant-like effects of ketamine
(50) and blocking AMPA receptors prevents the ketamine-induced increase in mTOR
signaling (51). Studies in cultured cells demonstrate that activation of AMPA receptors
causes post-synaptic depolarization that opens voltage-dependent calcium channels
(VDCCs) leading to calcium influx and release of neurotrophins, including BDNF (66)
(Figure 2).
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BDNF is required for the actions of ketamine
Reduced BDNF expression and signaling have long been linked to actions of stress and
conversely induction of this factor has been implicated in the response to antidepressants.
Electroconvulsive shock and chronic antidepressants increase BDNF expression in the
hippocampus and PFC (67). Furthermore, infusion of BDNF is sufficient to produce
antidepressant-like effects in rodents (68, 69).

Recent studies have demonstrated the importance of BDNF signaling in the rapid
antidepressant effects of ketamine. A human single-nucleotide polymorphism (SNP) that
substitutes a methionine for valine (Vall66Met) in the gene coding for BDNF produces
impaired trafficking and activity-dependent secretion of BDNF (70). Val66Met is associated
with memory impairments and hippocampal dysfunction in humans (70). Homozygous mice
carrying the Met allele exhibit impaired BDNF secretion and increased anxiety-related
behaviors (71), as well as increased susceptibility to stress and altered response to typical
antidepressants (72). Interestingly, ketamine fails to produce rapid synaptogenic and
behavioral responses in Met mice (73). Importantly, a new study reports that the therapeutic
response to ketamine is significantly decreased in depressed patients carrying the Val66Met
SNP (74). Ketamine also rapidly increases BDNF translation and ketamine fails to produce
antidepressant-like effects in BDNF conditional deletion mutant mice (75). Together, these
studies suggest an important role for BDNF signaling in the rapid antidepressant effects of
ketamine. Studies are needed to determine if BDNF is sufficient to produce a rapid
antidepressant-like response in rodent CUS models.

GSK-3 and inhibition of long-term depression
GSK-3 is important for regulating gene expression and synaptic plasticity and is thought to
play an important role in depression, as well as other psychiatric illnesses such as
schizophrenia (76). Genetic analyses suggest that SNPs in the GSK-3β gene are associated
with occurrence of depression and structural brain changes (77, 78). GSK-3 acts on
numerous downstream effectors including TSC1/2. Phosphorylation of TSC2 by GSK-3
enhances the suppression of mTOR signaling in cultured cells (79) and GSK-3 suppresses
mTOR signaling in hippocampal tissue (80). GSK-3 can be controlled by several upstream
regulators (e.g., Akt and protein phosphatases), which in turn are controlled by NMDA
receptor activation. Phosphorylation by Akt suppresses the activity of GSK-3 and leads to
activation of mTOR. A recent study provides evidence that suppression of GSK-3 is
required for the rapid antidepressant-like effects of ketamine. Treatment of mice with
ketamine rapidly increases phosphorylation of both α and β isoforms of GSK-3, leading to
suppressed GSK-3 activity (81). Mice carrying a mutant form of GSK-3 that prevents
phosphorylation are resistant to the antidepressant-like effects of ketamine (81). The
mechanisms through which ketamine inhibits GSK-3 could occur via AMPA receptor
activation, BDNF release and activation of Akt signaling leading to decreased GSK-3
activity and activation of mTOR.

In addition, inhibition of GSK-3 could occur via blockade of postsynaptic NMDA receptors
that mediate LTD-like effects. LTP and LTD are cellular models for the two major forms of
plasticity in the mammalian nervous system (Figure 3). Maintaining the proper balance of
these neuronal plasticity processes is important for regulation of neuronal function, and
disruption of this delicate balance may contribute to psychiatric disorders. Ketamine
increases the number of mature, mushroom-type spines in the PFC, an indication of
increased synaptic stabilization and function, and enhances post-synaptic excitatory
responses to serotonin and hypocretin (51). These effects of ketamine are suggestive of an
LTP-like mechanism. Conversely, signaling through GSK-3 contributes to LTD mediated by
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NMDA receptors (NMDA-LTD). During NMDA-LTD, low levels of NMDA receptor
stimulation lead to calcium influx and binding of calcium to calmodulin. Calcium/
calmodulin activates the phosphatase calcineurin (also known as PP2B) leading to
dephosphorylation of Inhibitor-1 (I-1), which suppresses I-1 inhibition of PP1 (i.e.,
increased PP1 activity) (82). Dephosphorylation of GSK-3 by PP1 may lead to GSK-3
activation and subsequent induction of LTD. Blockade of NMDA receptors with low doses
of ketamine may prevent low-level NMDA receptor signaling and LTD, leading to synaptic
bias toward LTP and could contribute to enhanced formation and maturation of excitatory
spine synapses (Figure 3).

Novel targets for rapid-acting antidepressants
There is an unmet need for novel antidepressant agents that produce more efficacious and
rapid antidepressant actions. Recent studies have demonstrated that putative rapid-acting
antidepressants may share ketamine's ability to increase mTOR signaling and rapid reversal
of the effects of stress. Some of these mechanisms are discussed below and shown in Figure
2.

