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Abstract

Levels of brain-derived neurotrophic factor (BDNF) are reduced in the brain and
serum of depressed patients and at least the reduction in serum levels is reversible
upon successful treatment. These data, together with a wealth of reports using
different animal models with depression-like behavior or manipulation of expression
of BDNF or its receptor TrkB have implicated BDNF in the pathophysiology of
depression as well as in the mechanism of action of antidepressant treatments.
Recent findings have shown that posttranslational processing of BDNF gene product
can yield different molecular entities that differently influence signaling through BNDF
receptor TrkB and the pan-neurotrophin receptor p75~ntr. We will here review these
data and discuss new insights into the possible pathophysiological roles of those new
BDNF subtypes as well as recent findings on the role of BDNF mediated neuronal

plasticity in mood disorders and their treatments.



Introduction

Mood disorders are among the leading causes of suffering world-wide (Collins et al.,
2011; Murray et al., 2012) and they are particularly prevalent in Western societies
(Wittchen et al., 2011). Traditionally, mood disorders are treated by either drugs or
psychotherapy or by their combination, but many patients for not benefit from any of
these treatment options (Insel and Wang, 2009). During the last decades,
insufficient signaling by neurotrophic factors has been recognized as a potential
underlying factor for depression and promotion of neurotrophin signaling have been
linked with antidepressant responses (Duman et al., 1997; Martinowich et al., 2007,
Castrén and Rantamaki, 2010a; Castrén and Rantamaki, 2010b; Autry and
Monteggia, 2012).

Neurotrophins, including nerve growth factor (NGF), brain-derived neurotrophic factor
(BDNF), neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4), act by binding to their
cognate tyrosine kinase receptors (NGF to TrkA, BDNF and NT-4 to TrkB, NT-3 to
TrkC) as well as to a common low-affinity neurotrophin receptor (p75ntr) (Bothwell,
2014). Since the vast majority of the literature linking neurotrophins to mood
disorders deals with BDNF, other neurotrophins showing only very minor role
(Castrén, 2014), we will here focus on the role of BDNF and its receptors. It should
be noted, however, that the role for BDNF is by no means restricted to depression; it
has also been implicated in anxiety and schizophrenia, as well as in

neurodegenerative disorders (Lu et al., 2013; Castrén, 2014).

BDNF, like other neurotrophins, is synthetized as a precursor protein (pro-BDNF)
that is proteolytically processed into a mature BDNF (mBDNF) by intracellular and/or
extracellular proteases (Seidah et al., 1996), most prominently by the proprotein
convertase PC7 (Wetsel et al., 2013), but also extracellularly by metalloproteinases
and plasmin (Deinhardt and Chao, 2014b). Lee et al. (2001) initially reported that
precursor NGF (proNGF) promoted neuronal death while mature form of NGF
enhanced neuronal survival (Lee et al., 2001). It was further shown that proBDNF
promoted cell death, growth cone retraction, spine shrinkage and long-term
depression (LTD), whereas mBDNF promoted spine formation, neuronal survival,
and LTP (Teng et al., 2005; Woo et al., 2005; Zagrebelsky et al., 2005; Koshimizu et
al., 2009; Deinhardt et al., 2011).

Pro-forms of neurotrophins preferentially bind to the p75ntR whereas mature
neurotrophins show higher affinity towards Trk receptors (Lee et al., 2001; Lu et al.,



2005; Hempstead, 2014). Remarkably, the activation of Trk and p75ntr show very
different, in many cases opposite effects: Trk receptors enhance neuronal survival,
synaptogenesis and plasticity, whereas activation of p75~tr promotes cell death and
synaptic pruning (Lu et al., 2005; Deinhardt and Chao, 2014a; Kraemer et al., 2014).
The biological actions of proNGF and proBDNF require the activation of a receptor
complex consisting of p75~ntr and sortilin (sortilin-related VPS10 domain-containing
receptor) to initiate cell death (Nykjaer et al., 2004; Teng et al., 2005; Deinhardt et
al., 2011). Furthermore, Pang et al. (2004) showed that the extracellular conversion
from proBDNF into BDNF occurred as a cellular mechanism determining BDNF-
dependent LTD (Pang et al., 2004). Woo et al (2005) further showed that proBDNF
facilitates hippocampal LTD by the activation of p75~ntr (W00 et al., 2005). These
findings suggest that (1) precursor and mature BDNF subtypes exert opposing
biological functions and (2) a post-translational control, processing of proBDNF could

be a key mechanism for altering the biological action of BDNF.

Given a dramatic alteration of the BDNF action by adding the pro-domain, the pro-
region may have more potential functions. It was previously shown that the BDNF
pro-domain assists in the folding of BDNF (Kolbeck et al., 1994). Recently, it was
demonstrated that a BDNF polymorphism Val66Met, which substitutes a valine to a
methionine at codon 66 in the pro-region of human BDNF, affects human memory
function as well as secretion mechanism of BDNF protein (Egan et al., 2003). Thus,

these findings suggest that the BDNF pro-domain is more functional region.

Indeed, several recent reports indicated that the BDNF pro-domain is endogenously
present and acts as a ligand. Dieni et al. (2012) reported that BDNF and its pro-
peptide both stained large dense core vesicles in excitatory presynaptic terminals of
the adult mouse hippocampus (Dieni et al.,, 2012). Second, Mizui et al. (2015)
showed that the BDNF pro-peptide is a new synaptic modulator in the central
nervous system: the BDNF pro-peptide allow facilitation of hippocampal LTD (Mizui
et al., 2015). To understand the molecular and cellular mechanism, Lee’s laboratory
generated a transgenic mouse line with the Val66Met mutation and showed that this
polymorphism alters anxiety-related behavior (Chen et al., 2006). They further
reported that mice with the Val66Met mutation are defective in NMDAR-dependent
plasticity in the hippocampus (Ninan et al., 2010). Recently, Mizui et al. (2015)
demonstrated that treatment of hippocampal slices with the BDNF pro-peptide with
the Met mutation completely inhibited LTD (Mizui et al., 2015). Anastasia et al.
(2013) showed that application of the BDNF pro-peptide with the Met mutation



induces acute growth cone retraction and a decrease in Rac activity in hippocampal

neurons (Anastasia et al., 2013).

Given these distinct and multiple biological actions of proBDNF and its pro-peptide, a
post-translational mechanism of BDNF, proteolytic cleavage of proBDNF and a
BDNF polymorphism Val66Met could be new mechanisms for the development of

brain diseases.

BDNF in depressed patients

BDNF levels have been found to be reduced in the postmortem samples of brains of
depressed patients (Dunham et al., 2009; Thompson Ray et al., 2011; Guilloux et al.,
2012; Tripp et al., 2012). Furthermore, BDNF levels are also reduced in the brains of
suicide victims, many of which suffer from severe depression (Chen et al., 2001;
Dwivedi et al., 2003; Dwivedi et al., 2009). In addition to BDNF, levels of its receptor
TrkB have also been reported to be downregulated in the brains of depressed
patients (Tripp et al., 2012) and the levels of active, phosphorylated form of TrkB are
reduced in suicide victims (Dwivedi et al., 2003), indicating reduced BDNF signaling
through TrkB in depression. Conversely, increased levels of mRNA for the p75ntr
neurotrophin receptor have been reported in the brains of suicide victims (Dwivedi et
al., 2009). In the adult brain, p75nTr is mostly expressed the cholinergic neurons, but
upon neuronal trauma, p75nTr expression is increased in cortical and hippocampal
neurons and mediates degeneration and death of injured neurons (Harrington et al.,
2004; Volosin et al., 2008). Increase in p75nTr levels in suicide victims suggests that
a severe psychological stress, such as leading to suicide, may represent a brain
trauma. p75nTtr signaling may promote synaptic depression and pruning and other
“antitrophic” effects that might at least partially underlie the pathophysiology of
depression (Lu et al., 2005; Martinowich et al., 2012; Zagrebelsky and Korte, 2014).

BDNF is found in human serum at high levels that would be sufficient to saturate the
binding to TrkB receptors in cultured neurons (Radka et al., 1996). In contrast, BDNF
levels in human plasma are orders of magnitude lower than in human serum, and
relationship of plasma BDNF to depression is variable (Karege et al., 2005; Bocchio-
Chiavetto et al., 2010), suggesting that a vast majority of serum BDNF originates
from blood platelets that release BDNF upon activation (Fujimura et al., 2002;
Karege et al., 2005; Turck and Frizzo, 2015). Indeed, a recent study identified BDNF



expression in human megakaryocytes, precursors for blood platelets, and showed
that the regulation of BDNF synthesis in megakaryocytes was very similar to that

characterized in neurons (Chacon-Fernandez et al., 2016).

