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Abstract

Substantial evidence indicates that brain-derived neurotrophic factor (BDNF) plays a crucial role in
synaptic plasticity. Long-lasting synaptic plasticity is restricted to active synapses and requires new
protein synthesis. Recent work has identified local protein synthesis as an important source for new
protein during the expression of enduring synaptic plasticity. This review discusses recent progress
in understanding the mechanisms that restrict the action of BDNF to active synapses and by which
BDNF mediates chemical and structural modifications of individual synapses, placing an emphasis
on the role of local protein synthesis in these processes.

Introduction

Synaptic plasticity is the activity-dependent selective strengthening or weakening of individual
synapses so that information can be represented, processed, and stored in complex neural
networks. This process most often occurs at excitatory synapses with dendritic spines as the
postsynaptic site (Sheng and Hoogenraad, 2007). The enduring form of synaptic plasticity also
depends on new protein synthesis and the growth or remodelling of excitatory synapses. Intense
investigation has therefore focused on how neurons with thousands of dendritic spines can
differentially incorporate new proteins into and modify individual synapses. Activity-
dependent local protein synthesis at or near individual spines has emerged as a mechanism for
how this type of selective modifications might occur. Although studies conducted as early as
1965 demonstrated that RNA did localize outside of the neuronal soma (Bodian, 1965; Koenig,
1965), it was not until the early 1980s that both mRNAs and polyribosomes were localized to
dendritic compartments and to regions beneath individual dendritic spines (Palacios-Pru et al.,
1981; Steward and Levy, 1982; Steward and Falk, 1985, 1986). Since then, extensive research
has focused on processes by which mRNA might be transported into the dendritic compartment
and locally translated there in response to stimulation (Bramham and Wells, 2007).

Brain derived neurotrophic factor (BDNF) is a crucial regulator of activity-dependent synaptic
plasticity (Arancio and Chao, 2007; Lu et al., 2008). It belongs to a family of small, closely
related, secreted proteins called neurotrophins that also includes nerve growth factor (NGF),
neurotrophin-3 (NT3), and neurotrophin-4/5 (NT4/5). Neurotrophins exert their influence on
neurons mainly through Trk receptor tyrosine kinases: NGF activates TrkA; BDNF and NT4/5
activate TrkB; and NT3 activates TrkC. In addition, they achieve some biological functions
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through a common receptor p75NTR (Reichardt, 2006). One recent surprising discovery is that
unprocessed neurotrophin precursors, termed proneurotrophins, are secreted and have a unique
biological function through the p75NTR/sortilin receptor complex (Lee et al., 2001; Nykjaer et
al., 2004). BDNF is widely expressed in both the developing and mature brain (Hofer et al.,
1990; Maisonpierre et al., 1990; Phillips et al., 1990). In addition to its role in promoting the
proliferation, differentiation, and survival of neurons (Davies, 1994; Bothwell, 1995), BDNF
has been shown to be crucial in regulating synaptic activity and plasticity through both
functional and structural changes in neurons (Arancio and Chao, 2007; Lu et al., 2008).

This paper outlines the role of BDNF in synaptic plasticity, concentrating on postsynaptic
mechanisms in the adult hippocampus. First, we review findings that implicate BDNF in
hippocampal synaptic plasticity. Second, we describe specific mechanisms that restrict BDNF
to active synapses. Third, we discuss two processes by which localized BDNF may affect
synaptic plasticity: phosphorylation of local proteins and induction of local protein synthesis.
Finally, we cite recent evidence indicating that BDNF itself can be synthesized in dendrites
and propose a model for the action of dendritically synthesized BDNF on functional and
structural synaptic plasticity.

BDNF and synaptic plasticity in the mature hippocampus

No paradigm of synaptic plasticity has been better studied than that of long-term potentiation
(LTP) in the hippocampus. LTP refers to the relative strengthening of synapses such that
subsequent stimuli will more readily produce a postsynaptic response. The majority of fibers
in the hippocampus follow a circuit that starts and ends in the entorhinal cortex. Layers 11/111
of the entorhinal cortex project via the perforant pathway to granule cells of the hippocampal
dentate gyrus. The granule cells send axons via mossy fibers to the pyramidal cells of Ammon's
horn subfield 3 (CA3), which then project, via Schaffer collaterals, to the pyramidal cells of
Ammon'’s horn subfield 1 (CAL). CA1 pyramidal cells project to deep layers of the entorhinal
cortex completing this circuit: entorhinal cortex to granule cells to CA3 pyramidal cells to CA1
pyramidal cells back to entorhinal cortex (Witter et al., 1989). The preponderance of LTP
research has focused on the synapses between presynaptic Shaffer collateral axon terminals
and postsynaptic CA1 dendrites. By inducing tetanic stimulation in the Shaffer collaterals and
recording the amplitude of excitatory postsynaptic potentials (EPSPs) in CA1 neurons,
researchers have been able to tease apart important aspects of LTP.

