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Brain-derived neurotrophic factor (BDNF) and its
receptors TrkB and p75 regulate dendritic and axonal
growth during development and maintenance of the
mature nervous system; however, the cellular and
molecular mechanisms underlying this process are not
fully understood. In recent years, several advances have
shed new light on the processes behind the regulation
of BDNF-mediated structural plasticity including con-
trol of neuronal transcription, local translation of pro-
teins, and regulation of cytoskeleton and membrane
dynamics. In this review, we summarize recent advances
in the field of BDNF signaling in neurons to induce
neuronal growth. ©2016 Wiley Periodicals, Inc.
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Introduction

he functionality of the nervous system (NS) depends on
the extent of connectivity achieved by neurons.
Although there is wide range of neuronal morphologies, neu-
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rons are specialized to form part of a given neuronal circuit
and thus their morphology must adjust to this task [Gao,
2007]. In this regard, neurons are highly polarized cells com-
posed of two main domains: the somato-dendritic compart-
ment where neurons receive and integrate information from
several axonal inputs and axons that are responsible for trans-
mitting the action potential and conveying the information
to the next relay in the network. A close relationship between
the appropriate development of dendrites and axons and the
functionality of the NS has been described. For example,
alterations in dendrites, axonal inputs and dendritic spines
are linked to neurodevelopmental and neuropathological
conditions. Thus, the study of the mechanisms implicated in
the regulation of neuronal morphology during development
and maintenance of the adult NS is a focus of intense
research [Armstrong et al., 1998; Wood et al., 2004; Bronf-
man et al., 2007; Dickstein et al., 2010; Cabeza et al., 2012;
Eiland and McEwen, 2012; Kulkarni and Firestein, 2012].
Neuronal morphology is regulated by both intrinsic and
extrinsic factors, whose actions are overlapping. The intrin-
sic factors are described as the action of the genetic program
of neurons that leads to a basic pattern of branching. In
addition to this, there is an extensive list of molecules
grouped as extrinsic factors that shape axonal and dendritic
morphology throughout development and in response to
sensory experience. These include bone morphogenetic
family proteins (BMPs), semaphorins, Reelin, neurotro-
phins, and neuronal activity, among others [Jan and Jan,
2010]. The mechanisms undetlying the effects of external
cues to induce dendritic and axonal branching have only
begun to be understood, and several steps including stimu-
lation of intracellular signaling pathways to activate specific
transcription factors, local synthesis of proteins and cellular
membrane addition and turnover are involved. An interest-
ing point of convergence is the effect of these external sig-
nals on the stability and dynamics of the cytoskeleton and
the activity of molecular motors [Horton and Ehlers, 2004;
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Flavell and Greenberg, 2008; Jan and Jan, 2010]. Among
the external cues that regulate neuronal morphology are
neurotrophins. In recent years, several investigations have
shed new light on the mechanisms used by neurotrophins
to induce morphological changes [Park and Poo, 2013]. In
this review, we will summarize some specific studies show-
ing evidence that increases our understanding of the mecha-
nisms underlying BDNF-induced dendritic and axonal
branching with a focus on neurons of the central nervous

system (CNS).

Neurotrophin Receptors
and Signaling

Neurotrophins were first described as target-derived growth
factors that regulate the survival, axonal growth and differ-
entiation of neurons in the peripheral nervous system
(PNS) [Levi-Montalcini, 1987; Huang and Reichardt,
2001]. It was later shown that neurotrophins have multiple
functions in the CNS including regulation of neuronal
morphology and plasticity. Over the last few years, it has
been shown that neurotrophins can be secreted from differ-
ent types of cells including neurons to stimulate paracrine
and autocrine actions [Bronfman et al., 2014, and referen-
ces therein].

Neurotrophins are a small family of soluble factors that
include nerve growth factor (NGF), brain-derived neuro-
trophic factor (BDNF) and neurotrophin 3 and 4 (NT3
and NT4). There are two types of neurotrophin receptors,
the tropomyosin-related kinase receptors (Trks) and the
p75 neurotrophin receptor (p75) [Kaplan and Miller,
2000]. The Trks are relatively specific: TrkA binds NGF as
well as NT3, although with less affinity; TrkB binds BDNF
as well as NT4, although with less affinity; and TrkC binds
NT3. On the other hand, p75 binds all neurotrophins with
similar affinity, in addition to other ligands such as pro-
neurotrophins (see below) [Huang and Reichardt, 2003].

Neurotrophins are homodimeric proteins that are synthe-
sized as precursors (proneurotrophins) and secreted to the
extracellular space as mature proteins in both a constitutive
and regulated manner. For many years, the pro-domain of
neurotrophins was considered to only play a role in the secre-
tion and folding of the neurotrophins in the secretory path-
way. However, the Hempstead group reported that there are
also significant levels of proneurotrophins in tissue and cell
culture supernatants, and the physiological roles of the pro-
neurotrophins -by binding a complex of membrane receptors
that include p75- in healthy and injured neurons have started
to emerge [Park and Poo, 2013; Hempstead, 2014].

The cellular effects regulated by neurotrophin-mediated
activation of Trk receptors include proliferation and sur-
vival; axonal and dendritic growth; assembly and remodel-
ing of the cytoskeleton; membrane trafficking and fusion;
and synapse formation, function, and plasticity [Huang and

Reichardt, 2001; Park and Poo, 2013; Deinhardt and
Chao, 2014b]. Upon ligand binding, the Trk receptors
dimerize and undergo autophosphorylation in specific tyro-
sines of the intracellular domain. These phosphotyrosines
are potential docking sites for proteins containing phospho-
tyrosine binding (PTB) and Src homology 2 (SH2) binding
domains and lead to the activation of several signaling cas-
cades that include the mitogen-activated protein kinases
(MAPKs), such as ERK1/2, ERKS5 and p38, in addition to
phosphatidylinositol-3-kinase (PI3K)-Akt, phospholipase-C
(PLC)-y-Ca®" and the small GTPases of the Rho family
Cdc42/Rac/RhoA [Huang and Reichardt, 2003; Mini-
chiello, 2009] (see Fig. 1A).

The p75 neurotrophin receptor is a member of the
tumor necrosis receptor family (TNFR) and does not pos-
sess an intracellular catalytic domain; therefore, it signals
through interaction with intracellular signaling adaptors
that link ligand binding to the activation of specific signal
transduction pathways. The signaling pathways activated by
p75 result in the production of ceramides, the nuclear
translocation of NFkB, the phosphorylation of the ¢-Jun
amino terminal kinase (JNK), and the regulation of RhoA
activity [Kraemer et al., 2014]. p75 can form different sig-
naling complexes based on its interaction with different co-
receptors in the membrane and different ligands, such as
proneurotrophins. This result in opposing biological action
upon p75 activation including survival or induction of cell
death and extension or inhibition of neuronal process

growth [Kraemer et al., 2014].