Several reports and meta-analyses clearly demonstrate that depressed patients have
reduced serum BDNF levels (Shimizu et al., 2003; Karege et al., 2005; Sen et al.,
2008; Bocchio-Chiavetto et al., 2010; Molendijk et al., 2014) and those levels are
restored after successful recovery (Shimizu et al., 2003; Sen et al., 2008). A very
recent study reported that hippocampal volume was transiently increased in severely
depressed patients after successful electroconvulsive shock treatment, but that
serum BDNF levels were not associated with this change and were not altered by the
treatment (Bouckaert et al., 2016). However, reduced serum BDNF levels are not
specific to depression since similar reduction has been observed in schizophrenia
and autism, for example (Hashimoto et al., 2006; Katoh-Semba et al., 2007;
Fernandes et al., 2014) and has also been identified as a risk factor for dementia
(Weinstein et al., 2014). Conversely, exercise increases serum BDNF levels, which is
associated with improved cognition in elderly and in schizophrenia (Leckie et al.,
2014; Kimhy et al., 2015). Notably, however, it was recently reported that assays for
BDNF serum levels are associated with high within-individual, inter-individual as well
as between-assays variation (Polacchini et al., 2015), which together prevents the

use of serum BDNF levels as a reliable biomarker for mood disorders.

The significance of the lower BDNF levels in depression is currently unclear but the
temporal correlation between serum BDNF levels and the antidepressant effect is not
direct: ketamine and electroconvulsive shock treatment increase serum BDNF levels
only gradually while their antidepressant effect appears quickly (Allen et al., 2015).
Remarkably, while BDNF levels in serum are reduced, the whole blood BDNF levels
are not different from euthymic controls, suggesting that it is not the concentration of
BDNF within blood platelets but the ability of platelets to release their BDNF that is
reduced in depressed patients (Karege et al., 2005), although reduced platelet BDNF
levels have also been reported (Lee and Kim, 2009). Taken together, these studies
strongly suggest that changes in serum BDNF levels reflect altered BDNF release
from blood platelets, however, given the similarities in the regulation of BDNF
synthesis between megakaryocytes and neurons, there may be parallels between
brain and serum BDNF content and release. Unfortunately, in contrast to human
platelets, mice express hardly detectable levels of BDNF in megakaryocyte and

platelets, which precludes the use of transgenic mice in the examination of the



mechanisms and sources of blood BDNF (Chacon-Fernandez et al., 2016).

However, rat platelets do contain BDNF (Radka et al., 1996).

As mentioned above, BDNF gene displays a common polymorphism with either
valine or methionine at the position 66 within the BDNF pro-region (Val66Met) (Egan
et al., 2003). Mice expressing the human met-BDNF allele show increased anxiety
and sensitivity to stress (Chen et al., 2006; Yu et al., 2009; Bath et al., 2012a) and
show a similar deficit in fear extinction as the human Met allele carriers do (Soliman
et al., 2010). Although early clinical studies suggested that the Val66Met
polymorphism increases susceptibility to a variety of brain disorders (Bath and Lee,
2006; Chen et al., 2006), including depression in a subset of patients (Anttila et al.,
2007) as well as in bipolar disorder (Sklar et al., 2002) and neuroticism (Sen et al.,
2003), subsequent studies and meta-analyses have failed to consistently
demonstrate an association between BDNF Val66Met polymorphism and mood
disorders (Gyekis et al.,, 2013), although there may be an association with
depression in men (Verhagen et al.,, 2010). Furthermore, while patients with
depression have significantly smaller hippocampal size when compared to controls,
hippocampi of both Val and Met carriers were similarly reduced (Harrisberger et al.,
2015). However, there are reports indicating that Met-allele carriers may be more
sensitive to adverse experiences during early life (Bukh et al., 2009; Hosang et al.,
2014).

BDNF in animal models of depression

Stress is a recognized risk factor for depression and stress is therefore widely used
as an experimental model for depression. It was recognized already two decades
ago that BDNF levels in the cortex and hippocampus are reduced in stress (Smith et
al., 1995; Duman and Monteggia, 2006; Molteni et al., 2009). BDNF levels are also
reduced in mice after exposure to social stress (Tsankova et al., 2006; Martinowich
et al.,, 2007). However, reduction of BDNF levels or TrkB signaling alone does not
directly correlate with depression-like behavior: Heterozygous mice lacking one
allele of BDNF and expressing about half of normal BDNF levels do not show
depression-related behaviors (MacQueen et al., 2001; Saarelainen et al., 2003;
Lindholm and Castrén, 2014). However, female mice with forebrain specific loss of
BDNF expression do display behaviors associated with depression, although males

show normal depression-like behavior (Monteggia et al., 2007; Lindholm and



Castrén, 2014). Furthermore, conditional deletion of TrkB from the newly-born
neurons in the adult dentate gyrus increases anxiety-like behavior (Bergami et al.,
2008) and knockdown of BDNF in the dentate gyrus in rats produces depression-like
effects (Taliaz et al., 2010).

Recent series of elegant studies by Jeanneteau, Chao and colleagues have shed
light on the mechanisms of interaction between stress hormones and BDNF
(Jeanneteau and Chao, 2013). They first showed that dexamethasone, an agonist of
the glucocorticoid receptor (GR) can activate TrkB signaling in the rat dentate gyrus,
in cultured neurons and neuronal cells (Jeanneteau et al., 2008), which indicates that
glucocorticoids may under certain conditions act as TrkB activators. TrkB activation
by GR requires protein synthesis but apparently does not to require BDNF release.
In addition, they showed that BDNF increases serine phosphorylation of the GR,
which promotes the transcriptional activity of GR. Furthermore, coadministration of
dexamethasone and BDNF induces the expression of a unique set of genes involved
in neuronal growth and differentiation and distinct from those activated by
dexamethasone alone (Lambert et al., 2013), suggesting a functional interaction of
TrkB and GR signaling pathways in the cytoplasm and at genomic level.
Remarkably, when BDNF levels are low or TrkB activation is inhibited, GRs in brain
are downregulated, promoting vulnerability to stress, whereas when TrkB is
activated, GR agonists result in neurotrophic effects and stress resilience, through
simultaneous activation of mitogen-activated kinase and suppression of GR-protein
phosphatase-5 pathways (Arango-Lievano et al., 2015). Such an interaction
between TrkB and GR signaling may play a role in the dual effects of GR activation
on dendritic spine dynamics, where short-term glucocorticoid treatment promotes
spine turnover and thereby adaptability, whereas chronic treatment with

glucocorticoids promotes excess spine loss (Liston and Gan, 2011).

The relationship between stress and BDNF is complex, however. While stress
generally reduces BDNF levels in the cortex and hippocampus, stress increases
BDNF levels in the nucleus accumbens (Berton et al., 2006; Krishnan et al., 2007).
Stimulation of dopaminergic projection to the nucleus accumbens promotes
depression-like behavior after social defeat stress and this effect can be blocked by
inhibiting TrkB activation, but not by dopamine receptor antagonists, suggesting that
BDNF released from dopaminergic neurons critically regulates susceptibility to social
defeat stress (Wook Koo et al., 2015). Furthermore, infusion of BDNF into nucleus

accumbens increases immobility in forced swim test, while inhibition of TrkB



signaling in this brain region decreases immobility, indicating that BDNF in the
nucleus accumbens promotes depression-like behavior (Eisch et al., 2003). Thus,
BDNF may have opposite effects on depression-like behavior depending on the
network involved, emphasizing that BDNF is not a “happiness molecule”, but acts by
promoting the effects of the networks active in depression-like or antidepressant-like
behavior (Castrén, 2005; Castrén, 2013).

BDNF in the antidepressant responses

Whereas the causal role of neurotrophins in the symptoms of mood disorders is
somewhat controversial, their role in the mechanism of antidepressant treatments is
much clearer (Lindholm and Castrén, 2014). Neuronal activity, such as seizures
(Zafra et al., 1990; Isackson et al., 1991), increases BDNF expression and the first
antidepressant treatment that was shown to increase BDNF expression is
electroconvulsive shock treatment (Nibuya et al.,, 1995; Altar et al.,, 2003).
Subsequently, several studies have demonstrated that chronic treatment with various
antidepressant drugs increase BDNF mRNA and protein levels in the cerebral cortex
and hippocampus (Nibuya et al., 1995; Duman et al.,, 1997; Altar, 1999; Russo-
Neustadt et al., 1999; Coppell et al., 2003; Jacobsen and Mork, 2004; Duman and
Monteggia, 2006; Calabrese et al.,, 2007; Calabrese et al., 2011; Autry and
Monteggia, 2012). This increase involves activation of BDNF promoters at least
partly through reduced histone acetylation in these promoter regions (Russo-
Neustadt et al., 2001; Dias et al., 2003; Tsankova et al., 2006; Karpova, 2014).
Interestingly, in human, activity-dependent expression of BDNF is regulated by the
activation of promoter | of BDNF gene (Pruunsild et al., 2011). A recent report
analyzed the methylation profile of 2 CpG islands located at promoters | and IV of
BDNF gene with genomic DNA from peripheral blood of patients with major
depression and indicated that the methylation profiles of CpG I, but not IV, matched
the classification of healthy controls and patients in clinical diagnosis (Fuchikami et
al., 2011).