It is generally accepted that LTP can be divided into an early phase (E-LTP) and a late phase
(L-LTP). E-LTP lasts between one and two hours and is dependent on the modification and
translocation of existing proteins (Malenka and Bear, 2004). L-LTP has been documented to
last up to days (Abraham, 2003), and is dependent on de novo protein synthesis (Kelleher et
al., 2004). BDNF has been shown to be secreted in an activity-dependent manner from both
postsynaptic spines and presynaptic terminals (Hartmann et al., 2001; Kohara et al., 2001,
Kojima et al., 2001), and the TrkB receptor has been localized to both pre- and postsynaptic
sites (Drake et al., 1999). There is substantial evidence to support a critical role for BDNF in
the expression of hippocampal LTP, in both the early and late phases (Figurov et al., 1996;
Korte et al., 1996; Patterson et al., 1996; Kang et al., 1997; Pang et al., 2004). Importantly,
BDNF may regulate E-LTP and L-LTP through different processes. Evidence suggests that
BDNF mediates E-LTP via release of existing presynaptic BDNF pools and subsequent
modification of both existing pre- and post-synaptic proteins through the TrkB receptor
(Minichiello et al., 1999; Pozzo-Miller et al., 1999; Jovanovic et al., 2000; Xu et al., 2000;
Zakharenko et al., 2003; Gartner et al., 2006). By contrast, evidence suggests that the induction
of L-LTP requires synthesis and release of proBDNF, extracellular conversion of proBDNF
to mature BDNF (Pang et al., 2004), and subsequent BDNF-mediated stimulation of de novo
synthesis of proteins crucial for the maintenance of L-LTP (Kang and Schuman, 1996; Yin et
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al., 2002; Schratt et al., 2004). As LTP-inducing electrical stimulation increases BDNF gene
transcription (Patterson et al., 1992; Castren et al., 1993), BDNF released during L-LTP is
likely from the increased translation of existing BDNF mRNA as well as newly transcribed
BDNF mRNA. It remains unclear whether BDNF is released from presynaptic terminals or
postsynaptic sites during the expression of L-LTP.

It has been shown that BDNF transcripts are transported to the dendritic compartment in
cultured hippocampal neurons in response to KCl-induced depolarization (Tongiorgi et al.,
1997), in the rat hippocampus in response to epileptogenic stimulation (Simonato et al.,
2002; Tongiorgi et al., 2004; Chiaruttini et al., 2008), and in the cerebral cortex and
hippocampus of resting mice (An et al., 2008). Translation of these dendritically localized
BDNF mRNA may serve as the source of BDNF required for the expression of L-LTP. This
view would be consistent with the observation that local protein synthesis in dendrites is
required for enduring synaptic plasticity (Kang and Schuman, 1996; Martin et al., 1997; Huber
etal., 2000; Miller etal., 2002). It is further supported by a recent observation that mice lacking
local BDNF synthesis exhibit significant impairment in LTP at the Schaffer collateral-CA1
synapse only 40 min after theta burst stimulation (An et al., 2008). However, it is difficult to
conclusively demonstrate the role of local BDNF synthesis in L-LTP using this mouse mutant
due to developmental abnormalities in dendritic spines. Future development of inducible up-
or down-regulation of local BDNF synthesis will help us uncover distinct roles of BDNF
synthesized in the soma or dendrites in the early and late phases of LTP.

Restriction of BDNF action to active synapses

One signature feature of synaptic plasticity is that synaptic strengthening or weakening only
occurs at synapses with altered activity. If BDNF is a key regulator of synaptic plasticity, then
it is important to understand how BDNF, as a secreted and diffusible molecule, can achieve
such spatial specificity. From recent work four mechanisms have emerged that may restrict the
action of BDNF to active synapses: (1) local synthesis of BDNF and TrkB in dendrites; (2)
activity-dependent release of BDNF from pre- and postsynaptic sites; (3) activity-dependent
insertion of TrkB into the plasma membrane; and, (4) cleavage of proBDNF to mature BDNF.
These four mechanisms likely work in tandem to ensure the specificity of BDNF action.

As discussed earlier, BDNF mRNA has been found to localize in neuronal dendrites. TrkB
mRNA is also transported to dendrites of cultured hippocampal neurons in response to
depolarization (Tongiorgi et al., 1997). Some of the effect of activity on dendritic trafficking
of BDNF and TrkB mRNAs appears to result from activity-induced BDNF release, because
pulse application of BDNF to cultured neurons increased accumulation of BDNF and TrkB
mRNAs in dendrites via a phosphatidylinositol-3 kinase (PI3K) dependent pathway (Righi et
al., 2000). It is generally believed that dendritically localized MRNASs remain dormant until
stimulation (Bramham and Wells, 2007). Thus translation of mMRNAs for BDNF and TrkB in
response to activity would restrict newly synthesized BDNF and TrkB to activated postsynaptic
sites.

A wide range of studies have provided evidence that BDNF is released both pre- and
postsynaptically in an activity-dependent manner (Lessmann et al., 2003; Lu, 2003). Recent
advancements in our understanding of activity-regulated BDNF release have mainly come from
imaging of green fluorescent protein (GFP)-tagged BDNF (BDNF-GFP) in cultured neurons.
In cultured cortical neurons BDNF-GFP was targeted into secretogranin Il positive dendritic
secretory granules of the regulated pathway in the vicinity of synaptic junctions (Haubensak
etal., 1998), suggesting that BDNF may be secreted through the postsynaptic membrane in an
activity-dependent fashion. Indeed, BDNF was released postsynaptically in response to
network activity, as revealed by time-lapsed imaging of BDNF-GFP in hippocampal neurons
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(Kuczewski et al., 2008). LTP-inducing high-frequency stimulation was found to elicit release
of BDNF from secretory granules localized at glutamatergic synapses, and activity-induced
BDNF release at the postsynaptic site was dependent on calcium influx and activation of
ionotropic glutamate receptors (Hartmann et al., 2001). In cultured hippocampal neurons,
network activity also caused BDNF-GFP to be transported to and released from the presynaptic
site, and be transferred to the postsynaptic site (Kohara et al., 2001; Kojima et al., 2001).
Furthermore, BDNF is a “sticky” molecule likely due to its abundance of positively charged
moieties (pl=9.6), so that locally released BDNF should remain in the vicinity of where it is
released from, and not spread to distant non-activated synapses.

