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Abstract

How do antidepressants elicit an antidepressant response? Here, we review accumulating evidence
that the neurotrophin brain-derived neurotrophic factor (BDNF) serves as a transducer, acting as
the link between the antidepressant drug and the neuroplastic changes that result in the
improvement of the depressive symptoms. Over the last decade several studies have consistently
highlighted BDNF as a key player in antidepressant action. An increase in hippocampal and
cortical expression of BDNF mRNA parallels the antidepressant-like response of conventional
antidepressants such as SSRIs. Subsequent studies showed that a single bilateral infusion of
BDNF into the ventricles or directly into the hippocampus is sufficient to induce a relatively rapid
and sustained antidepressant-like effect. Importantly, the antidepressant-like response to
conventional antidepressants is attenuated in mice where the BDNF signaling has been disrupted
by genetic manipulations. Low dose ketamine, which has been found to induce a rapid
antidepressant effect in patients with treatment-resistant depression, is also dependent on increased
BDNF signaling. Ketamine transiently increases BDNF translation in hippocampus, leading to
enhanced synaptic plasticity and synaptic strength. Ketamine has been shown to increase BDNF
translation by blocking NMDA receptor activity at rest, thereby inhibiting calcium influx and
subsequently halting eukaryotic elongation factor 2 (eEF2) kinase leading to a desuppression of
protein translation, including BDNF translation. The antidepressant-like response of ketamine is
abolished in BDNF and TrkB conditional knockout mice, eEF2 kinase knockout mice, in mice
carrying the BDNF met/met allele, and by intra-cortical infusions of BDNF-neutralizing
antibodies. In summary, current data suggests that conventional antidepressants and ketamine
mediate their antidepressant-like effects by increasing BDNF in forebrain regions, in particular the
hippocampus, making BDNF an essential determinant of antidepressant efficacy.
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1. Introduction

1.1. Brain-derived neurotrophic factor

Brain-derived neurotrophic factor (BDNF) is a well-studied growth factor that serves many
critical functions within the central nervous system (CNS). BDNF has a role in processes
such as neuronal maturation, synapse formation and synaptic plasticity among others in the
brain (see e.g. Park and Poo, 2013). BDNF has also been implicated in a number of
psychiatric disorders, including schizophrenia, intellectual disability and autism, and the
development of mood disorders such as depression and its treatment (Autry and Monteggia,
2012).

BDNF is a member of the neurotrophin family that includes nerve growth factor (NGF),
neurotrophin-3 (NT3), and neutorophin-4 (NT4). BDNF is widely expressed in the CNS and
can exert profound effects on development, morphology, and synaptic plasticity and
function in the brain. The BDNF gene has nine promoters that drive expression of distinct
Bdnf transcripts that each encode the same BDNF protein (Aid et al., 2007; Pruunsild et al.,
2007). These individual Bdnf transcripts may contribute to regional and temporal specific
effects of BDNF and is an active area of investigation. The transcription of BDNF mRNA
can be regulated by neuronal activity via Ca2* influx, through Ca2* permeable glutamate
receptors (mainly N-Methyl-o-aspartate [NMDA] receptors) and voltage gated Ca2*
channels (Ghosh et al., 1994; Zafra et al., 1991). Previous work has shown that Ca2*
initiates the binding of transcription factors such as cyclic AMP response element binding
protein (CREB) and Ca2* response factor (CaRF) to the BDNF promoters (Tao et al., 1998,
2002). Activity-dependent BDNF transcription can also be regulated by epigenetic changes
of the chromatin structure, adding yet another level of regulation (Kumar et al., 2005; Zhou
et al., 2006).

BDNF is synthesized in cell bodies of neurons and glia and transported to terminals where it
is released (Lessmann and Brigadski, 2009). However, BDNF can also be directed to
dendrites, where activity dependent local translation of BDNF takes place (Lau et al., 2010).
BDNF is first synthesized into pre-pro-BDNF, which is cleaved to mature BDNF, however,
the exact location of this conversion (inside the cell or after secretion extracellularly)
remains unclear (see e.g. Leal et al., 2014). BDNF secretion is activity dependent, and
BDNF has been shown to be secreted both by presynaptic and postsynaptic terminals,
although at different stimulation intensities (Matsuda et al., 2009). The cell biology of
BDNF processing and trafficking is complex and remains an open question therefore we
refer the readers to a recent review on this topic (please see e.g. Karpova, 2014).

BDNF binds with high affinity to the tropomycin receptor kinase B (TrkB) receptor (Soppet
etal., 1991). BDNF, like other members of the neurotrophin family, can also bind to the p75
neurotrophin receptor although with lower affinity (Meeker and Williams, 2015). Many
studies have established a critical role for BDNF-TrkB in synaptic plasticity mechanisms.
TrkB receptors are expressed both pre- and postsynaptically and BDNF has been shown to
regulate neurotransmitter release as well as postsynaptic responses (Madara and Leving,
2008). BDNF binding to TrkB can regulate at least three intracellular signaling pathways
(Park and Poo, 2013). One pathway involves phospholipase C-y (PLC- v) leading to protein
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kinase C (PKC) activation. A second involves mitogen-activated protein (MAP) kinase,
which can activate Ras leading to downstream effects. A third signaling pathway involves
phosphatidylinositol-3’OH-kinase (PI3K) that can activate the AKT-mTOR pathway.

As mentioned previously, BDNF-TrkB signaling can modulate neurotransmission and
enhance synaptic efficacy both via presynaptic and postsynaptic mechanisms in a variety of
ways. BDNF facilitates high frequency activity induced long-term potentiation (LTP) in the
Schaffer collaterals of the hippocampus in young animals by enhancing presynaptic
neurotransmitter release (Figurov et al., 1996). BDNF infusion into the hippocampus may
also induce LTP in vivo (Ying et al., 2002), confirming the physiological relevance of this
finding. Presynaptic release of BDNF has been shown to be critical for LTP-induction in the
hippocampus Schaffer collaterals (Zakharenko et al., 2003). In the dentate gyrus (DG)
subregion of the hippocampus, BDNF can facilitate LTP though postsynaptic mechanisms
(Kovalchuk et al., 2002). BDNF may also increase the postsynaptic response by increasing
conductance of NMDA receptors (Levine et al.,1995,1998). BDNF has been shown to
increase a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) responses by
enhancing AMPA receptor translation and cell surface expression (Caldeira et al., 2007;
Fortin et al., 2012). In addition, BDNF can facilitate excitatory transmission indirectly by
attenuating inhibitory neurotransmission by, for example, reducing the surface expression of
GABA receptors (Jovanovic et al., 2004). BDNF via TrkB signaling has been found to
increase spine density in the hippocampus via several signaling pathways (Alonso et al.,
2004; Amaral and Pozzo-Miller, 2007; Kumar et al., 2005). Moreover, LTP-induced
enlargement of hippocampal dendritic spine volume is dependent on BDNF signaling and
local protein translation (Tanaka et al., 2008). Recent studies have also identified a key role
for BDNF in synaptic potentiation seen after sustained blockade of NMDA receptor activity,
where BDNF action appears to upregulate postsynaptic AMPA receptors (Autry et al., 2011,
Nosyreva et al., 2013).

1.2. Single nucleotide polymorphisms in the BDNF gene

Given the crucial importance of BDNF in the developing and mature CNS, it is not
surprising that disturbances in BDNF expression can affect brain function. Single nucleotide
polymorphisms (SNPs), have been identified in the BDNF gene, which has provided an
opportunity to study individuals carrying these SNPs (See e.g. Egan et al., 2003; Hing et al.,
2012). The best characterized SNP in the BDNF gene is located in the pro-BDNF region,
changing codon 66 from a valine (val) to methionine (met; i.e. val66met). Individuals with
the val66met SNP have reduced episodic memory and aberrant hippocampal function that is
believed to be due to disturbed intracellular trafficking and activity dependent secretion of
BDNF (Egan et al., 2003). The val66met SNP has also been suggested to play a role in the
vulnerability to several psychiatric disorders and traits; including mood disorders and
impaired cognition (Notaras et al., 2015). Interestingly, symptoms analogous to their human
counterparts have been found in genetically modified mice carrying the human BDNF
val66met alleles. These mice display working memory deficits as well as an anxious and
depressive-like phenotype in response to stress (Yu et al., 2012). In addition, these mutant
mice have reduced synaptic plasticity and synaptic transmission in both hippocampus and
the medial prefrontal cortex (mMPFC; Ninan et al., 2010; Pattwell et al., 2012). Another SNP,
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BES.2, located in a cis-regulatory region that controls the activity of a BDNF promoter in the
hippocampus, cortex and the amygdala, has been identified (Hing et al., 2012). This SNP
reduces evoked release of BDNF in the hippocampus and cortex and is also associated with
mood disorders. In contrast, in the amygdala, BE5.2 increases BDNF release, which may
provide a mechanistic explanation for this SNP's linkage to the development of anxiety
disorders (Hing et al., 2012).