Representatives of essentially all pharmacological classes of clinically used
antidepressants increase TrkB autophosphorylation and signaling in hippocampus
and forebrain and this effects is observed within hours after the administration of the
drug (Saarelainen et al., 2003; Rantamaki et al., 2007). Similar increase in BDNF

mRNA and TrkB phosphorylation has been seen after acute treatment with a rapid-



acting antidepressant ketamine (Li et al.,, 2010; Autry et al., 2011; Lepack et al.,
2014; Abdallah et al., 2015; Monteggia and Zarate, 2015). These data demonstrate
that antidepressant drugs, essentially without exception, increase BDNF signaling in
the rodent forebrain (Castrén and Rantamaki, 2010a; Castrén and Rantamaéki,
2010b; Autry and Monteggia, 2012).

Injection of BDNF into the midbrain region or into hippocampus reduces depression-
like behavior and mimics the effects of antidepressants (Siuciak et al., 1997; Altar,
1999; Shirayama et al., 2002; Hoshaw et al., 2005) and similar effects are found
when TrkB activity is promoted by overexpressing TrkB in cortical neurons (Koponen
et al., 2005). Furthermore, increased expression of BDNF counteracts the effects of
stress (Shirayama et al., 2002; Duman and Monteggia, 2006). These data suggest
that BDNF signaling is sufficient for antidepressant-like behavioral effects in rodents.
However, consistent with the central role of BDNF signaling in the nucleus
accumbens in the development of social defeat stress phenotype (Berton et al.,
2006), injection of BDNF into the nucleus accumbens promotes depression-like
behavior (Eisch et al., 2003), again demonstrating the network-dependent effect of

BDNF in mood regulation.

Finally, BDNF and TrkB signaling are also necessary for the behavioral effects of
antidepressant drugs, at least in rodents (Lindholm and Castrén, 2014). Deletion of
BDNF gene or reduction of the levels of BDNF in forebrain regions blocks the
behavioral effects of several different antidepressant drugs (Saarelainen et al., 2003;
Monteggia et al., 2004; Lepack et al., 2014). Inhibition of TrkB signaling by a
dominant-negative TrkB receptor or conditional deletion of TrkB in the dentate gyrus
similarly blocks the effects of antidepressants (Saarelainen et al., 2003; Li et al.,
2008). The antidepressant effects of ketamine appear to be lost in mice completely
lacking BDNF in the forebrain regions (Autry et al., 2011), however, similar loss of
effect was not seen in heterozygous BDNF null mice (Lindholm et al.,, 2012),
indicating that, in contrast to classical antidepressants, low levels of BDNF are

sufficient for an antidepressant response to ketamine.

Mice with the Met allele of the human Val66Met polymorphism of the BDNF gene are
insensitive to antidepressants, which is consistent to reduced activity-dependent
release of BDNF in these mice (Chen et al., 2006; Bath et al., 2012b; Liu et al.,
2012). Controversial data has been published concerning the response rate in
human Met-allele carriers to antidepressant treatments (Anttila et al., 2007,
Domschke et al., 2010; Laje et al., 2012), but recent meta-analyses indicate that, if
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anything, the Met carriers respond better to typical antidepressant treatments than
Val homozygous do (Kato and Serretti, 2010; Zou et al., 2010; Yan et al., 2014).
However, the response to the fast-acting antidepressant ketamine may be more
widespread in Val-homozygous than in Met-carriers (Laje et al.,, 2012). Taken
together, these data provide compelling evidence for the necessary role for BDNF
and TrkB signaling in antidepressant responses in rodents (Lindholm and Castrén,
2014), however, the data reviewed above suggest that a similar clear relationship

may not exist in humans.

BDNF, antidepressants and neuronal plasticity

How does BDNF signaling bring about antidepressant responses? Although many
details remain to be investigated, increasing body of literature supports the idea that
neurotrophins promote neuronal plasticity that then translates into antidepressant
responses in depressed patients (Nestler et al.,, 2002; Calabrese et al., 2009;
Castrén and Hen, 2013). Furthermore, recent evidence suggests that promotion of
neuronal plasticity by antidepressants is alone not sufficient for an antidepressant
response but that drug treatment may need to be supplemented with behavioral

treatments that beneficially guide the plastic networks (Castrén, 2013).

Activity-dependent regulation of BDNF expression was connected with neuronal
plasticity early on (Thoenen, 1995). When antidepressants were shown to promote
BDNF expression and signaling, a connection between neuronal plasticity and the
antidepressant response was proposed (Duman et al., 1997; Castrén, 2004; Castrén,
2005). Indeed, antidepressants promote neuronal plasticity at several levels
(Castrén and Hen, 2013): First, antidepressants increase neurogenesis in the
dentate gyrus and this effect is required for the behavioral effects of at least some
antidepressants (Santarelli et al., 2003; Sahay and Hen, 2007). Increase in
neurogenesis requires chronic antidepressant treatment (Malberg and Duman, 2003;
Wu and Castrén, 2009) and is dependent on BDNF signaling (Sairanen et al., 2005).
Second, antidepressants increase axon elongation and dendritic sprouting (Vaidya et
al., 1999; Wang et al.,, 2008; Bessa et al., 2009; Chen et al., 2011) as well as
expression of plasticity-related proteins (Sairanen et al., 2007). Although BDNF is
known to influence both axonal and dendritic sprouting (Cohen-Cory et al., 2010), it
is currently unknown whether these effects of antidepressants are mediated by

BDNF or TrkB signaling. Finally, chronic antidepressant and acute ketamine
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treatment promotes synaptogenesis (Hajszan et al., 2009; Li et al., 2010; Chen et al.,
2011) and synaptic strength (Stewart and Reid, 2000; Wang et al., 2008) and at least
the effects of ketamine are BDNF-dependent (Liu et al.,, 2012). These data show
that there is a strong correlation and in some cases causal relationship between
neuronal plasticity and the antidepressant effect and that at least partially, the effects

of plasticity are mediated by BDNF signaling.

Recent studies have cast light on how neuronal plasticity is translated into an
antidepressant effect. Using developing visual cortex, it was shown that chronic
treatment with an antidepressant fluoxetine reactivates a state of plasticity within the
adult cortex that is indistinguishable from the elevated plasticity typically found in
juvenile cortex (Maya Vetencourt et al., 2008). When this promoted state of plasticity
is combined with rehabilitation, plastic networks can reorganize so that impaired
vision of one eye, due to developmental visual deprivation, can be fully restored.
Fluoxetine increases BDNF expression in the visual cortex as it does in the
hippocampus and the effects of antidepressant treatment are mediated by and are
dependent on BDNF signaling (Maya Vetencourt et al., 2008). Serotonin and
regulation of neuronal inhibition are also required for the effects of fluoxetine-induced
plasticity (Maya Vetencourt et al., 2011; Maya-Vetencourt et al., 2012), but how

these different systems interact to promote plasticity remains unclear.

Fluoxetine also reactivates juvenile-like plasticity in the fear extinction circuitry: long-
term extinction of a fear response was seen in the adult mice only when fluoxetine-
induced promoted plasticity was combined with the fear extinction training (Karpova
et al.,, 2011). The need of combination of fluoxetine treatment with fear extinction
resembles the synergistic effects of antidepressants and psychotherapy in the
treatment of phobia and posttraumatic stress disorder (Schneier et al., 2012), and
might in fact represent the neurobiological mechanism that explains the enhanced

effect of the combined treatment (Castrén, 2013).

Finally, chronic fluoxetine treatment promotes developmental plastic state in the
dentate gyrus of the hippocampus (Kobayashi et al., 2010; Hagihara et al., 2013).
This phenomenon, coined dematuration, is characterized by increased expression of
markers of immature dentate granule neurons with a coincident reduction of markers
of maturity not only in the newly-born granule neurons, but also in older ones
(Kobayashi et al., 2010; Hagihara et al., 2013).
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Conclusions:

The data reviewed above suggests a close relationship between BDNF signaling,
neuronal plasticity and mood disorders. These findings open several potentially
translational avenues. First, BDNF might become a biomarker for mood disorders.
While serum BDNF levels appear to be too variable between individuals to become a
reliable biomarker, the usefulness of other molecules derived from the BDNF gene
(pro-BDNF and BDNF pro-peptide) alone or in combination should be investigated.
For example, a recent report measured the amounts of BDNF and proBDNF in
serum of severely injured patients vulnerable to posttraumatic stress disorder (PTSD)
and depression with a novel ELISA of proBDNF/BDNF (Matsuoka et al., 2015).
Measuring the amount of BDNF, its pro-peptide and proBDNF, and the ratio of these
BDNF subtypes in blood might advance our understanding of the roles of

neurotrophins in mood disorders and potentially become a useful biomarker.