Evidence Indicating that BDNF and
its Receptors are Major Regulators
of Neuronal Morphology in the CNS

BDNF and its receptor TrkB represent the most widely
expressed and studied neurotrophin signaling pathway in
the brain, and its participation in learning and memory is
well established [Minichiello, 2009; Park and Poo, 2013].
The finding that BDNF is synthesized and secreted in an
activity-dependent manner inspired more than two decades
of study on the role of neurotrophins in activity-dependent
plasticity and strengthening of synaptic function. Indeed,
there is good evidence that BDNF can be secreted from
axons and dendrites in an activity-dependent manner.
Dense core vesicle-like structures have been observed in
axons, while vesicles without dense cores are found in den-
drites [Park and Poo, 2013; Edelmann et al., 2014]. Indeed,
distinct subsets of BDNF-positive vesicles are sorted to
axons and dendrites [Dean et al.,, 2012]. Both types of
vesicles share a similar fusion machinery; however, they are
different from the neurotransmitter synaptic vesicles and do
not necessarily fuse at the active sites of the preformed syn-
apses [Shimojo et al., 2015]. Therefore, neuronal activity
results in increased BDNF release in the pre- and post-
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synaptic compartments of neurons where it can regulate
structural plasticity, including dendritic and axonal growth.
This is discussed below.

In the CNS, cortical neurons express TrkB and TrkC and
low levels of p75, and there is good evidence that BDNF
and NT3 increase dendritic and axonal branching by acti-
vating TrkB and TrkC [Horch and Katz, 2002; Cheung
et al., 2007; Guillemard et al., 2010; Lazo et al., 2013].
There is little information on the role of p75 in CNS neu-
ronal morphology; however, there is one report indicating

that the expression of p75 reduces the number of secondary
dendrites of adult hippocampal neurons, suggesting that
p75 has an opposing role to that of the Trks, as reported for
the PNS [Glebova and Ginty, 2005; Zagrebelsky et al.,
2005]. Supporting this idea, recent results show that, by
binding to p75, proBDNF (the non-processed form of
BDNF) negatively regulates neuronal remodeling, synaptic
transmission and synaptic plasticity in hippocampal neu-
rons [Yang et al., 2014]. These results are in agreement
with the reported effect of proBDNF and p75 in long-term
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depression [Park and Poo, 2013]. On the other hand, there
are a few reports indicating that neurotrophin binding to
p75 increases neurite outgrowth and is required for the
induction of axon specification during CNS development.
Interestingly, cortical pyramidal neurons from layer 2/3
require p75 for axon formation during development [Higu-
chi et al., 2003; Zuccaro et al., 2014]. Indeed, it has been
shown that, during axon—dendrite polarization, secretion of
BDNF at the growth cone could serve as an autocrine factor
for axon initiation and growth via a positive feedback loop
involving BDNF-induced BDNF release and local insertion
of TtkB into the membrane through a cyclic AMP (cAMP)/
PKA-dependent mechanism, thereby modulating neuronal
morphology [Cheng et al., 2011]. Work by Zuccaro and
collaborators has shown that this BDNF effect requires p75
[Zuccaro et al., 2014].

TrkB is the most widely expressed Trk in the CNS [Yan
et al., 1997] and conditional deletion of TrkB in the adult
CNS induces dendritic retraction and neurodegeneration of
cortical neurons [Xu et al., 2000]. In addition, BDNF
mRNA and protein and its receptors TrkB and p75 are
found in the neocortex in the CNS [Edelmann et al., 2014,
and the references therein]. Conditional deletion of BDNF
from the neocortex in embryogenesis using CRE-mediated
recombination demonstrated that cortical layer 2/3 neurons
developed normally with normal size and dendrites, but
they later shrank in size and exhibited a reduction of den-
dritic complexity at 3 weeks of age, when BDNF expression

normally rises dramatically in the cortex, suggesting that
BDNF expression is required for the maintenance of den-
dritic structures and not for the initial survival of these neu-
rons [Gorski et al.,2003]. New evidence suggests that
axonal BDNF regulates terminal axonal branching in layers
2/3 and 5 in the cortico-callosal pathway (formed by pro-
jecting axons of cortical layer 2/3 neurons) in an autocrine
manner [Shimojo et al., 2015]. In addition, cortical neu-
rons anterogradely transport BDNF to the striatum
through the cortico-striatal pathway. Mice lacking cortical
BDNF showed a reduction of dendritic complexity fol-
lowed by a loss of striatal neurons as well as a hindlimb
clasping phenotype, which was similar to huntingtin
(HTT) mutant mice [Baquet et al., 2004; Bruns and Miller,
2007; Rauskolb et al., 2010]. Consistently, mutant HTT
impairs BDNF axonal transport, suggesting that impaired
BDNF/TikB signaling undetlies the neurological pheno-
type in Hungtington’s disease (HD) [Gauthier et al., 2004;
Roze et al., 2008]. Together, these results suggest that
BDNF release from cortical axons regulates the dendritic
and axonal arborization of different neurons in a connected
circuit in an autocrine and paracrine manner. Indeed, the
growth-promoting effect of BDNF/TtkB has also been
described for inhibitory GABAergic interneurons in the
cortex [Park and Poo, 2013] and for proper growth of den-
drites from Purkinje neurons [Schwartz et al., 1997].

The TrkB receptor is found in two main forms: the 145
kDa full-length version (also referred to as TrkB-FL) and an

Fig. 1. Signaling pathways involved in BDNF-induced dendritic and neuronal growth. (A) BDNF binds its membrane receptors
TrkB and p75 regulating microtubule dynamics. Under BDNF stimulation, TrkB is able to activate the Ras/ERK and the PI3K/Akt
signaling pathways. On the other hand, activation of p75 activates several intracellular pathways, including the activation of JNK,
which may regulate microtubule dynamics. Upon ligand binding, neurotrophin receptors are endocytosed and traffic along the early
sorting endosome (EE), late endosomes (LE) and recycling endosomes (not shown). Through the activation of the PI3K/Akt pathway,
BDNF regulates microtubule dynamics by the TrkB-dependent phosphorylation of ARMS/Kidins220 that regulates the activity of
several microtubule-associated proteins (MAPs) such as MAP1B, MAP2, SCG10 and SCLIP. Also, BDNF/TtkB signaling activates
the Ras/ERK pathway, leading to the activation of CREB, which regulates the transcription of the MAP kinase phosphatase MKP-1,
the guanine deaminase Cypin (which directly binds to microtubules) and the microRNA miR-9, all of these involved in the regula-
tion of microtubule dynamics. Endosomal trafficking of TrkB receptors plays a key role in the regulation of BDNF/TrkB signaling.
For example, TrkB internalization is required for the activation of PI3K/Akt and ERK1/2. In addition, the transition from early to
late endosomes is required for the activation of mTOR, since Rheb (a GTPase that directly activates mTOR) localized to late endo-
somes. Late endosomes have been linked to sustained activation of Rap1/ERK, since BDNF stimulation increases the recruitment of
a GEF for Rapl, the Rapl PDZ-GEF1 to late endosomes. (B) BDNF/TrkB signaling is also involved in the regulation of actin cyto-
skeleton dynamics. For example, it has been described that activated TrkB receptors can be translocated into lipid rafts, microdomains
of the plasma membrane rich in cholesterol and sphingolipids. In lipid raft, TrkB interacts with CL3, a protein kinase anchored to
these lipid domains. CL3 role is upstream of the GTPase Rac in BDNF-induced dendritogenesis. Interestingly, Rac is also located in
lipid raft and can be activated by Tiam1, a GEF for Rac that is phosphorylated and directly interacts with TrkB receptors. Another
Rho protein that regulates actin dynamics is Cdc42, whose activity is regulated by BDNF/TtkB signaling in hippocampal neurons.
Activation of Cdc42 by BDNF requires the phosphorylation of TrkB receptors by the protein kinase CDKS5. In addition, Cdc42 may
regulate the activity of the non-receptor tyrosine kinase Ackl, a protein that interacts with TrkB receptors and modulates the activa-
tion of ERK1/2 and Akt. These pathways play a role in the regulation of the activation of the mTOR kinase, since Akt and ERK1/2
can phosphorylate and inhibits the TSCI1/TSC2 protein complex, a GAP for Rheb. Rheb is localized to late endosomes and is
required for the activation of mTOR, thus transition from early to late endosomes is required. Activated mTOR can modulate the
local translation of specific subsets of mRNA in response to BDNF stimulation, increasing the protein levels of actin-regulators such
as Homer2. In the other hand, TrkB.T1, an alternative spliced variant of TrkB receptor that lacks the intracellular kinase domain
when unbound by BDNE, binds RhoGDI (a Rho GTPase inhibitor) promoting an increase in RhoA activity. In addition, p75 also
can bind RhoGDI in its neurotrophin unbounded state or in complex with the Nogo receptor and myelin-associated
proteins. BDNF binding to both receptors releases RhoGDI decreasing the activity of RhoA.
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~93 kDa truncated isoform lacking the intracellular tyro-
sine kinase domain (referred to as TrkB.T'1), which results
from alternative splicing of the TrkB transcript [Klein et al.,
1989, 1990]. Interestingly, there is evidence that co-
expression of both isoform aids in sculpting dendritic arbor
morphology because TrkB.T1 increases net dendritic
length, while TrkB-FL increases proximal dendritic branch-
ing in pyramidal cortical neurons of the ferret visual cortex
[Yacoubian and Lo, 2000]. TrkB.T1 might also regulate the
morphology of other neuronal populations as deletion of
TrkB.T1 in mice produced a marked reduction in dendritic
branching of neurons from the basolateral amygdala, with-
out any relevant effect on hippocampal morphology
[Carim-Todd et al., 2009].