2. BDNF and the response to conventional antidepressants

Clinically used antidepressants, such as selective serotonin reuptake inhibitors (SSRIs) or
tricyclic antidepressants (TCAS), mediate their antidepressant effect by modulating the
extracellular levels of monoamines mainly serotonin or norepinephrine. It is generally
thought that these drugs enhance the extracellular levels of monoamines rather quickly,
within hours; however, the antidepressant response is delayed and typically requires weeks
of treatment before a sufficient antidepressant response is obtained (Trivedi et al., 2006).
Therefore, other mechanisms downstream of the enhancement of extracellular level of
monoamines are believed to mediate the antidepressant response. In this context, BDNF has
been linked to the mechanism of action of antidepressants (Duman et al., 1997; Ghosh et al.,
1994; Monteggia et al., 2004; Duman and Monteggia, 2006).

The first studies to implicate BDNF in antidepressant responses showed that conventional
antidepressant drugs, as well as electroconvulsive therapy (ECT), enhanced BDNF and TrkB
mRNA expression in the hippocampus and cortical regions in a timeframe similar to the
onset of the antidepressant-like response (Nibuya et al., 1995, 1996). To more directly
examine the causal involvement of BDNF in antidepressant responses, Siuciak and
colleagues infused BDNF protein directly into the midbrain and observed an antidepressant-
like effect in rodents (Siuciak et al., 1997). Subsequent work showed that a single bilateral
infusion of a low dose of BDNF directly into the DG or CAS3, but not CAL, region of the
hippocampus was sufficient to induce an antidepressant-like effect within three days
(Shirayama et al., 2002), suggesting that these regions may be key regions for antidepressant
effects acting through BDNF. In this latter study, the antidepressant effects of BDNF were
suggested to be mediated by TrkB activation of mitogen-activated protein kinase kinase
(MEK), acting through the extracellular signal-regulated protein kinase (ERK) pathway.
Rather surprisingly, this study also noted that BDNF produced an antidepressant effect for
up to 10 days after the infusion, well past the time frame of the degradation of the protein,
suggesting that BDNF may be triggering a sustained plasticity mechanism to mediate the
long-term antidepressant effects. In separate work, peripheral, subcutaneous injections of
BDNF were reported to produce antidepressant- and anxiolytic-like effects in rodents,
prevent depression-related effects of chronic stress, and to increase cell survival in the
hippocampus and prefrontal cortex (Schmidt and Duman, 2010). However, the exact
mechanism of this finding remains to be determined, as BDNF is poorly transported across
the blood-brain barrier leaving it unclear as to how peripheral administration mediates the
reported effects.

Over the past decade, several studies have examined whether BDNF is required for
antidepressant responses. Constitutive BDNF null knockouts die early in postnatal
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development precluding their use for behavioral studies assessing depression-related
behavior and antidepressant responses. Heterozygous BDNF null (BDNF+/-) mice have
been examined and do not show alterations in depression-like behavior, suggesting that an
~50% reduction in BDNF levels does not impact depression-related behavior per se
(Saarelainen et al., 2003). In this same study, the antidepressant imipramine was ineffective
in behavioral tests, suggesting that BDNF is required for the antidepressant effects of
imipramine. However, the ~50% reduction in BDNF throughout the body may have
complicated the interpretation of the data. To examine a potential role for BDNF selectively
in the brain in mediating antidepressant effects, studies have utilized inducible and
conditional knockout mice in which the deletion of BDNF is controlled in a regional and
temporal manner. The Monteggia laboratory generated an inducible knockout mouse in
which BDNF was selectively deleted in broad forebrain regions and these mice did not show
alterations in depression-related behavior. However, these mice had an attenuated response
to the antidepressant desipramine suggesting forebrain BDNF was required for
antidepressant efficacy (Monteggia et al., 2004). In a subsequent study, two independent
lines of conditional BDNF knockout mice in which BDNF was deleted in the forebrain were
generated and it was found that while loss of BDNF increased depression-related behavioral
measures after chronic stress in females, these effects were largely absent in male mice
(Monteggia et al., 2007). To directly examine the requirement of BDNF specifically in the
adult hippocampus in mediating antidepressant effects, a viral mediated gene transfer
approach was employed. Using an adeno-associated virus (AAV) expressing Cre
recombinase or AAV expressing green fluorescent protein (GFP) as a control, BDNF was
selectively deleted in subregions of the hippocampus in adult floxed BDNF mice. The loss
of BDNF in either the DG or CA1 subregion of the hippocampus did not alter depression-
related behavior (Adachi et al., 2008). However, loss of BDNF selectively in DG, but not
the CA1, was crucial for the antidepressant-like effect of conventional antidepressants such
as SSRIs and TCAs (Adachi et al., 2008). These results were the first in demonstrating that
BDNF in the hippocampus, specifically the DG, was required for antidepressant efficacy.
This finding is in agreement with post mortem data showing that BDNF immunoreactivity is
increased in several hippocampal regions including the DG in patients treated with
antidepressants at the time of their death (Chen et al., 2001) suggesting that BDNF in the
hippocampus, specifically in particular subregions, may be critical for antidepressant
responses in humans.

The requirement for BDNF in antidepressant responses has also been investigated using
mice expressing the val66met SNP in the BDNF gene. Mice homozygous for this BDNF
SNP (BDNF met/met) recapitulate the memory phenotypes reported in humans with this
SNP (Chen et al., 2006). The BDNF met/met mice were also unresponsive to chronic
treatment with the antidepressant fluoxetine presumably through deficits in BDNF secretion
(Chen et al., 2006). In mice with the BDNF met/met allele SSRI-induced enhancement of
BDNF levels and synaptic plasticity was impaired (Bath et al., 2012) suggesting that the
lack of response to SSRIs may be tied to the observed deficits in synaptic plasticity. In
patients with major depressive disorder, the BDNF val66met SNP, as well as two other
BDNF SNPs, were linked to a reduced response to antidepressant treatment suggesting that
these SNPs may impact treatment responses to antidepressants (Kocabas et al., 2011).
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Further support for the involvement of BDNF signaling in the response to antidepressants
has come from studies examining the high affinity BDNF receptor, TrkB. Antidepressant
drugs require functional TrkB receptors to mediate antidepressant-like response in
preclinical models (Rantaméki et al., 2007; Saarelainen et al., 2003). Rather intriguingly,
chronic antidepressant treatment increases the phosphorylation of the TrkB receptor, thus
increasing its activity, in the hippocampus and anterior cingulate cortex suggesting that
BDNF-TrkB signaling in these brain regions may be critical in mediating antidepressant
effects (Rantamaki et al., 2007). The latter study also confirmed that conventional
antidepressants require monoamines to impact BDNF intracellular signaling as monoamine
depletion prevented the antidepressant induced activation of TrkB (Rantamaéki et al., 2007).

While there is strong evidence to suggest that BDNF in the hippocampus and prefrontal
cortex is involved in mediating antidepressant responses, other brain regions have also been
implicated in antidepressant responses. For example, BDNF signaling in the ventral
tegmental area (VTA) to nucleus accumbens pathway seems to produce effects that are in
many ways opposite to effects of BDNF in the hippocampus (Nestler and Carlezon, 2006).
BDNF injected directly into the VTA induces depression-like behavior and, conversely,
blocking BDNF signaling in nucleus accumbens, a brain region, which receives afferents
from the VTA, induces an antidepressant-like effect (Eisch et al., 2003). BDNF signaling in
this region has also been found to be important for the development of the molecular and
behavioral manifestations of stress (Berton et al., 2006; Lippmann et al., 2007), thus further
supporting the involvement of BDNF in the mesolimbic pathway in the expression of at
least a subset of the depressive symptoms. Another brain region that has received attention
for its involvement in mood disorders is the lateral habenula. The lateral habenula signals
negative valence to monoaminergic systems and over-activation of the lateral habenula has
recently been proposed to be involved in depression as well as to be a site of antidepressant
action of conventional antidepressant drugs (Proulx et al., 2014; Sartorius and Henn, 2007).
However, it remains to be determined whether BDNF in this region plays a role in
antidepressant responses or depression-related behavior.

