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Abstract

Brain derived neurotrophic factor (BDNF) is a neuropeptide that plays humerous important

roles in synaptic development and plasticity. While its importance in fundamental physiology

is well-established, studies of BDNF often produce conflicting and unclear results, and the scope
of existing research makes the prospect of setting future directions difficult. In this review,

we examine the importance of spatial and temporal factors on BDNF activity, particularly in
processes such as synaptogenesis, Hebbian plasticity, homeostatic plasticity, and the treatment of
psychiatric disorders. Understanding the fundamental physiology of when, where, and how BDNF
acts and new approaches to control BDNF signaling in time and space can contribute to improved
therapeutics and patient outcomes.

Overview of the pleotropic functions of BDNF-TrkB signaling

In 1982, a novel neurotrophic factor was found to support the survival and growth of

chick embryo dorsal root ganglia (Barde et al., 1978). It was thus purified and became
designated as brain derived neurotrophic factor (BDNF). BDNF was the second member

of the neurotrophin family to be identified; other members of this family also include
neurotrophin 3, neurotrophin 4, and nerve growth factor (Cohen and Levi-Montalcini, 1956;
Ip et al., 1992; Maisonpierre et al., 1990).

Since its discovery, a vast number of studies have reported on numerous aspects of BDNF
signaling in the central nervous system, as well as BDNF’s role in neuronal development,
synaptic plasticity and the pathology and treatment of psychiatric disorders (Autry and
Monteggia, 2012; Kowianski et al., 2018; Lu, 2003; Park and Poo, 2013). In the last two
decades, BDNF has emerged as a key factor that underlies the efficacy of neuropsychiatric
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treatments in addition to being a critical factor for neuronal development and synaptic
plasticity.

Yet, here we are faced with an embarrassment of riches. On one hand, there is strong
evidence for the importance of BDNF in nervous system function and pathology that

are at the core of what the field studies and hopes to achieve as potential treatments

in central nervous system disorders. On the other hand, the multi-functional aspects of
BDNF signaling combined with the large landscape of findings linked to BDNF makes
formulating specific hypotheses or directions for future research rather daunting. Therefore,
it is understandable that BDNF research, despite its fully substantiated importance, may
trigger a level of frustration in the field.

In this review, we aim to present an overview of the pleiotropic functions of BDNF in
multiple forms of synaptic plasticity, with emphasis on the findings that suggest timing and
location of BDNF action as a critical component of its downstream effectors. While BDNF
is a single factor, it can trigger multiple and often contradictory functional consequences
based on its mechanism of expression, site of release, and site of action. Overall, we posit
that future studies focusing on BDNF should account for its specific loci and temporal
properties when pursuing its putative plastic and therapeutic effects.

From transcription to downstream signaling pathways

BDNF expression is regulated at multiple levels with several redundant mechanisms at

the transcriptional level. The human BDNF gene has nine promoters that generate distinct
mRNAs with different noncoding exons but encode the same protein. The human BDNF
gene contains 11 exons (I-1X, Vh, VIlIh), two more than the rat and mouse BDNF genes,
suggesting increased complexity in humans. BDNF transcript expression appears to have
cell-specific and activity-dependent properties, and different transcripts can have unique
effects on molecular and behavioral expression (Kokaia et al., 1994; Maynard et al., 2015).
For instance, disruption of the BDNF promoter IV in the cortex leads to fewer inhibitory
synapse numbers and reduced inhibitory presynaptic markers. These mice do not have

the hyperphagia and obesity characteristic of BDNF knockout mice, suggesting a promoter-
specific effect (Hong et al., 2008). BDNF mRNAs are polyadenylated at either of the two
alternative sites, leading to 2 mRNA populations — one with short 3’ untranslated region
(UTR) and those with a long 3’ UTR (Timmusk et al., 1993). Using a mouse mutant

in which long BDNF 3’ UTR is disrupted, it was found that few BDNF mRNAs were
present in dendrites, while total amounts of BDNF mRNA and protein remained the same.
These mutant mice also had thinner and less dense hippocampal spines, as well as reduced
long-term potentiation. (An et al., 2008).

BDNF protein is synthesized in cell bodies of neurons and glia, and it is found across the
brain but is expressed in the highest amounts in the hippocampus and cortex (Poo, 2001).

In human neurons, the BDNF transcript is translated into pre-pro-BDNF in the neuronal
cell body, which is cleaved into the precursor pro-BDNF. Some controversy in the field
exists about whether pro-BDNF is released. Some groups propose that only the mature
form of BDNF is secreted (Matsumoto et al., 2008), while others have found that proBDNF
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is secreted by neurons to preferentially bind to the p75 receptor and facilitate long term
depression (LTD) and pro-apoptotic pathways (Yang et al., 2009). As more groups study this
phenomenon, it appears that much of the evidence suggests that proBDNF is both converted
intracellularly and secreted (and subsequently converted) extracellularly, a process that helps
modulate the differential roles of pro vs mBDNF’s role in synaptic processes such as long
term potentiation (LTP) (Pang et al., 2004).

If cleaved intracellularly, BDNF can be packaged into dense core vesicles that are
transported to axon terminals and dendritic compartments (Dieni et al., 2012; Egan et

al., 2003). Following transport, BDNF can be released constitutively presumably by a
Ca?*-dependent mechanism, its most effective form of secretion is activity-dependent

via patterned electrical stimulation (Balkowiec and Katz, 2002). A recent study found

that presynaptic N-methyl-D-aspartate receptors (NMDARS) at hippocampal synapses may
contribute to BDNF release via increasing presynaptic calcium (Lituma et al., 2021).
BDNF’s release is inhibited by synaptotagmin-1V, and work with an exogenously expressed
BDNF reporter has shown its release is driven by distinct soluble NSF-attachment protein
receptors (SNARE) complexes comprised of synaptobrevin-2, Synaptosomal-Associated
Protein (SNAP25), and SNAP47 (Dean et al., 2009; Shimojo et al., 2015) (Figure 2).

BDNF, like all neurotrophins, is positively charged at physiological pH and readily binds
to the cell membrane and the extracellular matrix, which limits its diffusional capabilities
once secreted (Park and Poo, 2013). BDNF binds with high affinity to the Tropomyosin
receptor kinase B (TrkB) receptor, which activates signaling pathways that can modulate a
number of synaptic processes. TrkB is located on glial cells, as well as neuronal cell bodies,
presynaptic terminals, and sites of postsynaptic specializations on dendrites (Frisen et al.,
1993). The expression of TrkB on plasma membranes is dynamic and can be enhanced

by excitatory synaptic activity, particularly high frequency stimulation (Du et al., 2000).
TrkB receptors can also be internalized via clathrin-mediated endocytosis into intracellular
vesicles where it can be transported to various regions of the neurons to affect regulatory
processes (Meyer-Franke et al., 1998).