More evidence from both mammals and other vertebrates
has shown the involvement of BDNF on axonal arboriza-
tion in the CNS. Because BDNF-null mice die soon after
birth [Jones et al., 1994], the visual circuit of Xenopus lacvis
has been useful to assess 7z vivo whether BDNF functions
as a short-range signal to stimulate axonal target innerva-
tion. Increasing the levels of BDNF in the tectum -the tar-
get tissue of retinal ganglion cells (RGC)- revealed that
BDNF modulates the morphological maturation of the pre-
synaptic axonal arborization [Cohen-Cory and Fraser,
1995]. Subsequent work by the same group using time-
lapse confocal microscopy provides direct correlations
between dynamic remodeling of synapses and axon arbori-
zation by showing that BDNF not only modulates the
number of synapses by regulating the morphology of the
axonal tree but also promotes synapse formation and main-
tenance iz vivo [Alsina et al., 2001]. As in dendrites [Horch
and Katz, 2002], BDNF shows a restricted area of action to
increase axonal branching. Huang and colleagues demon-
strated that axonal arborization of trigeminal sensory neu-
rons that innervate the cement gland was significantly
reduced in embryos with BDNF knockdown early in devel-
opment; however, it was re-induced when the target tissue
was replaced with ectopic grafts expressing BDNE, suggest-
ing that BDNF functions as a short-range molecule to stim-
ulate axon terminal arborization at the target [Huang et al.,
2007]. Indeed, the expression of TrkB.T1 on RGC of
Xenopus tadpoles affects axonal branching, stability of the
axonal arbor and the number of synaptic contacts, but these
neurons extend their axons from the retina to the tectum
normally, suggesting that TrkB is involved in the BDNF-
induced axonal branching but is dispensable to the guid-
ance of axons in the developing visual system [Marshak
et al., 2007].

Similar results were found in the mammalian visual sys-
tem. It was found that TrkB-mediated signaling regulates
segregation of thalamic axons in layer IV of the primary vis-
ual cortex to form ocular dominance columns in cats
[Cabelli et al., 1995; Cabelli et al., 1997]. Additionally,
studies conducted in knockout mice with conditional dele-
tion of TrkB showed a reduced number of pre-synaptic ter-

minals and excitatory synapses formed by Schaffer
collaterals at the hippocampus, and thalamic neurons lack-
ing TrkB showed aberrations in the number of synaptic ter-
minals and branching [Lush et al., 2005; Luikart et al,,
2008]. The role of TrkB in promoting axonal branching i
vivo was also corroborated 7z vitro in different models
including hippocampal slice cultures [Danzer et al., 2002]
and cortical neurons [Jeanneteau et al., 2010; Panagiotaki
et al., 2010; Dajas-Bailador et al., 2012; Granseth et al.,
2013]. One interesting observation was that the concentra-
tion and lasting effect of BDNF stimulation have different
outcomes related to axonal morphology. While brief stimu-
lation of axons with BDNF (2 h with 10 ng/mL) promotes
axonal growth, prolonged stimulation with a higher con-
centration of BDNF (48 h with 100 ng/mL) produced an
increase in the percentage of neurons with more than five
branching points, highlighting the importance of prolonged
BDNF exposure for structural plasticity [Ji et al., 2010;
Dajas-Bailador et al., 2012].

Signaling Pathways Underlying
BDNF-Induced Dendritic and Axonal
Branching and Cytoskeleton
Dynamics

In polarized cortical neurons, the TrkB-FL receptor is local-
ized in dendrites and axons in the plasma membrane and in
intracellular vesicles throughout development [Gomes
et al., 2006]. In the plasma membrane, activated TrkB can
be translocated into lipid rafts after BDNF stimulation, a
step that may be required to induce dendritic branching in
cortical neurons since inhibition of cholesterol synthesis -a
main component of lipid rafts- inhibits the effects of
BDNF on dendritic morphology. However, this result has
to be taken with caution since this is a very drastic treat-
ment that can affect the complete plasma membrane
[Suzuki et al., 2004]. These lipid domains are the sites
where the Ca®"/calmodulin-dependent protein kinase
CLICK-III (also known as CL3 or CaMKIvy) is anchored
to the cell surface. CLICK-III plays a critical role in
BDNF-induced dendritogenesis [Takemoto-Kimura et al.,
2007], suggesting that lipid rafts are an important signaling
platform used by BDNF/TtkB to regulate neuronal mor-
phology (see Fig. 1B).

The signaling pathways that regulate BDNF-induced
dendritic branching include the activation of the PI3K/
AKT and ERK1/2 signaling pathways as well as the activa-
tion of local protein translation by the mTOR (mammalian
target of rapamycin) kinase and activation of the Rho
GTPase family protein to regulate the actin cytoskeleton
[Jaworski et al., 2005; Kumar et al., 2005; Miyamoto et al.,
2006]. In addition, activation of PLCy-1 appears to be dis-
pensable for increasing dendritic branching but is required
to induce hippocampal long-term potentiation [Minichiello
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et al., 2002; Dijkhuizen and Ghosh, 2005]. Several lines of
evidence suggest that BDNF increases the local translation
of a subset of mRNAs in dendrites, including proteins
related to CNS plasticity, while ignoring or even down-
regulating other transcripts. The detailed mechanism that
promotes this selectivity is not known, but includes the reg-
ulation of mRNA binding proteins and differential expres-
sion of microRNAs [Schratt et al., 2004; Takei et al., 2004;
Ruiz et al., 2014]. mTOR regulates protein translation, in
part, by phosphorylating the p70 ribosomal S6 protein
kinase 1 (S6K1/2) and the inhibitor of translation 4E-BP1,
which increase the translation of a subset of mRNAs con-
taining a 5’CAP in the 5" untranslated region of the mRNA
[Lipton and Sahin, 2014]. BDNF also activates local pro-
tein synthesis in the axon of cortical neurons in an mTOR
dependent manner, but the functional consequence of this
process and whether specific transcripts were translated in
response to BDNF has yet to be explored [Hsu et al.,
2015]. Taken together, these data indicate that BDNF
increases dendritic branching by a mechanism that involves
dendritic local protein synthesis mediated by activation of
the PI3K/Akt/mTOR pathway.