Activity-dependent surface expression of TrkB further restricts the action of BDNF to
stimulated synapses. The concept that surface expression of TrkB is regulated emerged from
work examining the survival of retinal ganglion cells (RGCs) in culture. Meyer-Franke found
that the survival of cultured postnatal RGCs was low when treated with BDNF unless their
intracellular cAMP was increased pharmacologically or their activity was enhanced by KCI-
induced depolarization or activation of glutamate receptors (Meyer-Franke et al., 1995). It
turned out that few TrkB receptors were localized to the plasma membrane in cultured RGCs,
although high levels of TrkB were present intracellularly. Depolarization or cAMP elevation
greatly increased surface TrkB levels within minutes by stimulating translocation of
intracellularly stored TrkB to the plasma membrane (Meyer-Franke et al., 1998). If activity-
dependent TrkB surface expression occurs at postsynaptic sites, the insertion of TrkB into the
plasma membrane can strengthen the response to BDNF at a single dendritic spine while
leaving nearby synapses unchanged. Du et al demonstrated that there was a rapid (<30 min),
and therefore not protein synthesis dependent, membrane insertion of the TrkB receptor in
response to high frequency stimulation in cultured hippocampal neurons (Du et al., 2000). This
membrane insertion of the TrkB receptor was shown to depend on calcium influx and Ca2*/
calmodulin-dependent kinase 11 (CaMKII). Fluorescent immunocytochemistry revealed that
TrkB receptors were preferentially moved from intracellular pools to the plasma membrane of
dendrites (Du et al., 2000). Interestingly, it was reported that within 15 seconds of BDNF
application, TrkB receptors were up-regulated at the plasma membrane of hippocampal
neurons (Haapasalo et al., 2002). This observation suggests that increased TrkB surface
expression in response to cellular stimulation is at least in part mediated by activity-dependent
BDNF release.

The cleavage of proBDNF to mature BDNF also appears to play a role in the restriction of
BDNF to activated synapses. It has only recently been discovered that proBDNF has a unique
biological function through the p75NTR/sortilin receptor complex (Lee et al., 2001; Nykjaer
etal., 2004). Evidence suggests that proBDNF may play a role in the regulation of hippocampal
synaptic plasticity by facilitating long-term depression (LTD) (Woo et al., 2005), and in
peripheral neurons by facilitating apoptosis (Teng et al., 2005). It has been postulated that
proBDNF is converted to mature BDNF intracellularly by pro-protein convertase 1/3 in
secretory granules and by furin in trans-Golgi networks (Seidah et al., 1996; Mowla et al.,
2001). However, extracellularly, plasmin and matrix metalloprotease-7 appear to mediate the
conversion of proBDNF to mature BDNF (Lee etal., 2001). In tissue, plasmin is mainly present
as an inactive precursor form, plasminogen, which is converted into plasmin by tissue
plasminogen activator (tPA) (Castellino and Ploplis, 2005). The conversion of proBDNF to
mature BDNF by tPA/plasmin is necessary for hippocampal late-LTP (Pang et al., 2004),
suggesting that proBDNF is also secreted in the brain, at least at synapses. Because of the
difficulty in detecting proBDNF, ascertaining the amount of BDNF that is secreted as proBDNF
in nervous tissues has remained controversial (Matsumoto et al., 2008). However recently,
research conducted by the research teams of Barbara Hempstead and Bai Lu has shown that
both proBDNF and mature BDNF are secreted from neurons, with proBDNF being the primary
form released from dendrites (Nagappan etal., 2009; Yang etal., 2009). Specifically, Nagappan
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and colleagues reported that both proBDNF and mature BDNF were predominantly secreted
by the regulated pathway, and that the high frequency stimulation (HFS) favored the
extracellular accumulation of mature BDNF in comparison with the low-frequency (LFS) due
to HFS-dependent release of tPA (Nagappan et al., 2009). Importantly, the authors showed that
in tPA~/~mice, HFS resulted in increases in extracellular proBDNF and not mature BDNF,
indicating that proBDNF is the main form secreted from dendrites and that HFS-induced
release of tPA converts these pools to mature BDNF. Taken together, these studies depict a
model in which LFS and HFS primarily promote the release of proBDNF in dendrites, with
HFS increasing the release of tPA into the extracellular space, thus shifting the extracellular
balance from proBDNF to mature BDNF.