Activation of TrkB by BDNF triggers several downstream pathways important in neuronal
function and survival. TrkB activation occurs via trans-phosphorylation of its tyrosine
residues, leading to activation of src homolog domain 2 (SH2) and phosphorylation of

the PLC-y (Phospholipase C), PI3K-Akt (Phosphoinositide 3-kinase/ protein kinase B)
activation, and mitogen-activated protein kinase—extracellular signal-regulated kinases
(MAPK-ERK) pathways (Figure 1). PI3K/Akt activation promotes neuronal survival, and
MAPK signaling supports synaptic plasticity and neuronal function. PLC-y pathway
activation leads to generation of IP3 and subsequent release of calcium from internal
calcium stores that can activate calcium-dependent protein kinases to influence processes
such as synaptic plasticity (Minichiello, 2009).

Synaptogenesis

Multiple studies have found that synapse formation is modulated by BDNF-TrkB signaling
(Luikart et al., 2005; Park and Poo, 2013; Vicario-Abejon et al., 2002). In addition to its cell-
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specific regulation, the mode of BDNF delivery (i.e. exogenous application vs endogenous
expression) can affect findings. BDNF can regulate synapse formation in three main ways:
increasing the arborization of axons and dendrites, inducing axonal and dendritic bouton
formation, and stabilizing existing synapses. Furthermore, BDNF affects synaptogenesis in a
temporally and spatially relevant manner.

Cell type specificity and spatial range have emerged as important determinants of BDNF
action. In visual cortical slice cultures, BDNF application increased the length and
complexity of basal dendrites in layer 4, while other layers did not respond, suggesting

a laminar specificity of BDNF signaling in cortical brain regions (McAllister et al., 1995).
BDNF also has a limited diffusional capacity, leading to effects located locally of its

release or application. Chronic application of BDNF on hippocampal slice cultures increased
the length of apical dendrites without affecting basal dendritic properties, and the effect

on apical dendrites have been shown to be blocked by inhibiting the MEK pathway

(Alonso et al., 2004). Notably, the method of BDNF application matters for its effect on
synaptogenesis. Acute application of BDNF (and acute activation of TrkB) augmented the
size of the dendritic spine head, whereas gradually eliciting BDNF-TrkB activation caused
spine length elongation and increased filopodia protrusions (Ji et al., 2010). While the ability
to examine the kinetics of TrkB activation /7 vivo remains limited, one may surmise that
gradual activation may occur from constitutive BDNF secretion, or release from a distant
source, while more acute activation may occur at local receptors due to intense neuronal
firing. Studies of endogenous BDNF have also supported the local distribution of its effects.
BDNF overexpressing “donor” neurons in ferret cortical slice cultures could elicit increased
dendritic growth and branching at “recipient” neurons within ~4.5 um of the site of BDNF
secretion (Horch and Katz, 2002). Studies of both exogenous application and endogenous
release support the localized effects of BDNF.

Improved genetic tools allow more precise characterization, and indeed the usage of
three different Cre-expressing transgenic mice revealed unique temporal and spatial
configurations of TrkB activity in formation of pre- vs postsynaptic specializations.
During the critical development period, deletion of TrkB at presynaptic sites impaired
presynaptic terminal formation, deletion of TrkB in postsynaptic sites impaired formation
postsynaptic specializations, and deletion of both impaired formation on both sides. After
the developmental period had completed and synapses had been formed, however, TrkB
deletion did not impact synaptic formation (Luikart et al., 2005).

The effects of BDNF on synaptogenesis involve localized binding to TrkB receptors.
Together, the spatio-temporal precision of these mechanisms allows BDNF to specifically
modulate synaptogenesis in the “critical period” of development and adulthood.

Hebbian Plasticity

Hebbian plasticity is the most widely studied form of activity-dependent adaptation of
synaptic strength, which includes long term potentiation and depression (LTP and LTD),
as well as presynaptic facilitation and depression (a temporary change in the probability of
neurotransmitter release in response to an action potential, following a particular stimulus
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pattern). Hallmark features of Hebbian plasticity include associative, rapidly induced, and
input-specific changes. It is a positive feedback process — for instance, upon LTP induction,
the synaptic connection becomes stronger via an increased response to the same stimuli
(Malenka and Bear, 2004) (Figure 3). Hebbian plasticity is thought to form the mechanistic
basis for learning and memory, and BDNF has been shown to be involved in presynaptic and
postsynaptic mechanisms underlying plasticity.

Acute modulation of neurotransmitter release

Lohof et al. was one of the first to show that BDNF acutely augmented synaptic
transmission at the frog neuromuscular junction, which was followed by a series of studies
in mammalian central synapses (Lohof et al., 1993). Since then, as further elucidated in the
following paragraphs, studies have further reported the effects of BDNF on excitatory versus
inhibitory release, spontaneous versus evoked release, as well as downstream TrkB signaling
pathways involved in these processes.

BDNF appears to increase excitatory evoked release, but it has less consistent effects

on spontaneous release. Exogenous BDNF has been repeatedly found to increase evoked
response frequency and amplitude in both primary neuron cultures and brain slice
preparations (Kang and Schuman, 1995; Levine et al., 1995; Li et al., 1998a). These

effects are dependent on TrkB activation, as overexpression of a dominant negative form

of this receptor blocked BDNF’s effect on presynaptic release (Li et al., 1998b). While
BDNF-TrkB signaling increases evoked release, its effect on spontaneous neurotransmission
is less clear. In the presence of tetrodotoxin (TTX), a potent voltage-gated sodium channel
blocker, BDNF application increased the frequency of miniature excitatory postsynaptic
currents (MEPSCs) (Li et al., 1998a; Tyler and Pozzo-Miller, 2001), while others have found
that BDNF has no effect on spontaneous release (Figurov et al., 1996; Patterson et al., 1996).

BDNF’s effect on inhibitory neurotransmission has been studied less extensively; however,
BDNF appears to largely decrease inhibitory neurotransmission. BDNF reduces paired-pulse
depression of the inhibitory postsynaptic currents (IPSC), suggesting a presynaptic locus of
action (Frerking et al., 1998; Wardle et al., 2003). Endocannabinoids have been suggested

to be released as retrograde messengers in response to postsynaptic TrkB activation in

the cortex, to decrease release probability of GABAergic transmission. This suggests that
BDNF-TrkB may decrease inhibitory transmission via endocannabinoid signaling, and thus
affect short term plasticity mechanisms (Lemtiri-Chlieh and Levine, 2010). However, other
studies using hippocampal cultures found that application of BDNF over minutes to days did
not affect inhibitory neurotransmitter release (Shinoda et al., 2014). In sum, it appears that
BDNF increases excitatory evoked release, may modulate excitatory spontaneous release,
and overall attenuates inhibitory neurotransmission.