Activation of the ERK1/2 pathway has been extensively
described as a downstream mediator of neurotrophic signal-
ing. In the case of TrkB, after BDNF binding, receptor
phosphorylation at tyrosine-515 produces a docking site for
Shc and Frs leading to the activation of the Ras-ERK path-
way, a signaling pathway that promotes morphological
changes in neurons [Dijkhuizen and Ghosh, 2005]. Activa-
tion of ERK signaling has been shown to regulate the
expression —at the transcriptional level- of serum inducible
kinase (SNK, also known as Polo-like kinase 2 PLK2). In
this study, the authors showed that SNK is required for
BDNF-induced dendritic but not axonal growth [Guo
etal., 2012].

While the mechanisms underlying changes in gene
expression induced by BDNF/TrkB signaling have not been
completely established, as described above, it is known that
one of the transcription factors mediating BDNF transcrip-
tional regulation is cAMP response element-binding pro-
tein (CREB) [Finkbeiner et al., 1997; Xing et al., 1998].
BDNF and its receptor TrkB regulate gene expression by
activating CREB, which is a major mediator of
neurotrophin-mediated transcriptional responses, such as
early gene expression (c-fos and Arc), in cortical neurons.
In addition, CREB is required for BDNF-induced dendritic
branching of hippocampal neurons [Kwon et al., 2011].
Finsterwald and colleagues demonstrated that the BDNF-
induced increase in dendritic length and branching of cul-
tured cortical neurons depends on the activation of the
ERK pathway and phosphorylation of CREB at serine-133
[Finsterwald et al., 2010]. Interestingly, CREB activation is
not sufficient to produce morphological changes induced
by BDNE because this also requires binding of the
CREB-regulated transcription coactivator (CRTC1), which

translocates to the nucleus by a mechanism that depends on
NMDA-receptor activation by glutamate [Finsterwald and
Martin, 2011]. In addition to BDNFE, CREB is activated by
several other stimuli regulating dendritic and axonal mor-
phology. In physiological conditions and after cellular
injury, activation of CREB increases the intrinsic regenera-
tive capabilities of injured neurons suggesting that BDNF
signaling regulates neuronal regeneration [Lonze and Ginty,
2002; Hannila and Filbin, 2008]. Independently from the
stimuli that activate CREB, how the activation of this tran-
scription factor is connected with changes in dendritic
branching is poorly understood. It has been found that
BDNF increases the expression of the guanine deaminase
Cypin in a CREB-dependent manner and that Cypin may
regulate dendritic branching by direct binding to tubulin
heterodimers and promotion of microtubule polymeriza-
tion [Akum et al., 2004; Kwon et al., 2011] (see Fig. 1A).
The formation of dendrites and axonal branches requires
the coordinate action of actin filaments and microtubules
and the upstream signaling that regulates their dynamics
[Van Aelst and Cline, 2004; Kalil and Dent, 2014]. There-
fore, it is not surprising that BDNF/TrkB signaling regu-
lates cytoskeletal dynamics. Actin filament dynamics are
regulated by the activity of Rho GTPase family proteins
[Gonzalez-Billault et al., 2012]. This family is composed of
the small GTPases RhoA, Rac and Cdc42. Similar to most
monomeric GTPases, Rho GTPases are active when bind-
ing to GTP and their activity is positively regulated by gua-
nine nucleotide exchange factors (GEFs), which are
proteins that increase their rate of exchange of GDP by
GTP in their active sites. On the other hand, their activity
is limited by the hydrolysis of GTP that is facilitated by
GTPase-activating proteins (GAPs) and RhoGDI, proteins
that prevents their activation by GEFs [Etienne-Manneville
and Hall, 2002; Yuan et al., 2003; Van Aelst and Cline,
2004; Myers et al., 2012]. It has been shown that neurite
outgrowth requires changes in the actin cytoskeleton in
immature cortical neurons [Miyamoto et al., 2006]. This
action is based on TrkB-dependent tyrosine phosphoryla-
tion of Tiam1, which is a specific GEF of the small GTPase
Racl favoring actin polymerization. Another Rho GTPase
that links cytoskeletal regulation with dendritic branching
is Cdc42, which is also activated in response to BDNF
stimulation in hippocampal neurons. Activation of Cdc42
requires serine phosphorylation of the juxtamembrane
domain of TrkB mediated by serine/threonine cyclin-
dependent kinase 5 (Cdk5). Although, the GEF involved in
Cdc42 activation is currently unknown, phosphorylation
of Cdc42 by CDKS5 is required to increase the activity of
Cdc42 and the number of primary dendrites in hippocam-
pal neurons. Consistently, a dominant negative mutant of
Cdc42 blocks BDNF-induced increase in primary dendrites
[Cheung et al., 2007]. In addition to modulating the actin
cytoskeleton, Cdc42 modulates the activity of kinases such
as Cdc42-associated tyrosine kinase (Ackl), which is a non-
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receptor tyrosine kinase originally characterized as a target
of Cdc42 that also participates in BDNF-induced dendritic
branching in different neuronal types. Indeed, Ackl interacts
with Trk receptors, but not p75, modulating Akt and ERK
activation in the PC12 cell line [La Torre et al., 2013].