Collectively, BDNF-TrkB signaling in the hippocampus appears to be a critical component
of antidepressant responses to conventional antidepressants, at least in preclinical animal
models. The involvement of the hippocampus in antidepressant efficacy does not preclude
the involvement of other brain regions, as undoubtedly diverse neural circuits are required
for antidepressant responses. However, the requirement for BDNF in the hippocampus in
mediating antidepressant responses allows one a starting point to elucidate the neural
circuitry involved in this process.

3. BDNF is required for the rapid antidepressant effects of ketamine

The discovery that an acute low dose of ketamine, a noncompetitive NMDA receptor
antagonist, can trigger rapid antidepressant effects in patients with depression, including
treatment-resistant depression, has generated a great deal of interest in unraveling the
underlying biological mechanisms mediating the fast acting response (Berman et al., 2000;
DiozGranados et al., 2010a; 2010b; Price et al., 2009; Zarate et al., 2006a). Acute
intravenous administration of low dose ketamine elicited a rapid antidepressant effect within
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2 h that in some patients persisted for more than two weeks. Ketamine has a half-life of ~3 h
suggesting that the longer lasting antidepressant effects were not mediated by NMDA
receptor blockade per se but rather may involve some type of synaptic plasticity
mechanisms. Given the critical role for BDNF in conventional antidepressant effects, and
the well-documented effects of BDNF on synaptic plasticity and transmission, it was well
conceived to investigate whether BDNF was involved in ketamine's antidepressant effects.

Our laboratory demonstrated a critical role for BDNF and TrkB in the antidepressant action
of ketamine and showed that the antidepressant-like effect of ketamine was attenuated in
inducible forebrain specific BDNF and conditional TrkB knockout mice (Autry et al., 2011).
In this study, ketamine was shown to rapidly increase the phosphorylation of TrkB, an
indicator of TrkB activation, in the hippocampus suggesting this brain region was involved
in the antidepressant response of ketamine. Intriguingly, the antidepressant effects of
ketamine and other NMDA receptor antagonists required a rapid increase in BDNF protein
translation, but not BDNF mRNA expression, in the hippocampus as blockade of the former,
but not the latter abolished the antidepressant-like action of the NMDA receptor antagonists.
This data is in agreement with prior work showing that acute ketamine that induces an
antidepressant effect increases BDNF protein levels in the hippocampus (Garcia et al.,
2008). However, this rapid increase in BDNF protein expression while required, was not
maintained at 24 h after ketamine treatment, suggesting that BDNF working through TrkB
was triggering intracellular signaling, and possibly synaptic plasticity effects, required for
the antidepressant response (Autry et al., 2011). Work from our laboratory went on to show
that ketamine, through blockade of NMDA receptors, was targeting a specific intracellular
signaling pathway in order to rapidly increase BDNF protein expression. Low dose
ketamine, and other NMDA receptor antagonists, by blocking the activation of NMDA
receptors by spontaneous neurotransmission (i.e. non action potential-dependent
neurotransmitter release), dampened the flow of calcium through the receptor, thereby
inhibiting eukaryotic elongation factor 2 kinase (eEF2K). The eEF2K has only one known
substrate, eukaryotic elongation factor 2 (eEF2), which when phosphorylated by eEF2K,
halts protein translation. Previous in vitro work has shown that blocking spontaneously
activated NMDA receptors inhibits eEF2K such that there is an overall decrease in the
phosphorylation of eEF2 and thereby desuppressing protein translation in a rapid manner
(Sutton et al., 2007). In vivo work demonstrated that low dose ketamine in mice blocks
NMDA receptors at rest to desuppress protein translation resulting in a rapid increase in
BDNF protein expression in the hippocampus (Autry et al., 2011). The importance of this
pathway in the rapid antidepressant effects were tested by the administration of eEF2K
inhibitors in mice which resulted in decreased phosphorylation levels of eEF2, a rapid
upregulation of BDNF protein, and a rapid antidepressant effect in mice that was dependent
on BDNF expression (Autry et al., 2011). Subsequent work confirmed the importance of this
pathway in the rapid antidepressant response to ketamine as eEF2K null knockout mice that
are administered an acute low dose of ketamine do not have increased BDNF protein
expression and do not show an antidepressant response to the drug (Nosyreva et al., 2013).
Collectively, these studies to date have proposed a novel mechanism for how acute low dose
ketamine blocks the NMDA receptor to trigger changes on intracellular signaling that
mediate the antidepressant effects.
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Several lines of evidence have confirmed the finding that BDNF is required for the
antidepressant response to ketamine. Preclinical studies have found that an infusion of a
BDNF- neutralizing antibody into the mPFC abolishes ketamine's antidepressant-like effects
also suggesting that BDNF in the mPFC may also be an important site of action (Lepack et
al., 2014). Mice expressing the human BDNF val66met SNP have also been examined
following acute ketamine administration and shown to have an attenuated antidepressant
response (Liu et al., 2012a) further corroborating the finding that functional BDNF is indeed
required for the rapid antidepressant action of ketamine.

These preclinical findings linking BDNF to the antidepressant response to ketamine have
started to impact clinical studies. A small trial investigated ketamine treatment outcomes in
patients with major depression carrying either the functional BDNF val66val allele against
met carriers found an increased antidepressant response to ketamine in individuals with the
val/val than met carriers (Laje et al., 2012) suggesting that alterations in BDNF function can
impact ketamine's antidepressant effects. Low dose ketamine infusion has also been found to
increase the serum concentration of BDNF especially in responders to treatment (Haile et
al., 2014) suggesting plasma BDNF may be a potential biomarker for the antidepressant
effects of ketamine (Haile et al., 2014). However, conflicting clinical results have also been
reported (Machado-Vieira et al., 2009). The relationship between BDNF in the brain and
peripheral levels of BDNF are unclear. However, given the critical need for biomarkers in
the field of depression, the potential ability to correlate BDNF plasma levels with
antidepressant responses to ketamine may warrant further investigation.

3.1. BDNF-TrkB activation and downstream effects of ketamine

Several intracellular signaling pathways, in addition to eEF2 kinase signaling, such as
mammalian target of rapamycin (mTOR) and glycogen synthase kinase 3 (GSK-3) have
been implicated in the antidepressant effects of ketamine (Beurel et al., 2011; Li et al.,
2010). However, neither of these targets has been directly linked to NMDA receptor
blockade by ketamine in explaining their involvement. The fact that ketamine can trigger a
rapid antidepressant response within two hours allows one to mechanistically link the target
of the drug, NMDA receptor blockade, with intracellular signaling to elucidate the
antidepressant effect. Initial studies had suggested that ketamine activates mTOR through
disinhibition of glutamate transmission, resulting in a rapid burst of glutamate that triggers
BDNF release to increase synapse formation (see Duman, 2014). However, studies directly
examining the disinhibition hypothesis have failed to support its involvement in ketamine's
antidepressant response. Specifically, loss of the GIuN1 subunit of the NMDA receptors on
parvalbumin expressing GABAergic interneurons did not alter the behavioral response to
ketamine, suggesting that NMDA receptors on parvalbumin containing interneurons are not
the target for ketamine's antidepressant effects (Pozzi et al., 2014). Moreover, the loss of
GIuN2B from principal cortical neurons resulted in an attenuated response to the
antidepressant effects of ketamine (Miller et al., 2014). It is quite possible that ketamine by
blocking NMDA receptors at rest, inhibiting eEF2K and desuppressing protein synthesis of
BDNF, and other targets, may then be triggering activation of mTOR. Previous work
examining the antidepressant effects of ketamine demonstrated that mMTOR was downstream
of BDNF (Autry et al., 2011). Indeed, BDNF mice with the met/met SNP do not response to
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the antidepressant effects of ketamine and have impaired synaptogenesis that is believed to
be mediated through mTOR (Liu et al., 2012a) supporting the notion that BDNF is upstream
of this signaling pathway. Previous work has shown that BDNF is a potent activator of
mTOR signaling (Jourdi et al., 2009; Takei et al., 2004; Slipczuk et al., 2009), and mTOR is
a key integrator for many signaling pathways (see Costa-Mattioli and Monteggia, 2013). In
addition, BDNF has been found to inhibit the activity of GSK-3 in the hippocampus
(Johnson-Farley et al., 2006). Thus, the role of mMTOR and GSK-3 may be more in the
downstream effects rather than the initiation of the antidepressant effect of ketamine.
Indeed, it is not difficult to imagine that the rapid upregulation of BDNF protein synthesis
and activation of TrkB could then trigger various intracellular signaling pathways that
activate mTOR and GSK-3 as well as other molecules that are involved in ketamine's
antidepressant effects.