Several mechanisms have been proposed that may mediate BDNF’s effect on spontaneous
and evoked release. Importantly, the synaptic location of TrkB activation may be significant
for these actions (Figure 2). Earlier work suggested that BDNF acts postsynaptically to
acutely modulate neurotransmission (Levine et al., 1995). Moreover, a study using targeted
genetic manipulation of the CA3-CAL1 hippocampal circuitry reported that presynaptic, but
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not postsynaptic TrkB, receptors underlie BDNF’s effect on evoked neurotransmitter release
(Linetal., 2018).

The TrkB receptor activates the MAPK and PLC-y pathways, both of which have been
implicated in BDNF’s ability to affect presynaptic neurotransmitter release. BDNF-TrkB
binding that activates MAPK signaling has been found to regulate neurotransmitter release.
According to this hypothesis, the MAPK pathway phosphorylates synapsin, a synaptic
vesicle associated protein that in turn modifies synaptic vesicle pool dynamics (Cheng et al.,
2017). BDNF increases synapsin | phosphorylation and glutamate release within minutes,
and concomitant inhibition of the MAPK pathway suppresses this response (Jovanovic et al.,
2000). These results support the notion that BDNF may act through the MAPK pathway to
regulate synaptic vesicle pool dynamics.

The PLC-+y signaling pathway has also been implicated in BDNF’s effect on
neurotransmission, notably through modulating intracellular calcium levels. Calcium levels
play an important role in neurotransmission; for instance, it triggers evoked release and
modulates spontaneous neurotransmission (Studhof, 2012). Several studies have shown that
BDNF increases calcium levels at the cellular and synaptic level (Amaral and Pozzo-Miller,
2007a; Lang et al., 2007). Whether BDNF-induced calcium release occurs at the pre-

or postsynaptic sites, however, remains to be clearly elucidated. One study demonstrated
that the increases in calcium co-localized with postsynaptic markers (Lang et al., 2007),
while another found that BDNF-induced calcium changes may be presynaptic in origin

as well (Cheng et al., 2017). A potential source of calcium influx may be from transient
receptor potential cation (TRPC) channels, which are activated by the PLC- -y pathway.
Pharmacological and genetic approaches have found that blocking TRPC activity attenuates
BDNF-mediated calcium influx, suggesting a significant contribution of this channel in
BDNF’s action (Amaral and Pozzo-Miller, 2007a, 2007b; Li et al., 1999). More studies are
needed, but it may be that presynaptic and postsynaptic calcium changes are not mutually
exclusive, and they are involved in distinct pathways to affect BDNF-induced changes in
neurotransmission.

Notably, the location of BDNF- TrkB signaling at different brain regions can lead

to different effects on calcium signaling. For instance, in contrast to observations in
hippocampal synapses, BDNF slows calcium channel activation and inhibits exocytosis and
endocytosis in the calyx of Held synapses of the brain stem (Baydyuk et al., 2015). Overall,
these studies bolster the premise that when examining the effects of BDNF on calcium
signaling, it is important to consider the brain region being studied and how BDNF effect in
a particular region may impact a larger synaptic network.

Long term potentiation

Long term potentiation (LTP) is a form of synaptic plasticity whereby brief strong
stimulation or temporal pairing of pre-and postsynaptic stimulation potentiates, or increases,
the subsequent response to the baseline level of stimulation (Figure 3). This process has
been strongly implicated to form the basis for learning and memory (Morris, 2003). LTP

is broken down into three main phases: induction, maintenance, and expression. Induction
involves the application of high frequency stimuli or a “pairing protocol” to trigger LTP,
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maintenance involves persistent biochemical changes at the synapse, and expression is
characterized by long lasting cellular changes induced by biochemical changes (Malenka
and Bear, 2004).

Early studies found that genetic deletion of BDNF led to impairments in induction and
potentiation magnitude of LTP, and infusion of recombinant BDNF rescued this deficit
(Korte et al., 1995; Patterson et al., 1996). And indeed, further study of BDNF has found
that BDNF-TrkB signaling plays both permissive and instructive roles in different phases of
LTP (Lin et al., 2018), and these effects are affected by factors including stage of synapse
development and TrkB receptor location.

Role of BDNF-TrkB activation kinetics and synaptic developmental stage—
The effects of BDNF-TrkB signaling may depend on the developmental age and the
kinetics of BDNF application. Hippocampal slices at postnatal day 8-9 did not have
significant differences in LTP with exogenous BDNF. However, BDNF promoted LTP in rat
hippocampal slices at postnatal day 12-13, suggesting that BDNF’s ability to affect synaptic
potentiation may increase with synaptic maturity (Figurov et al., 1996). Furthermore,
exogenous BDNF application may differently affect potentiation depending on the method
of delivery. Perfusion of exogenous BDNF at a slow rate did not show potentiation, while
increasing the rate of BDNF application led to synaptic potentiation (Kang et al., 1996).
Perhaps these results help explain why the results of exogenous BDNF application are often
conflicting and varying. Furthermore, as it is demonstrated by recent work, BDNF acts
locally and specifically on TrkB receptors (Lin et al., 2018), so it may be that manipulation
of endogenous BDNF may be able to discern effects with a greater spatial specificity
compared to broadly applying BDNF on neural tissue.

Studies that manipulate endogenous BDNF have found that the location of BDNF’s release
and TrkB activation matters in long term potentiation. BDNF and TrkB receptors in the
CA3-CA1 pathway were genetically deleted to discern the role of pre- versus postsynaptic
signaling. It was found that postsynaptic TrkB receptors are involved in LTP induction,
while both pre- and postsynaptic TrkB receptors are involved in LTP maintenance. Both
induction and maintenance of LTP were activated by BDNF release from presynaptic CA3
neurons (Lin et al., 2018). In earlier work, a similar deficit could be rescued by infusion of
BDNF into presynaptic CA3 neurons, but not at postsynaptic neurons (Zakharenko et al.,
2003). Furthermore, BDNF can act in an autocrine signaling system within a single spine.
Postsynaptic BDNF release, induced by stimulation, activates TrkB receptors on the same
postsynaptic spine which was essential for structural and functional LTP (Harward et al.,
2016). These findings suggest that both pre- and postsynaptic BDNF are critical for LTP
expression, and the spatial location of TrkB at synapses is important in affecting LTP (Figure
2).