Second, as reviewed above, the BDNF pro-peptide and proBDNF exhibit negative
effects on neurons while the effect of BDNF are positive. Given the negative effects
of proBDNF and its pro-peptide, it could be speculated that the amount and/or
biological effects of these two molecules may be increased in mood disorders,
restricting plasticity and potentially producing antidepressant-resistance in patients.
Third, since essentially all antidepressant treatments increase BDNF-TrkB signaling,
this signaling pathway could become a useful tool for screening or novel

antidepressant drugs.

Finally, the findings reviewed above suggest that BDNF-mediated plasticity induced
by antidepressant treatments is only effective when it is combined with therapy or
rehabilitation that guides the rewiring of plastic networks. Efforts should be made to
optimize plasticity-promoting drug treatments and psychotherapeutic approaches,
also taking into account effects that may restrict plasticity, into a new treatment
framework that optimally promotes mood recovery and prevents relapses to

depression.
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Figure legends:
Figure 1: Signaling pathways activated by proBDNF and mature BDNF (BDNF).

proBDNF

Y .
p75NTR K Tris
" i BDNF 2 *
~

e / iw4 3 P w A
" Ow- \ f;\e"W m &
£ l \ p € ?% % Att MEK
& W w Other v Transcription «— Erk

‘ Y

\

\ i isubstesy  Beos %

\ - v A Survival

\ ici —

Proplasticity genes %4

\

\ @ / Neurite growth

\ <L 30 _— \:7

Y | Proapoptotic genes Transcription 4 Tral;lsc!nptlon 3 5
e / factors -

/ -

- - e
/W Prosurvival genes - \ Prodifferentiation genes \
——— Prosurvival genes st
Nucleus

14



References:

Abdallah, C. G., Sanacora, G., Duman, R. S., and Krystal, J. H. (2015). Ketamine
and rapid-acting antidepressants: A window into a new neurobiology for mood
disorder therapeutics. Annu Rev Med 66, 509-523.

Allen, A. P., Naughton, M., Dowling, J., Walsh, A., Ismail, F., Shorten, G., Scott, L.,
McLoughlin, D. M., Cryan, J. F., Dinan, T. G., and Clarke, G. (2015). Serum bdnf as
a peripheral biomarker of treatment-resistant depression and the rapid
antidepressant response: A comparison of ketamine and ect. J Affect Disord 186,
306-311.

Altar, C. A. (1999). Neurotrophins and depression. Trends Pharmacol Sci 20, 59-61.

Altar, C. A., Whitehead, R. E., Chen, R., Wortwein, G., and Madsen, T. M. (2003).
Effects of electroconvulsive seizures and antidepressant drugs on brain-derived
neurotrophic factor protein in rat brain. Biol.Psychiatry 54, 703-709.

Anastasia, A., Deinhardt, K., Chao, M. V., Will, N. E., Irmady, K., Lee, F. S.,
Hempstead, B. L., and Bracken, C. (2013). Val66met polymorphism of bdnf alters
prodomain structure to induce neuronal growth cone retraction. Nat Commun 4,
2490.

Anttila, S., Huuhka, K., Huuhka, M., Rontu, R., Hurme, M., Leinonen, E., and
Lehtimaki, T. (2007). Interaction between 5-htla and bdnf genotypes increases the
risk of treatment-resistant depression. J Neural Transm 114, 1065-1068.

Arango-Lievano, M., Lambert, W. M., Bath, K. G., Garabedian, M. J., Chao, M. V.,
and Jeanneteau, F. (2015). Neurotrophic-priming of glucocorticoid receptor signaling
is essential for neuronal plasticity to stress and antidepressant treatment. Proc Natl
Acad Sci U S A 112, 15737-15742.

Autry, A. E., Adachi, M., Nosyreva, E., Na, E. S., Los, M. F., Cheng, P. F., Kavalali,
E. T., and Monteggia, L. M. (2011). Nmda receptor blockade at rest triggers rapid
behavioural antidepressant responses. Nature 475, 91-95.

Autry, A. E., and Monteggia, L. M. (2012). Brain-derived neurotrophic factor and
neuropsychiatric disorders. Pharmacol Rev 64, 238-258.

Bath, K. G., Chuang, J., Spencer-Segal, J. L., Amso, D., Altemus, M., McEwen, B.
S., and Lee, F. S. (2012a). Variant brain-derived neurotrophic factor
(valine66methionine) polymorphism contributes to developmental and estrous stage-
specific expression of anxiety-like behavior in female mice. Biol Psychiatry 72, 499-
504.

Bath, K. G., Jing, D. Q., Dincheva, I., Neeb, C. C., Pattwell, S. S., Chao, M. V., Lee,
F. S., and Ninan, I. (2012b). Bdnf val66met impairs fluoxetine-induced enhancement
of adult hippocampus plasticity. Neuropsychopharmacology 37, 1297-1304.

Bath, K. G., and Lee, F. S. (2006). Variant bdnf (val66met) impact on brain structure
and function. Cogn Affect Behav Neurosci 6, 79-85.

Bergami, M., Rimondini, R., Santi, S., Blum, R., Gotz, M., and Canossa, M. (2008).
Deletion of trkb in adult progenitors alters newborn neuron integration into
hippocampal circuits and increases anxiety-like behavior. Proc Natl Acad Sci U S A
105, 15570-15575.

Berton, O., McClung, C. A., DiLeone, R. J., Krishnan, V., Renthal, W., Russo, S. J.,
Graham, D., Tsankova, N. M., Bolanos, C. A., Rios, M., Monteggia, L. M., Self, D.
W., and Nestler, E. J. (2006). Essential role of bdnf in the mesolimbic dopamine
pathway in social defeat stress. Science 311, 864-868.

15



Bessa, J. M., Ferreira, D., Melo, |., Marques, F., Cerqueira, J. J., Palha, J. A.,
Almeida, O. F., and Sousa, N. (2009). The mood-improving actions of
antidepressants do not depend on neurogenesis but are associated with neuronal
remodeling. Mol Psychiatry 14, 764-73, 739.

Bocchio-Chiavetto, L., Bagnardi, V., Zanardini, R., Molteni, R., Nielsen, M. G.,
Placentino, A., Giovannini, C., Rillosi, L., Ventriglia, M., Riva, M. A., and Gennarelli,
M. (2010). Serum and plasma bdnf levels in major depression: A replication study
and meta-analyses. World J Biol Psychiatry 11, 763-773.

Bothwell, M. (2014). Ngf, bdnf, nt3, and nt4. Handb Exp Pharmacol 220, 3-15.

Bouckaert, F., Dols, A., Emsell, L., De Winter, F. L., Vansteelandt, K., Claes, L.,
Sunaert, S., Stek, M., Sienaert, P., and Vandenbulcke, M. (2016). Relationship
between hippocampal volume, serum bdnf and depression severity following
electroconvulsive therapy in late-life depression. Neuropsychopharmacology

Bukh, J. D., Bock, C., Vinberg, M., Werge, T., Gether, U., and Vedel Kessing, L.
(2009). Interaction between genetic polymorphisms and stressful life events in first
episode depression. J Affect Disord 119, 107-115.

Calabrese, F., Molteni, R., Gabriel, C., Mocaer, E., Racagni, G., and Riva, M. A.
(2011). Modulation of neuroplastic molecules in selected brain regions after chronic
administration of the novel antidepressant agomelatine. Psychopharmacology (Berl)
215, 267-275.

Calabrese, F., Molteni, R., Maj, P. F., Cattaneo, A., Gennarelli, M., Racagni, G., and
Riva, M. A. (2007). Chronic duloxetine treatment induces specific changes in the
expression of bdnf transcripts and in the subcellular localization of the neurotrophin
protein. Neuropsychopharmacology 32, 2351-2359.

Calabrese, F., Molteni, R., Racagni, G., and Riva, M. A. (2009). Neuronal plasticity: A
link between stress and mood disorders. Psychoneuroendocrinology 34 Suppl 1,
S208-16.

Castrén, E. (2013). Neuronal network plasticity and recovery from depression. JAMA
Psychiatry 70, 983-989.

Castrén, E. (2014). Neurotrophins and psychiatric disorders. Handb Exp Pharmacol
220, 461-479.

Castrén, E., and Hen, R. (2013). Neuronal plasticity and antidepressant actions.
Trends Neurosci 36, 259-267.

Castrén, E., and Rantaméki, T. (2010a). The role of bdnf and its receptors in
depression and antidepressant drug action: Reactivation of developmental plasticity.
Dev Neurobiol 70, 289-297.

Castrén, E., and Rantamaki, T. (2010b). Role of brain-derived neurotrophic factor in
the aetiology of depression: Implications for pharmacological treatment. CNS Drugs
24, 1-7.

Castrén, E. (2004). Neurotrophic effects of antidepressant drugs.
Curr.Opin.Pharmacol. 4, 58-64.

Castreén, E. (2005). Is mood chemistry? Nat.Rev.Neurosci. 6, 241-246.