Work to date suggests that the rapid upregulation of BDNF protein and subsequent TrkB
activation triggers an increase in synaptic efficacy that is required for the antidepressant
action of ketamine. It is well documented that activation of NMDA receptors can impact
BDNF expression resulting in enhanced LTP (Kovalchuk et al., 2002). However, ketamine
blocks NMDA receptors making it more difficult to explain the link between NMDA
receptor antagonism, increased BDNF expression, and changes in synaptic efficacy. Recent
work has shown that a 30-min treatment of slice preparations with ketamine potentiates
synaptic efficacy in the Schaffer collateral pathway from CA3 to CA1 subregions of the
hippocampus (Autry et al., 2011; Nosyreva et al., 2013, 2014). This increase in synaptic
efficacy produced by ketamine treatment was dependent on eEF2K, protein translation, as
well as BDNF expression suggesting this signaling pathway in rapid antidepressant efficacy
and the synaptic effects (Autry et al., 2011; Nosyreva et al., 2013). The ketamine triggered
rapid increase in BDNF protein expression was shown to rapidly increase surface expression
of the AMPA receptor subunits, GIuUA1 and GIuA2, in the hippocampus that were required
for the increase in synaptic efficacy as well as the antidepressant effects of ketamine
(Nosyreva et al., 2013). This ketamine induced increase in synaptic efficacy was age
dependent as young mice did not exhibit this increase in synaptic potentiation or display an
antidepressant response to ketamine (Nosyreva et al., 2014).

The hypothesis that the mechanism of action of ketamine is via blockade of the spontaneous,
non-action potential dependent, NMDA receptor-mediated neurotransmission, which leads
to an inhibition of eEF2K and a consequently a desuppression of BDNF protein expression
was directly tested when our laboratory compared ketamine to memantine, another NMDA
receptor antagonist. Interestingly, memantine is similar to ketamine in that they are both
noncompetitive NMDA receptor antagonists; however, clinical data has persistently shown
that memantine does not trigger a rapid antidepressant effect, or even a delayed
antidepressant effect, in patients with major depression (Ferguson and Shingleton, 2007;
Lenze et al., 2012; Zarate et al., 2006b). While ketamine and memantine have similar effects
on evoked neurotransmission, their effects on spontaneous, non action potential dependent,
NMDA receptor-mediated transmission was unknown. Work done in our laboratory
demonstrated that memantine has little effect on the function of NMDA receptors activated
by spontaneous neurotransmitter release, in contrast to ketamine. This differential effect of
ketamine and memantine extended to intracellular signaling coupled to spontaneous NMDA
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receptors, in that memantine does not inhibit eEF2K nor alter BDNF protein expression in
the hippocampus, key determinants of ketamine mediated rapid antidepressant effects
(Gideons et al., 2014). These data highlight the complexity of targeting the NMDA receptor
in that not all noncompetitive NMDA receptor antagonists can mediate antidepressant
effects, but also support the hypothesis of eEF2K's and BDNF's crucial importance of in the
antidepressant effects of ketamine.

4. Discussion and future perspectives

Current evidence strongly implicates BDNF-TrkB signaling in the response to clinically
used antidepressant drugs including ketamine. Indeed, as stated above, conventional
antidepressants as well as ketamine require BDNF to mediate their antidepressant effects.
Thus, it is possible that while there may be differences in how conventional antidepressants
and ketamine trigger an antidepressant response, BDNF may be the point of convergence for
the antidepressant effect of these drugs.

While BDNF has been extensively studied for its role in the CNS, there is still a great deal
of work needed in delineating the regional specificity of BDNF signaling which will be
important in better understanding antidepressant efficacy. Future studies utilizing regionally
discrete and cell type specific gene deletions of both BDNF and its receptor TrkB will need
to be conducted to elucidate the precise location and pathways involved in BDNF signaling
that mediate antidepressant responses. This information will be crucial in starting to
elucidate the neural circuitry involved in antidepressant responses.

While BDNF is necessary for the antidepressant responses to antidepressant drugs, is it
sufficient? As previously discussed, bilateral BDNF-infusions into the hippocampus or the
ventricles induces antidepressant-like effects in preclinical animal models that can persist for
several days (Shirayama et al., 2002; Siuciak et al., 1997). However, infusions of BDNF into
the brain are not practical for wide treatment. BDNF does not readily cross the blood brain
barrier so there has been a great deal of interest on the development of small molecules
directly targeting TrkB signaling. These molecules have shown promising antidepressant-
like results in preclinical studies (Liu et al., 2010, 2012b). However, BDNF-TrkB signaling
is tightly regulated thus administering exogenous BDNF or TrkB agonists may not result in
the expected outcomes and prolonged use may, due to BDNF's trophic effects, entail the risk
of side effects (see Price et al., 2007). Since BDNF-TrkB signaling may contribute
differently to the symptomatology of depression depending on brain region (c.f. above), it is
not certain that a global increase in BDNF expression or TrkB activation induces an overall
antidepressant effect, although experiments conducted to date support this hypothesis
(Duman and Voleti, 2012; Schmidt and Duman, 2010). Nevertheless, even though promising
preclinical results have been obtained with molecules directly targeting BDNF-TrkB
signaling, indirectly acting drugs that modulate the physiological BDNF signaling, or drugs
that act on signaling pathways downstream of BDNF may provide more fruitful targets to
pursue.

Data to date consistently suggests that BDNF is a critical mediator of conventional
antidepressant responses, as well as ketamine mediated rapid antidepressant efficacy. From
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this work, the hippocampus also emerges as a critical site of BDNF action to mediate these
effects. Moreover, electrophysiological studies with ketamine suggest that BDNF is
triggering changes in synaptic efficacy that are strongly correlated with the antidepressant
effects. The link between BDNF and antidepressant responses may be mediated by
augmentation of synaptic efficacy. Further elucidation of these synaptic plasticity
mechanisms that link BDNF action to antidepressant responses will enable us to better
understand what is required to trigger antidepressant effects in hopes of developing better
treatment options.

Acknowledgments

This work was supported by National Institute of Health grant MH070727, as well as awards from the Brain &
Behavior Research Foundation, the International Mental Health Research Organization, and the Jordan Elizabeth
Harris Foundation (L.M.M.). CB was supported by a post doctoral fellowship from the Elisabeth and Alfred
Ahlgvist foundation within the Swedish Pharmaceutical Society. The authors would like to thank members of the
Monteggia laboratory for helpful discussions and comments on the manuscript.

Abbreviations

AAV adeno-associated virus

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
BDNF brain derived neurotrophic factor

CAl cornu ammonis area 1

CA3 cornu ammonis area 3

CNS central nervous system

DG dentate gyrus

ECT electroconvulsive therapy

eEF2 eukaryotic elongation factor 2

eEF2K eukaryotic elongation factor 2 kinase

ERK extracellular signal-regulated protein kinase
GABA y-Aminobutyric acid

GFP green fluorescent protein

GSK-3 glycogen synthase kinase 3

LTP long-term potentiation

MAP mitogen-activated protein

MEK mitogen activated protein kinase kinase
MET methionine

mPFC medial prefrontal cortex

mRNA messenger ribonucleic acid

Neuropharmacology. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bjorkholm and Monteggia

mTOR
NMDA
NGF
NT3
NT4
PI3K
PKC
PLC-y
SNP
SSRI
TCA
TrkB
VAL

References

Page 12

mammalian target of rapamycin
N-Methyl-o-aspartate

nerve growth factor
neurotrophin-3

neurotrophin-4
phosphatidylinositol-3’OH-kinase
protein kinase C

phospholipase C-vy

single nucleotide polymorphism
selective serotonin reuptake inhibitor
tricyclic antidepressant
tropomycin receptor kinase B

valine

Adachi M, Barrot M, Autry AE, Theobald D, Monteggia LM. Selective loss of brain-derived
neurotrophic factor in the dentate gyrus attenuates antidepressant efficacy. Biol. Psychiatry. 2008;
63(7):642-649. [PubMed: 17981266]

Aid T, Kazantseva A, Piirsoo M, Palm K, Timmusk T. Mouse and rat BDNF gene structure and
expression revisited. J. Neurosci. Res. 2007; 85(3):525-535. [PubMed: 17149751]

Alonso M, Medina JH, Pozzo-Miller L. ERK1/2 activation is necessary for BDNF to increase dendritic
spine density in hippocampal CA1 pyramidal neurons. Learn Mem. 2004; 11(2):172-178. [PubMed:

15054132]

Amaral MD, Pozzo-Miller L. TRPC3 channels are necessary for brain-derived neurotrophic factor to
activate a nonselective cationic current and to induce dendritic spine formation. J. Neurosci. 2007;
27(19):5179-5189. [PubMed: 17494704]

Autry AE, Adachi M, Nosyreva E, Na ES, Los MF, Cheng PF, Kavalali ET, Monteggia LM. NMDA
receptor blockade at rest triggers rapid behavioural antidepressant responses. Nature. 2011;
475(7354):91-95. http://dx.doi.org/10.1038/nature10130. [PubMed: 21677641]

Autry AE, Monteggia LM. Brain-derived neurotrophic factor and neuro-psychiatric disorders.
Pharmacol. Rev. 2012; 64(2):238-258. http://dx.doi.org/10.1124/pr.111.005108. [PubMed:

22407616]

Bath KG, Jing DQ, Dincheva I, Neeb CC, Pattwell SS, Chao MV, Lee FS, Ninan I. BDNF Val66Met
impairs fluoxetine-induced enhancement of adult hippocampus plasticity.
Neuropsychopharmacology. 2012; 37(5):1297-1304. http://dx.doi.org/10.1038/npp.2011.318.
[PubMed: 22218094]

Berman RM, Cappiello A, Anand A, Oren DA, Heninger GR, Charney DS, Krystal JH. Antidepressant
effects of ketamine in depressed patients. Biol. Psychiatry. 2000; 47(4):351-354. [PubMed:

10686270]

Berton O, McClung CA, Dileone RJ, Krishnan V, Renthal W, Russo SJ, Graham D, Tsankova NM,
Bolanos CA, Rios M, Monteggia LM, Self DW, Nestler EJ. Essential role of BDNF in the
mesolimbic dopamine pathway in social defeat stress. Science. 2006; 311(5762):864—868.
[PubMed: 16469931]

Neuropharmacology. Author manuscript; available in PMC 2017 March 01.


http://dx.doi.org/10.1038/nature10130
http://dx.doi.org/10.1124/pr.111.005108
http://dx.doi.org/10.1038/npp.2011.318

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bjorkholm and Monteggia Page 13

Beurel E, Song L, Jope RS. Inhibition of glycogen synthase kinase-3 is necessary for the rapid
antidepressant effect of ketamine in mice. Mol. Psychiatry. 2011; 16(11):1068-1070. http://
dx.doi.org/10.1038/mp.2011.47. [PubMed: 21502951]

Caldeira MV, Melo CV, Pereira DB, Carvalho R, Correia SS, Backos DS, Carvalho AL, Esteban JA,
Duarte CB. Brain-derived neurotrophic factor regulates the expression and synaptic delivery of
alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor subunits in hippocampal
neurons. J. Biol. Chem. 2007; 282(17):12619-12628. [PubMed: 17337442]

Chen B, Dowlatshahi D, MacQueen GM, Wang JF, Young LT. Increased hippocampal BDNF
immunoreactivity in subjects treated with antidepressant medication. Biol. Psychiatry. 2001;
50(4):260-265. [PubMed: 11522260]

Chen ZY, Jing D, Bath KG, leraci A, Khan T, Siao CJ, Herrera DG, Toth M, Yang C, McEwen BS,
Hempstead BL, Lee FS. Genetic variant BDNF (Val66Met) polymorphism alters anxiety-related
behavior. Science. 2006; 314(5796):140-143. [PubMed: 17023662]

Costa-Mattioli M, Monteggia LM. mTOR complexes in neurodevelopmental and neuropsychiatric
disorders. Nat. Neurosci. 2013; 16(11):1537-1543. http://dx.doi.org/10.1038/nn.3546. [PubMed:
24165680]

DiazGranados N, Ibrahim L, Brutsche NE, Newberg A, Kronstein P, Khalife S, Kammerer WA,
Quezado Z, Luckenbaugh DA, Salvadore G, Machado-Vieira R, Manji HK, Zarate CA Jr. A
randomized add-on trial of an N-methyl-D-aspartate antagonist in treatment-resistant bipolar
depression. Arch. Gen. Psychiatry. 2010a; 67(8):793-802. http://dx.doi.org/10.1001/
archgenpsychiatry.2010.90. [PubMed: 20679587]

DiazGranados N, Ibrahim LA, Brutsche NE, Ameli R, Henter ID, Luckenbaugh DA, Machado-Vieira
R, Zarate CA Jr. Rapid resolution of suicidal ideation after a single infusion of an N-methyl-D-
aspartate antagonist in patients with treatment-resistant major depressive disorder. J. Clin.
Psychiatry. 2010b; 71(12):1605-1611. http://dx.doi.org/10.4088/JCP.09m05327blu. [PubMed:
20673547]

Duman RS. Pathophysiology of depression and innovative treatments: remodeling glutamatergic
synaptic connections. Dialogues Clin. Neurosci. 2014; 16(1):11-27. [PubMed: 24733968]

Duman RS, Heninger GR, Nestler EJ. A molecular and cellular theory of depression. Arch. Gen.
Psychiatry. 1997; 54(7):597-606. [PubMed: 9236543]

Duman RS, Monteggia LM. A neurotrophic model for stress-related mood disorders. Biol. Psychiatry.
2006; 59(12):1116-1127. [PubMed: 16631126]

Duman RS, Voleti B. Signaling pathways underlying the pathophysiology and treatment of depression:
novel mechanisms for rapid-acting agents. Trends Neurosci. 2012; 35(1):47-56. http://dx.doi.org/
10.1016/j.tins.2011.11.004. [PubMed: 22217452]

Egan MF, Kojima M, Callicott JH, Goldberg TE, Kolachana BS, Bertolino A, Zaitsev E, Gold B,
Goldman D, Dean M, Lu B, Weinberger DR. The BDNF val66met polymorphism affects activity-
dependent secretion of BDNF and human memory and hippocampal function. Cell. 2003; 112(2):
257-269. [PubMed: 12553913]

Eisch AJ, Bolafios CA, de Wit J, Simonak RD, Pudiak CM, Barrot M, Verhaagen J, Nestler EJ. Brain-
derived neurotrophic factor in the ventral midbrain-nucleus accumbens pathway: a role in
depression. Biol. Psychiatry. 2003; 54(10):994-1005. [PubMed: 14625141]

Ferguson JM, Shingleton RN. An open-label, flexible-dose study of memantine in major depressive
disorder. Clin. Neuropharmacol. 2007; 30(3):136-144. [PubMed: 17545748]

Figurov A, Pozzo-Miller LD, Olafsson P, Wang T, Lu B. Regulation of synaptic responses to high-
frequency stimulation and LTP by neurotrophins in the hippocampus. Nature. 1996; 381(6584):
706-709. [PubMed: 8649517]

Fortin DA, Srivastava T, Dwarakanath D, Pierre P, Nygaard S, Derkach VA, Soderling TR. Brain-
derived neurotrophic factor activation of CaM-kinase kinase via transient receptor potential
canonical channels induces the translation and synaptic incorporation of GluA1-containing
calcium-permeable AMPA receptors. J. Neurosci. 2012; 32(24):8127-8137. http://dx.doi.org/
10.1523/JNEUROSCI.6034-11.2012. [PubMed: 22699894]

Garcia LS, Comim CM, Valvassori SS, Reus GZ, Barbosa LM, Andreazza AC, Stertz L, Fries GR,
Gavioli EC, Kapczinski F, Quevedo J. Acute administration of ketamine induces antidepressant-

Neuropharmacology. Author manuscript; available in PMC 2017 March 01.


http://dx.doi.org/10.1038/mp.2011.47
http://dx.doi.org/10.1038/mp.2011.47
http://dx.doi.org/10.1038/nn.3546
http://dx.doi.org/10.1001/archgenpsychiatry.2010.90
http://dx.doi.org/10.1001/archgenpsychiatry.2010.90
http://dx.doi.org/10.4088/JCP.09m05327blu
http://dx.doi.org/10.1016/j.tins.2011.11.004
http://dx.doi.org/10.1016/j.tins.2011.11.004
http://dx.doi.org/10.1523/JNEUROSCI.6034-11.2012
http://dx.doi.org/10.1523/JNEUROSCI.6034-11.2012

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bjorkholm and Monteggia Page 14

like effects in the forced swimming test and increases BDNF levels in the rat hippocampus. Prog.
Neuropsychopharmacol. Biol. Psychiatry. 2008; 32(1):140-144. [PubMed: 17884272]