A number of TrkB downstream pathways have been implicated in the effects of BDNF-
TrkB activation on LTP. A mutation at the PLC-y phosphorylation docking site of the

TrkB receptor showed that the PLC-y pathway is involved in early and late LTP. The

PLC-y pathway forms IP3, which binds to its receptors on the sarcoplasmic reticulum to
increase intracellular calcium levels and facilitate increased a.-amino-3-hydroxy-5-methyl-4-
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isoxazolepropionic acid receptor (AMPAR) expression and cellular potentiation (Gruart et
al., 2007). TrkB has also been shown to bind and activate Fyn (a Src-family tyrosine kinase
that phosphorylates NMDARS), which increases the open probability of NMDAR channels
and increase the calcium influx and likelihood of synaptic potentiation (Hildebrand et al.,
2016). Based on these proposed mechanisms, it appears that it is the specific activation of
TrkB, and subsequent phosphorylation of downstream proteins, that mediate BDNF’s effect
on LTP.

Learning and memory—BDNF has been shown to be increased after learning tasks such
as contextual fear conditioning (Hall et al., 2000). This suggests that BDNF is endogenously
modulated by learning tasks and may contribute to the neurobiology of learning and
memory. Genetic approaches using heterozygous BDNF KO mice showed impairments in
learning, such as in fear conditioning (Liu et al., 2004).

BDNF’s role in learning and memory has been debated over the years, without conclusive
evidence. It may be that BDNF is modulated in different brain regions to modulate different
types of learning. For instance, BDNF in the hippocampus may mediate learning in novel
object recognition tasks (Hall et al., 2000; Minichiello et al., 1999). Moreover, a study
utilizing the CA3-CA1 pathway found that TrkB receptor activation at both the pre- and
postsynaptic sites were critical for performance in the novel recognition memory task (Lin et
al., 2018).

Human studies have further corroborated the importance of BDNF in memory performance.
A common single nucleotide polymorphism called Val66Met polymorphism, with a Met to
Val substitution at codon 66 that impairs BDNF release from neurons. This polymorphism
is very frequent, with up to 30% Met carriers in a European sample, and Egan et al.
demonstrated that this polymorphism has been associated with performance in memory
tasks (Egan et al., 2003). However, this study also has several caveats — the number of
met/met groups is limited, and there were no genotype effects within the patient group.
These findings suggest that in animal studies, BDNF is involved in learning and memory,
though extrapolating these results to human studies must come with careful consideration.

Homeostatic plasticity

While Hebbian plasticity is critical for processes such as information storage, its positive
feedback loop of reinforcing the direction of synaptic changes may lead to runaway
excitation or inhibition. Homeostatic plasticity maintains activity around a set point, such
that an error signal is generated to regulate activity back towards a target set point. For
instance, upon chronic blockade of cortical culture activity, the amplitude of mEPSCs were
increased. Furthermore, blocking GABAergic signaling initially increased network activity,
but after 48 hours the activity returned to baseline values. These homeostatic changes were
found to scale multiplicatively, and they were thus deemed “synaptic scaling” (Turrigiano et
al., 1998) (Figure 3).

Extensive evidence suggests that BDNF signaling is critical for homeostatic forms of
plasticity, in addition to the its roles in classical Hebbian plasticity (Desai et al., 1999;
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Rutherford et al., 1997). If this is the case, how can the same signaling pathway be involved
in these two separate categories of synaptic plasticity that are expected to counter one
another? Several lines of thought have arisen to address this apparent conundrum, largely
targeted towards the location and duration of BDNF signaling involved in specific categories
of synaptic plasticity. Another clue may arise from recent studies that suggest a permissive
and modulatory role for BDNF signaling in adjusting the specific amplitude of Hebbian
plasticity (Lin et al., 2018), in contrast to BDNF signaling as instructive and essential for
certain forms of homeostatic plasticity (Rutherford et al., 1998).

BDNF - TrkB signaling has been shown to be a key player in homeostatic plasticity

in numerous studies. In cortical cultures treated with TTX over days, exogenous BDNF
application prevented synaptic upscaling, while blocking endogenous TrkB receptors
mimicked the effects of activity blockade. This suggests that when activity rises and BDNF
production increases, the network properties favor inhibition; whereas when activity falls
and BDNF production is reduced, the network properties favor excitation (Rutherford et
al., 1998). The effects of BDNF in synaptic scaling has been replicated across other
studies as well (Desai et al., 1999). Interestingly, a recent study found that inhibiting
spontaneous inhibitory neurotransmission drives increases in BDNF transcription, in a
manner independent of excitatory transmission. This increase in BDNF feeds back to
downregulate excitatory synaptic strength (Horvath et al., 2021).

Similar to its involvement in other processes, BDNF may have differential effects depending
on its spatial location and timescale of application. Chronic BDNF-TrkB activity was

found to mediate down-scaling of AMPAR expression in nucleus accumbens (NAc) primary
culture (Reimers et al., 2014). This contrasts with its chronic effects in mediating synaptic
upscaling in cortical neurons (Rutherford et al., 1998), suggesting a regional specificity of
effects on homeostatic plasticity. Furthermore, the effect of BDNF on AMPA responses may
depend on the postsynaptic cell type and synaptic location (Jakawich et al., 2010; Rutherford
et al., 1998). The timescale of BDNF release also affects its effect on plasticity. Acute
treatment of BDNF in the NAc increased AMPAR subunit expression, while its chronic
activity mediates down-scaling (Reimers et al., 2014). This suggests a bidirectional effect
on plasticity depending on the timescale of application, such that rapid increases in BDNF
mediate synaptic upscaling, while chronic elevations lead to the opposite effect in synaptic
downscaling (Figure 3). BDNF is an important mediator of homeostatic plasticity, and thus
it is critical to consider the effects of its timescale and spatial location on activity.