Chacon-Fernandez, P., Sauberli, K., Colzani, M., Moreau, T., Ghevaert, C., and
Barde, Y. A. (2016). Brain-derived neurotrophic factor in megakaryocytes. J Biol
Chem

16



Chen, B., Dowlatshahi, D., MacQueen, G. M., Wang, J. F., and Young, L. T. (2001).
Increased hippocampal bdnf immunoreactivity in subjects treated with antidepressant
medication. Biol Psychiatry 50, 260-265.

Chen, J. L., Lin, W. C., Cha, J. W., So, P. T., Kubota, Y., and Nedivi, E. (2011).
Structural basis for the role of inhibition in facilitating adult brain plasticity. Nat
Neurosci 14, 587-594.

Chen, Z. Y., Jing, D., Bath, K. G., leraci, A., Khan, T., Siao, C. J., Herrera, D. G.,
Toth, M., Yang, C., McEwen, B. S., Hempstead, B. L., and Lee, F. S. (2006). Genetic
variant bdnf (val66met) polymorphism alters anxiety-related behavior. Science 314,
140-143.

Cohen-Cory, S., Kidane, A. H., Shirkey, N. J., and Marshak, S. (2010). Brain-derived
neurotrophic factor and the development of structural neuronal connectivity. Dev
Neurobiol 70, 271-288.

Collins, P. Y., Patel, V., Joestl, S. S., March, D., Insel, T. R. etal. (2011). Grand
challenges in global mental health. Nature 475, 27-30.

Coppell, A. L., Pei, Q., and Zetterstrom, T. S. (2003). Bi-phasic change in bdnf gene
expression following antidepressant drug treatment. Neuropharmacology 44, 903-
910.

Deinhardt, K., and Chao, M. V. (2014a). Trk receptors. Handb Exp Pharmacol 220,
103-1109.

Deinhardt, K., and Chao, M. V. (2014b). Shaping neurons: Long and short range
effects of mature and probdnf signalling upon neuronal structure.
Neuropharmacology 76 Pt C, 603-609.

Deinhardt, K., Kim, T., Spellman, D. S., Mains, R. E., Eipper, B. A., Neubert, T. A.,
Chao, M. V., and Hempstead, B. L. (2011). Neuronal growth cone retraction relies on
proneurotrophin receptor signaling through rac. Sci Signal 4, ra82.

Dias, B. G., Banerjee, S. B., Duman, R. S., and Vaidya, V. A. (2003). Differential
regulation of brain derived neurotrophic factor transcripts by antidepressant
treatments in the adult rat brain. Neuropharmacology 45, 553-563.

Dieni, S., Matsumoto, T., Dekkers, M., Rauskolb, S., lonescu, M. S., Deogracias, R.,
Gundelfinger, E. D., Kojima, M., Nestel, S., Frotscher, M., and Barde, Y. A. (2012).
Bdnf and its pro-peptide are stored in presynaptic dense core vesicles in brain
neurons. J Cell Biol 196, 775-788.

Domschke, K., Lawford, B., Laje, G., Berger, K., Young, R., Morris, P., Deckert, J.,
Arolt, V., McMahon, F. J., and Baune, B. T. (2010). Brain-derived neurotrophic factor
(bdnf) gene: No major impact on antidepressant treatment response. Int J
Neuropsychopharmacol 13, 93-101.

Duman, R. S., Heninger, G. R., and Nestler, E. J. (1997). A molecular and cellular
theory of depression. Arch Gen Psychiatry 54, 597-606.

Duman, R. S., and Monteggia, L. M. (2006). A neurotrophic model for stress-related
mood disorders. Biol Psychiatry 59, 1116-1127.

Dunham, J. S., Deakin, J. F., Miyajima, F., Payton, A., and Toro, C. T. (2009).
Expression of hippocampal brain-derived neurotrophic factor and its receptors in
stanley consortium brains. J Psychiatr Res 43, 1175-1184.

Dwivedi, Y., Rizavi, H. S., Conley, R. R., Roberts, R. C., Tamminga, C. A., and
Pandey, G. N. (2003). Altered gene expression of brain-derived neurotrophic factor
and receptor tyrosine kinase b in postmortem brain of suicide subjects. Arch Gen
Psychiatry 60, 804-815.

17



Dwivedi, Y., Rizavi, H. S., Zhang, H., Mondal, A. C., Roberts, R. C., Conley, R. R.,
and Pandey, G. N. (2009). Neurotrophin receptor activation and expression in human
postmortem brain: Effect of suicide. Biol Psychiatry 65, 319-328.

Egan, M. F., Kojima, M., Callicott, J. H., Goldberg, T. E., Kolachana, B. S., Bertolino,
A., Zaitsev, E., Gold, B., Goldman, D., Dean, M., Lu, B., and Weinberger, D. R.
(2003). The bdnf val6émet polymorphism affects activity-dependent secretion of bdnf
and human memory and hippocampal function. Cell 112, 257-269.

Eisch, A. J., Bolanos, C. A., De Wit, J., Simonak, R. D., Pudiak, C. M., Barrot, M.,
Verhaagen, J., and Nestler, E. J. (2003). Brain-derived neurotrophic factor in the
ventral midbrain-nucleus accumbens pathway: A role in depression. Biological
Psychiatry 54, 994-1005.

Fernandes, B. S., Steiner, J., Berk, M., Molendijk, M. L., Gonzalez-Pinto, A., Turck,
C. W,, Nardin, P., and Goncalves, C. A. (2014). Peripheral brain-derived
neurotrophic factor in schizophrenia and the role of antipsychotics: Meta-analysis
and implications. Mol Psychiatry

Fuchikami, M., Morinobu, S., Segawa, M., Okamoto, Y., Yamawaki, S., Ozaki, N.,
Inoue, T., Kusumi, |., Koyama, T., Tsuchiyama, K., and Terao, T. (2011). DNA
methylation profiles of the brain-derived neurotrophic factor (bdnf) gene as a potent
diagnostic biomarker in major depression. PLoS One 6, e23881.

Fujimura, H., Altar, C. A., Chen, R., Nakamura, T., Nakahashi, T., Kambayashi, J.,
Sun, B., and Tandon, N. N. (2002). Brain-derived neurotrophic factor is stored in
human platelets and released by agonist stimulation. Thromb Haemost 87, 728-734.

Guilloux, J. P., Douillard-Guilloux, G., Kota, R., Wang, X., Gardier, A. M.,
Martinowich, K., Tseng, G. C., Lewis, D. A., and Sibille, E. (2012). Molecular
evidence for bdnf- and gaba-related dysfunctions in the amygdala of female subjects
with major depression. Mol Psychiatry 17, 1130-1142.

Gyekis, J. P, Yu, W,, Dong, S., Wang, H., Qian, J., Kota, P., and Yang, J. (2013). No
association of genetic variants in bdnf with major depression: A meta- and gene-
based analysis. Am J Med Genet B Neuropsychiatr Genet 162B, 61-70.

Hagihara, H., Takao, K., Walton, N. M., Matsumoto, M., and Miyakawa, T. (2013).
Immature dentate gyrus: An endophenotype of neuropsychiatric disorders. Neural
Plast 2013, 318596.

Hajszan, T., Dow, A., Warner-Schmidt, J. L., Szigeti-Buck, K., Sallam, N. L.,
Parducz, A., Leranth, C., and Duman, R. S. (2009). Remodeling of hippocampal
spine synapses in the rat learned helplessness model of depression. Biol Psychiatry
65, 392-400.

Harrington, A. W., Leiner, B., Blechschmitt, C., Arevalo, J. C., Lee, R., Morl, K.,
Meyer, M., Hempstead, B. L., Yoon, S. O., and Giehl, K. M. (2004). Secreted prongf
is a pathophysiological death-inducing ligand after adult cns injury. Proc Natl Acad
SciU S A 101, 6226-6230.

Harrisberger, F., Smieskova, R., Schmidt, A., Lenz, C., Walter, A., Wittfeld, K.,
Grabe, H. J., Lang, U. E., Fusar-Poli, P., and Borgwardt, S. (2015). Bdnf val66met
polymorphism and hippocampal volume in neuropsychiatric disorders: A systematic
review and meta-analysis. Neurosci Biobehav Rev 55, 107-118.

Hashimoto, K., lwata, Y., Nakamura, K., Tsujii, M., Tsuchiya, K. J., Sekine, Y.,
Suzuki, K., Minabe, Y., Takei, N., lyo, M., and Mori, N. (2006). Reduced serum levels
of brain-derived neurotrophic factor in adult male patients with autism. Prog
Neuropsychopharmacol Biol Psychiatry 30, 1529-1531.

18



Hempstead, B. L. (2014). Deciphering proneurotrophin actions. Handb Exp
Pharmacol 220, 17-32.

Hosang, G. M., Shiles, C., Tansey, K. E., McGuffin, P., and Uher, R. (2014).
Interaction between stress and the bdnf val66met polymorphism in depression: A
systematic review and meta-analysis. BMC Med 12, 7.

