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Abstract

Neurons possess a polarized morphology specialized to contribute to neuronal
networks, and this morphology imposes an important challenge for neuronal
signaling and communication. The physiology of the network is regulated by
neurotrophic factors that are secreted in an activity-dependent manner
modulating neuronal connectivity. Neurotrophins are a well-known family of
neurotrophic factors that, together with their cognate receptors, the Trks and the
p75 neurotrophin receptor, regulate neuronal plasticity and survival and deter-
mine the neuronal phenotype in healthy and regenerating neurons. Is it now
becoming clear that neurotrophin signaling and vesicular transport are coordi-
nated to modify neuronal function because disturbances of vesicular transport
mechanisms lead to disturbed neurotrophin signaling and to diseases of the
nervous system. This chapter summarizes our current understanding of how
the regulated secretion of neurotrophin, the distribution of neurotrophin
receptors in different locations of neurons, and the intracellular transport of
neurotrophin-induced signaling in distal processes are achieved to allow coordi-
nated neurotrophin signaling in the cell body and axons.
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The nervous system is a highly wired structure formed by neurons and glial cells,
which together sculpt neuronal networks. The physiology of the network is
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Fig. 1 Hippocampal axons can be as long as 400 times the diameter of the cell body. Hippocam-
pal neurons were cultured in microfluidic chambers for 10 days in the presence of BDNF in the
axonal compartment. The neurons were loaded with the fluorescent probe Calcien-AM (shown in
green) to label the neuronal morphology. Nucleus was labeled with Hoechst staining (shown in
blue)

regulated by neurotrophic factors that are secreted in an activity-dependent manner,
modulating neuronal connectivity. Neurons exhibit a polarized morphology with
two different compartments: the somatodendritic arbor and the axon, which are
functionally differentiated to form and participate in neuronal networks. The
neuronal soma acquires a particular morphology with branched prolongations
specialized to form and receive synaptic contacts. The axon is a single prolongation
that is specialized to transmit information from and back to the cell body, and it can
be as long as 400 times the diameter of the neuronal soma in the case of rat
hippocampal neurons (Fig. 1) or human lumbar motor neurons that can have
axons longer than 10,000 times the diameter of the cell body. This special mor-
phology imposes an important challenge for neuronal signaling and communication
(Horton and Ehlers 2003b; Ibanez 2007).

Neurotrophins (NGF, BDNF, NT3, and NT4) are a well-known family of
neurotrophic factors that, together with their cognate receptors, the Trks (TrkA,
TrkB, and TrkC) and the p75 neurotrophin receptor (p75), regulate the development
of neuronal networks by participating in the growth of neuronal processes, synaptic
development and plasticity, neuronal survival, differentiation, and myelination. In
the mature NS, neurotrophins determine the neuronal phenotype participate in
neuronal plasticity and survival and in healthy and regenerating neurons. While
each neurotrophin has a preferred Trk (NGF/NT3 binds TrkA; BDNF/NT4 binds
TrkB; and NT3 binds TrkC), all neurotrophins bind p75 with a similar affinity.
Additionally, two co-receptors for p75 have been described as participating in p75
signaling events: the neurotensin-3 receptor sortilin and the Nogo receptor (NogoR)
for myelin-associated glycoproteins (Barker 2004; Greenberg et al. 2009; Huang
and Reichardt 2001; Lu et al. 2005). In contrast to the Trks, p75 is capable of
inducing opposing biological outcomes depending on its expression level,
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association with different co-receptors at the plasma membrane, and the type of
ligand (Bronfman and Fainzilber 2004; Gentry et al. 2004). p75 alone potentiates
TrkA survival pathways and, in association with sortilin, induces cell death.
Furthermore, it potentiates neurite outgrowth when acting alone or induced growth
cone collapse in the presence of NogoR (Barker 2004; Higuchi et al. 2003).

Considering the particular morphology of the neuron, it is important to under-
stand how the distribution of neurotrophin receptors in different locations of
neurons, the regulated secretion of neurotrophin, and the intracellular transport of
neurotrophin-induced signaling in distal processes are achieved to allow coordi-
nated neurotrophin signaling in the cell body and axons. It is it now becoming clear
that neurotrophin signaling and vesicular transport are coordinated to modify
neuronal functioning because disturbances of vesicular transport mechanisms lead
to disturbed neurotrophin signaling and to diseases of the nervous system
(Bronfman et al. 2007; Perlson et al. 2010; Salinas et al. 2010). In this chapter,
we will emphasize the role of key proteins that regulate vesicle transport and, thus,
signaling, including Rab GTPases and molecular motors. Rab GTPases comprise a
large family of small GTPases that control membrane identity and vesicle dynamics
through the recruitment of different effector proteins (Stenmark 2009). There are
two main classes of molecular motors that coordinate the transport of cargoes to the
minus and plus ends of microtubules. The kinesins are a large gene family (KIFs,
for kinesin superfamily proteins) that coordinates the transport of vesicles, macro-
molecular complexes, and organelles to the plus end of microtubules, thereby
moving materials in an anterograde manner to the distal process of neurons,
whereas cytoplasmic dynein is a protein complex that moves cargoes to the
minus end of microtubules, thus moving materials in a retrograde fashion from
the neuronal distal process to the cell body (Hirokawa et al. 2009; Kardon and Vale
2009).

1 Secretion and Anterograde Transport of Neurotrophins
and Their Receptors

1.1 Neurotrophin Discovery and Biological Sources

Neurotrophins were first described as target-derived growth factors regulating the
survival and differentiation of neurons from the peripheral nervous system (PNS,
sensory and sympathetic neurons). The neurotrophic hypothesis, postulated by Rita
Levi-Montalcini and Viktor Hamburger, stated that factors secreted in limiting
amounts by tissues and target organs would ensure the correct number of neurons
and their target fields, explaining the massive cell death of neurons during devel-
opment in the PNS (Huang and Reichardt 2001; Korsching 1993; Levi-Montalcini
1966, 1987). It was later shown that neurotrophins have multiple functions in the
central nervous system (CNS), including the regulation of synaptic plasticity and
neuronal morphology. Most target tissues in the CNS also secrete neurotrophins
that exert their effects by signaling back to the cell body (Bibel and Barde 2000;
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Bilsland et al. 2010; Holzbaur 2004; Huang and Reichardt 2001; Lu et al. 2005;
Mufson et al. 1999). Over the years, it has been shown that neurotrophins can be
secreted not only by target tissues, which can be postsynaptic neurons or other types
of cells, such as muscle, but also by presynaptic neurons, astrocytes, microglia, and
glial cells, such as Schwann cells and oligodendrocytes, having paracrine and
autocrine actions on neurons and other cell types (Bagayogo and Dreyfus 2009;
Bessis et al. 2007; Cao et al. 2007; Dai et al. 2001; Lessmann et al. 2003; Matsuoka
et al. 1991; Ohta et al. 2010; Schinder and Poo 2000; Verderio et al. 2006; Yune
et al. 2007).