Homeostatic Plasticity as a Target for Psychiatric Treatment

Homeostatic plasticity may be involved in psychiatric disease treatment mechanisms as
well as be an important target for future therapeutics. Both ketamine and lithium, which
are approved treatments for mood disorders, appear to involve synaptic scaling in their
targeting mechanism. Ketamine, an antidepressant that can elicit a response within hours
of administration, is proposed to mechanistically act via inhibiting NMDA receptors
involved in spontaneous transmission. This blockade activates a cascade of homeostatic
responses including inhibition of the calcium-calmodulin dependent kinase, eEF2 kinase,
which rapidly triggers BDNF protein synthesis and induces synaptic potentiation in the
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hippocampus (Autry et al., 2011). Consistent with this proposed mechanism, eEF2 kinase
KO mice do not show an antidepressant-like response to ketamine nor exhibit a ketamine-
induced potentiation (Nosyreva et al., 2013). A recent study found that while both ketamine-
mediated deactivation of eEF2K and subsequent protein translation and retinoic acid (RA)
dependent regulation of dendritic protein translation elicit homeostatic synaptic up-scaling,
the two pathways operate largely independent of each other. Nevertheless, as the two
pathways converge on homeostatic scaling as a synaptic end point, they both lead to rapid
antidepressant-like responses (Suzuki et al., 2021). These findings suggest a causal link
between signaling pathways that target synaptic up-scaling and rapid antidepressant action.

Importantly, ketamine’s impact on BDNF signaling and rapid antidepressant effects are not
mimicked by another NMDAR antagonist, the closely related compound memantine, which
is FDA-approved in the treatment of Alzheimer’s Disease. This disparity was found to be
due to memantine’s limited efficacy in blocking NMDA receptors near resting membrane
potentials, and thus it does not trigger key intracellular signaling pathways such as inhibition
of eEF2 or BDNF protein expression (Gideons et al., 2014). Some studies have found that
ketamine-induced potentiation is distinct from and does not affect NMDA-dependent LTP
(Crawford et al., 2017), while other studies have found that ketamine may demonstrate
metaplastic effects in blocking LTP (Kang et al., 2020). This interaction between ketamine
and other forms of plasticity such as LTP remain unclear, and further studies are warranted.
Further adding to the complexity of BDNF’s role in ketamine action, there appears

to be an age- dependency of ketamine’s synaptic and behavioral effects. In juvenile
animals, ketamine did not produce an antidepressant behavioral response, nor did it trigger
potentiation in juvenile hippocampal slices. This suggests that developmentally mature
hippocampal synapses are required to mediate ketamine’s physiological and behavioral
effects (Nosyreva et al., 2014).

Lithium is an effective treatment for bipolar disorder, though its mechanisms are not fully
understood. Lithium’s mechanism of action has been found to involve BDNF and synaptic
down-scaling in its antimanic effects, though unlike in ketamine, it induced an increase in
BDNF which is stable and long lasting. In conditional BDNF KO mice, the hyperactivity
was not altered in lithium treated mice, suggesting a requirement or BDNF in the anti-manic
effects of lithium. Furthermore, lithium causes a downward scaling of AMPAR amplitudes
via post-synaptic mechanisms. This effect was found to be mediated by BDNF-TrkB
signaling, which causes dynamin-mediated endocytosis of AMPAR subunits (Gideons et

al., 2017). These results suggest that BDNF-TrkB signaling is involved in the antimanic,
synaptic downscaling effects of lithium.

Ketamine and lithium appear to involve BDNF signaling to enact opposing effects on
synaptic scaling; however, this may be due to the different localization (e.g. axon vs
dendrite) and time course of BDNF release induced by the two drugs. Ketamine-induced
increases in BDNF protein is acute and brief, while lithium is used as a chronic treatment
and leads to a more sustained BDNF rise (Figure 4). Studies of both ketamine and
lithium provide evidence that synaptic scaling plays a role in the treatment response,

and these findings suggest that other neuropsychiatric treatments may also involve forms
of homeostatic plasticity. Future approaches to expand upon these findings may include
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targeting the signaling pathways involved in homeostatic plasticity, such as eEF2K (Autry et
al., 2011; Nosyreva et al., 2013) or retinoic acid signaling (Suzuki et al., 2021; Wang et al.,
2011).

Psychiatric diseases are difficult to model due to the polygenetic nature of these disorders,
and even so, baseline changes in homeostatic plasticity as a result of the disease process
may be distinct from those involved in the treatment response. Certainly, homeostatic
plasticity remains a field with many open questions, and it is important to consider

any maladaptive consequences of manipulating these processes. By further elucidating

the connection between psychiatric disease and homeostatic plasticity, these forms of non-
Hebbian plasticities may emerge as important targets for future therapeutics (Kavalali and
Monteggia, 2020).

Psychiatric Disease and Treatment

The biological underpinnings of many psychiatric illnesses remain unclear. Multiple genetic
and environmental factors contribute, though understanding these factors to a sufficient
degree to create a robust preclinical model remains elusive. Thus, caution should be

taken in extrapolating effects from preclinical model studies onto human disease and
treatment. Furthermore, within a single diagnosis, human patients can exhibit a heterogenous
combination of symptoms. Despite how little we understand about mechanisms underlying
psychiatric conditions, we have some therapeutics that demonstrate efficacy in managing
symptoms. Furthermore, some of these treatments are used across different diagnoses — for
instance, antidepressants are first line treatments for post- traumatic stress disorder (PTSD)
as well as obsessive-compulsive disorder (OCD) (Vaswani et al., 2003).

Different psychiatric illnesses implicate varying and diverse mechanisms in their
development. However, we often utilize overlapping pharmacologic agents such as
antidepressants to treat these different diseases, which suggests that these therapeutics
likely do not enact their function by reversing disease pathophysiology. Perhaps, current
psychiatric drug treatments manage symptoms, but do not cure diseases. The mechanism of
some of these pharmacologic agents, particularly antidepressants and mood stabilizers, is
thought to involve BDNF-TrkB signaling (Figure 5). A better understanding of how BDNF
is involved in various psychiatric treatments can help improve our understanding of how
and when to target this pathway to improve disease outcomes. In the following sections, we
will discuss how BDNF may or may not be involved in the mechanisms underlying various
psychiatric therapeutics.

The Antidepressant Response

Major depressive disorder (MDD) is a heterogeneous condition diagnosed by the DSM-5
Criteria, which includes symptoms such as loss of pleasure, fatigue, and sleep disturbances
(American Psychological Association (APA), 2013). Pharmacologic agents targeting the
monoaminergic system, such as serotonin-selective reuptake inhibitors (SSRIs), have
become the mainstays for the treatment of MDD for several decades, and until recently,
there were no new breakthroughs in expanding the repertoire of psychiatric pharmacology
mechanisms. In the 2000s, however, a low intravenous ketamine treatment, an NMDA
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antagonist, was shown to have rapid antidepressant effects in patients with depression
(Berman et al., 2000) or treatment-resistant depression (Zarate et al., 2006) which was

a breakthrough as it introduced an entirely new mechanism of action. In 2019, the FDA
approved a ketamine-derived nasal spray for treatment-resistant depression. Despite the
apparently distinct mechanism between ketamine and more traditional antidepressants, as
well as the differences in the time course of antidepressant action, BDNF has arisen as

a factor common to the mechanism of both therapeutics (Kavalali and Monteggia, 2012;
Monteggia et al., 2013). In the case of rapidly acting antidepressants such as ketamine and
scopolamine, both their acute and sustained effects require BDNF signaling — in particular,
BDNF driven transcriptional regulation (Kim et al., 2021). These results implicate BDNF
as a potential biological target of convergence for a general antidepressant mechanism.
Although the results are complex, the further study of BDNF may help improve future
therapeutics.