BDNF receptors regulate RhoA activity by different
means. In the absence of BDNF binding, TrkB.T1 binds
RhoGDI, which is a Rho GTPase inhibitor, therefore
RhoA activity is increased. However, in the presence of
BDNE RhoGDI dissociates from TrkB.T1 and is available
to inhibit Rho activity [Ohira et al., 2006]. Similar mecha-
nisms have been found for p75 regulation of RhoA activity.
When p75 is in a neurotrophin unbound state or when it is
in a complex with the Nogo receptor and myelin-associated
proteins, RhoGDI is associated with p75 and RhoA activity
is increased [Yamashita and Tohyama, 2003]. This process
results in the collapse of the growth cone and retraction of
axons and dendrites by depolymerizing actin [Wong et al.,
2002; Yamashita et al., 2002]. In contrast, when p75 binds
neurotrophins, RhoGDI dissociates from p75 and RhoA
activity is decreased, and this process favors neurite out-
growth [Yamashita et al., 1999; Gehler et al., 2004]. Inter-
estingly, in cortical neurons, proBDNF also activates RhoA
activity through binding to p75, increasing growth cone
collapse and decreasing neurite outgrowth [Sun et al.,
2012]. p75 may interact with other signaling complexes to
regulate neuronal morphology; indeed, in hippocampal
neurons, it has been shown that, when binding to proNGF,
p75 and its co-receptor SorCS2 dissociated Trio, a Rac
GEF, and inactivates fascin inducing growth cone collapse
[Deinhardt et al., 2011]. Interestingly, not just neurotro-
phins and proneurotrophins are able to regulated actin
dynamics. It has been shown that the pro-domain of
BDNEF is secreted in an activity-dependent manner from
neurons and that the variant containing the Val66Met sub-
stitution induces growth cone retraction concomitant with
reduced Rac activity in hippocampal neurons. Suggesting
that the pro-domain of BDNF is a potential new regulator
of actin dynamics through p75 [Anastasia et al., 2013].
Another means by which neurotrophins may regulate the
actin cytoskeleton is through changes in protein levels of
Rho GTPases, which are key proteins that regulate neuronal
morphology [Van Aelst and Cline, 2004]. Synaptoneuroso-
mal preparations from mouse neocortex, enriched in synap-
tic proteins and several mRNAs, has been used to show that
RhoA mRNA is located at dendrites, and its protein levels
are increased after BDNF stimulation [Troca-Marin et al.,
2010]. Indeed, RhoA is required for synaptic plasticity and
its protein levels are increased by BDNF activation of
mTOR [Murakoshi et al., 2011; Briz et al., 2015]. BDNF
also increases the local synthesis of Homer2—other actin
regulator—in dendrites of cortical neurons in an mTOR-
dependent manner [Schratt et al., 2004] (see Fig. 1B).

In addition, BDNF may directly regulate actin dynamics
through interaction and activation of LIM kinase 1 (LIMK1)

regulating both, axon elongation and dendritic ramification.
BDNF-induced dimerization of TrkB increases TrkB interac-
tion with LIMKI in the membrane, process that results in
LIMKI activation and increased axonal growth [Dong et al.,
2012]. LIMK]1 regulates actin dynamics through the inacti-
vation (by phosphorylation) of the actin-depolymerizing fac-
tor (ADF) and cofilin, which are proteins that modulate
actin cytoskeletal remodeling by stimulating the depolymer-
ization and severing of actin filaments [Sarmiere and Bam-
burg, 2004]. Activation of LIMK1 by BDNF depends on
the activity of the Ca*"/Calmodulin kinase IIB, which
directly phosphorylates LIMKI, promoting its cofilin-
phosphorylating activity, which is required for BDNE-
induced primary dendrite formation in cortical neurons
[Saito et al., 2013]. Another form by which BDNF can regu-
lates LIMK1 activation is by regulating its protein levels since
BDNF inhibits the repression exerted by the miR-134 on
LIMKI1 translation [Schratt et al., 2006].

In addition to regulating actin dynamics, BDNF also mod-
ulates microtubule dynamics. For example, the drug nocoda-
zole (a blocker of microtubule polymerization) decreases the
number of primary dendrites in hippocampal neurons, and
this is reversed by BDNF stimulation [Chen et al., 2012a],
suggesting that BDNF increases microtubule polymerization.
BDNF regulates the microtubule cytoskeleton and dendrite
morphology by phosphorylation of the transmembrane scaf-
fold protein Ankyrin Repeat-rich Membrane Spanning
(ARMS) or Kidins220 (ARMS/Kidins220) via the PI3K/Ake
pathway. This process is required for BDNF-induced dendri-
tic development [Wu et al, 2009; Chen et al, 2012b].
ARMS/Kidins220, in addition to specifically regulating neu-
rotrophin signaling [Arevalo et al., 2006], interact with tubu-
lin and several microtubule-associated proteins such as
MAPI1A, MAP1B and MAP2; and the stathmin family
members SCG10 (STMN2) and SCLIP (STMN3), which
are proteins that have a well-established role in neuronal
morphogenesis [Higuero et al., 2010; Villarroel-Campos and
Gonzalez-Billault, 2014]. Particularly, reduction of ARMS/
Kidins220 levels result in decreased phosphorylation of
MAPI1B and stathmin indicating that ARMS/Kidins220 is
likely to increase microtubule stabilization, since the phos-
phorylation of both proteins increases microtubule stability
[Higuero et al., 2010]. Thus, BDNF may exert its regulatory
effects on dendrite morphology through the activation of
intracellular signaling that includes components such as
PI3K/Akt and ARMS/Kidins220 to regulate microtubule-
associated proteins and modify microtubule cytoskeletal
dynamics.

Although it is widely reported that BDNF/TrkB induces
axonal branching [Cohen-Cory et al., 2010], the mecha-
nism underlying this process is not well understood. One
report indicated that, in axons, BDNF has a rapid action
on cytoskeleton dynamics. Acute application of BDNF to
the growth cone of Xenopus spinal neurons showed that
there is cooperative activity of microtubules and actin
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filaments that is essential for lamellipodial protrusion.
BDNF induces rapid collateral protrusion of filopodium-
like microspikes and lamellipodia along the neurite proc-
esses, leading to morphological changes in neuronal struc-
ture [Gibney and Zheng, 2003]. It has been shown that the
TrkB-Ras-ERK signaling pathway regulates axonal branch-
ing by regulating the expression of MAPK phosphatase 1
(MKP1) [Jeanneteau et al., 2010] that negative regulates
JNK activity increasing microtubules dynamics [Jeanneteau
et al., 2010]. It is known that JNK phosphorylates stathmin
and microtubule-associated protein 1B (MAP1B), which
stabilizes microtubules [Curmi et al., 1999; Chang et al,,
2003]. In wvivo, overexpression or down-regulation of
MKP1 in layer 2/3 cortical neurons by 7 utero electropora-
tion increases or decreases their terminal axon branching,
respectively, in the contralateral cortex, confirming the 7
vitro results [Jeanneteau et al., 2010]. It is interesting that
both endogenous BDNF and MKP1 expression are up-
regulated in the brain at later developmental stages, when
neuronal networks are refined in an activity-dependent
manner [Jeanneteau et al., 2010; Deinhardt and Chao,
2014a]. Another manner by which BDNF regulates axonal
branching is by regulating the expression of MAPIB
through the expression of microRNA miR-9. Initial signal-
ing by BDNF causes a reduction in miR-9 that relieves the
translational repression of maplb, leading to increased
expression of the MAP1B protein, microtubule stabilization
and axonal growth. On the other hand, prolonged BDNF
stimulation increases miR-9 levels in the axon and pro-
motes branching by locally decreasing MAP1B protein
expression in vitro [Dajas-Bailador et al., 2012]. In agree-
ment with its role 7z vitro, miR-9 is found to support axo-
nal development in the mouse cortex. Thus, miR-9
regulates, in a local manner, the levels of MAPIB (see Fig.
1A). Consistently, MAP1B—/— mice have decreased axonal
growth and increased axonal branching [Gonzalez-Billault
et al., 2001; Dajas-Bailador et al., 2012]. BDNF also regu-
lates the expression of miR-132 to increase axonal branch-
ing. miR-132 targets the p250GAP protein, a highly
conserved GTPase activating protein that suppresses Rac
function [Marler et al., 2014]. Complementing these
results, it has been shown in sensory neurons (expressing
TrkA and p75) that NGF-induced axonal branching
requires the formation of actin patch precursors —driven by
the activity of PI3K- and splayed microtubules. Later, inva-
sion of actin filopodia by stable microtubules consolidates
the branch. This process requires NGF-mediated phospho-
rylation and dephosphorylation of MAP1B, which increases
microtubule dynamics and further stabilization [Gallo,
2015; Ketschek et al., 2015].