1.2  Coordination of Neurotrophin Processing, Local Translation,
and Postsynaptic Secretion

Neurotrophins are homodimeric proteins synthesized as precursors (proneuro-
trophins) and are secreted to the extracellular space in a constitutive and regulated
manner. As for many secreted proteins, after cleavage of the signal peptide in the
endoplasmic reticulum, the homodimer transits through the Golgi, where it is
subjected to glycosylation in its prodomain. The homodimers accumulate in
vesicles in the frans-Golgi network (TGN), where the prodomains are cleaved by
Furin and pro-convertases (PCs) to be secreted as non-glycosylated mature
neurotrophins. The efficiency of cleavage varies according to neuronal and cell
type. In hippocampal neurons, in the case of BDNF, proBDNF is secreted in an
activity-dependent manner to the extracellular space, where it can be cleaved by the
tissue plasminogen activator to be converted to mature BDNF (Lessmann
et al. 2003; Nagappan et al. 2009; Yang et al. 2009). The regulation of neurotrophin
secretion has been best studied in the case of BDNF. Although no studies have been
reported that address how neurotrophins are sorted to either constitutive or
regulated pathways, it is known that a polymorphism in the prodomain region
(BDNF val to met) reduces the activity-dependent secretion of BDNF (Chen
et al. 2004). This region of the BDNF prodomain has been shown to bind sortilin,
a Vps10p domain protein that is known to bind the prodomain of proNGF to induce
neuronal cell death by forming a complex with p75 (Nykjaer et al. 2004). In the
TGN, sortilin has been associated with the proper intracellular trafficking of
proteins in and out of the Golgi. The majority of sortilin resides in intracellular
membranes that correspond to the TGN, endosomes, and secretory granules and
vesicles in dendrites and axons (Willnow et al. 2008). Therefore, it is likely that this
transmembrane protein plays a major role in targeting other soluble proteins and
receptors out of the TGN to other cellular compartments. Thus, through interaction
with sortilin, the prodomain of BDNF (not proNT4) regulates the sorting of BDNF
to the regulated secretory pathway, and truncated versions of sortilin cause
missorting of BDNF to the constitutive pathway, without affecting NT4-regulated
secretion in hippocampal neurons, pointing to a neurotrophin-specific sorting
mechanism to the regulated secretory pathway (Chen et al. 2005b).



Spatiotemporal Intracellular Dynamics of Neurotrophin and Its Receptors.. . . 37

The postsynaptic secretion of neurotrophins, particularly of BDNF, has been
well documented (Cohen-Cory et al. 2010; Lessmann et al. 2003). Evidence has
shown that BDNF and NT3 are more efficiently targeted to dendritic secretory
granules in hippocampal neurons than are NT4 and NGF. Although secretion of
neurotrophin is slower than neurotransmitter release, neurotrophin secretion
co-localizes with PDZ-95, a postsynaptic marker of glutamatergic synapses.
Regulated secretion of BDNF in glutamatergic synapses is tightly regulated, such
that it will occur only in active synapses. For these phenomena to take place, there
must be coordination of the local translation of BDNF messages and the secretion
of vesicles in dendrites (Brigadski et al. 2005; Cohen-Cory et al. 2010).

The BDNF gene is characterized by complex transcriptional regulation; it can be
transcribed from at least eight different promoters and can be polyadenylated on at
least at two different sites, leading to the production of mRNA with a short 3’
untranslated region (UTR) or a long 3'UTR (Aid et al. 2007). The functional
significance of the more than 16 transcripts that can be produced is unknown, but
it has been suggested that this serves as a mechanism to add different layers of
complexity to the regulation of the transcription and local translation of the BDNF
gene (Greenberg et al. 2009). Dendritic transport of mRNA depends on specific
dendritic targeting elements (DTEs) or cis-acting elements that are usually located
in the 3'UTR; these sequences then target a specific mRNA for microtubular
transport toward distal dendrites. BDNF mRNAs appear to share a common mech-
anism of transport with the mRNAs for calcium/calmodulin-dependent protein
kinase II (alpha-CaMKII) and arc protein (Falley et al. 2009; Hirokawa 2006;
Raju et al. 2011). These messages are transported in RNA granules in machinery
that includes the trans-activating elements staufen and Pur-a and the kinesin-5
(KIF5) subfamily of molecular motors, in addition to the RNA-associated protein
CArG box binding factor A (CBF-A). For BDNF specifically, an mRNA with a long
3'UTR seems to be more efficiently transported to dendrites compared to an mRNA
with a short 3’UTR. A knockout mouse specific for this particular transcript exhibits
abnormal pruning and enlargement of dendritic spines, as well as selective
impairment of long-term potentiation in dendrites, but not the soma of hippocampal
neurons (An et al. 2008).