Hoshaw, B. A., Malberg, J. E., and Lucki, I. (2005). Central administration of igf-1 and
bdnf leads to long-lasting antidepressant-like effects. Brain Res 1037, 204-208.

Insel, T. R., and Wang, P. S. (2009). The star*d trial: Revealing the need for better
treatments. Psychiatr Serv 60, 1466-1467.

Isackson, P. J., Huntsman, M. M., Murray, K. D., and Gall, C. M. (1991). Bdnf mrna
expression is increased in adult rat forebrain after limbic seizures: Temporal pattern
of induction distinct from ngf. Neuron 6, 937-948.

Jacobsen, J. P., and Mork, A. (2004). The effect of escitalopram, desipramine,
electroconvulsive seizures and lithium on brain-derived neurotrophic factor mrna and
protein expression in the rat brain and the correlation to 5-ht and 5-hiaa levels. Brain
Res 1024, 183-192.

Jeanneteau, F., and Chao, M. V. (2013). Are bdnf and glucocorticoid activities
calibrated. Neuroscience 239, 173-195.

Jeanneteau, F., Garabedian, M. J., and Chao, M. V. (2008). Activation of trk
neurotrophin receptors by glucocorticoids provides a neuroprotective effect. Proc
Natl Acad Sci U S A 105, 4862-4867.

Karege, F., Bondolfi, G., Gervasoni, N., Schwald, M., Aubry, J. M., and Bertschy, G.
(2005). Low brain-derived neurotrophic factor (bdnf) levels in serum of depressed
patients probably results from lowered platelet bdnf release unrelated to platelet
reactivity. Biol Psychiatry 57, 1068-1072.

Karpova, N. N. (2014). Role of bdnf epigenetics in activity-dependent neuronal
plasticity. Neuropharmacology 76 Pt C, 709-718.

Karpova, N. N., Pickenhagen, A., Lindholm, J., Tiraboschi, E., Kulesskaya, N.,
Agustsdottir, A., Antila, H., Popova, D., Akamine, Y., Bahi, A., Sullivan, R., Hen, R.,
Drew, L. J., and Castrén, E. (2011). Fear erasure in mice requires synergy between
antidepressant drugs and extinction training. Science 334, 1731-1734.

Kato, M., and Serretti, A. (2010). Review and meta-analysis of antidepressant
pharmacogenetic findings in major depressive disorder. Mol Psychiatry 15, 473-500.

Katoh-Semba, R., Wakako, R., Komori, T., Shigemi, H., Miyazaki, N., Ito, H.,
Kumagai, T., Tsuzuki, M., Shigemi, K., Yoshida, F., and Nakayama, A. (2007). Age-
related changes in bdnf protein levels in human serum: Differences between autism
cases and normal controls. Int J Dev Neurosci 25, 367-372.

Kimhy, D., Vakhrusheva, J., Bartels, M. N., Armstrong, H. F., Ballon, J. S., Khan, S.,
Chang, R. W., Hansen, M. C., Ayanruoh, L., Lister, A., Castren, E., Smith, E. E., and
Sloan, R. P. (2015). The impact of aerobic exercise on brain-derived neurotrophic
factor and neurocognition in individuals with schizophrenia: A single-blind,
randomized clinical trial. Schizophr Bull 41, 859-868.

Kobayashi, K., Ikeda, Y., Sakai, A., Yamasaki, N., Haneda, E., Miyakawa, T., and
Suzuki, H. (2010). Reversal of hippocampal neuronal maturation by serotonergic
antidepressants. Proc Natl Acad Sci U S A 107, 8434-8439.

Kolbeck, R., Jungbluth, S., and Barde, Y. A. (1994). Characterisation of neurotrophin
dimers and monomers. Eur J Biochem 225, 995-1003.

19



Koponen, E., Rantamaki, T., Voikar, V., Saarelainen, T., MacDonald, E., and
Castrén, E. (2005). Enhanced bdnf signaling is associated with an antidepressant-
like behavioral response and changes in brain monoamines. Cell Mol.Neurobiol. 25,
973-980.

Koshimizu, H., Kiyosue, K., Hara, T., Hazama, S., Suzuki, S., Uegaki, K., Nagappan,
G., Zaitsev, E., Hirokawa, T., Tatsu, Y., Ogura, A., Lu, B., and Kojima, M. (2009).
Multiple functions of precursor bdnf to cns neurons: Negative regulation of neurite
growth, spine formation and cell survival. Mol Brain 2, 27.

Kraemer, B. R., Yoon, S. O., and Carter, B. D. (2014). The biological functions and
signaling mechanisms of the p75 neurotrophin receptor. Handb Exp Pharmacol 220,
121-164.

Krishnan, V., Han, M. H., Graham, D. L., Berton, O., Renthal, W. et al. (2007).
Molecular adaptations underlying susceptibility and resistance to social defeat in
brain reward regions. Cell 131, 391-404.

Laje, G., Lally, N., Mathews, D., Brutsche, N., Chemerinski, A., Akula, N., Kelmendi,
B., Simen, A., McMahon, F. J., Sanacora, G., and Zarate, C. J. (2012). Brain-derived
neurotrophic factor val66met polymorphism and antidepressant efficacy of ketamine
in depressed patients. Biol Psychiatry 72, e27-8.

Lambert, W. M., Xu, C. F., Neubert, T. A., Chao, M. V., Garabedian, M. J., and
Jeanneteau, F. D. (2013). Brain-derived neurotrophic factor signaling rewrites the
glucocorticoid transcriptome via glucocorticoid receptor phosphorylation. Mol Cell
Biol 33, 3700-3714.

Leckie, R. L., Oberlin, L. E., Voss, M. W., Prakash, R. S., Szabo-Reed, A. et al.
(2014). Bdnf mediates improvements in executive function following a 1-year
exercise intervention. Front Hum Neurosci 8, 985.

Lee, B. H., and Kim, Y. K. (2009). Reduced platelet bdnf level in patients with major
depression. Prog Neuropsychopharmacol Biol Psychiatry 33, 849-853.

Lee, R., Kermani, P., Teng, K. K., and Hempstead, B. L. (2001). Regulation of cell
survival by secreted proneurotrophins. Science 294, 1945-1948.

Lepack, A. E., Fuchikami, M., Dwyer, J. M., Banasr, M., and Duman, R. S. (2014).
Bdnf release is required for the behavioral actions of ketamine. Int J
Neuropsychopharmacol 18,

Li, N., Lee, B., Liu, R. J., Banasr, M., Dwyer, J. M., lwata, M., Li, X. Y., Aghajanian,
G., and Duman, R. S. (2010). Mtor-dependent synapse formation underlies the rapid
antidepressant effects of nmda antagonists. Science 329, 959-964.

Li, Y., Luikart, B. W., Birnbaum, S., Chen, J., Kwon, C. H., Kernie, S. G., Bassel-
Duby, R., and Parada, L. F. (2008). Trkb regulates hippocampal neurogenesis and
governs sensitivity to antidepressive treatment. Neuron 59, 399-412.

Lindholm, J. S., Autio, H., Vesa, L., Antila, H., Lindemann, L., Hoener, M. C.,
Skolnick, P., Rantaméki, T., and Castrén, E. (2012). The antidepressant-like effects
of glutamatergic drugs ketamine and ampa receptor potentiator ly 451646 are
preserved in bdnf(+)/(-) heterozygous null mice. Neuropharmacology 62, 391-397.

Lindholm, J. S., and Castrén, E. (2014). Mice with altered bdnf signaling as models
for mood disorders and antidepressant effects. Front Behav Neurosci 8, 143.

Liston, C., and Gan, W. B. (2011). Glucocorticoids are critical regulators of dendritic
spine development and plasticity in vivo. Proc Natl Acad Sci U S A 108, 16074-
16079.

20



Liu, R. J., Lee, F. S., Li, X. Y., Bambico, F., Duman, R. S., and Aghajanian, G. K.
(2012). Brain-derived neurotrophic factor val66met allele impairs basal and
ketamine-stimulated synaptogenesis in prefrontal cortex. Biol Psychiatry 71, 996-
1005.

Lu, B., Nagappan, G., Guan, X., Nathan, P. J., and Wren, P. (2013). Bdnf-based
synaptic repair as a disease-modifying strategy for neurodegenerative diseases. Nat
Rev Neurosci 14, 401-416.

Lu, B., Pang, P. T., and Woo, N. H. (2005). The yin and yang of neurotrophin action.
Nat.Rev.Neurosci. 6, 603-614.

MacQueen, G. M., Ramakrishnan, K., Croll, S. D., Siuciak, J. A., Yu, G., Young, L.
T., and Fahnestock, M. (2001). Performance of heterozygous brain-derived
neurotrophic factor knockout mice on behavioral analogues of anxiety, nociception,
and depression. Behav.Neurosci. 115, 1145-1153.

Malberg, J. E., and Duman, R. S. (2003). Cell proliferation in adult hippocampus is
decreased by inescapable stress: Reversal by fluoxetine treatment.
Neuropsychopharmacology 28, 1562-1571.