Although there is no direct evidence of the signaling path-
ways underlying BDNF-mediated axonal branching in the
retinotectal system in Xenopus, it has been suggested that
ubiquitin-mediated degradation of proteins is relevant for
the branching of retinal axons that innervate the optic tec-

tum [Drinjakovic et al., 2010]. The authors propose that
external signals promote or reduce axon branching by modu-
lating the levels of phosphatase with tensin homolog
(PTEN), a phosphatase that opposes PI3K signaling by cata-
lyzing the conversion of phosphatidylinositol 3,4,5-trisphos-
phate (PIP3) into phosphatidylinositol 4,5-bisphosphate
(PIP2) in a Nedd4-dependent manner [Shi et al., 2003].
Nedd4 (neuronal precursor cell expressed developmentally
down-regulated protein 4) is an E3 ubiquitin-protein ligase
that has been proposed to regulate a number of signaling
pathways including insulin signaling [Cao et al., 2008]. An
increase in Nedd4 activity results in reduced PTEN levels
and therefore promotes the PI3K pathway and downstream
cytoskeletal rearrangements that favor branch growth. Con-
sistent with a general role of the PI3K pathway in axonal
growth, inhibition of PI3K prevents axonal growth in hippo-
campal neurons [Shi et al., 2003]. By increasing PI3K activ-
ityy, BDNF and NT3 promote the phosphorylation and
inhibition of the kinase GSK-3, which in turn leads to a
reduction in the phosphorylation of CRMP-2 (collapsing
response mediator protein 2), a protein that is highly
expressed in the developing NS and that regulates axonal
outgrowth and dendritic branching [Yamashita et al., 2012;
Ip et al., 2014]. When dephosphorylated, CRMP-2 binds
microtubules promoting microtubule polymerization and
axonal growth and branching in cortical neurons [Fukata
et al., 2002; Yoshimura et al., 2005]. The phosphorylation of
GSK-3B stimulated by BDNF is regulated by Dock3 (a
Racl-GEF), which promotes the recruitment of GSK-3p to
the plasma membrane facilitating its phosphorylation by
PI3K [Namekata et al., 2012].

There are also reports of negative regulators of BDNF-
dependent axonal branching. Sprouty3 (Spry3) is a member of
the Sprouty (Spry) protein family that are intracellular negative
regulators of receptor tyrosine kinase signaling and are involved
in numerous developmental processes [Mason et al., 2006]. It
has been shown that BDNF/TikB signaling induces Spry3
expression, possibly via ERK signaling. Spry3 expression inhib-
its the PLCy-1/Ca>" pathway, thereby preventing premature
or excess axonal branching, implicating downstream kinases
activated by Ca®" in this process [Panagiotaki et al., 2010].

In summary, BDNF/TtkB signaling modulates both actin
and microtubule dynamics to increase dendritic and axonal
growth. It does so by triggering the phosphorylation of pro-
teins that regulates Rho GTPases and by controlling local
translation of several proteins involved in plasticity. More
studies are required to fully understand this complex process.

Membrane Dynamics and the
Regulation of BDNF Signaling
and Neuronal Morphology

After ligation, the neurotrophin/receptor complex rapidly
activates signaling pathways in the plasma membrane and
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undergoes internalization. It is now well established that the
internalization and post-endocytic trafficking of receptors
are essential for signaling and neuronal function [Bronfman
et al., 2014, and the references therein].

Many lines of research support the idea that the intracel-
lular trafficking of Trks regulates the outcome of neurotro-
phin signaling. In PC12 cells, the inhibition of dynamin
and TRAF6-dependent TrkA internalization inhibits NGF-
induced neurite extension [Zhang et al., 2000; Geetha
et al., 2005]. The concept that the Trks in the plasma mem-
brane trigger different signaling pathways than those in
endosomes came from experiments that demonstrated that
plasma membrane TrkA transiently increased Ras (a mono-
meric GTPase that activates the ERK signaling cascades);
however, internalized TrkA interacts with Rapl (a member
of the Ras family of monomeric GTPases) in endosomes,
and thereby promotes the sustained activation of the
ERK1/2 pathway and neuronal differentiation [York et al,,
1998; Mochizuki et al., 2001; Wu et al., 2001]. Consistent
with the idea that post-endocytic trafficking of the TrkB
receptor is necessary for signaling, inhibition of TrkB inter-
nalization reduces PI3K/Akt signaling and neurite out-
growth of hippocampal neurons [Zheng et al., 2008].
Similarly, TrkB recycling, which depends on its kinase activ-
ity and the adaptor Hirs, is required for sustained TrkB-
induced ERK1/2 signaling [Huang et al., 2009]. On the
other hand, retrolinkin, a transmembrane protein highly
enriched in early endosomes, and endophilin Al, a protein
involved in generating endocytic necks and vesicles during
synaptic endocytosis [Huttner and Schmidt, 2000; Masuda
et al., 2006], also modulate internalization of TrkB, regulat-
ing sustained activation of ERK1/2. Both proteins, retrolin-
kin and endophilin Al, were required for BDNF-induced
morphological changes in the somato-dendritic domain
[Liu et al., 2007; Fu et al., 2011]. It has been shown that
the transition from early to late endosomes is required for
activation of mTOR by insulin signaling since the mTOR
GEE Rheb is located in this organelle [Sancak et al., 2008;
Flinn et al., 2010]. It remains to be demonstrated whether
this is also true for BDNF-induced activation of mTOR in
dendrites and axons. Late endosomes have also been linked
to sustained activation of Rap1/ERK since BDNF increases
the recruitment of a GEF for Rapl (PDZ-GEF1) to late
endosome, a process required for neurite outgrowth [Hisata
et al., 2007]. The upstream mechanism of Rapl activation
by BDNF has not been fully elucidated. However, it is
known that BDNF increases the levels of cAMP increasing
the activity of EPAC, a guanine-exchanging factor involved
in Raplb activation and neuronal polarity [Cheng et al.,
2011; Munoz-Llancao et al., 2015].

Together, these results suggest that TrkB internalization is
required for proper activation of PI3K/Akt/mTOR and
Rap1/ERK signaling most likely through the recruitment of
specific adaptors via the endocytic route.

Similar to Trks, p75 is associated with its ligands and
interacts with signaling adaptors in endosomes. These
endosomes are likely different from the TrkA-positive endo-
somes because p75 has different kinetics of internalization
compared with TrkA [Bronfman et al., 2003; McCaffrey
et al., 2009]. In contrast to what has been observed for the
Trks, p75 is pootly targeted to the degradative pathway
(i.e., late endosomes and lysosomes) [Bronfman et al.,
2014]. We have shown that after internalization in PC12
cells and sympathetic neurons, p75 accumulates in the recy-
cling endosomes and multivesicular bodies (MVB) and is
ready for exosomal release, which is a ligand-dependent
process; therefore, increased internalization augmented the
p75 content in exosomes after neuronal depolarization
[Escudero et al., 2014]. These results present the interesting
possibility that the endocytic pathway is a step to secrete
p75 signaling complexes to neighboring cells to propagate
signaling in an active circuit as shown for the Evi-exosomes
and Wnt signaling pathway in the Drosophila neuromuscu-
lar junction [Koles et al., 2012].