Ghosh A, Carnahan J, Greenberg ME. Requirement for BDNF in activity-dependent survival of
cortical neurons. Science. 1994; 263(5153):1618-1623. [PubMed: 7907431]

Gideons ES, Kavalali ET, Monteggia LM. Mechanisms underlying differential effectiveness of
memantine and ketamine in rapid antidepressant responses. Proc. Natl. Acad. Sci. U. S. A. 2014;
111(23):8649-8654. http://dx.doi.org/ 10.1073/pnas.1323920111. [PubMed: 24912158]

Haile CN, Murrough JW, losifescu DV, Chang LC, Al Jurdi RK, Foulkes A, Igbal S, Mahoney JJ 3rd,
De La Garza R 2nd, Charney DS, Newton TF, Mathew SJ. Plasma brain derived neurotrophic
factor (BDNF) and response to ketamine in treatment-resistant depression. Int. J.
Neuropsychopharmacol. 2014; 17(2):331-336. http://dx.doi.org/10.1017/S1461145713001119.
[PubMed: 24103211]

Hing B, Davidson S, Lear M, Breen G, Quinn J, McGuffin P, MacKenzie A. A polymorphism
associated with depressive disorders differentially regulates brain derived neurotrophic factor
promoter 1V activity. Biol. Psychiatry. 2012; 71(7):618-626. http://dx.doi.org/10.1016/j.biopsych.
2011.11.030. [PubMed: 22265241]

Johnson-Farley NN, Travkina T, Cowen DS. Cumulative activation of akt and consequent inhibition of
glycogen synthase kinase-3 by brain-derived neurotrophic factor and insulin-like growth factor-1
in cultured hippocampal neurons. J. Pharmacol. Exp. Ther. 2006; 316(3):1062-1069. [PubMed:
16284277]

Jovanovic JN, Thomas P, Kittler JT, Smart TG, Moss SJ. Brain-derived neurotrophic factor modulates
fast synaptic inhibition by regulating GABA(A) receptor phosphorylation, activity, and cell-
surface stability. J. Neurosci. 2004; 24(2):522-530. [PubMed: 14724252]

Jourdi H, Hsu YT, Zhou M, Qin Q, Bi X, Baudry M. Positive AMPA receptor modulation rapidly
stimulates BDNF release and increases dendritic mRNA translation. J. Neurosci. 2009; 29(27):
8688-8697. http://dx.doi.org/10.1523/JNEUROSCI.6078-08.2009. [PubMed: 19587275]

Karpova NN. Role of BDNF epigenetics in activity-dependent neuronal plasticity.
Neuropharmacology 76 Pt. 2014; C:709-718. http://dx.doi.org/10.1016/j.neuropharm.
2013.04.002.

Kocabas NA, Antonijevic |, Faghel C, Forray C, Kasper S, Lecrubier Y, Linotte S, Massat I,
Mendlewicz J, Noro M, Montgomery S, Oswald P, Snyder L, Zohar J, Souery D. Brain-derived
neurotrophic factor gene polymorphisms: influence on treatment response phenotypes of major
depressive disorder. Int. Clin. Psychopharmacol. 2011; 26(1):1-10. [PubMed: 21188787]

Kovalchuk Y, Hanse E, Kafitz KW, Konnerth A. Postsynaptic induction of BDNF-mediated long-term
potentiation. Science. 2002; 295(5560):1729-1734. [PubMed: 11872844]

Kumar V, Zhang MX, Swank MW, Kunz J, Wu GY. Regulation of dendritic morphogenesis by Ras-
P13K-Akt-mTOR and Ras-MAPK signaling pathways. J. Neurosci. 2005; 25(49):11288-11299.
[PubMed: 16339024]

Kumar A, Choi KH, Renthal W, Tsankova NM, Theobald DE, Truong HT, Russo SJ, Laplant Q,
Sasaki TS, Whistler KN, Neve RL, Self DW, Nestler EJ. Chromatin remodeling is a key
mechanism underlying cocaine-induced plasticity in striatum. Neuron. 2005; 48(2):303-314.
[PubMed: 16242410]

Lau AG, Irier HA, Gu J, Tian D, Ku L, Liu G, Xia M, Fritsch B, Zheng JQ, Dingledine R, Xu B, Lu B,
Feng Y. Distinct 3'UTRs differentially regulate activity-dependent translation of brain-derived
neurotrophic factor (BDNF). Proc. Natl. Acad. Sci. U. S. A. 2010; 107(36):15945-15950. http://
dx.doi.org/10.1073/pnas.1002929107. [PubMed: 20733072]

Laje G, Lally N, Mathews D, Brutsche N, Chemerinski A, Akula N, Kelmendi B, Simen A, McMahon
FJ, Sanacora G, Zarate C Jr. Brain-derived neurotrophic factor Val66Met polymorphism and
antidepressant efficacy of keta-mine in depressed patients. Biol. Psychiatry. 2012; 72(11):e27-28.
http://dx.doi.org/10.1016/j.biopsych.2012.05.031. [PubMed: 22771240]

Leal, G.; Afonso, PM.; Salazar, IL.; Duarte, CB. Regulation of Hippocampal Synaptic Plasticity by
BDNF. 2014. http://dx.doi.org/10.1016/j.brainres.2014.10.019 pii: S0006-8993(14)01421-8

Lenze EJ, Skidmore ER, Begley AE, Newcomer JW, Butters MA, Whyte EM. Memantine for late-life
depression and apathy after a disabling medical event: a 12-week, double-blind placebo-controlled

Neuropharmacology. Author manuscript; available in PMC 2017 March 01.


http://dx.doi.org/10.1073/pnas.1323920111
http://dx.doi.org/10.1017/S1461145713001119
http://dx.doi.org/10.1016/j.biopsych.2011.11.030
http://dx.doi.org/10.1016/j.biopsych.2011.11.030
http://dx.doi.org/10.1523/JNEUROSCI.6078-08.2009
http://dx.doi.org/10.1016/j.neuropharm.2013.04.002
http://dx.doi.org/10.1016/j.neuropharm.2013.04.002
http://dx.doi.org/10.1073/pnas.1002929107
http://dx.doi.org/10.1073/pnas.1002929107
http://dx.doi.org/10.1016/j.biopsych.2012.05.031
http://dx.doi.org/10.1016/j.brainres.2014.10.019

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bjorkholm and Monteggia Page 15

pilot study. Int. J. Geriatr. Psychiatry. 2012; 27(9):974-980. http://dx.doi.org/10.1002/gps.2813.
[PubMed: 22173933]

Lepack AE, Fuchikami M, Dwyer JM, Banasr M, Duman RS. BDNF release is required for the
behavioral actions of ketamine. 31 Int. J. Neuropsychopharmacol. 2014; 18(1) http://dx.doi.org/
10.1093/ijnp/pyu033. pii: pyu033.

Lessmann V, Brigadski T. Mechanisms, locations, and kinetics of synaptic BDNF secretion: an update.
Neurosci. Res. 2009; 65(1):11-22. http://dx.doi.org/10.1016/j.neures.2009.06.004. [PubMed:
19523993]

Levine ES, Crozier RA, Black 1B, Plummer MR. Brain-derived neurotrophic factor modulates
hippocampal synaptic transmission by increasing N-methyl-D-aspartic acid receptor activity. Proc.
Natl. Acad. Sci. U. S. A. 1998; 95(17):10235-10239. [PubMed: 9707630]

Levine ES, Dreyfus CF, Black IB, Plummer MR. Brain-derived neurotrophic factor rapidly enhances
synaptic transmission in hippocampal neurons via postsynaptic tyrosine kinase receptors. Proc.
Natl. Acad. Sci. U. S. A. 1995; 92(17):8074-8077. [PubMed: 7644540]

Li N, Lee B, Liu RJ, Banasr M, Dwyer JM, Iwata M, Li XY, Aghajanian G, Duman RS. mTOR-
dependent synapse formation underlies the rapid antidepressant effects of NMDA antagonists.
Science. 2010; 329(5994):959-964. http://dx.doi.org/10.1126/science.1190287. [PubMed:
20724638]

Lippmann M, Bress A, Nemeroff CB, Plotsky PM, Monteggia LM. Long-term behavioural and
molecular alterations associated with maternal separation in rats. Eur. J. Neurosci. 2007; 25(10):
3091-3098. [PubMed: 17561822]

Liu RJ, Lee FS, Li XY, Bambico F, Duman RS, Aghajanian GK. Brain-derived neurotrophic factor
Val66Met allele impairs basal and ketamine-stimulated synaptogenesis in prefrontal cortex. Biol.
Psychiatry. 2012a; 71(11):996-1005. http://dx.doi.org/10.1016/j.biopsych.2011.09.030. [PubMed:
22036038]