Combination/Continuation Therapies
Ketamine represents a major advance for the treatment of depression, but the
psychotomimetic effects and abuse potential limit its widespread use. Therapies that allow
the use of lower and more tolerable doses of ketamine combined with a safer antidepressant
or a single dose of ketamine followed by another agent may have promise for improvements.
One example of a putative combination therapy may be a low-dose ketamine plus lithium.
Lithium inhibits GSK-3 activity and in combination with low-dose ketamine may act
synergistically to increase mTOR signaling and produce rapid antidepressant effects.
Lithium can take several weeks of treatment to be clinically effective, but when combined
with ketamine rapidly decreases immobility time in the forced swim test (FST) in mice,
similar to a higher dose of ketamine (83). Given the widespread clinical use of lithium, a
ketamine/lithium combination treatment strategy could be quickly evaluated in depressed
patients.

As of yet, studies have failed to demonstrate successful prevention of relapse following
ketamine and subsequent chronic continuation therapy with safer and better-tolerated agents.
For example, treatment with riluzole, a compound that can alter glutamatergic signaling by
blocking NMDA receptors (84, 85), facilitating glutamate uptake (86) and increasing
membrane AMPA receptor expression (87), failed to delay relapse when administered
following a single dose of ketamine (88, 89). Further studies are needed to evaluate
additional drugs that could potentially prevent relapse when given following ketamine. It is
worth noting, however, that ketamine continues to be effective after repeated treatments (3 ×
per week for two weeks) in depressed patients (90), indicating that safer agents could prove
effective for long-term care.

AMPA Receptors
Based on the evidence that the actions of ketamine require glutamate-induced AMPA
receptor activation, it is possible that agents that directly activate or modulate AMPA
receptors could produce rapid, ketamine-like antidepressant actions. Ampakines are a unique
class of drugs that positively modulate AMPA receptors by altering AMPA receptor kinetics
(91). Recently, Ampakines have been developed as nootropic agents due to their ability to
positively modulate synaptic plasticity and enhance memory (92, 93). These compounds
likely produce their effects, in part by enhancing neurotrophin signaling. For example, the
Ampakine CX614, in cultured neurons, increases BDNF release, TrkB receptor activation,
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and stimulation of mTOR signaling and local protein synthesis (66). Recent studies have
demonstrated that Ampakines produce antidepressant-like effects more rapidly than
fluoxetine in a rat model of submissive behavior (94). Given these characteristics,
Ampakines are good candidates for novel rapid-acting antidepressants, although studies will
be required to determine the clinical efficacy and safety of such agents.

mGluR2/3 Receptors
The antidepressant actions of NMDA receptor antagonists may occur via increases in
extracellular glutamate (62), which can also be regulated by glutamate terminal
autoreceptors. mGluR2 and mGluR3 receptors are Group II metabotropic glutamate
receptors that are expressed in limbic brain regions associated with depression including the
hippocampus and PFC (95-97). mGluR2 receptors are located in the pre-terminal region of
presynaptic neurons (98), while mGluR3 receptors are located post-synaptically and on glia
(97). These receptors function through a Gi-coupled mechanism to negatively regulate
adenylyl cyclase activity, and presynaptic mGluR2 receptors inhibit the release of glutamate
and other neurotransmitters. Selective mGluR2/3 receptor antagonists are reported to
produce antidepressant-like effects (99). Similar to the actions of ketamine, blockade of
mGluR2/3 receptors with the selective compound LY341495 increases glutamate outflow in
limbic regions and the PFC (100, 101). In addition, blockade of post-synaptic AMPA
receptors blocks the antidepressant-like effects of mGluR2/3 antagonists as observed with
ketamine (99). Recent data also demonstrate that LY341495 increases signaling through the
mTOR pathway and increases the expression of the synaptic proteins GluR1, PSD-95 and
Synapsin I (102). Indeed, the antidepressant-like behavioral actions of mGluR2/3
antagonists require mTOR signaling (102, 103). Given these similarities to ketamine,
compounds that block mGluR2/3 receptors are strong candidates for novel rapid-acting
antidepressants. A recent study demonstrates that an mGluR2-selective potentiator also
produces antidepressant-like effects in rodents (104), and studies are needed to determine if
this is a characteristic of this particular agent or of a class of mGluR2-selective agonists.