Membrane addition for neurite extension is a key aspect
of neurite outgrowth and, therefore, the control of mem-
brane dynamics must be part of the downstream actions of
neurotrophin signaling for proper regulation of neuronal
morphology [Cosker and Segal, 2014]. Among those key
components that may regulate intracellular trafficking of
receptors and, consequently, neurotrophic signaling are the
Rab family of GTPases [Cosker and Segal, 2014; Villarroel-
Campos et al., 2014]. Rab GTPases are a large family of
small GTPases that control membrane identity and vesicle
budding, uncoating, motility and fusion through the
recruitment of different effector proteins. For this reason,
Rabs are major regulators of cellular physiology. For exam-
ple, Rab5 is a key regulator of early endosomal trafficking,
Rabl1 and Rab4 regulate transport through the recycling
pathway, and Rab7 regulates transit from the early endo-
somes to the late endosomes and from the late endosomes
to the lysosomes. Rab GTPases are central proteins that reg-
ulate membrane trafficking and membrane identity by con-
trolling the assembly of cytoplasmic protein complexes at
membranes. Similar to the Rho family of GTPases, their
activity is regulated by GEFs and GAPs [Stenmark, 2009;
Bronfman et al., 2014, and the references therein].

Rab5, 7, and 11 have also been shown to be important
for normal neuronal migration and maturation in the cor-
tex through the regulation of N-cadherin trafficking
[Kawauchi et al., 2010], revealing a physiological role of
the endocytic pathway. This is also true for neuronal mor-
phology because Rab5 activity is necessary for neuronal
morphogenesis, specifically by controlling neurite branch-
ing in Drosophila in a process that requires dynein trans-
port [Satoh et al., 2008]. Similarly, we have recently shown
that Rab11 activity is required for BDNF-mediated dendri-
tic branching in hippocampal neurons [Lazo et al., 2013].
Our results support a model in which dendritic TrkB
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activation increased active Rabl1 that associated with its
effector, the actin-based motor myosin Vb, which is
required for membrane recycling [Roland et al., 2011].
Thus, by increasing the local recycling of TrkB in dendrites,
there is a burst of local BDNF/TtkB signaling and increased
dendritic branching [Lazo et al., 2013]. This process has
also been observed 7 vitro in hippocampal synapses, where
Rab11 recycling endosomes facilitate the insertion of TrkB
into the synapses and its interaction with the synaptic scaf-
folding protein PSD95 [Huang et al., 2013]. Supporting a
general role for Rabll in BDNF-mediated dendritic
branching, Rab11-mediated recycling was required for opti-
mal BDNF signaling and neurite branching in striatal neu-
rons in a Slitrk5-dependent manner [Song et al., 2015].
Slitrk5 is a cell-surface LRR protein that aids TrkB signaling
by facilitating TrkB recycling through the recruitment of
the Rabll effector Rab11-FIP3 that links the Rabll
GTPase and the cytoplasmic dynein to the recycling path-
way [Horgan et al., 2010; Song et al., 2015]. In addition,
we have also studied the role of Rab5-positive early endo-
somes in dendritic branching. The addition of BDNF to
hippocampal neurons increases the activity of Rab5 and the
mobility of Rab5-positive endosomes in dendrites, and
decreasing the activity of Rab5 reduced BDNF-induced
dendritic arborization (Gonzalez and Moya-Alvarado,
unpublished results). Interestingly, it has been shown that
Rab11 also regulates axonal growth in a lemur kinase 1 and
CDK5 dependent manner. Down-regulation of lemur
kinase 1 activity increased Rab11a traffic to axons and axo-
nal growth [Takano et al., 2012]. Whether Rabll is
involved in BDNF induced axonal growth and branching is
a matter for future studies. Together, these results suggest
that the BDNF-mediated regulation of neuronal morphol-
ogy requires the coordinated function of the Rab GTPases
in the endocytic pathway, which is regulated by TrkB sig-
naling. Rab GTPases such as Rab5 and Rab11 have been
shown to regulate physiological processes such as cellular
migration, thereby regulating actin filament dynamics
through activation of Racl activity. This suggests that cyto-
skeleton dynamics required for neuronal growth may also
require intracellular activation of Rho GTPases [Assaker
et al., 2010; Emery and Ramel, 2013; Chen et al., 2014].
Thus, Rab GTPases, most likely by regulating intracellular
trafficking, coordinate different aspects of neuronal growth
allowing for local control of signaling and cytoskeleton
dynamics or long-distance signaling in axons (see below).

Despite the fact that some Rab proteins are involved in
the proper development of the NS and in the regulation of
the morphology of neurons, little is known about the sig-
naling pathways that regulate their activity and more work
has to be done to integrate membrane dynamics regulated
by Rab GTPases and the parallel signaling pathways that
are activated by neurotrophin receptors [Satoh et al., 2008;
Kawauchi et al., 2010; Mori et al., 2012; Mori et al., 2013;
Zou et al., 2015].

There is additional evidence indicating that the endocytic
system is important for proper dendritic development. The
role of Na™/H™ exchanger 6 (NHEG), which is one of the
most commonly mutated genes causing X-linked develop-
mental brain disorders, has revealed the regulation of endo-
somal pH as a key aspect regulating endocytic neurotrophin
signaling and possibly other cellular processes and signaling
pathways. NHEG regulates the intracellular pH, maintain-
ing higher pH values (~06.2) compared to lysosomes (pH 5)
in early and recycling endosomes and allowing for sustained
intracellular BDNF/TrkB signaling and avoiding faster TrkB
degradation. Consistently, loss of function of NHEG impairs
axonal and dendritic branching in hippocampal neurons
[Ouyang et al., 2013].

As stated in “Introduction” section, neurotrophins were
first discovered as target-derived factors. The question then
arises as to how the neurotrophin signals are propagated
from the axon to the cell body and whether this signaling is
required for proper neuronal functions. More than two dec-
ades of studies have supported the notion that neurotro-
phins, upon ligand-binding in the axonal terminal, increase
signaling endosomes containing activated Trks receptors
and signaling molecules to convey cellular responses in the
nucleus [Harrington and Ginty, 2013]. It has been demon-
strated that both the kinase activity and internalization of
Trks are required for the retrograde transport of nuclear
responses, including the activation of transcription factors
such as CREB and c-fos. Furthermore, the inhibition of
dynein activity and endocytosis in the axons of the com-
partmentalized sensory neuron cultures causes down-
regulation of the transport of activated Trks together with
inhibition of the survival responses in the cell body [Heers-
sen et al., 2004; Ascano et al., 2012; Bronfman et al., 2014,
and references therein]. Furthermore, a direct interaction of
Trks with the molecular motor dynein, as described by
Chao and coworkers [Yano et al., 2001], and ERK1/2-
dependent dynein-mediated transport of TrkB in Rab7
endosomes suggest that local TrkB activation in axons trig-
gers retrograde transport of signaling endosomes containing
activated TrkB [Mitchell et al., 2012]. Early work in other
models such as the sciatic nerve also supports a signaling
endosome as a carrier of retrograde signaling in the NS.
Endosomes derived from the sciatic nerve axoplasm con-
taining activated TrkA, p75, phospho-ERK1/2, PI3K,
phospho-p38 and Rapl were described [Delcroix et al.,
2003]. Other mechanisms have been postulated for the
propagation of neurotrophin signaling along the axon [Har-
rington and Ginty, 2013; Bronfman et al., 2014, and the
references therein]. However, the molecular mechanism
with the most experimental validation is the “signaling
endosome model” [Ye et al., 2003; Bronfman et al., 2014,
and the references therein].