Still unknown, however, is the source of proBDNF. The majority of, if not all, proBDNF
synthesized in the soma should be processed by furin and convertases when it passes through
the trans-Golgi network and is packed into secretory granules (Seidah et al., 1996; Mowla et
al., 2001). A recent report showed that BDNF, tPA and plasmin were co-packaged in dense
core granules and transported into dendrites (Lochner et al., 2008). This observation further
indicates that several proteases are given ample opportunities to convert proBDNF into mature
BDNF before release. The co-package data is also incompatible with the observation that both
HFS and LFS stimulate proBDNF release whereas only HFS enhances secretion of tPA. The
apparent conflicting observations with regard to proBDNF raise the possibility that proBDNF
may mainly come from local translation of dendritically localized BDNF mRNA. An and
colleagues recently discovered that a large fraction of BDNF in dendrites, especially in distal
dendrites, was derived from local translation of dendritic BDNF mRNA (An etal., 2008). Since
Golgi outposts, defined by their characteristic mini-Golgi stack ultra-structure and
immunoreactivity to the Golgi matrix protein GM130, have only been found as far as dendritic
branch points along the dendritic shaft (Gardiol et al., 1999; Horton et al., 2005), dendritically
synthesized BDNF is likely present as proBDNF. One mystery to be solved is how dendritically
synthesized BDNF is packed into secretory granules without a trans-Golgi network. It is
possible that as yet unknown dendritic organelles, whether adapted from and similar to
prototypical Golgi networks, or completely different in structure and function from existing
organelles, might mediate the activity-regulated secretion of dendritically synthesized BDNF.
Electron microscopy did find membranous structures containing some Golgi markers (Pierce
et al., 2001) in distal dendrites, suggesting the presence of Golgi-like structures in dendrites.
Additional studies are necessary to understand the important question of how dendritically
synthesized BDNF is processed, packed into secretory granules, and released.

BDNF-mediated phosphorylation of synaptic proteins

In the previous section we discussed several mechanisms that may restrict the action of BDNF
to activated synapses. Evidence accumulated during the past 15 years suggests that BDNF can
exert its fast effect on synaptic transmission through posttranslational modifications of synaptic
proteins. Application of BDNF to cultured neurons has been shown to potentiate synaptic
transmission through either a presynaptic (Lohof et al., 1993) or postsynaptic mechanism
(Levine et al., 1995).

Presynaptically, BDNF has been shown to modify synapsin | and RIM1a (Jovanovic et al.,
1996; Jovanovic et al., 2000; Simsek-Duran and Lonart, 2008). Synapsin I, a protein found on
small synaptic vesicles, aids in the attachment of synaptic vesicles to actin filaments near the
presynaptic membrane, thereby restricting their release. Phosphorylation of synapsin | results
in vesicle detachment and an increased probability of exocytosis (Greengard et al., 1993).
BDNF was shown to induce phosphorylation of synapsin | via the mitogen-activated protein
kinase (MAPK) cascade in cortical neurons and PC12 cells (Jovanovic et al., 1996). The
inhibition of MAPK with PD98059 caused a significant decrease in BDNF-induced synapsin
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I phosphorylation, and in neurotransmitter release. Furthermore, the stimulation of
neurotransmitter release by BDNF was markedly attenuated in synaptosomes prepared from
mice lacking synapsins (Jovanovic et al., 2000). Taken together, these studies suggest that
BDNF induces phosphorylation of synapsin I, thus increasing docking of synaptic vesicles and
neurotransmitter release. BDNF also acts on the Rab3a signaling pathway to increase efflux
of glutamate from CA1 nerve terminals. This was first demonstrated when neurons cultured
from Rab3a knockout mice did not display BDNF-enhanced neurotransmitter release
(Thakker-Varia et al., 2001; Alder et al., 2005). Rab3a signaling involves the phosphoprotein
RIM1a as an effector molecule (Lonart et al., 2003). RIM1a has been shown to be necessary
for L-LTP (Huang etal., 2005) and necessary for BDNF-enhanced glutamate release from CA1
synaptoneurosomes (Simsek-Duran and Lonart, 2008). BDNF appears to augment this
pathway via ERK2-dependent phosphorylation of RIM1a (Simsek-Duran and Lonart, 2008).

At the postsynaptic site, phosphorylation of N-methyl-d-aspartate (NMDA) receptor subunits
has been shown to potentiate NMDA currents in hippocampal neurons (Wang and Salter,
1994), and BDNF appears to at least partially mediate this phosphorylation (Suen et al.,
1997). In synaptoneurosome preparations, BDNF application has been demonstrated to rapidly
cause phosphorylation of the NMDA receptor subunit 1 (NR1) (Suen et al., 1997). Moreover,
BDNF application has also been demonstrated to increase phosphorylation of the NMDA
receptor subunit 2B (NR2B) in postsynaptic densities within 5 minutes of application (Lin et
al., 1999), and BDNF application to hippocampal slices was shown to increase the amplitude
of spontaneous excitatory postsynaptic currents (Levine et al., 1995). These observations have
thus demonstrated that BDNF signaling has the ability to stimulate protein modification that
functionally alters synapses, independent of protein synthesis.

BDNF also appears to have arole in modifying local proteins that modulate structural plasticity.
When paired with theta-burst stimulation, BDNF applied to hippocampal slice culture
significantly enhanced the number of phalloidin labeled (F-actin) dendritic spines (Rex et al.,
2007). This finding suggests that BDNF may regulate dendritic actin dynamics. In the same
set of experiments BDNF application was shown to increase the phosphorylation of p21-
activated kinase and cofilin (two dendritically localized actin-regulatory proteins implicated
in spine plasticity) in an acute and dose-dependent manner, thus suggesting a mechanism by
which BDNF regulates spine dynamics (Rex et al., 2007).