Muscarinic Receptors
In the early 1970s, the discovery that the acetylcholinesterase inhibitor, physostigmine,
produces symptoms of depression led to the hypothesis that hyperactivity of the cholinergic
system contributes to the etiology of depression (105). Early preclinical evaluation of the
non-selective muscarinic receptor antagonist, scopolamine, identified antidepressant-like
effects in mice, however, these effects were prematurely regarded as non-specific and
unrelated to antidepressant activity (106). Recent clinical work demonstrates that
intravenous infusion of scopolamine produces rapid antidepressant effects within 3 to 5 days
following treatment, with anecdotal reports of improvement after only 1 day (107, 108).
Since scopolamine non-selectively blocks all muscarinic receptor subtypes (M1-M5), further
studies are necessary to determine which subtype(s) mediate the rapid antidepressant effects.
There is evidence that muscarinic receptors modulate glutamate neurotransmission in the
cortico-striatal circuit (109). Scopolamine increases the release of glutamate in the striatum
(110) and increases excitatory neurotransmission in the medial enthorhinal cortex (111). In
the rat visual cortex M3 receptors are located on GABAergic interneurons and antagonists of
these receptors lead to decreased inhibitory signaling (112). There is also evidence that
postsynaptic M1 receptor agonists produce LTD and decrease postsynaptic glutamate
activity in the hippocampus and PFC (113, 114). It is possible that blockade of these M1 and
M3 receptor-mediated actions by scopolamine could lead to increased excitatory signaling,
glutamate release and subsequent mTOR activation.
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Summary and Conclusions
The discovery that ketamine produces rapid and efficacious antidepressant responses in
treatment-resistant patients has had a profound impact on research to understand and
develop additional rapid-acting agents. Unlike typical antidepressants, ketamine has the
unique ability to rapidly reverse the neuronal deficits and impaired plasticity produced by
chronic stress. The mTOR pathway plays a critical role in these effects by activating
synaptic translational machinery and increasing mature excitatory synapse number and
function in the PFC. Future studies aimed at identifying novel targets that increase mTOR
signaling could lead to the generation of new antidepressant agents with rapid onset and
hold promise for developing more efficacious treatments for depression. Caution must be
used when developing compounds that activate mTOR given the role of these cell growth
and translation pathways in cancer biology (35). Further studies are also needed to
determine the mechanisms underlying the loss of synaptic connections and neuronal atrophy
caused by chronic stress (e.g., inhibition of mTOR function). In addition, the neuronal
circuits and connections to and from the PFC that underlie the antidepressant actions of
ketamine will require further studies. Characterizing the activity of ketamine in other brain
regions sensitive to chronic stress will also enhance our understanding of the actions of
rapid-acting antidepressants. Finally, it may be possible to develop strategies for preventing,
as well treating stress-related mood disorders, such as behaviors that reduce the damaging
effects of stress (e.g., stress reduction and management) and approaches that enhance
synaptic flexibility and function (e.g., diet, exercise, enriched environments). Combined
pharmacological and behavioral therapies that target growth and stabilization of the
appropriate cortical and limbic synaptic connections will provide benefits for improved and
sustained mental health.
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Figure 1. Pyramidal neurons in the PFC with spine synapses and influence of stress and
ketamine treatments
Top panel: shown on the left is a schematic displaying the rat mPFC. In the middle is an
image of a neurobiotin-labeled layer V pyramidal neuron from rat mPFC; on the right is a
diagram of a spine, with pre- and postsynaptic elements. Bottom panel: the influence of
chronic stress exposure (21 d) without or with ketamine administration, compared to non-
stressed controls, on apical dendrite spines in layer V pyramidal neurons of rat mPFC.
(Adapted from 23).

Dwyer and Duman Page 16

Biol Psychiatry. Author manuscript; available in PMC 2014 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Increases in mTOR signaling and synapse formation in response to treatment with
rapid-acting antidepressants
Excitatory synapse before (Left) and after (Right) treatment with rapid-acting
antidepressants. Decreases in inhibitory GABAergic signaling from interneurons induced by
(a) NMDA receptor blockade or (b) M3 muscarinic receptor blockade lead to increased
glutamate release from pyramidal neurons. Blockade of pre-terminal mGluR2 receptors (c)
also leads to increased glutamate release. Activation of postsynaptic AMPA receptors by
increased glutamate transmission or (d) direct acting Ampakines leads to depolarization,
activation of voltage-dependent calcium channels and release of BDNF. BDNF binds TrkB
receptors, leading to transphosphorylation and downstream activation of the ERK and Akt
pathways and suppression of GSK-3, which can be augmented by (e) Lithium. These
signaling events activate mTOR, leading to downstream phosphorylation of mTOR
substrates, S6K and 4E-BP1. mTOR signaling activation leads to increase protein translation
and synaptogenesis, mediating rapid antidepressant effects. See text for additional details of
pathways leading to regulation of mTOR signaling, including the TSC1/2 complex.
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Figure 3. Signaling mechanisms for the regulation of LTD and LTP: potential site of action for
ketamine
LTP and LTD are distinct and opposing processes. During some forms of LTD, low levels
of NMDA receptor activation lead to calcium influx and binding to calmodulin. Calcium/
Calmodulin activates calcineurin (PP2B), which dephosphorylates and inactivates
Inhibitor-1 leading to loss of PP1 suppression. PP1 dephosphorylates AMPA receptor
subunits and can lead to receptor internalization. PP1 also dephosphorylates GSK-3 leading
to its activation and suppression of mTOR. Blockade of NMDA receptors by ketamine may
prevent low-level NMDA receptor activity and subsequent inhibition of mTOR, ultimately
leading to activation of mTOR signaling and a synaptic bias toward LTP.
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