Rab GTPases also function in the axon and likely regu-
late retrograde signaling by neurotrophic factors. The
nature of the transported organelle that mediates retrograde
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neurotrophin signaling has been a controversial issue, and
the most probable explanation is that there is a mixed pop-
ulation of different types of endosomes that depend on the
neuronal type and the signal generated. Mobley and collab-
orators characterized an early endosomal fraction (Rab5-
and EEA1-positive) derived from the sciatic nerve axoplasm
that contained activated TrkA receptors and activated sig-
naling molecules [Delcroix et al., 2003]. Another report
also associates a Rab5-positive multivesicular endosome/
body (MVBs) as a retrograde carrier [Philippidou et al.,
2011]. An elegant study performed by Schiavo and collabo-
rators provided evidence that the Rab5 GTPase is impor-
tant for sorting vesicles to the retrograde transport pathway
in the axon of motor neurons [Deinhardt et al., 2006].
However, they found that the Rab7 GTPase, a classical
marker of late endosomes, was necessary for the retrograde
transport of an organelle positive for p75 and TrkB in
motor neurons. Notably, the Rab5, Rab7, and Rabll
GTPases have all been functionally linked to molecular
motor-mediated transport, including dynein- and kinesin-
mediated transport, and signaling organelles in the axon
[Bronfman et al., 2014, and the references therein]. Addi-
tional research will be required to understand the heteroge-
neity of the different signaling organelles and the molecular
machinery that generates them and regulates their
transport.

Long-distance signaling from the target tissues to induce
transcriptional changes in the soma is well described in the
PNS [Harrington and Ginty, 2013]. However, the long-
distance effects of target-derived neurotrophins, such as
BDNE in the CNS are far less studied, and contribution of
retrograde signaling to the transcriptional and morphologi-
cal changes has rarely been reported. The retrograde trans-
port of BDNF in the CNS has been investigated by
intraparenchymal injection of BDNF; significant levels of
BDNF were retrogradely transported (from axons to cell
bodies) in the NS [Mufson et al., 1999]. Some studies have
suggested retrograde effects of BDNF in the CNS. For
example, in a primate spinal cord injury model, it was
shown that axotomized corticospinal neurons (the cell body
is located in the cortex) show local effects on axonal growth,
and remote retrograde effects resulted in significant reduc-
tions in axotomy-induced neuronal cell atrophy after gene
delivery of BDNF into the lesion sites in the spinal cord
[Brock et al., 2010]. In the retinotectal circuit in X. /aevis,
an infusion of BDNF in the optic tectum promoted local
axonal growth of retinal ganglion neurons (RGC) but also
increased the arborization of RGCs in the retina, which
resulted in potentiation of the RGC synapses with the bipo-
lar cells in the retina and increased their sensitivity to a
stimulus. When BDNF was applied directly to the den-
drites, BDNF inhibited their growth, suggesting that long-
distance signaling may have different cellular outcomes
than the signaling initiated in the dendrites or soma [Lom
et al., 2002; Du and Poo, 2004].

Long-distance retrograde transport of TrkB has been
described in striatal dendrites. This process requires Hun-
tingtin (HT'T), a protein that regulates dynein-dependent
transport. Consistent with the requirement of long-distance
signaling of the TrkB receptor, mutated HTT (the mutation
causing Huntington’s Disease) reduced ERK activation and
c-fos expression in response to BDNF [Liot et al., 2013].
Additionally, long-distance signaling has been observed
from distal dendrites. Dendritic activation by BDNF and
retrograde signaling to the cell body was also shown to
increase Arc and c-fos expression, whereas axonal stimula-
tion did not have an effect on the expression of these early
genes [Cohen et al., 2011]. Similarly, disrupting the sna-
pin/dynein interaction reduced TrkB retrograde transport
and dendritic growth in cortical neurons. It was not estab-
lished whether this effect was due to reduced retrograde
transport from the dendrites or axons [Zhou et al., 2012].
However, it has been shown that the addition of BDNF to
axons induced retrograde activation of CREB [Zhou et al,,
2012; Bronfman et al., 2014]. Together, these results sug-
gest that, in addition to the local effect of BDNF in axonal
growth described above, BDNF in axons may generate a
signaling endosome that regulates transcription and dendri-
tic plasticity at the cell body. It is not known whether these
signaling endosomes are regulated by Rab5-Rab7 or Rab5-
Rab11 mediated process. In sympathetic neurons, retro-
grade signaling of NGF/TtkA increases the transcytosis of
somatic TrkA receptors to the axons increasing axonal
growth, which is dependent on the activity of Rabll
[Ascano et al., 2009]. On the other hand, Rab5-Rab7-
mediated transport was described in motor neurons, Rab7/
TrkB organelles have been shown to traffic together in the
axons of cortical neurons, and other receptors used Rab7-
positive endosomes for retrograde transport [Zhou et al.,
2012; Schmieg et al., 2014]. Taken together, these studies
indicate a prominent role of Rab GTPases in BDNF axonal
signaling and indicate that more studies are required to
understand how BDNF/TrkB regulates Rab activity and
membrane dynamics.

Concluding Remarks

The role of BDNF/TtkB in regulating axonal and dendritic
growth is well established, and several circuits including the
cortico-callosal and cortico-striatal pathways are proven to
rely heavily on both TrkB and p75 signaling for both den-
dritic and axonal growth and maintenance. Neurotrophins
including BDNF are secreted from the soma but also in the
distal part of the neurons signaling locally or triggering
long-distance signaling from axons or dendrites back to the
nucleus. In general, the control of neuronal growth relies
on the PI3K/AKT signaling pathway regulating both cyto-
skeleton dynamics and local synthesis of proteins in axons
and dendrites in an mTOR-dependent manner. On the
other hand, sustained ERK signaling increases the
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activation of CREB and regulates the transcription of genes
required for dendritic growth including proteins that regu-
late cytoskeleton dynamics such as Arc and Cypin. Several
studies in the literature indicate that BDNF receprors signal
in intracellular organelles and that this process is regulated
by Rab GTPases. The regulation in this case is bidirectional
TrkB signaling regulates Rab activity and Rab activity
impacts neuronal morphology. However, how signaling ini-
tiated by BDNF simultaneous coordinates membrane traf-
ficking, cytoskeleton dynamics and local protein synthesis
to regulate neuronal morphology has just started to emerge
and should be a matter of future studies. Particularly, it will
be interesting to dissect the contribution of different endo-
somal populations that allow BDNF receptors trafficking
regulating both, local and long-distance signaling. The role
of long-distance signaling in regulating neuronal growth
and plasticity is not well documented in the CNS and
should be better delineated in the future. The evidences
from the PNS indicates that it is likely that BDNF signal-
ing in the CNS regulates Rab GTPase activity and endoso-
mal trafficking for proper local (regulating cytoskeleton
dynamics) and long-distance signaling (regulating transcrip-
tion of genes), which are both required for neuronal
growth. These studies form the basis of an interesting field
that should uncover the molecular machinery that is
required for proper intracellular signaling in neurons that
have to integrate the signals that are generated in the soma,
dendrites and axons for circuitry maintenance.
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