Conventional antidepressants targeting the monoaminergic system increase BDNF and TrkB
expression in a time course consistent with the antidepressant responses in cortical and
subcortical structures such as the hippocampus (Nibuya et al., 1995; Rantaméki et al., 2007).
In mice with conditional BDNF KO expression in forebrain regions or TrkB dominant
negative genotypes, depressive phenotypes were not demonstrated. However, they had
attenuated responses to antidepressants (Monteggia et al., 2004; Saarelainen et al., 2003).
Furthermore, direct infusion of BDNF into the midbrain produces an antidepressant-like
response (Siuciak et al., 1996). These results suggest that BDNF-TrkB signaling may not
necessarily be involved in the depression pathophysiology; however, it may be a critical
mediator of the antidepressant response.

Mechanisms surrounding TrkB involvement in the antidepressant response—
Consistent with the notion that BDNF has regionally specific effects, BDNF was found to
have different roles even within the hippocampus in the antidepressant response. BDNF
infusion and deletion within the dentate gyrus induced and attenuated an antidepressant
response, respectively. (Adachi et al., 2017; Shirayama et al., 2002). In a recent study,
postsynaptic CA1 TrkB receptors were found to be critical for ketamine-induced synaptic
potentiation and rapid antidepressant effects (Lin et al., 2021). These results demonstrate the
importance of regional selectivity, even within the hippocampus, of BDNF-TrkB signaling in
antidepressant action.

While neurogenesis in the hippocampus has been proposed to play a role in the
antidepressant effect, the evidence surrounding this is not without controversy. Chronic
antidepressant treatment, such as fluoxetine, increases the number of bromodeoxyuridine
(BrdU)-labeled cells, a marker of DNA synthesis, suggesting that antidepressants may
increase neuronal proliferation in the dentate gyrus (Malberg et al., 2000). Genetic and
radiologic disruption of neurogenesis blocked the behavioral effects of antidepressants
(Santarelli et al., 2003). However, this approach used x-irradiation to ablate cell
proliferation, which has many non-specific side effects. Furthermore, a role for neurogenesis
in antidepressant action has also been mired in some uncertainty as the behavioral effects
of serotonin selective reuptake inhibitors can occur independent of neurogenesis in some
mouse strains (Holick et al., 2008). The rapid timescale of antidepressant action with
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ketamine suggests neurogenesis does not appear to be strictly required for initiating
antidepressant effects. However, TrkB-dependent neuronal differentiation has been reported
to mediate the sustained antidepressant action of ketamine (Ma et al., 2017).

A recent study reported that both typical and fast-acting antidepressants bind directly to

the TrkB receptor to facilitate its activation by BDNF (Casarotto et al., 2021). This was an
unexpected finding given that the prior convention of understanding was that antidepressants
increase BDNF expression, which subsequently activated TrkB receptors. Further work

is required to replicate this study as well as understand how such diverse agents all

bind and activate the TrkB receptor. Selective TrkB agonists have been put forward as
potential therapeutics (Jang et al., 2010; Zhang et al., 2015), however the specificity of

the TrkB agonists to activate downstream signaling has been called into question. If spatial
and temporal factors are critical in BDNF’s effect, it is reasonable to imagine that TrkB
activation would necessitate regional and contextual relevance as well.

BDNF plays an important role in classical as well as rapidly acting antidepressant
mechanisms. This suggests that an antidepressant response is not necessarily a reversal of
the pathophysiology of disease processes, but more of a “masking” effect on maladaptive
thought or behavior patterns. As further explored in the topics below, antidepressants

can treat a number of psychiatric illnesses that are thought to have vastly different
underlying mechanisms and distinctly different symptom presentations, further supporting
this separation between disease pathophysiology and treatment mechanism.

Treatment of Bipolar Disorder

The diagnosis of bipolar disorder hinges on a past or current history of a manic episode,

or a hypomanic episode with a major depressive episode, as defined by the DSM-5 (i.e.
inflated self-esteem, decreased need for sleep, pressured speech, etc.). Mood stabilizers
are the pharmacological mainstays of treatment for acute mania, with lithium being the
gold standard (Mclntyre et al., 2020). Administration of lithium in rodent models has been
found to involve BDNF in its antimanic effects. Chronic administration of lithium increased
BDNF protein levels, particularly in the hippocampus and frontal cortex (Fukumoto et

al., 2001). Additionally, lithium has been found to mediate synaptic downscaling via
sustained endocytosis of AMPAR subunits in hippocampal cultures, an effect dependent
on BDNF-TrkB signaling (Gideons et al., 2017). Valproic acid is another mood stabilizer,
and its repeated administration increased BDNF expression in the hippocampus and cortex
(Fukumoto et al., 2001). Both lithium and valproate were found to activate promoter IV of
BDNF (Yasuda et al., 2009).

Overall, it appears that mood stabilizers may increase BDNF activity in brain regions such
as the hippocampus, cortex, and VTA-PFC projections (Figure 5). Furthermore, lithium in
particular may involve synaptic downscaling of AMPAR subunits to mediate its antimanic
effects.

Post-Traumatic Stress Disorder

Post-traumatic stress disorder (PTSD) may develop after exposure to traumatic event(s),
which lead to characteristic symptoms such as hypervigilance, avoidance, and mood/
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cognitive alterations. The first line treatment of PTSD is SSRIs due to its efficacy and

low side effect profile (American Psychological Association (APA), 2013). The mechanism
of PTSD remains unclear but is thought to involve fear learning and extinction. BDNF-TrkB
signaling has been implicated in fear learning and extinction, particularly in the prefrontal
cortex, hippocampus, and amygdala (Chhatwal et al., 2006; Heldt et al., 2007).

While there are distinct and diverse genetic and contextual contributions to an individual’s
susceptibility to PTSD, the first line of treatment is the same as for major depression. This
fact further highlights that we can treat some psychiatric conditions, despite knowing very
little about the underlying mechanism, effectively with drugs approved for other psychiatric
symptoms.