In the cerebral cortex, promoter IV-dependent transcription of BDNF accounts
for the majority of activity-dependent BDNF transcription (Hong et al. 2008). This
transcript is apparently related to translation and secretion in the cell body, as it has
been reported that the transcript mainly localizes to the cell soma, and exon I and
VI BDNF-containing transcripts are more efficiently targeted to neurites
(Chiaruttini et al. 2009). This phenomenon is presumed to be independent of
DTEs in the 3’'UTR of BDNF transcripts. The study performed by Chiaruttini and
collaborators also indicated that there is a sequence coding for the prodomain of the
BDNF transcript that binds translin, an RNA-binding protein involved in RNA
transport. This is the same sequence used by sortilin to bind proBDNF. Interest-
ingly, the val66met polymorphism in the BDNF gene causes translin to lose its
ability to bind to BDNF transcripts and impairs its transport to dendrites. Thus, the
reduced hippocampal dendritic complexity, memory deficits, and susceptibility to
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mood disorders caused by this BDNF polymorphism may be due to the effects of
deficits in the regulated secretion of BDNF mediated by the interaction of the
BDNF prodomain with sortilin and to the inhibition of BDNF transcript transport
to dendrites that is mediated in part by Translin (Bath and Lee 2006; Chen
et al. 2006; Pezawas et al. 2004). Additional studies are needed to clarify the
molecular mechanisms implicated in the activity-dependent targeting of specific
BDNF mRNAs to dendrites. However, it can be proposed that the local synthesis
and secretion of BDNF in active synapses is carried out through a mechanism that
involves the transport of specific BDNF transcripts in a KIF5-dependent fashion
and the coordination of BDNF synthesis in endoplasmic reticulum membranes and
secretion from Golgi outposts localized to distal dendrites. Thus, postsynaptically
secreted BDNF activates postsynaptic TrkB receptors, resulting in autocrine regu-
lation of synaptic potentiation, or presynaptic TrkB potentiation of neurotransmitter
release and regulation of target innervation (see below) (Fig. 2) (Cohen-Cory
et al. 2010; Horton and Ehlers 2003a).

1.3 Anterograde Transport of Neurotrophin and Its Receptors

There is good evidence that BDNF-regulated secretion can occur in the presynaptic
terminal. For this phenomenon to happen, dense core vesicles (DCV) derived from
the Golgi apparatus in the neuronal soma have to undergo anterograde travel in a
kinesin-dependent fashion to the synaptic terminal. It has been shown that BDNF
and NT3 undergo anterograde transport and accumulate in DCV in synapses.
Additionally, it has recently been found that BDNF anterograde transport in DCV
is dependent on KIF1A (a member of a subfamily of kinesin 3) (Lo et al. 2011),
suggesting that targeting to anterograde transport is regulated in part during the
targeting of BDNF-DCYV to a specific kinesin subfamily. In the presynaptic terminal
BDNF is secreted in an activity-dependent manner similarly to other neuropeptides,
exerting postsynaptic effects that regulate the development and maintenance of
neuronal networks (Altar and DiStefano 1998; Lessmann et al. 2003; Matsumoto
et al. 2008; Shinoda et al. 2011) (Fig. 2). In sensory neurons, the anterograde
transport and release of BDNF in the axon enhance myelination, pointing to a
potential role for anterograde-transported BDNF during development and regener-
ation (Ng et al. 2007). An unexpected finding reported by Butowt and von Bartheld
(2001) was that in chick retinal ganglion cells, endocytosed NT-3 is sorted to the
Golgi in a kinase-dependent manner, after which it undergoes anterograde transport
to the presynaptic terminal in a process that depends on p75 anterograde
transport (Butowt and von Bartheld 2001). This result implies that the anterograde
transport of neurotrophins can be receptor mediated in a cellular pathway including
ligand/receptor endocytosis in the cell body and posterior sorting to the anterograde
transport pathway. Thus, there are at least two different forms of neurotrophins
sorted to the anterograde pathway: one is non-receptor mediated and the other is
receptor mediated.
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Fig. 2 Schematic diagram of a glutamatergic synapse in the central nervous system. In the
presynaptic terminal, delineated in blue, it is illustrated how dense core vesicles (DCV) and
synaptic vesicle precursors are transported to the terminal by different KIF members. DCV are
filled with BDNF and they fuse with the plasma membrane in response to increase calcium
concentration. The anterograde transport of synaptic vesicle precursors carrying TrkB receptors
is regulated by the monomeric GTPase Rab27. There is a coordination of local translation and
secretion of BDNF in the postsynaptic neuron that is delineated in green. The mRNA for BDNF is
transported to the dendritic spine also by a KIF member. TrkB receptors are located at both pre-
and postsynaptic membranes

As indicated above, sortilin is involved in regulating the secretion of BDNF in
neurons. It was recently reported that in sensory neurons, sortilin facilitates the
anterograde transport of Trks from the cell body along the axon (Vaegter
et al. 2011). Determining whether the anterograde transport of BDNF and other
neurotrophins also depends on sortilin, as has been shown for the regulated
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secretion of BDNF and the anterograde transport of Trks, is a matter that will
require further research.

Of note, in hippocampal neurons, anterograde-transported TrkB-positive
vesicles are co-transported with VAMP2, a synaptic vesicle-associated protein,
indicating that the final destination of these receptors is the presynaptic terminal
(Gomes et al. 2006). The anterograde transport of TrkB is specifically mediated by
conventional kinesin (kinesin-1) and the complex CRPM2/Slp1/Rab27a (Arimura
et al. 2009). The CRPM2 protein associates with kinesin to bind microtubules, and
through the Rab27a effector Slp1, which binds the TrkB cytosolic tail, Rab27a and
CRPM2 engage TrkB in the anterograde axonal pathway (Fig. 2). Thus, upstream
signaling pathways regulating CRPM2 activity will increase the transport of TrkB
to the presynaptic terminal. Rab27a has been shown to be involved in the regulated
secretion of TGN-derived secretory granules in many cellular models and may,
therefore, play a key role in the targeting and insertion of TGN-derived TrkB in the
presynaptic terminal (Fukuda 2008). Another monomeric GTPase of the Rab family
involved in the anterograde transport of Trks is Rabll. Rabll regulates the
dynamics of the recycling endosome in many cells, and in sympathetic neurons,
after TrkA endocytosis, Rab11 regulates the transcytosis and anterograde transport
of TrkA to the sympathetic growth cone, where it enhances NGF sensitivity
(Ascano et al. 2009). The kinesin associated with Rabl11 vesicular trafficking is
kinesin 2, through interaction with the Rabll effector FIP5 (Schonteich
et al. 2008). Although it has not been demonstrated that this complex regulates
Rabl1-dependent TrkA transcytosis, it is likely that different molecular motors and
associated complexes regulate TGN-derived anterograde Trk vesicles versus
transcytosis from the cell body of endocytosed Trks to the presynaptic terminal.