Liu X, Chan CB, Jang SW, Pradoldej S, Huang J, He K, Phun LH, France S, Xiao G, Jia Y, Luo HR,
Ye K. A synthetic 7,8-dihydroxyflavone derivative promotes neurogenesis and exhibits potent
antidepressant effect. J. Med. Chem. 2010; 53(23):8274-8286. http://dx.doi.org/10.1021/
jm101206p. [PubMed: 21073191]

Liu X, Chan CB, Qi Q, Xiao G, Luo HR, He X, Ye K. Optimization of a small tropomyosin-related
kinase B (TrkB) agonist 7,8-dihydroxyflavone active in mouse models of depression. J. Med.
Chem. 2012b; 55(19):8524-8537. http://dx.doi.org/10.1021/jm301099x. [PubMed: 22984948]

Machado-Vieira R, Yuan P, Brutsche N, Diazgranados N, Luckenbaugh D, Manji HK, Zarate CA Jr.
Brain-derived neurotrophic factor and initial antidepressant response to an N-methyl-D-aspartate
antagonist. J. Clin. Psychiatry. 2009; 70(12):1662-1666. http://dx.doi.org/10.4088/JCP.08m04659.
[PubMed: 19744406]

Madara JC, Levine ES. Presynaptic and postsynaptic NMDA receptors mediate distinct effects of
brain-derived neurotrophic factor on synaptic transmission. J. Neurophysiol. 2008; 100(6):3175-
3184. http://dx.doi.org/10.1152/ jn.90880.2008. [PubMed: 18922945]

Matsuda N, Lu H, Fukata Y, Noritake J, Gao H, Mukherjee S, Nemoto T, Fukata M, Poo MM.
Differential activity-dependent secretion of brain-derived neurotrophic factor from axon and
dendrite. J. Neurosci. 2009; 29(45):14185-14198. http://dx.doi.org/10.1523/JNEUROSCI.
1863-09.2009. [PubMed: 19906967]

Meeker RB, Williams KS. The p75 neurotrophin receptor: at the crossroad of neural repair and death.
Neural Regen. Res. 2015; 10(5):721-725. http://dx.doi.org/10.4103/1673-5374.156967. [PubMed:
26109945]

Miller OH, Yang L, Wang CC, Hargroder EA, Zhang Y, Delpire E, Hall BJ. GIuN2B-containing
NMDA receptors regulate depression-like behavior and are critical for the rapid antidepressant
actions of ketamine. Elife. 2014; 3:e03581. http://dx.doi.org/10.7554/eLife.03581. [PubMed:
25340958]

Monteggia LM, Barrot M, Powell CM, Berton O, Galanis VV, Gemelli T, Meuth S, Nagy A, Greene
RW, Nestler EJ. Essential role of brain-derived neurotrophic factor in adult hippocampal function.
Proc. Natl. Acad. Sci. U. S. A. 2004; 101(29):10827-10832. [PubMed: 15249684]

Neuropharmacology. Author manuscript; available in PMC 2017 March 01.


http://dx.doi.org/10.1002/gps.2813
http://dx.doi.org/10.1093/ijnp/pyu033
http://dx.doi.org/10.1093/ijnp/pyu033
http://dx.doi.org/10.1016/j.neures.2009.06.004
http://dx.doi.org/10.1126/science.1190287
http://dx.doi.org/10.1016/j.biopsych.2011.09.030
http://dx.doi.org/10.1021/jm101206p
http://dx.doi.org/10.1021/jm101206p
http://dx.doi.org/10.1021/jm301099x
http://dx.doi.org/10.4088/JCP.08m04659
http://dx.doi.org/10.1152/jn.90880.2008
http://dx.doi.org/10.1523/JNEUROSCI.1863-09.2009
http://dx.doi.org/10.1523/JNEUROSCI.1863-09.2009
http://dx.doi.org/10.4103/1673-5374.156967
http://dx.doi.org/10.7554/eLife.03581

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bjorkholm and Monteggia Page 16

Monteggia LM, Luikart B, Barrot M, Theobold D, Malkovska I, Nef S, Parada LF, Nestler EJ. Brain-
derived neurotrophic factor conditional knockouts show gender differences in depression-related
behaviors. Biol. Psychiatry. 2007; 61(2):187-197. [PubMed: 16697351]

Nestler EJ, Carlezon WA Jr. The mesolimbic dopamine reward circuit in depression. Biol. Psychiatry.
2006; 59(12):1151-1159. [PubMed: 16566899]

Nibuya M, Morinobu S, Duman RS. Regulation of BDNF and trkB mRNA in rat brain by chronic
electroconvulsive seizure and antidepressant drug treatments. J. Neurosci. 1995; 15(11):7539—
7547. [PubMed: 7472505]

Nibuya M, Nestler EJ, Duman RS. Chronic antidepressant administration increases the expression of
CcAMP response element binding protein (CREB) in rat hippocampus. J. Neurosci. 1996; 16(7):
2365-2372. [PubMed: 8601816]

Ninan I, Bath KG, Dagar K, Perez-Castro R, Plummer MR, Lee FS, Chao MV. The BDNF Val66Met
polymorphism impairs NMDA receptor-dependent synaptic plasticity in the hippocampus. J.
Neurosci. 2010; 30(26):8866—8870. http://dx.doi.org/10.1523/JNEUROSCI.1405-10.2010.
[PubMed: 20592208]

Nosyreva E, Autry AE, Kavalali ET, Monteggia LM. Age dependence of the rapid antidepressant and
synaptic effects of acute NMDA receptor blockade. Front. Mol. Neurosci. 2014; 7:94. http://
dx.doi.org/10.3389/fnmol.2014.00094 eCollection 2014. [PubMed: 25520615]

Nosyreva E, Szabla K, Autry AE, Ryazanov AG, Monteggia LM, Kavalali ET. Acute suppression of
spontaneous neurotransmission drives synaptic potentiation. J. Neurosci. 2013; 33(16):6990-7002.
http://dx.doi.org/10.1523/JNEUROSCI.4998-12.2013. [PubMed: 23595756]

Notaras, M.; Hill, R.; van den Buuse, M. The BDNF gene Val66Met polymorphism as a modifier of
psychiatric disorder susceptibility: progress and controversy.. Mol. Psychiatry. Mar 31. 2015
http://dx.doi.org/10.1038/mp.2015.27 [Epub ahead of print]

Park H, Poo MM. Neurotrophin regulation of neural circuit development and function. Nat. Rev.
Neurosci. 2013; 14(1):7-23. http://dx.doi.org/10.1038/nrn3379. [PubMed: 23254191]

Pattwell SS, Bath KG, Perez-Castro R, Lee FS, Chao MV, Ninan |I. The BDNF Val66Met
polymorphism impairs synaptic transmission and plasticity in the infralimbic medial prefrontal
cortex. J. Neurosci. 2012; 32(7):2410-2421. http://dx.doi.org/10.1523/JNEUROSCI.
5205-11.2012. [PubMed: 22396415]

Price RD, Milne SA, Sharkey J, Matsuoka N. Advances in small molecules promoting neurotrophic
function. Pharmacol. Ther. 2007; 115(2):292-306. [PubMed: 17599430]

Price RB, Nock MK, Charney DS, Mathew SJ. Effects of intravenous ketamine on explicit and
implicit measures of suicidality in treatment-resistant depression. Biol. Psychiatry. 2009; 66(5):
522-526. http://dx.doi.org/10.1016/j.biopsych.2009.04.029. [PubMed: 19545857]

Proulx CD, Hikosaka O, Malinow R. Reward processing by the lateral habenula in normal and
depressive behaviors. Nat. Neurosci. 2014; 17(9):1146-1152. http://dx.doi.org/10.1038/nn.3779.
[PubMed: 25157511]

Pruunsild P, Kazantseva A, Aid T, Palm K, Timmusk T. Dissecting the human BDNF locus:
bidirectional transcription, complex splicing, and multiple promoters. Genomics. 2007; 90(3):397-
406. [PubMed: 17629449]

Pozzi L, Pollak Dorocic I, Wang X, Carlen M, Meletis K. Mice lacking NMDA receptors in
parvalbumin neurons display normal depression-related behavior and response to antidepressant
action of NMDAR antagonists. PL0oS One. 2014; 9(1):e83879. http://dx.doi.org/10.1371/
journal.pone.0083879 eCollection 2014. [PubMed: 24454710]