Schizophrenia

Schizophrenia is a psychiatric disorder involving chronic or recurrent psychosis,
characterized by positive symptoms (delusions, hallucinations, disorganized speech) and
negative symptoms (anhedonia, depressed mood). Antipsychotics treat positive symptoms by
targeting the dopaminergic system, and they are the mainstays of treatment.

BDNF has been found to play a role in improving the survival and function of dopaminergic
neurons, which are implicated in the symptomatic manifestations of schizophrenia (Hyman
etal., 1991). Thus, it is plausible that schizophrenia and its treatment may involve BDNF
signaling as a component of their mechanism. Animal models of drug-induced psychosis
(i.e. ibotenic acid, phencyclidine) have found decreased BDNF levels (Snigdha et al.,

2011); however, these changes could be causative or compensatory. Furthermore, there

is a widely heterogenous collection of genetic and environmental factors contributing to

the development of schizophrenia that makes it difficult to model in preclinical studies
accurately (Lewis and Levitt, 2002).

The role of BDNF in antipsychotics is even less clear. Studies have found that while some
antipsychotics reduce BDNF and TrkB expression in preclinical models (Parikh et al., 2004),
others have no effect (Parikh et al., 2004), and still others increase it (Xu et al., 2002).
BDNF-TrkB signaling has an unclear connection to the treatment of schizophrenia with
antipsychotics, with more work necessary to clarify a potential link.

Obsessive Compulsive Disorder

Obsessive-compulsive disorder (OCD) is characterized by recurrent and intrusive thoughts
that cause significant distress, for which the patient may employ repetitive, compensatory
behaviors or mental acts to alleviate stress (i.e. washing their hands repetitively after
touching a public toilet seat). Its first line treatment is SSRIs, which are strongly suggested
to involve the BDNF-TrkB signaling pathway (Bjorkholm and Monteggia, 2016).

While OCD is difficult to model preclinically, there have been some genes and circuits

that have been suggested to contribute to its pathogenesis. For instance, knocking out the
SLITRKS5 gene, whose encoded protein has neurite-modulating properties (Aruga et al.,
2003), led to OCD-like behaviors in mice (i.e. pathologic over-grooming and increased
anxiety-like behaviors that were normalized with SSRIs) (Shmelkov et al., 2010). SLITRK5
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has been found to be involved in BDNF-TrkB signaling, as it acts as a TrkB co-receptor
during BDNF-induced activity (Song et al., 2015). The cortico-striatal thalamo-cortical loop
has been found to be a major site of synaptic dysfunction in patients with OCD (Ting

and Feng, 2008), and BDNF may be involved in this dysfunction (Jing et al., 2017). Yet,

the link between BDNF and OCD pathogenesis remains murky, and correlations between
genetic variations in BDNF and OCD symptoms have been inconsistent (Alonso et al., 2008;
Massner et al., 2005).

More so than pathogenesis, BDNF may be involved in the treatment response of patients
with OCD. Small clinical trials have suggested that BDNF may play a role in the treatment
of OCD, and that BDNF genotyping could be useful for treatment personalization (Laje et
al., 2012; Real et al., 2009)(Laje et al., 2012; Linkovski et al., 2019). Further supporting this
idea, another study found that some genetic variants in BDNF were correlated with a better
response to antidepressants in OCD (Real et al., 2009). These findings suggest that BDNF
may have a clinically relevant effect in improving OCD disease symptomology as it relates
to pharmacologic treatment, and that better understanding the natural variation in human
alleles may assist in improving treatment approaches.

TrkB agonists as therapeutics

Given the link between BDNF-TrkB signaling in the involvement of neuropsychiatric
treatments, it is not surprising that there has been interest in therapeutics that directly target
this pathway. However, since BDNF is a peptide, it does not cross the blood brain barrier
making it difficult as a therapeutic. There have been attempts with the infusion of the peptide
into the brain, though an indiscriminate amount of BDNF infusion leads to undesired side
effects (Lahteinen et al., 2003).

Several groups have developed small molecule TrkB agonists to treat neuropsychiatric
diseases that involve BDNF in their mechanism (Massa et al., 2010; Schmid et al., 2012),
including the well-studied 7,8-dihydroxyflavone (Liu et al., 2016). However, a recent

study found that none of the reported TrkB agonists actually work in their purported
function, raising doubt on the efficacy and specificity of these compounds to activate TrkB
downstream pathways (Boltaev et al., 2017; Lowe, 2017). While small molecule TrkB
agonists may indeed have effects in animal studies, these could be due to mechanisms
independent of direct TrkB activation. Furthermore, the ability of TrkB agonists, similar to
exogenous BDNF, is expected to be limited in mimicking endogenous BDNF action, due to
the precise spatial and temporal aspects of BDNF signaling outlined here.

Conclusion

In this article, we aimed to discuss the multifaceted effects of BDNF-TrkB signaling in its
regulation of structural as well as Hebbian and homeostatic forms of synaptic plasticity.
Akin to signaling pathways directed by neurotransmitters such as glutamate and GABA,
BDNF elicits diverse instructive as well as permissive effects on synaptic signaling, in
some cases leading to seemingly contradictory forms of regulation. However, emerging
studies from our group as well as others suggest that BDNF’s effects on plasticity depend
on the precise subcellular location of signaling as well as temporal profile of BDNF
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signals. Indeed, the importance of its specificity of release and site of binding provides an
explanation of why broad application of exogenous BDNF can provide conflicting results.
In contrast, studies that manipulate endogenous BDNF lead to more converging findings.
Therefore, development of approaches for spatially and temporally specific manipulation of
BDNF will likely be more fruitful in further understanding BDNF’s actions. Furthermore,
BDNF acts specifically and locally on pre- and postsynaptic TrkB receptors to activate
distinct downstream signaling pathways that are involved in synaptogenesis, short- and
long-term plasticity.