Regulation of local protein synthesis by BDNF

Application of BDNF has been shown to induce long-lasting LTP in hippocampal slices (Kang
and Schuman, 1995), which is dependent on local protein synthesis in dendrites (Kang and
Schuman, 1996). Local protein synthesis in dendrites is also required for other paradigms of
enduring synaptic plasticity (Huber etal., 2000; Miller et al., 2002). These observations suggest
that BDNF may modulate synaptic plasticity by regulating dendritic local protein synthesis. A
growing number of MRNAS have been localized in neuronal dendrites (Steward and Schuman,
2003). Recent studies indeed found that BDNF stimulates the local synthesis of many different
proteins in dendrites via both increasing dendritic MRNA trafficking and facilitating translation
of existing dendritic mMRNAs.

Moving mRNAs from the soma to dendrites is thought to be accomplished by holding mMRNAs
translationally silent in RNA granules and transporting them into the dendritic compartment
via molecular motors (Kindler et al., 2005; Hirokawa, 2006; Martin and Zukin, 2006). The
immediate early gene activity-regulated cytoskeleton-associated protein (Arc) has been shown
to be crucial in LTP consolidation at the synapse, and both in vitro and in vivo studies have
demonstrated that Arc synthesis is necessary for BDNF to have an effect on LTP at the synapse
(Yinetal., 2002; Ying et al., 2002; Messaoudi et al., 2007). Discrete in vivo application of
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BDNF to the dentate gyrus increased dendritic Arc mMRNA, suggesting that BDNF stimulation
increases Arc mRNA dendritic trafficking (Ying et al., 2002). However, in this same study
overall levels of Arc mMRNA were increased, leaving the possibility that BDNF could solely
be inducing transcription. Zipcode binding protein 1 (ZBP1), an mRNA binding protein, was
shown to be associated with B-actin mRNA and targeted into the dendritic compartment in
response to cellular depolarization (Tiruchinapalli et al., 2003). Interestingly, BDNF-induced
spine head growth was reduced in cells where ZBP1 was knocked down (Eom et al., 2003).
These findings suggest two possibilities. The first possibility is that BDNF stimulates dendritic
trafficking of B-actin mMRNA via a ZBP1-dependent mechanism. The second possibility is that
BDNF induces local translation of B-actin mRNA, but could not do so when local mRNA pools
were depleted due to knockdown of ZBP1 and therefore decreased ZBP1-dependent trafficking
of B-actin mRNA to dendrites. The strongest support for the possibility that BDNF does
stimulate dendritic trafficking of mMRNA can be found in a study reporting that BDNF
application increased dendritic levels of mMRNAs for both TrkB and BDNF (Righi et al.,
2000). This study showed that BDNF application to cultured hippocampal neurons in the
absence of KClI stimulation was sufficient to increase dendritic levels of both BDNF and TrkB
mRNAs in the presence of the transcription inhibitor, actinomycin (Righi et al., 2000).
Furthermore, inhibition of BDNF action with scavenger TrkB-1gG, decreased levels of BDNF
and TrkB mRNAs in the dendritic compartment after KCI stimulation (Righi et al., 2000).
Collectively, these data suggest that BDNF induces an increase in trafficking of mRNA from
the soma to dendrites.

A great deal of research has been conducted to address the question of which dendritic mMRNAs
are translationally induced by BDNF. In cultured neurons, application of BDNF induces the
local synthesis of several synaptic proteins in dendrites (Aakalu et al., 2001; Yin et al., 2002;
Schratt et al., 2004; Takei et al., 2004; Schratt et al., 2006), including Arc, CaMKlIla, the type
1 inositol 1,4,5-trisphosphate receptor (IP3R1), Homer2, NR1, GIuR1, and Lim kinase 1
(Limk1). BDNF-induced local Arc synthesis was completely abolished by inhibition of
mammalian target of rapamycin (mTOR), whereas CaMKlla synthesis was only partially
inhibited, suggesting that BDNF induces local translation of CaMKIla through multiple
signaling pathways (Takei et al., 2004). BDNF induction of Arc synthesis appears to be
dependent on a signaling synergism between TrkB and NMDA receptors, as demonstrated
when BDNF-induced synthesis of Arc in synaptoneurosomes was blocked by the NMDA
antagonist MK801 or the tyrosine kinase inhibitor K252a. Finally, BDNF has been shown to
stimulate dendritic synthesis of Limk1 via activating an mTOR dependent pathway and
relieving translational repression mediated by a brain-specific microRNA, miR-134 (Schratt
et al., 2006).

Mechanisms mediating the effect of BDNF on local protein synthesis

It is currently believed that mRNAs are held translationally silent in at least three types of
protein-RNA granules found in dendrites, processing bodies (P-bodies), ribonucleoprotein
particles (RNPs), and stress granules (SGs), until a signal de-represses the mRNA and allows
for translational activation (Kindler et al., 2005; Schuman et al., 2006; Bramham and Wells,
2007; Zeitelhofer et al., 2008). One way in which BDNF induces local translation is by de-
repressing RNA granules. It has been shown that BDNF application to cultured hippocampal
neurons leads to a 67% reduction in the number of P-bodies in dendrites, suggesting that BDNF
is de-repressing dendritic MRNA, thereby enabling the mRNA to be translationally active
(Zeitelhofer et al., 2008). RNA granule protein 105 (RNG 105) is a RNA binding protein that
associates with RNA granules in hippocampal dendrites and suppresses translation in vivo and
in vitro (Shiina et al., 2005). Application of BDNF has been shown to induce the dissociation
of RNG105 from RNA granules (Shiina et al., 2005). Importantly, BDNF application to
dissociated dendritic cultures was shown to shift the key plasticity mRNAs for CaMKlla, TrkB,
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BDNF, and CREB from association with RNA granules to association with translationally-
active polyribosomes, ultimately increasing dendritic protein levels (Shiina et al., 2005). Taken
together, these findings suggest that BDNF increases dendritic protein synthesis, in part, by
dissociating mRNA from repressing RNA granules.