2 Internalization and Retrograde Signaling of Neurotrophin
Receptors

After secretion, neurotrophins bind their cognate receptors, which can be located
along the axon, in the neuronal cell body, or at the synapse (pre- or postsynaptic).
After ligation, the neurotrophin/receptor complex rapidly activates signaling
pathways in the plasma membrane and undergoes internalization. For quite some
time, endocytosis of the neurotrophin/receptor complex was considered to be a
mechanism solely involved in the downregulation of signal transduction. However,
it is now well established that the internalization and post-endocytic trafficking of
receptors are essential for signaling and neuronal function. After internalization,
growth factor receptors continue signaling from endosomes, where they are
associated with different signaling adaptors than in the plasma membrane. Addi-
tionally, the efficiency of endocytosis and the recycling of the receptors back to the
cell surface is a mechanism that regulates the availability of the receptors for
initiating signaling. Finally, the efficiency of ligand/receptor degradation in late
endocytic pathways determines the duration of signaling inside the cell, thus having
an important impact on cellular function (Fig. 3) (Bronfman et al. 2007;
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Fig. 3 Schematic diagram of the intracellular trafficking dynamic of the p75 and Trks receptors.
In the plasma membrane p75 is found as a dimmer and the neurotrophin (Nt) binding triggers a
conformational change that induces signaling adaptors binding (Vilar et al. 2009). p75 receptor is
internalized through clathrin-coated pits and is found in early endosomes (EE) positive for Rab5
and recycling endosomes (RE) positive for Rabl1. However, the majority of the receptor is
accumulated in a multivesicular body (MVB) that is negative for late endocytic markers such as
Rab7. The Trks are internalized through clathrin-coated pits and also by a mechanism that involves
the formation of membrane ruffles, the actin cytoskeleton and the chaperone pincher. After
internalization, Trks associates with signaling endosomes (SE) where activation of the GTPase
Rapl triggers the long-lasting activation of ERK1/2 and cellular differentiation. Trks are also
found in the recycling pathways regulated by Rabl1 and Rab4. Finally, downregulation of Trks
signaling is initiated in its transit thought the late endosome (LE) and is achieved, in part, by
degradation of the receptor in the lysosomes (L), process that is regulated by Rab7. Maturation
from early endosomes to lysosomes needs the transport of endosomes from the cell periphery to
the perinuclear region using microtubules and the molecular motor dynein

Miaczynska et al. 2004b; Platta and Stenmark 2011; Sorkin and Von Zastrow
2002).

The first evidence that neurotrophin receptors continue signaling inside the cell
came from the groups of Mobley for the Trks and Fainzilber for p75, using PC12
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cells as a model. Regarding TrkA, it was found that the internalized and activated
TrkA receptor, together with NGF and PLC-y1, was associated with intracellular
vesicles. Later, it was reported that p75 internalizes more slowly than TrkA,
accumulating in different vesicles, where the receptor is associated with NGF and
signaling adaptors of the MAGE family (Bronfman et al. 2003; Grimes et al. 1996,
1997; Tcherpakov et al. 2002). The first description of the intracellular signaling of
neurotrophin receptors gathered a great deal of interest related to understanding the
mechanism of the internalization and trafficking of neurotrophin receptors because
it was clear that it would shed new light on how neurons and neuronal networks
interpret neurotrophin signaling. A summary of the more compelling findings on
this topic will be presented below.

2.1 Trks Internalization and Intracellular Trafficking

In general terms, activated receptors in the plasma membrane can be internalized
via clathrin-mediated or clathrin-independent routes. The clathrin-independent
routes include at least eight different mechanisms, including caveolar-type endocy-
tosis, macropinocytosis, Arf6-dependent endocytosis, and cholesterol-dependent
and caveolin- and clathrin-independent pathways. All clathrin-mediated or
clathrin-independent pathways of internalization are thought to converge on periph-
eral early endosomes (also referred to as sorting endosomes) (Doherty and
McMahon 2009; Mayor and Pagano 2007). From there, some components are
either rapidly recycled back to the plasma membrane or more slowly recycled
through the recycling endosome (or pericentriolar endosome). From the early
endosome, receptors are also sorted to late endosomes and lysosomes, where
proteins are degraded (Di Fiore and De Camilli 2001; Miaczynska et al. 2004b;
Sorkin and Von Zastrow 2002; Stenmark 2009) (Fig. 3).

The dynamics of intracellular trafficking, including through the endo-lysosomal
system, are coordinated by Rab GTPases, which are a large family of small
GTPases that control membrane identity and vesicle budding, uncoating, motility,
and fusion through the recruitment of different and diverse effector proteins
(Stenmark 2009). For example, Rab5 is a key regulator of early endosomal traffick-
ing (Sonnichsen et al. 2000); Rabl1 and Rab4 regulate transport through the
recycling pathway; and Rab7 regulates transit from early endosomes to late
endosomes and from late endosomes to lysosomes (Fig. 3) (Bucci et al. 1992,
2000; Cavalli et al. 2001; Somsel Rodman and Wandinger-Ness 2000).

Two different major routes of Trk internalization have been suggested in the
literature: one is clathrin and dynamin dependent, and the other involves a
macropinocytic process that depends on the new chaperone Pincher and is Rac
and actin dependent, but dynamin independent. Dynamin is a GTPase that causes
the pinching and scission of vesicles from the plasma membrane, and Rac is a small
GTPase from the Rho family that regulates the dynamics of the actin cytoskeleton.
In PC12 cells, NGF increases the association of clathrin with membranes, and TrkA
is recovered in fractions containing clathrin-coated vesicles, together with signaling
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components of the ERK1/2 pathway. Additionally, TrkA and TrkB internalization
is inhibited by monodansylcadaverine, a drug that inhibits clathrin-mediated inter-
nalization. In support of a role for clathrin-coated pits in TrkA internalization, TrkA
mutants with a truncated carboxyl-terminal domain that therefore lack potential
clathrin-mediated internalization motifs exhibit dramatically decreased NGF inter-
nalization (Fig. 3) (Beattie et al. 2000; Doherty and McMahon 2009; Howe
et al. 2001; Joset et al. 2010; Jullien et al. 2003; Mayor and Pagano 2007; Shao
et al. 2002; Zhang et al. 2000; Zheng et al. 2008). Both types of internalization
appear to take place in the cell body, as well as in axons because both dynamin and
Pincher dominant negative mutants inhibit the internalization and retrograde trans-
port of activated Trk receptors in sympathetic neurons (Valdez et al. 2005; Ye
et al. 2003). Although Trks have been found in caveolae-like domains and lipid
rafts (cholesterol and sphingolipid-rich membrane domains) upon ligand stimula-
tion, there is no evidence that Trks are internalized through a clathrin-independent
but cholesterol-dependent pathway. Similar to what happens to other receptor
tyrosine kinases (RTKSs), such as the epidermal growth factor (EGF) receptor
(EGFR), localization to lipid rafts is necessary for signaling. However, in contrast
to what is seen for EGFR, the Trks exhibit increased localization to lipid rafts after
ligand binding. It is of note that for TrkB, translocation to lipid rafts in cortical and
hippocampal neurons is necessary for synaptic modulation and requires TrkB
receptor phosphorylation and internalization, suggesting that association with
lipid rafts occurs on intracellular membranes (Assaife-Lopes et al. 2010; Huang
et al. 1999; Limpert et al. 2007; Nishio et al. 2004; Pereira and Chao 2007; Zwang
and Yarden 2009).