While the role of BDNF in disease pathophysiology remains unclear, BDNF appears to
play a critical role in the mechanism underlying psychiatric therapeutics, in particular
antidepressants and mood stabilizers. Given the emerging consensus on the key role of
BDNF in treatments of psychiatric disorders, future basic as well as translational studies —
in particular potential BDNF-TrkB therapeutics — will need to take into account the precise
spatial and temporal relevance of BDNF actions to achieve the desired treatment outcomes.
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Figure 1: BDNF-TrkB receptor binding leads to activation of distinct downstream signaling
pathways
The binding of BDNF to its high affinity TrkB receptor induces the activation of distinct

signaling pathways. The TrkB receptor has several phosphorylation sites, which can activate
several unique pathways at both the pre- and post-synaptic specializations. The PI3K/mTOR
and MAPK pathways can activate protein translation (including BDNF, CAMKII, and Arc)
at dendritic boutons. The PLC-gamma and MAPK pathways can impact calcium influx,
which in turn lead to activation of CAMKII and trigger and subsequent synaptic plasticity
(i.e. synaptic strengthening via increased AMPAR trafficking). At presynaptic terminals,
activation of TrkB leads to changes in neurotransmitter release (i.e. increased release at
hippocampal neurons). All three downstream pathways have been implicated in this effect.
The action of BDNF at synapses is specific to its binding of TrkB receptors, though the
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location at and circumstances under which this binding occurs can lead to widely different
effects on synaptic activity.
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Figure 2: Schematic demonstrating the pre- and postsynaptic actions of BDNF-TrkB activity
The release and action of BDNF is precisely regulated and has specific effects depending

on the location of its binding to TrkB receptors. After BDNF is cleaved into its mature
form, it can be trafficked to both presynaptic boutons and postsynaptic dendritic sites, where
it is stored in dense core vesicles. Upon arrival to the synapse, BDNF is released with

the help with SNARE proteins such as SNAP25, SNAP47, and synaptobrevin-2 (Syb2).
Upon release into the extracellular space, BDNF then acts locally on cis- and trans-synaptic
TrkB receptors. Activation of receptors at different locations differentially affects processes
such as synaptogenesis to synaptic plasticity. Once BDNF binds to its high affinity TrkB
receptor, it can activate downstream TrkB signaling pathways, as well as be endocytosed
into an BDNF-TrkB containing endosome to be trafficked for further intracellular signaling
or recycling of receptors.
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Figure 3: Principles of Hebbian vs Homeostatic Forms of Plasticity
Hebbian plasticity, including LTP, is the most classically studied form of plasticity (A).

It occurs in a positive feedback loop, whereby an axon repeatedly and persistently fires

to induce an increase in the baseline efficiency of neurotransmission. It is input specific,
associative and occurs on a rapid timescale of seconds to minutes. Homeostatic plasticity, on
the other hand, counters the direction of stimuli over the course of hours to days to return a
neuron to its homeostatic set point (B). This change is global and multiplicative, such that
synapses that have a higher efficacy of transmission at baseline will experience a greater
change in homeostatic plasticity. This is represented in the figure by synapses with a larger
number of receptors having a higher baseline level of transmission. These more efficacious
synapses experience a larger change in synaptic scaling upon chronic increases or decreases
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in activity, as shown by a darker shade of color (red for downscaling, yellow for upscaling)
at the synapse.
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Figure 4: Importance of the acute versus chronic nature of BDNF activity on plasticity
BDNF plays an important role in synaptic scaling, which involves the modulation of

synaptic strength to counter chronic changes in activity, as a mechanism to maintain the
relative strength of synaptic connections. Ketamine, a rapid antidepressant that inhibits
NMDA receptors, induces a rapid increase in BDNF that leads to synaptic upscaling. On the
other hand, lithium is a mood stabilizer that is an effective treatment for bipolar disorder.
Lithium has been found to induce chronic, lasting increases in BDNF, and furthermore,

has been shown to induce synaptic downscaling. Though both drugs increase BDNF

levels, differences in the time course of this increase can elicit directly opposing effects.
Furthermore, different types of synapses respond differentially to BDNF (i.e. inhibitory
versus excitatory synapses). Taking into account the direction of change, the timescale, and
the type of synaptic formations can hugely impact the effect of BDNF at synapses and
ultimately behavior.
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Figure 5: Effects of psychiatric drugs on BDNF activity in different brain regions

BDNF plays a critical role in the mechanism underlying psychiatric treatment, notably with
antidepressants and mood stabilizers. Antidepressants, including SSRIs and ketamine, have
been found to increase BDNF in the cortex and hippocampus, while decreasing protein
levels in the nucleus accumbens and ventral tegmental area. Mood stabilizers, including

lithium, have been found to increase BDNF levels in many brain regions including the

cortex, hippocampus, ventral tegmental area, amygdala, and nucleus accumbens. The effect
of psychiatric drugs on BDNF levels depends on the brain region studied, demonstrating a

circuit level involvement of BDNF and psychiatric treatments.
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Table 1.

Page 31

Impact of different psychiatric treatments on BDNF at varying timescales and brain region location

BDNF effect/ Brain region Antidepressant treatment ADT effect on Reference(s)

treatment timescale BDNF activity

Chronic (days) CA3 ECS, sertraline, desipramine, increase Nibuya et al., 1995; Shirayama et al.,
BDNF infusion 2002

Chronic (days) CAl BDNF infusion, desipramine none Adachi et al., 2008; Shirayama et al.,
and citalopram 2002

Chronic tx (days) CAl ECS, sertraline, desipramine increase Nibuya et al., 1995

Chronic BDNF DG fluoxetine and imipramine, increase Adachi et al., 2008; Nibuya et

(days) BDNF infusion, desipramine al., 1995; Santarelli et al., 2003;
and citalopram Shirayama et al., 2002

Chronic tx (days) frontal cortex ECS increase Nibuya et al., 1995

BDNF forebrain forebrain desipramine increase Monteggia et al., 2004

deletion

Chronic (days) anterior cingulate imipramine, fluoxetine, increase Rantaméki et al., 2007; Saarelainen et

cortex citalopram al., 2003

Chronic prefrontal cortex imipramine, fluoxetine, increase Saarelainen et al., 2003
ketamine

Chronic (days) VTA-NAc fluoxetine, imipramine decrease Berton et al., 2006

Chronic (days) visual cortex fluoxetine increase Maya Vetencourt et al., 2008

Timescale of Brain region Mood stabilizer Drug effects on Reference

treatment BDNF

Chronic tx cortical neurons lithium, valproic acid increase BDNF Yasuda et al., 2009

and promoter i.v.-
driven BDNF

Chronic tx hippocampus lithium increase Gideons et al., 2017

Timescale of Brain region Antipsychotic Drug effects on Reference

treatment BDNF

Chronic cortex lurasidone (SGA) increase Fumagalli et al., 2012

Single injection DG and PFC clozapine (SGA) and decrease Lipska et al., 2001
haloperidol (FGA)

Chronic (days) hippocampus haloperidol (FGA) no change Shirayama et al., 2002

Chronic hippocampus lurasidone (SGA) increases Fumagalli et al., 2012

Chronic hippocampus quetiapine (SGA) increase Xu et al., 2002

ECS, electroconvulsive seizures; tx, treatment; DG, dentate gyrus; i.v., intravenous; SGA, second-generation antipsychotics; and FGA, first-

generation antipsychotics.
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