BDNF has also been shown to facilitate local protein synthesis by activating translation
initiation factors and modulating elongation factors. The rate-limiting step in cap-dependent
translation initiation is the phosphorylation of eukaryotic translation initiation factor 4E
(elF4E), which results in an increased rate of translation (Gingras et al., 2004). Alternatively,
phosphorylation of elF4E binding protein (elF4E-BP) will also lead to translation initiation
via release of elF4E. In cultured cortical neurons using an 3°S-met-labeled protein synthesis
assay, BDNF was found to activate protein translation via two pathways, the PI3K-mTOR
pathway and the MAPK pathway (Takei et al., 2001). BDNF increased translation initiation
via MAPK-induced phosphorylation of elF4E and via mTOR-induced phosphorylation of
elF4E-BP1 (Takei et al., 2001). These results were extended to demonstrate the local effect of
BDNF on translation initiation by utilizing synaptoneurosomes, in which vesicularized pre-
and postsynaptic membranes are isolated. In synaptoneurosomes BDNF-mTOR signaling led
to phosphorylation of e1lF4E-BP and increased translation initiation (Takei et al., 2004).
Furthermore, BDNF treatment was shown to result in a rapid and transient activation of elF4E
and the increased expression of CaMKIlla in synaptoneurosome preparations (Kanhema et al.,
2006). It also appears that BDNF signaling may increase translation by inducing the local
synthesis of ribosomal proteins and translation factors. Transcripts encoding these proteins
usually contain a terminal oligopyrimidine tract (TOP) in their 5’UTR, and mTOR activation
of ribosomal protein S6 kinase (p70S6K) induces translation of 5’ TOP containing mRNAs.
BDNF application to synaptoneurosome preparations activated (phosphorylated) p70S6K in
an mTOR-dependent manner (Takei et al., 2004), and similarly, BDNF induced
phosphorylation of p70S6K in cultured neurons at or near synapses (Schratt et al., 2004).

Fractionation studies have revealed that BDNF can induce translocation of elF4E to mRNA
granule fractions, suggesting that de-repressed mRNA will be released from translational
repression for proximal translation (Smart et al., 2003). In the same set of experiments, using
immunocytochemistry assays, it was reported that BDNF induced translocation of elF4E to
dendritic spines, thus ensuring that elF4E is in the right place for local translation initiation
(Smart et al., 2003). Using FRET analysis to show translation initiation via a direct interaction
of two translation initiation factors, elF5 and elF2, Miyata et al. found that the simultaneous
application of BDNF and ephrins potentiated local protein synthesis in the dendrites of
hippocampal neurons (Miyata et al., 2005). It also appears that BDNF can induce translation
initiation by stimulating the dissociation of elFAE from the repressive mRNA-binding protein
CYF1P in the dendritic compartment (Napoli et al., 2008). Taken together, these studies
support a model of BDNF as a dynamic facilitator of dendritic translation initiation.

The effect of BDNF on translation elongation appears to be modulatory rather than strictly
facilitatory. Elongation factor 2 (eEF2), a GTP binding protein, regulates transfer of peptidyl
tRNAs from the A-site to the P-site in ribosomes during elongation. Phosphorylation of eEF2
typically results in release of eEF2 from the ribosome and elongation arrest (Browne and Proud,
2002), however translation of CaMKIlla mRNA has been shown to be increased with
phosphorylation of eEF2 (Scheetz et al., 2000). In vivo infusion of BDNF into the rat dentate
gyrus increased levels of phosphorylated eEF2, while the infusion of a MAPK inhibitor into
the dentate gyrus blocked induction of LTP by BDNF and the increase in phosphorylated eEF2
(Kanhema et al., 2006). In cultured cortical neurons, however, BDNF application increased
the rate of elongation (as shown by ribosomal transit time), while decreasing the
phosphorylation of eEF2 via an mTOR-dependent pathway (Inamura et al., 2005). These
findings might indicate that the role of BDNF and eEF2 in elongation are both site and substrate
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specific. Further investigation is needed to better elucidate how BDNF, and the
phosphorylation status of eEF2, control elongation.

Local synthesis of BDNF and its role in spine morphology and synaptic

plasticity

Tongiorgi and colleagues found that BDNF mRNA was transported to dendrites of cultured
hippocampal neurons when the neurons were depolarized (Tongiorgi et al., 1997). Their
subsequent studies showed that BDNF mRNA was also targeted to dendrites in vivo after
epileptogenic stimulation (Simonato et al., 2002; Tongiorgi et al., 2004; Chiaruttini et al.,
2008). These observations suggested that translation of dendritically localized BDNF mRNA
may play a crucial role in some activity-dependent processes. It has been known for a while
that there are two pools of BDNF mRNAs with either ashort3' UTR oralong 3' UTR (Timmusk
et al., 1993; Ghosh et al., 1994), but it had been a puzzle why cells need two species of
transcripts encoding exactly the same protein (Fig. 1A). An et al found that the short 3' UTR
BDNF mRNA was restricted to cell bodies whereas the long 3' UTR BDNF mRNA was also
localized to dendrites. They further demonstrated that the long 3’ UTR was sufficient to target
transcripts to dendrites of cultured hippocampal neurons and that truncation of the long 3' UTR
abolished dendritic targeting of BDNF mRNA in vivo (An et al., 2008). These data indicate
that the long 3" UTR controls dendritic targeting of BDNF mRNA and provide an example
where mRNAS containing the same coding sequence but distinct 3" UTRs can have distinct
subcellular localization and function.