Rantaméki T, Hendolin P, Kankaanpéaa A, Mijatovic J, Piepponen P, Domenici E, Chao MV, Méannisto
PT, Castren E. Pharmacologically diverse antidepressants rapidly activate brain-derived
neurotrophic factor receptor TrkB and induce phospholipase-Cgamma signaling pathways in
mouse brain. Neuropsychopharmacology. 2007; 32(10):2152-2162. [PubMed: 17314919]

Saarelainen T, Hendolin P, Lucas G, Koponen E, Sairanen M, MacDonald E, Agerman K, Haapasalo
A, Nawa H, Aloyz R, Ernfors P, Castren E. Activation of the TrkB neurotrophin receptor is
induced by antidepressant drugs and is required for antidepressant-induced behavioral effects. J.
Neurosci. 2003; 23(1):349-357. [PubMed: 12514234]

Neuropharmacology. Author manuscript; available in PMC 2017 March 01.


http://dx.doi.org/10.1523/JNEUROSCI.1405-10.2010
http://dx.doi.org/10.3389/fnmol.2014.00094
http://dx.doi.org/10.3389/fnmol.2014.00094
http://dx.doi.org/10.1523/JNEUROSCI.4998-12.2013
http://dx.doi.org/10.1038/mp.2015.27
http://dx.doi.org/10.1038/nrn3379
http://dx.doi.org/10.1523/JNEUROSCI.5205-11.2012
http://dx.doi.org/10.1523/JNEUROSCI.5205-11.2012
http://dx.doi.org/10.1016/j.biopsych.2009.04.029
http://dx.doi.org/10.1038/nn.3779
http://dx.doi.org/10.1371/journal.pone.0083879
http://dx.doi.org/10.1371/journal.pone.0083879

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bjorkholm and Monteggia Page 17

Sartorius A, Henn FA. Deep brain stimulation of the lateral habenula in treatment resistant major
depression. Med. Hypotheses. 2007; 69(6):1305-1308. [PubMed: 17498883]

Schmidt HD, Duman RS. Peripheral BDNF produces antidepressant-like effects in cellular and
behavioral models. Neuropsychopharmacology. 2010; 35(12):2378-2391. http://dx.doi.org/
10.1038/npp.2010.114. [PubMed: 20686454]

Shirayama Y, Chen AC, Nakagawa S, Russell DS, Duman RS. Brain-derived neurotrophic factor
produces antidepressant effects in behavioral models of depression. J. Neurosci. 2002; 22(8):
3251-3261. [PubMed: 11943826]

Siuciak JA, Lewis DR, Wiegand SJ, Lindsay RM. Antidepressant-like effect of brain-derived
neurotrophic factor (BDNF). Pharmacol. Biochem. Behav. 1997; 56(1):131-137. [PubMed:
8981620]

Slipczuk L, Bekinschtein P, Katche C, Cammarota M, Izquierdo I, Medina JH. BDNF activates mTOR
to regulate GIUR1 expression required for memory formation. PLoS One. 2009; 4(6):e6007. http://
dx.doi.org/10.1371/journal.pone.0006007. [PubMed: 19547753]

Soppet D, Escandon E, Maragos J, Middlemas DS, Reid SW, Blair J, Burton LE, Stanton BR, Kaplan
DR, Hunter T, Nikolics K, Parada LF. The neurotrophic factors brain-derived neurotrophic factor
and neurotrophin-3 are ligands for the trkB tyrosine kinase receptor. Cell. 1991; 65(5):895-903.
[PubMed: 1645620]

Sutton MA, Taylor AM, Ito HT, Pham A, Schuman EM. Postsynaptic decoding of neural activity:
eEF2 as a biochemical sensor coupling miniature synaptic transmission to local protein synthesis.
Neuron. 2007; 55(4):648-661. [PubMed: 17698016]

Takei N, Inamura N, Kawamura M, Namba H, Hara K, Yonezawa K, Nawa H. Brain-derived
neurotrophic factor induces mammalian target of rapamycin-dependent local activation of
translation machinery and protein synthesis in neuronal dendrites. J. Neurosci. 2004; 24(44):9760—
9769. [PubMed: 15525761]

Tanaka J, Horiike Y, Matsuzaki M, Miyazaki T, Ellis-Davies GC, Kasai H. Protein synthesis and
neurotrophin-dependent structural plasticity of single dendritic spines. Science. 2008; 319(5870):
1683-1687. http://dx.doi.org/10.1126/science.1152864. [PubMed: 18309046]

Tao X, Finkbeiner S, Arnold DB, Shaywitz AJ, Greenberg ME. Ca2+ influx regulates BDNF
transcription by a CREB family transcription factor-dependent mechanism. Neuron. 1998; 20(4):
709-726. [PubMed: 9581763]

Tao X, West AE, Chen WG, Corfas G, Greenberg ME. A calcium-responsive transcription factor,
CaRF, that regulates neuronal activity-dependent expression of BDNF. Neuron. 2002; 33(3):383—
395. [PubMed: 11832226]

Trivedi MH, Rush AJ, Wisniewski SR, Nierenberg AA, Warden D, Ritz L, Norquist G, Howland RH,
Lebowitz B, McGrath PJ, Shores-Wilson K, Biggs MM, Balasubramani GK, Fava M, STAR*D
Study Team. Evaluation of outcomes with citalopram for depression using measurement-based
care in STAR*D: implications for clinical practice. Am. J. Psychiatry. 2006; 163(1):28-40.
[PubMed: 16390886]

Ying SW, Futter M, Rosenblum K, Webber MJ, Hunt SP, Bliss TV, Bramham CR. Brain-derived
neurotrophic factor induces long-term potentiation in intact adult hippocampus: requirement for
ERK activation coupled to CREB and upregulation of Arc synthesis. J. Neurosci. 2002; 22(5):
1532-1540. [PubMed: 11880483]

Yu H, Wang DD, Wang Y, Liu T, Lee FS, Chen ZY. Variant brain-derived neurotrophic factor
Val66Met polymorphism alters vulnerability to stress and response to antidepressants. J. Neurosci.
2012; 32(12):4092-4101. http://dx.doi.org/10.1523/JNEUROSCI.5048-11.2012. [PubMed:
22442074]

Zafra F, Castrén E, Thoenen H, Lindholm D. Interplay between glutamate and gamma-aminobutyric
acid transmitter systems in the physiological regulation of brain-derived neurotrophic factor and
nerve growth factor synthesis in hippocampal neurons. Proc. Natl. Acad. Sci. U. S. A. 1991;
88(22):10037-10041. [PubMed: 1658793]

Zakharenko SS, Patterson SL, Dragatsis I, Zeitlin SO, Siegelbaum SA, Kandel ER, Morozov A.
Presynaptic BDNF required for a presynaptic but not postsynaptic component of LTP at
hippocampal CA1-CA3 synapses. Neuron. 2003; 39(6):975-990. [PubMed: 12971897]

Neuropharmacology. Author manuscript; available in PMC 2017 March 01.


http://dx.doi.org/10.1038/npp.2010.114
http://dx.doi.org/10.1038/npp.2010.114
http://dx.doi.org/10.1371/journal.pone.0006007
http://dx.doi.org/10.1371/journal.pone.0006007
http://dx.doi.org/10.1126/science.1152864
http://dx.doi.org/10.1523/JNEUROSCI.5048-11.2012

1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Bjorkholm and Monteggia Page 18

Zarate CA Jr. Singh JB, Carlson PJ, Brutsche NE, Ameli R, Luckenbaugh DA, Charney DS, Manji
HK. A randomized trial of an N-methyl-D-aspar-tate antagonist in treatment-resistant major
depression. Arch. Gen. Psychiatry. 2006a; 63(8):856-864. [PubMed: 16894061]

Zarate CA Jr. Singh JB, Quiroz JA, De Jesus G, Denicoff KK, Luckenbaugh DA, Manji HK, Charney
DS. A double-blind, placebo-controlled study of memantine in the treatment of major depression.
Am. J. Psychiatry. 2006b; 163(1):153-155. [PubMed: 16390905]

Zhou Z, Hong EJ, Cohen S, Zhao WN, Ho HY, Schmidt L, Chen WG, Lin Y, Savner E, Griffith EC,
Hu L, Steen JA, Weitz CJ, Greenberg ME. Brain-specific phosphorylation of MeCP2 regulates
activity-dependent Bdnf transcription, dendritic growth, and spine maturation. Neuron. 2006;
52(2):255-269. [PubMed: 17046689]

Neuropharmacology. Author manuscript; available in PMC 2017 March 01.