In general, the most important pathway for RTK internalization is clathrin-
mediated internalization. Macropinocytosis is associated with areas where plasma
membrane spreading and ruffling take place, which is a process, regulated by actin
dynamics (Cavalli et al. 2001; Kirkham and Parton 2005) (Fig. 3). Although EGFR
has also been shown to use this internalization mechanism, it has been suggested
that this route is utilized only when there is an excess of ligand (Zwang and Yarden
2009). Most studies related to the Pincher-mediated macropinocytosis of Trks have
been performed in cells overexpressing the Trk receptor or a chimeric version of it,
and different concentrations of ligands have not been tested; therefore, the physio-
logical relevance of this process has to be viewed with caution (Philippidou
et al. 2011; Shao et al. 2002; Valdez et al. 2005).

Cargo recognition during clathrin-mediated endocytosis is mediated by different
adaptors that possess a phospholipid-interacting motif and may also interact with
transmembrane receptors. These adaptors interact with clathrin, increasing its
affinity for the plasma membrane and for the cytosolic motif present in the
cytoplasmic tails of transmembrane receptors. The best studied adaptor protein
functioning at the plasma membrane is the AP-2 complex, which recognizes the
YXX¢ sequence (where ¢ is a hydrophobic residue, and X is a variable residue) and
dileucine sequences [DE]XXXL[LI] (where the second leucine can be isoleucine,
and X is a variable residue that can be followed by an asparagine and lysine). These
sequences are found in classic endocytic receptors, such as the transferrin receptor.



44 F.C. Bronfman et al.

There are also other adaptors such as Epsin and EPS15 that can associate directly
with clathrin, recognizing mono- or polyubiquitins in the cytoplasmic tail of
receptors (Bonifacino and Traub 2003; Hawryluk et al. 2006; Marmor and Yarden
2004). EGFR activation induces the binding of the c-Cbl ubiquitin ligase, which
adds multiple monoubiquitins to the receptor, inducing its internalization through
the EPS15 and Epsin adaptors and clathrin (de Melker et al. 2001; Marmor and
Yarden 2004). Other clathrin adaptors that work differently than AP2 are AP180
and Dab2. AP180 is specifically expressed in the nervous system and induces the
internalization of synaptic vesicle-associated proteins, and DAB2 binds to NPXY
sequences (whereas X is a variable residue) found in the lipoprotein receptors
LDLR and ApoER?2, inducing their internalization from the apical domain of
epithelial cells (which is proposed to be equivalent to the presynaptic terminal of
neurons) (Cuitino et al. 2005; Morris et al. 2002; Rodriguez-Boulan and Powell
1992; Slepnev and De Camilli 2000; Sorkin 2004).

There is little information about which clathrin adaptors mediate the clathrin-
dependent internalization of Trks. There is one report that AP-2 mediates the
internalization of TrkB in hippocampal neurons. Both TrkA and TrkB possess
AP-2 and DAB2 consensus sequences; however, it is not known whether they
serve as binding sequences for AP2 or DAB2 (Fig. 4). It would be of interest to
evaluate whether DAB2 and AP180 participate in the clathrin-dependent endocy-
tosis of Trks in the synaptic terminal to mediate Trk presynaptic local effects or
retrograde signaling (see below). Additionally, similar to EGFR, the Trks are
multimonoubiquitinated, and TrkA, in particular, is multimonoubiquitinated or
polyubiquitinated in a Nedd4-2-dependent or TRAF6-dependent manner, respec-
tively. However, through reducing TRAF6-mediated ubiquitination alone, the
internalization of the receptor is diminished, and it is possible that Nedd4
ubiquitination mediates sorting to lysosomes and not internalization (see below).
To date, there have been no studies reported indicating whether the Trks are
recognized by clathrin adaptors such as EPS15 and Epsin that specifically recognize
ubiquitinated cargoes (Arevalo et al. 2006; Geetha et al. 2005).

The neuroendocrine PC12 cell line is a frequently used model of NGF signaling
expressing both p75 and TrkA receptors. When treated with NGF, PC12 cells
differentiate to a sympathetic neuron-like phenotype, extending neurites and
increasing the expression of different neurotransmitters (Greene and Tischler
1976). Numerous studies on neurotrophin signaling and trafficking have been
performed in this neuronal model system. Many lines of research support the idea
that intracellular trafficking of neurotrophin receptors regulates neurotrophin-
signaling outcomes. In PC12 cells, inhibition of dynamin and TRAF6-dependent
internalization inhibits the neurite extension induced by NGF (Geetha et al. 2005;
Zhang et al. 2000). This is consistent with the fact that internalization of TrkA is
necessary for sustained activation of the ERK1/2 pathways that are required for
PC12 cell differentiation. Different publications indicate that this is achieved by
increasing the activation of Rap1 that is mainly associated with endosomes (Fig. 3)
(Kao et al. 2001; Mochizuki et al. 2001; Nomura et al. 2004; Wu et al. 2001; York
et al. 2000). Interestingly, endosomal signaling mediated by TrkA and Rapl and
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Fig. 4 Potential sequence of neurotrophin receptors regulating its internalization. The
juxtamembrane portion of the TrkA and TrkB receptor is shown in a, the sequence NPXY is
labeled in pink, and it is a potential binding site for the clathrin adaptor Dab2. NPXY is also the
binding site for signaling adaptors such as Shc and Grb2 leading to activation of ERK1/2 and IP3K
(Huang and Reichardt 2003). The lysine (K) labeled in green is ubiquitinated by TRAF6 in TrkA
and regulates its internalization (Geetha et al. 2005). It is not known whether this lysine is also
ubiquitinated in TrkB. In b and ¢ is shown the rest of the intracellular domain of TrkA (b) or TrkB
(¢) and the intracellular domain of p75 (d). In blue are labeled the YXX¢, which is a potential
binding site for the clathrin adaptor AP2. In yellow are shown the dileucine motifs in the context of
[DE]XXXLI[LI], which are also a potential binding site for the clathrin adaptor AP2 (Bonifacino
and Traub 2003)

sustained ERK1/2 activation require dynein retrograde transport of endosomes
from the cell periphery to the perinuclear region of PC12 cells and sensory neurons.
This indicates that during microtubular and dynein-dependent transport, TrkA-
positive endosomes mature and acquire the adaptors and signaling molecules
necessary for TrkA signaling to Rap1 and ERK1/2 (Wu et al. 2007).