The trkB gene encodes two proteins, one full-length TrkB receptor and one truncated TrkB
receptor which lacks the tyrosine kinase domain (Klein et al., 1990). TrkB mRNA has been
shown to be localized in dendrites in response to activity (Tongiorgi et al., 1997; Simonato et
al., 2002), suggesting that TrkB, like BDNF, is also locally synthesized in dendrites.
Interestingly, transcripts for both TrkB receptors have either a short 3’ UTR or a long 3' UTR,
and the two sets of 3" UTRs are completely different (Fig. 1B). Further investigation is
necessary to determine whether the long 3’ UTRs target TrkB mRNAs to dendrites and why
the trkB gene needs two sets of 3' UTRs. It was estimated that more than half of all human
genes have multiple polyadenylation sites (Zhang et al., 2005). Because these multiple
polyadenylation sites could generate transcripts with different lengths of 3" UTRs that encode
the same protein and are expressed in the same cell, an important question for future research
is to determine if alternative polyadenylation is a common way that neurons spatially restrict
protein expression. Future research is also needed to explore the possible mechanisms that
regulate alternative polyadenylation.

In addition to two different lengths of 3' UTR, each BDNF transcript can have one of several
distinct alternatively spliced 5’ UTRs (Liu et al., 2006; Aid et al., 2007). BDNF mRNAs
containing different 5’ UTRs were found to be targeted to dendrites of cortical and hippocampal
neurons with different efficiencies after epileptogenic stimulation (Pattabiraman et al., 2005;
Chiaruttini et al., 2008). Given that the long BDNF 3’ UTR is necessary and sufficient for
dendritic targeting of BDNF mRNA (An et al., 2008), it is possible that some of the BDNF 5’
UTRs can modulate the efficiency of BDNF mRNA dendritic targeting mediated by the long
3' UTR. Alternatively, neuronal activity may increase the usage of the second polyadenylation
site for BDNF mRNAs containing the 5’ UTRs that are preferentially targeted to dendrites.

It remains to be determined which sequence elements in the long 3" UTR and which proteins
control trafficking of BDNF mRNA to dendrites. The long BDNF 3’ UTR contains multiple

cytoplasmic polyadenylation elements (CPEs) (Du and Richter, 2005) and an AU-rich element
(ARE), which is a putative binding site for Hu proteins (HuR, HuB, HuC, and HuD) (Okano
and Darnell, 1997). CPEs and their binding protein CPEB1 have been shown to facilitate
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mRNA transport to dendrites and local protein synthesis in dendrites (Wu et al., 1998; Huang
et al., 2003). The interaction of HUR with the ARE sequence is thought to facilitate the relief
of microRNA-mediated translational repression of certain mRNAs (Bhattacharyya et al.,
2006). While HuUR is widely expressed, the other three members of the Hu family are
specifically expressed in neuronal tissues (Okano and Darnell, 1997). In the middle of the long
BDNF 3" UTR, there is a G-rich sequence with a potential to form a G quartet structure, a
binding motif for fragile X mental retardation protein (FMRP). Recent studies show that FMRP
is important for dendritic trafficking of mMRNAs (Dictenberg et al., 2008; Estes et al., 2008)
and for stimulation-dependent protein translation at synapses (Weiler et al., 2004; Muddashetty
etal., 2007). Itwould be interesting to determine whether these proteins play arole in regulating
dendritic trafficking and translation of the long 3’ UTR BDNF mRNA.

By taking advantage of an existing mouse strain in which the long BDNF 3’ UTR is truncated,
An and colleagues demonstrated that the long 3' UTR was necessary for dendritic targeting of
BDNF mRNA in vivo (An et al., 2008). Despite the truncation, the Bdnf mouse mutant still
produced a normal amount of BDNF mRNA and BDNF protein. Thus, the mouse mutant
provides an ideal system to examine the in vivo function of local protein synthesis. Although
local protein synthesis is important for long-lasting synaptic plasticity in hippocampal slices
(Kang and Schuman, 1996; Huber et al., 2000; Miller et al., 2002), the in vivo physiological
function of dendritically localized mRNAs largely remains unknown because it is technically
challenging to selectively abolish dendritic local protein synthesis without affecting the total
protein level in a neuron. One surprising observation from studying the Bdnf mutant is that
levels of BDNF protein are lower in dendrites and higher in somata in hippocampal neurons
isolated from the mutant mice (An et al., 2008). This result suggests that granules containing
BDNF synthesized in the soma are not transported to dendrites efficiently and that dendritic
BDNF is mainly derived from local synthesis. The Bdnf mouse mutant displays an elevated
spine density and reduced spine head diameter in distal apical dendrites of CA1 hippocampal
neurons at two months of age (An et al., 2008). This observation provides direct evidence tying
local protein synthesis to morphology of dendritic spines. The spine phenotype in the Bdnf
mouse mutant likely results from deficits in spine pruning, because the spine density measured
at the end of spinogenesis is not altered in the mutant hippocampus (An et al., 2008). Future
studies using in vivo imaging are necessary to confirm that local BDNF synthesis plays a key
role in spine pruning, which is dependent on sensory experience and has been implicated in
activity-dependent refinement of synaptic connections (Zuo et al., 2005).