Martinowich, K., Maniji, H., and Lu, B. (2007). New insights into bdnf function in
depression and anxiety. Nat Neurosci 10, 1089-1093.

Martinowich, K., Schloesser, R. J., Lu, Y., Jimenez, D. V., Paredes, D., Greene, J.
S., Greig, N. H., Manji, H. K., and Lu, B. (2012). Roles of p75(ntr), long-term
depression, and cholinergic transmission in anxiety and acute stress coping. Biol
Psychiatry 71, 75-83.

Matsuoka, Y., Nishi, D., Tanima, Y., Itakura, M., Kojima, M., Hamazaki, K., Noguchi,
H., and Hamazaki, T. (2015). Serum pro-bdnf/bdnf as a treatment biomarker for
response to docosahexaenoic acid in traumatized people vulnerable to developing
psychological distress: A randomized controlled trial. Transl Psychiatry 5, e596.

Maya Vetencourt, J. F., Sale, A., Viegi, A., Baroncelli, L., De Pasquale, R., O’Leary,
O. F., Castrén, E., and Maffei, L. (2008). The antidepressant fluoxetine restores
plasticity in the adult visual cortex. Science 320, 385-388.

Maya Vetencourt, J. F., Tiraboschi, E., Spolidoro, M., Castrén, E., and Maffei, L.
(2011). Serotonin triggers a transient epigenetic mechanism that reinstates adult
visual cortex plasticity in rats. Eur J Neurosci 33, 49-57.

Maya-Vetencourt, J. F., Tiraboschi, E., Greco, D., Restani, L., Cerri, C., Auvinen, P.,
Maffei, L., and Castrén, E. (2012). Experience-dependent expression of npas4
regulates plasticity in adult visual cortex. J Physiol 590, 4777-4787.

Mizui, T., Ishikawa, Y., Kumanogoh, H., Lume, M., Matsumoto, T., Hara, T.,
Yamawaki, S., Takahashi, M., Shiosaka, S., Itami, C., Uegaki, K., Saarma, M., and
Kojima, M. (2015). Bdnf pro-peptide actions facilitate hippocampal Itd and are altered
by the common bdnf polymorphism val66met. Proc Natl Acad Sci U S A 112, E3067-
74.

Molendijk, M. L., Spinhoven, P., Polak, M., Bus, B. A., Penninx, B. W., and Elzinga,
B. M. (2014). Serum bdnf concentrations as peripheral manifestations of depression:
Evidence from a systematic review and meta-analyses on 179 associations
(n=9484). Mol Psychiatry 19, 791-800.

Molteni, R., Calabrese, F., Cattaneo, A., Mancini, M., Gennarelli, M., Racagni, G.,
and Riva, M. A. (2009). Acute stress responsiveness of the neurotrophin bdnf in the
rat hippocampus is modulated by chronic treatment with the antidepressant
duloxetine. Neuropsychopharmacology 34, 1523-1532.

21



Monteggia, L. M., Barrot, M., Powell, C. M., Berton, O., Galanis, V., Gemelli, T.,
Meuth, S., Nagy, A., Greene, R. W., and Nestler, E. J. (2004). Essential role of brain-
derived neurotrophic factor in adult hippocampal function. Proc.Natl.Acad.Sci.U.S.A
101, 10827-10832.

Monteggia, L. M., Luikart, B., Barrot, M., Theobold, D., Malkovska, I., Nef, S.,
Parada, L. F., and Nestler, E. J. (2007). Brain-derived neurotrophic factor conditional
knockouts show gender differences in depression-related behaviors. Biol Psychiatry
61, 187-197.

Monteggia, L. M., and Zarate, C. J. (2015). Antidepressant actions of ketamine: From
molecular mechanisms to clinical practice. Curr Opin Neurobiol 30, 139-143.

Murray, C. J., Vos, T., Lozano, R., Naghavi, M., Flaxman, A. D. et al. (2012).
Disability-adjusted life years (dalys) for 291 diseases and injuries in 21 regions,
1990-2010: A systematic analysis for the global burden of disease study 2010.
Lancet 380, 2197-2223.

Nestler, E. J., Barrot, M., DiLeone, R. J., Eisch, A. J., Gold, S. J., and Monteggia, L.
M. (2002). Neurobiology of depression. Neuron 34, 13-25.

Nibuya, M., Morinobu, S., and Duman, R. S. (1995). Regulation of bdnf and trkb
mrna in rat brain by chronic electroconvulsive seizure and antidepressant drug
treatments. J.Neurosci. 15, 7539-7547.

Ninan, I., Bath, K. G., Dagar, K., Perez-Castro, R., Plummer, M. R., Lee, F. S., and
Chao, M. V. (2010). The bdnf val66met polymorphism impairs nmda receptor-
dependent synaptic plasticity in the hippocampus. J Neurosci 30, 8866-8870.

Nykjaer, A., Lee, R., Teng, K. K., Jansen, P., Madsen, P., Nielsen, M. S., Jacobsen,
C., Kliemannel, M., Schwarz, E., Willnow, T. E., Hempstead, B. L., and Petersen, C.
M. (2004). Sortilin is essential for prongf-induced neuronal cell death. Nature 427,
843-848.

Pang, P. T., Teng, H. K., Zaitsev, E., Woo, N. T., Sakata, K., Zhen, S., Teng, K. K.,
Yung, W. H., Hempstead, B. L., and Lu, B. (2004). Cleavage of probdnf by
tpa/plasmin is essential for long-term hippocampal plasticity. Science 306, 487-491.

Polacchini, A., Metelli, G., Francavilla, R., Baj, G., Florean, M., Mascaretti, L. G., and
Tongiorgi, E. (2015). A method for reproducible measurements of serum bdnf:
Comparison of the performance of six commercial assays. Sci Rep 5, 17989.

Pruunsild, P., Sepp, M., Orav, E., Koppel, I., and Timmusk, T. (2011). Identification of
cis-elements and transcription factors regulating neuronal activity-dependent
transcription of human bdnf gene. J Neurosci 31, 3295-3308.

Radka, S. F., Holst, P. A, Fritsche, M., and Altar, C. A. (1996). Presence of brain-
derived neurotrophic factor in brain and human and rat but not mouse serum
detected by a sensitive and specific immunoassay. Brain Res 709, 122-301.

Rantamaki, T., Hendolin, P., Kankaanpaa, A., Mijatovic, J., Piepponen, P., Domenici,
E., Chao, M. V., Mannisto, P. T., and Castrén, E. (2007). Pharmacologically diverse
antidepressants rapidly activate brain-derived neurotrophic factor receptor trkb and
induce phospholipase-cgamma signaling pathways in mouse brain.
Neuropsychopharmacology 32, 2152-2162.

Russo-Neustadt, A., Beard, R. C., and Cotman, C. W. (1999). Exercise,
antidepressant medications, and enhanced brain derived neurotrophic factor
expression. Neuropsychopharmacology 21, 679-682.

22



Russo-Neustadt, A., Ha, T., Ramirez, R., and Kesslak, J. P. (2001). Physical activity-
antidepressant treatment combination: Impact on brain-derived neurotrophic factor
and behavior in an animal model. Behav Brain Res 120, 87-95.

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

Sahay, A., and Hen, R. (2007). Adult hippocampal neurogenesis in depression. Nat
Neurosci 10, 1110-1115.

Sairanen, M., O’Leary, O. F., Knuuttila, J. E., and Castrén, E. (2007). Chronic
antidepressant treatment selectively increases expression of plasticity-related
proteins in the hippocampus and medial prefrontal cortex of the rat. Neuroscience
144, 368-374.

Sairanen, M., Lucas, G., Ernfors, P., Castrén, M., and Castrén, E. (2005). Brain-
derived neurotrophic factor and antidepressant drugs have different but coordinated
effects on neuronal turnover, proliferation, and survival in the adult dentate gyrus.
Journal of Neuroscience 25, 1089-1094.

Santarelli, L., Saxe, M., Gross, C., Surget, A., Battaglia, F., Dulawa, S., Weisstaub,
N., Lee, J., Duman, R., Arancio, O., Belzung, C., and Hen, R. (2003). Requirement of
hippocampal neurogenesis for the behavioral effects of antidepressants. Science
301, 805-809.

Schneier, F. R., Neria, Y., Pavlicova, M., Hembree, E., Suh, E. J., Amsel, L., and
Marshall, R. D. (2012). Combined prolonged exposure therapy and paroxetine for
ptsd related to the world trade center attack: A randomized controlled trial. Am J
Psychiatry 169, 80-88.

Seidah, N. G., Benjannet, S., Pareek, S., Chretien, M., and Murphy, R. A. (1996).
Cellular processing of the neurotrophin precursors of nt3 and bdnf by the mammalian
proprotein convertases. FEBS Lett 379, 247-250.

Sen, S., Duman, R., and Sanacora, G. (2008). Serum brain-derived neurotrophic
factor, depression, and antidepressant medications: Meta-analyses and implications.
Biol Psychiatry 64, 527-532.