Although TrkA and the EGFR are both targeted to the degradative pathway,
EGFR is more efficiently targeted to the lysosomal pathway, whereas the TrkA
receptor continues signaling in Rab5-positive endosomes for a longer period of
time. Which molecular interaction might account for this difference in trafficking
kinetics and signaling? There are at least two different reports in the literature
regarding this point. The first is related to the association of Trks with the ankyrin-
rich transmembrane protein ARMS, which does not associate with EGFR. ARMS is
rapidly tyrosine phosphorylated after the binding of neurotrophins to Trk receptors
and provides a docking site for the CrkL-C3G complex, resulting in sustained
Rap1-dependent ERK activation (Arevalo et al. 2004). The other report is related to
the association of endocytosed TrkA with RabGAPS, a protein that downregulates
Rab5 activity to facilitate neurite outgrowth and differentiation. Downregulation of
Rab5 activity delays the maturation of early endosomes into late endosomes and
lysosomes, precluding TrkA degradation. Consistently, overexpression of a domi-
nant negative form of Rab7 induced endosomal accumulation of TrkA and
potentiated Erk1/2 phosphorylation and neurite outgrowth (Liu et al. 2007; Saxena
et al. 2005a). Another factor contributing to different signaling outcomes between
EGFR and TrkA is the efficiency of lysosomal targeting by monoubiquitination.
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Compared to TrkA, the EGFR rapidly targets to the degradative pathway through
monoubiquitination by the ubiquitin ligase c-Cbl, whereas TrkA is
monoubiquitinated by the E3 ubiquitin ligase Nedd4-2, which targets the receptor
for endosomal degradation. However, TrkA monoubiquitination does not impair
signaling but rather appears to potentiate sustained ERK1/2 activation, suggesting
that the TrkA receptor may continue signaling even in the late endosomal pathway
(Arevalo et al. 2004; Georgieva et al. 2011; Haglund et al. 2002; Marmor and
Yarden 2004; Saxena et al. 2005b).

Another molecular adaptor that might function downstream of the TrkA inter-
nalization to achieve sustained signaling and differentiation is the APPL1 cytosolic
protein. Under certain conditions, APPL1 associates with Rab5 and defines a
subpopulation of Rab5-positive endosomes. With respect to EGF signaling, it has
been shown that after downregulation of Rab5 activity in early endosomes, APPL1
is released from the endosomal membrane and translocates to the nucleus, where it
associates with components of the nucleosome remodeling and histone
deacetylation machinery. In the case of TrkA, APPL1 associates with TrkA through
two different means: indirectly via GIPC1 (a PDZ protein) and directly through the
APPL1 phosphotyrosine-binding domain. Cell fractionation studies have
demonstrated that APPL1, GIPCI, and phosphorylated TrkA are present in the
same endosomal fractions and that both GIPC1 and APPL1 are recruited to TrkA-
positive endosomes upon ligand stimulation. Additionally, both the APPL1 and
GIPC1 proteins are required for NGF-induced ERK1/2 and Akt activation and
neurite outgrowth. Although it has not been demonstrated that APPL1 is released
from endosomes and translocates to the nucleus after binding TrkA in endosomes,
these results are consistent with a potential role for APPL1 in NGF-dependent
transcription to induce neuronal differentiation (Lin et al. 2006; Miaczynska
et al. 2004a; Varsano et al. 2006).

Another means of increasing the sustained activation of signaling molecules is
through the recycling of activated receptors. Chen and collaborators found that
TrkA is more efficiently recycled to the plasma membrane compared to TrkB in
PC12 cells because it possesses a post-endocytic recycling signal in the
juxtamembrane domain. Accordingly, in PC12 cells, TrkA causes sustained signal-
ing of phosphatidylinositol 3-kinase/Akt, resulting in increased cell survival,
whereas TrkB does not have this effect. Targeting of TrkA to the recycling
pathways does not require the receptor to exhibit kinase activity, while targeting
of the receptor to the degradative pathway does, suggesting that kinase activity
modulates targeting of the receptor to the degradative or recycling pathway (Chen
et al. 2005a; Saxena et al. 2005b). Although the TrkB receptor does not possess the
recycling signal present in TrkA, it has been described (in hippocampal neurons)
that there is a regulated recycling of TrkB that depends on its kinase activity and the
adaptor Hrs. This regulated recycling pathway appears to be different than the
constitutive recycling pathways used by transferrin and is required for sustained
ERK1/2 signaling induced by TrkB (Huang et al. 2009). Highlighting the functional
role of the recycling pathway in hippocampal neurons, we have found that TrkB
recycling in dendrites is mainly mediated by Rabl1, a RabGTPase regulating the
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recycling of receptors back to the plasma membrane, and that inhibition of Rabl1
activity reduces the dendritic ramifications induced by BDNF. Inhibition of Rab11
activity also reduced targeting of TrkB to dendrites. Additionally, we showed that
TrkB activation increases Rabll activity and changed Rabll dynamics in
dendrites. This is one of the first examples indicating that regulation of Rabl1
activity by TrkB is necessary for structural plasticity induced by BDNF (Lazo
et al. 2013). Consistent with the idea that post-endocytic trafficking of the TrkB
receptor is necessary for signaling, inhibition of TrkB internalization reduces
phosphatidylinositol 3-kinase/Akt signaling and neurite outgrowth of hippocampal
neurons (Huang et al. 2009; Zheng et al. 2008).