The work done by An et al clearly indicates that dendritically synthesized BDNF regulates
spine morphology. We propose a model of activity-dependent spine changes to integrate their
findings and findings from other groups (Fig. 2). Dendritically synthesized BDNF is primarily
secreted as proBDNF. This is likely due to the fact that the Golgi network is not widely present
in distal dendrites, such that dendritic proBDNF packaging and release probably utilizes a novel
mechanism. Under LTP-inducing high frequency stimulation, released proBDNF is converted
to mature BDNF by the tPA/plasmin system at stimulated synapses due to activity-dependent
release of tPA, and subsequently activates TrkB at the same synapses in an autocrine manner.
As discussed in the previous sections, TrkB signaling should induce the local synthesis of
proteins important for spine growth and plasticity within and/or underneath the stimulated
spines. We speculate that these locally synthesized proteins then promote actin dynamics and
AMPA receptor trafficking in spines, which leads to growth of the spine head and formation
of stable LTP. Under LTD-inducing low frequency stimulation, however, unprocessed pro-
BDNF promotes pruning of depressed spines by binding to the sortilin/p75NTR receptor
complex with high affinity. This model is based on the following observations. First, both high
and low frequency stimulations stimulate release of proBDNF, whereas only high frequency
stimulation increases release of tPA (Nagappan et al., 2009). Second, the activation of TrkB-
mediated signaling cascades has been shown to induce the local synthesis of several proteins,
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including Arc, CaMKlla, Homer2, and Limk1 (Kang and Schuman, 1996;Yin et al.,
2002;Schratt et al., 2004). While CaMKIlla is a key regulator of AMPA receptor trafficking at
synapses (Derkach et al., 2007), the other three proteins promote actin polymerization required
for LTP consolidation (Bramham and Wells, 2007) and the maturation and enlargement of
spine heads (Salaetal., 2001;Meng et al., 2002). Third, the gradual phase of spine enlargement
induced by synaptic stimulation is dependent on protein synthesis and BDNF action (Tanaka
et al., 2008). Finally, the p75NTR receptor is localized to postsynaptic sites in the CA1 area
(Woo et al., 2005) and deletion of the gene for the receptor results in increased spine density
in apical dendrites of hippocampal neurons (Zagrebelsky et al., 2005). This model predicts that
selective inhibition of dendritic BDNF synthesis would reduce the size of spine heads, increase
spine number, and impair hippocampal LTP; the phenotypes observed in mice lacking local
BDNF synthesis (An et al., 2008).

Concluding remarks

There is substantial evidence that BDNF plays a critical role in synaptic plasticity. Significant
progress has been made in our understanding of how BDNF, as a secreted protein, modulates
synaptic plasticity that is restricted to activated synapses. Findings from many research groups
suggest that activity-dependent local synthesis and release of BDNF and surface expression of
TrkB may work in concert to limit the action of BDNF to active synapses. Local BDNF action
modulates synaptic transmission quickly by inducing phosphorylation of synaptic proteins or
modulates synaptic transmission in a lasting manner by modifying synaptic protein
composition via local protein synthesis. One study indicates that dendritic BDNF is mainly
derived from local translation of BDNF mRNA in dendrites (An et al., 2008). Since TrkB
MRNA has also been found in dendrites (Tongiorgi et al., 1997; Righi et al., 2000), important
future research concerning the mechanisms underlying the action of BDNF at synapses will
be to elucidate the molecular cascades controlling dendritic trafficking and translation of BDNF
and TrkB mRNAs.
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Figure 1. BDNF and TrkB mRNA structure and subcellular localization

Transcripts encoding BDNF (A) and TrkB full length (TrkB-FL) and truncated (TrkB-T) (B)
undergo alternative polyadenylation generating two mRNA species with identical coding
sequences but different length 3’UTRs. The short form of BDNF mRNA is restricted to the
soma, however the long form is targeted to the dendrites (An et al., 2008). Although not
demonstrated, it is possible that this same sub-cellular localization mechanism is utilized for
TrkB mRNAs as well.
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Figure 2. Mechanisms of BDNF induced synaptic plasticity

In the non-stimulated state, dendritic spines remain “silent”: mRNAS are repressed in RNA
granules, TrkB and AMPA receptors are held intracellularly, and actin dynamics leave the
spine head in an immature form. Following synaptic activation, repressed mRNAs are
disinhibited, TrkB is inserted into the plasma membrane, pro-BDNF and tPA are packaged
either together or separately and released into the synaptic cleft, pro-BDNF is converted into
BDNF by plasmin, and BDNF binds to TrkB on the local dendritic membrane. Activation of
TrkB by BDNF increases translation of CaMKII, GIuR1, Arc, and Limk1, leading to increased
the formation and membrane insertion of the AMPA receptor and increased actin
polymerization. TrkB signaling also induces phosphorylation of NMDA receptors, synapsin-1,
p21 activated kinase, and cofilin, thus increasing receptor activity, vesicle-plasma membrane
fusion and neurotransmitter release, and polymerization of actin, respectively.
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