Sen, S., Nesse, R. M., Stoltenberg, S. F., Li, S., Gleiberman, L., Chakravarti, A.,
Weder, A. B., and Burmeister, M. (2003). A bdnf coding variant is associated with the
neo personality inventory domain neuroticism, a risk factor for depression.
Neuropsychopharmacology 28, 397-401.

Shimizu, E., Hashimoto, K., Okamura, N., Koike, K., Komatsu, N., Kumakiri, C.,
Nakazato, M., Watanabe, H., Shinoda, N., Okada, S., and lyo, M. (2003). Alterations
of serum levels of brain-derived neurotrophic factor (bdnf) in depressed patients with
or without antidepressants. Biol Psychiatry 54, 70-75.

Shirayama, Y., Chen, A. C., Nakagawa, S., Russell, D. S., and Duman, R. S. (2002).
Brain-derived neurotrophic factor produces antidepressant effects in behavioral
models of depression. J Neurosci 22, 3251-3261.

Siuciak, J. A, Lewis, D. R., Wiegand, S. J., and Lindsay, R. M. (1997).
Antidepressant-like effect of brain-derived neurotrophic factor (bdnf).
Pharmacol.Biochem.Behav. 56, 131-137.

Sklar, P., Gabriel, S. B., Mclnnis, M. G., Bennett, P., Lim, Y. M., Tsan, G., Schaffner,
S., Kirov, G., Jones, |., Owen, M., Craddock, N., DePaulo, J. R., and Lander, E. S.

23



(2002). Family-based association study of 76 candidate genes in bipolar disorder:
Bdnf is a potential risk locus. Mol.Psychiatry 7, 579-593.

Smith, M. A., Makino, S., Kvetnansky, R., and Post, R. M. (1995). Stress and
glucocorticoids affect the expression of brain-derived neurotrophic factor and
neurotrophin-3 mrnas in the hippocampus. J Neurosci 15, 1768-1777.

Soliman, F., Glatt, C. E., Bath, K. G., Levita, L., Jones, R. M. et al. (2010). A genetic
variant bdnf polymorphism alters extinction learning in both mouse and human.
Science 327, 863-866.

Stewart, C. A., and Reid, I. C. (2000). Repeated ecs and fluoxetine administration
have equivalent effects on hippocampal synaptic plasticity. Psychopharmacology
(Berl) 148, 217-223.

Taliaz, D., Stall, N., Dar, D. E., and Zangen, A. (2010). Knockdown of brain-derived
neurotrophic factor in specific brain sites precipitates behaviors associated with
depression and reduces neurogenesis. Mol Psychiatry 15, 80-92.

Teng, H. K., Teng, K. K., Lee, R., Wright, S., Tevar, S., Almeida, R. D., Kermani, P.,
Torkin, R., Chen, Z. Y., Lee, F. S., Kraemer, R. T., Nykjaer, A., and Hempstead, B. L.
(2005). Probdnf induces neuronal apoptosis via activation of a receptor complex of
p75ntr and sortilin. Journal of Neuroscience 25, 5455-5463.

Thoenen, H. (1995). Neurotrophins and neuronal plasticity. Science 270, 593-598.

Thompson Ray, M., Weickert, C. S., Wyatt, E., and Webster, M. J. (2011).
Decreased bdnf, trkb-tk+ and gad67 mrna expression in the hippocampus of
individuals with schizophrenia and mood disorders. J Psychiatry Neurosci 36, 195-
203.

Tripp, A., Oh, H., Guilloux, J. P., Martinowich, K., Lewis, D. A., and Sibille, E. (2012).
Brain-derived neurotrophic factor signaling and subgenual anterior cingulate cortex
dysfunction in major depressive disorder. Am J Psychiatry 169, 1194-1202.

Tsankova, N. M., Berton, O., Renthal, W., Kumar, A., Neve, R. L., and Nestler, E. J.
(2006). Sustained hippocampal chromatin regulation in a mouse model of depression
and antidepressant action. Nat.Neurosci. 9, 519-525.

Turck, P., and Frizzo, M. E. (2015). Riluzole stimulates bdnf release from human
platelets. Biomed Res Int 2015, 189307.

Vaidya, V. A., Siuciak, J. A., Du, F., and Duman, R. S. (1999). Hippocampal mossy
fiber sprouting induced by chronic electroconvulsive seizures. Neuroscience 89, 157-
166.

Verhagen, M., van der Meij, A., van Deurzen, P. A., Janzing, J. G., Arias-Vasquez,
A., Buitelaar, J. K., and Franke, B. (2010). Meta-analysis of the bdnf val66met
polymorphism in major depressive disorder: Effects of gender and ethnicity. Mol
Psychiatry 15, 260-271.

Volosin, M., Trotter, C., Cragnolini, A., Kenchappa, R. S., Light, M., Hempstead, B.
L., Carter, B. D., and Friedman, W. J. (2008). Induction of proneurotrophins and
activation of p75ntr-mediated apoptosis via neurotrophin receptor-interacting factor in
hippocampal neurons after seizures. J Neurosci 28, 9870-9879.

Wang, J. W., David, D. J., Monckton, J. E., Battaglia, F., and Hen, R. (2008). Chronic
fluoxetine stimulates maturation and synaptic plasticity of adult-born hippocampal
granule cells. J Neurosci 28, 1374-1384.

Weinstein, G., Beiser, A. S., Choi, S. H., Preis, S. R., Chen, T. C., Vorgas, D., Au, R.,
Pikula, A., Wolf, P. A., Destefano, A. L., Vasan, R. S., and Seshadri, S. (2014).

24



Serum brain-derived neurotrophic factor and the risk for dementia: The framingham
heart study. JAMA Neurol 71, 55-61.

Wetsel, W. C., Rodriguiz, R. M., Guillemot, J., Rousselet, E., Essalmani, R., Kim, I.
H., Bryant, J. C., Marcinkiewicz, J., Desjardins, R., Day, R., Constam, D. B., Prat, A.,
and Seidah, N. G. (2013). Disruption of the expression of the proprotein convertase
pc7 reduces bdnf production and affects learning and memory in mice. Proc Natl
Acad Sci U S A 110, 17362-17367.

Wittchen, H. U., Jacobi, F., Rehm, J., Gustavsson, A., Svensson, M. et al. (2011).
The size and burden of mental disorders and other disorders of the brain in europe
2010. Eur Neuropsychopharmacol 21, 655-679.

Woo, N. H., Teng, H. K., Siao, C. J., Chiaruttini, C., Pang, P. T., Milner, T. A,,
Hempstead, B. L., and Lu, B. (2005). Activation of p75ntr by probdnf facilitates
hippocampal long-term depression. Nat Neurosci 8, 1069-1077.

Wook Koo, J., Labonte, B., Engmann, O., Calipari, E. S., Juarez, B., Lorsch, Z.,
Walsh, J. J., Friedman, A. K., Yorgason, J. T., Han, M. H., and Nestler, E. J. (2015).
Essential role of mesolimbic brain-derived neurotrophic factor in chronic social
stress-induced depressive behaviors. Biol Psychiatry

Wu, X., and Castrén, E. (2009). Co-treatment with diazepam prevents the effects of
fluoxetine on the proliferation and survival of hippocampal dentate granule cells. Biol
Psychiatry 66, 5-8.

Yan, T., Wang, L., Kuang, W., Xu, J., Li, S., Chen, J., and Yang, Y. (2014). Brain-
derived neurotrophic factor val66met polymorphism association with antidepressant
efficacy: A systematic review and meta-analysis. Asia Pac Psychiatry 6, 241-251.

Yu, H., Wang, Y., Pattwell, S., Jing, D., Liu, T., Zhang, Y., Bath, K. G., Lee, F. S,,
and Chen, Z. Y. (2009). Variant bdnf val66met polymorphism affects extinction of
conditioned aversive memory. J Neurosci 29, 4056-4064.

Zafra, F., Hengerer, B., Leibrock, J., Thoenen, H., and Lindholm, D. (1990). Activity
dependent regulation of bdnf and ngf mrnas in the rat hippocampus is mediated by
non-nmda glutamate receptors. EMBO J 9, 3545-3550.

Zagrebelsky, M., Holz, A., Dechant, G., Barde, Y. A., Bonhoeffer, T., and Korte, M.
(2005). The p75 neurotrophin receptor negatively modulates dendrite complexity and
spine density in hippocampal neurons. J Neurosci 25, 9989-9999.

Zagrebelsky, M., and Korte, M. (2014). Form follows function: Bdnf and its
involvement in sculpting the function and structure of synapses. Neuropharmacology
76 Pt C, 628-638.

Zou,Y.F. Ye,D. Q. Feng, X. L., Su, H., Pan, F. M., and Liao, F. F. (2010). Meta-
analysis of bdnf val66met polymorphism association with treatment response in
patients with major depressive disorder. Eur Neuropsychopharmacol 20, 535-544.

25