2.2 p75 Internalization and Intracellular Trafficking

Regarding p75 internalization, we have previously shown that pharmacological
inhibition of clathrin-mediated internalization completely blocks ligand-dependent
p75 internalization in PC12 cells. Additionally, p75 is internalized with slower
kinetics compared to transferrin and TrkA (Bronfman et al. 2003; Saxena
et al. 2004). These different kinetics of internalization result in targeting p75 and
TrkA to different types of endosomes (McCaffrey et al. 2009). In contrast to what is
seen for the Trks, p75 is not targeted to the degradative pathway (i.e., late
endosomes and lysosomes) within the time frame of these experiments. Initially,
observations of partial colocalization with transferrin suggested that endocytosed
p75 accumulates in recycling endosomes, where it continues signaling (Bronfman
et al. 2003; Saxena et al. 2005b). However, recent studies by our group using
quantitative confocal microscopy and deconvolution have indicated that after
internalization, p75 evades Rab5-positive early endosomes and accumulates in
two different organelles. One organelle is positive for Rabl1, and another one
positive for the tetraspanin CD63. CD63 labels multivesicular bodies for exosomal
release and we found p75 in exosomes derived from PC12 cells and sympathetic
neurons (Fig. 3) (Escudero et al. unpublished work). Additionally studies are
needed to understand the particular trafficking features of p75 in different types
of neurons. These studies are important because p75 continues signaling inside the
cells and we have shown that endocyted p75 is proteolytically processed. Several
lines of evidences have indicated that after proteolytic processing, p75-derived
COOH-terminal fragments are important for signaling; therefore, internalized p75
may interact with signaling adaptors in endosomes or to be proteolytically
processed to generate signaling fragments (Bronfman 2007; Bronfman
et al. 2003; Kanning et al. 2003; Kenchappa et al. 2006; Urra et al. 2007).

Other mechanisms of internalization are apparent in neurons. For example, in
motor neurons, p75 internalization is ligand independent and is inhibited by the
expression of dominant negative forms of dynamin, but not of AP-2 or AP180
clathrin adaptors, suggesting that in the motor neuron cell body, p75 internalization
is clathrin independent. However, in motor neuron axons, clathrin-dependent and
independent pathways coexist. The clathrin-dependent route targets p75 for



48 F.C. Bronfman et al.

retrograde transport in the axon (Deinhardt et al. 2007). Similar to what is seen in
motor neurons, in sympathetic neurons that express TrkA and p75, BDNF internal-
ization is partially inhibited by sucrose (pharmacological inhibition of clathrin-
dependent pathways) and nystatin (an independent drug that disrupts lipid rafts),
suggesting that there are also clathrin-dependent and clathrin-independent
mechanisms for the internalization of p75 in sympathetic neurons (Hibbert
et al. 2006). Similar to the Trks, p75 also associates with lipid rafts to carry out
signaling; however, additional studies are needed to understand the role of lipid
rafts in the regulation of internalization, signaling, and p75 stability in the plasma
membrane (Fujitani et al. 2005; Huang et al. 1999; Nishio et al. 2004). We have
analyzed p75 internalization kinetics in three different cells types. In hippocampal
neurons, p75 is internalized rapidly, whereas p75 internalization in PC12 cells is
slower than in hippocampal neurons, but twice as fast as in sympathetic neurons
(Bronfman et al. 2003, 2007). We have found that in cultures, these three different
cell types exhibit substantial differences in the cholesterol content of their
membranes, the greater the content of cholesterol in the cell, the slower the
internalization of the receptor with sympathetic neurons presenting the highest
levels of cholesterol and hippocampal neurons the lowest. Of note, although
sympathetic neurons exhibit the greatest content of cholesterol in the plasma
membrane the mobility of p75 in the plasma membrane seems to be similar than
in PC12 cells (Fig. 5). These observations suggest that the content of cholesterol in
the plasma membrane plays a role in the time of residence of the p75 receptor in the
plasma membrane after ligand binding and thus regulates its internalization
kinetics.

2.3 Neurotrophin Trafficking and Neurodegenerative Diseases

The role of the internalization and intracellular trafficking of neurotrophin receptors
in signaling outcomes is emphasized by the fact that mutations in trafficking
proteins cause neurodegeneration in humans and alteration of neurotrophin signal-
ing. For example, missense mutants in the late endosomal Rab7 GTPase cause the
autosomal dominant peripheral neuropathy Charcot—Marie—Tooth disease type 2B
(CMT2B). Mutant Rab7 acts as a constitutively active GTPase, increasing the
activity of Rab7 and downregulating NGF-induced differentiation through abnor-
mal ERK1/2 signaling. Additionally, loss of function of alsin, an activator of the
Rac1 and Rab5 small GTPases, causes ALS2, an autosomal recessive motor neuron
disease with juvenile onset and slow progression. Als2(—/—) mice exhibit a marked
diminution of Rab5-dependent endosome fusion activity, together with
disturbances in the endosomal transport of the insulin-like growth factor 1 (IGF1)
and BDNF receptors (BasuRay et al. 2010; Cogli et al. 2010; Devon et al. 2006).
We have analyzed the consequences of loss of function of the Niemann—Pick type C
1 (NPC1) protein for neurotrophin signaling. NPC1 is a transmembrane protein that
controls the efflux of cholesterol from endocytic pathways and causes abnormal
endocytic function and neurodegeneration. Our analysis indicated that NPC1 loss of
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Fig. 5 Dynamics of p75 receptor in three different neuronal models. (a) p75 internalization in
three different neuronal models. The peak of p75 internalization is observed at different time
points in the three different models. p75 internalization was visualized as indicated in Bronfman
et al. (2003, 2007). (b) Visualization of the levels of cellular cholesterol observed in three different
neuronal models stained with filipin (a fluorescent drug that binds cholesterol). a, b, scale bar,
10 pm. (¢) p75 localized in the plasma membrane of PC12 and sympathetic neurons was labeled
with and antibody against the extracellular domain of p75 (MC192) labeled with Q-Dots. Move-
ment of p75 in the plasma membrane was studied by real-time microscopy with a frequency of 1.5
frames/second (a total of 150 frames). The 150 frames were condensed to 1 and showed in a gray
scale (left panel) or with segmentation of intensity ranges into a pseudo-colored scale (right
panel). Blue indicates mobile p75. ¢, scale bar, 5 pm

function causes increased neurotrophin signaling and reduced recycling of TrkA in
addition to increased pathological Tau phosphorylation (Cabeza et al. 2012). Other
hereditary neurodegenerative diseases related to abnormal functioning of Rab
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GTPases (including Rab5, Rabl11) and alterations in BDNF and NGF transport are
Huntington’s disease, Alzheimer’s disease, and Down syndrome (Gauthier
et al. 2004; Ginsberg et al. 2010; Li et al. 2009; Pal et al. 2006; Salehi
et al. 2006). A conclusion arising from these findings is that assembly of specific
signaling complexes on specific endosomes provides a way to solve the problem of
specificity in signal transduction; alteration of the trafficking properties of a neuron
would alter this specificity, causing miss-regulation of signaling and contributing to
diverse neurodegenerative diseases.

24 Mechanism of the Axonal Transport of Neurotrophin
Signaling in Neurons

Neurotrophins were first discovered as target-derived factors essential for the
survival and maturation of sensory neurons and sympathetic neurons of the periph-
eral nervous system (Glebova and Ginty 2005; Huang and Reichardt 2001;
Korsching 1993; Levi-Montalcini 1966, 1987). The question then arose of how
long-range projection neurons transmit the neurotrophic survival signal from the
presynaptic terminal to the neuronal cell body to induce transcriptional changes?
The first hint of an answer to this question came from the work of Hendry and
colleagues, who showed that radiolabeled NGF was retrograde transported from
adrenergic terminals in the mouse and rat iris to the cell body of sympathetic
neurons in the superior cervical ganglia (SCGs). This transport was found to be
sensitive to colchicine (a drug that destabilizes microtubules) and was inhibited by
antibodies against NGF, indicating that the transport was specific and dependent on
microtubules (Hendry et al. 1974a, b). Later, it was found that activated TrkA
accumulated distally to a ligation site in the sciatic nerve, indicating that activated
TrkA complexes are retrograde transported (Bhattacharyya et al. 1997; Ehlers
et al. 1995). Additionally, Hendry and collaborators reported that the transport of
radiolabeled NGF in sensory axons, mediated by the microtubule-associated molec-
ular motor dynein, depends on signal transduction by different kinases, including
TrkA and PI3-K (Reynolds et al. 1998). More details regarding the molecular
mechanism of the transport of neurotrophin signaling came with the development
of compartmentalized cultures of sensory and sympathetic neurons. In these
cultures, neuronal cell bodies are located in a different compartment than axons.
Thus, these cultures allow neurotrophin axonal stimulation without stimulation of
the neuronal soma. Using them, Ginty, Segal, and collaborators reported that both
the kinase activity and internalization of Trks are required for retrograde-
transmitted nuclear responses, including the activation of transcription factors
such as CREB and c-Fos. Furthermore, inhibition of dynein activity in the axons
of compartmentalized sensory neuron cultures causes downregulation of the trans-
port of activated TrkB, together with inhibition of the survival responses in the cell
body. A biochemical explanation for these results was offered by detection of the
direct interaction of Trks with the molecular motor dynein, as described by Chao
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Fig. 6 Retrograde activation of CREB. (a) Scheme of a compartmentalized culture of cortical
neurons. (b) Cortical neurons were cultured in microfluidic chambers and the axons were retro-
gradely labeled using a fluorescent (Alexa-555) subunit B of the cholera toxin (CTX). CTX was
added only in the axonal compartment for 6 h, time that was enough to label only the somas of
neurons that have crossed axons to the axonal compartment. Later, the axons were treated with
BDNF for 30 min and the cultures were washed and fixed and the neuronal cell body compartment
treated with an antibody to label pCREB. Neurons without axons in the axonal compartment are
not labeled by CTX. Nucleus was labeled with Hoechst staining (shown in blue). (¢) The image of
neuronal cell bodies showed in b with a circle was magnified and the nuclear staining of pCREB is
appreciated only in neurons retrogradely labeled with CTX

and coworkers (Heerssen et al. 2004; Riccio et al. 1997, 1999; Watson et al. 1999,
2001; Yano et al. 2001). These results, together with the isolation of endosomes
derived from sciatic nerve axoplasm containing activated TrkA, p75, phospho-
ERK1/2, PI3-K, phospho-p38, and Rap1 (Delcroix et al. 2003), led to the signaling
endosome hypothesis, which postulated that after binding to neurotrophins in the
synaptic terminal, activated Trks are internalized in endosomes that contain signal-
ing molecules. These endosomes are retrograde transported back to the cell body in
a dynein-dependent manner. Upon arrival to the cell body, signaling endosomes are
expected to trigger nuclear responses (Heerssen and Segal 2002; Howe and Mobley
2004). Recent evidence has shown that, in central neurons, TrkB elicits a retrograde
signaling that leads to CREB activation and an increase in dendritic ramification
(Fig. 6) (Zhou et al. 2012). This retrograde response is mediated by the snapin
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recruitment of dynein to TrkB signaling endosomes supporting the role of signaling
endosomes in the retrograde signaling of peripheral and central neurons.

Other mechanisms have been postulated for the propagation of neurotrophin
signaling along the axon, including the “wave propagation model” and the “retro-
grade effector model” (Bronfman and Kapon 2007; Howe and Mobley 2004).
Additionally, Campenot’s group has suggested that there might be signaling
endosome-independent pathways of retrograde signaling because, using
compartmentalized cultures of sympathetic neurons, they found that the addition
of NGF to axonal terminals induces increased activation of TrkA in the cell body
1 min after NGF addition to axons and much earlier than the arrival of
NGF-associated vesicles. However, these researchers have not yet provided a
molecular mechanism for their findings, and a mechanism that has gained the
most substantial support though experimental validation is the “signaling endosome
model” (Maclnnis and Campenot 2002; Senger and Campenot 1997; Ye
et al. 2003). An interesting alternative to the signaling endosome hypothesis is
that activated signaling complexes, such as ERKs, could undergo retrograde travel
in an endosome-independent manner associated directly with dynein. Macromolec-
ular complexes of ERK1/2 in association with locally synthesized importin,
vimentin, and dynein have been described in sciatic nerves under injury conditions,
supporting the existence of non-vesicular transport of activated signaling molecules
(Hanz et al. 2003; Perlson et al. 2005).

Another controversial issue in this field is the nature of the transport organelle
that carries retrograde neurotrophin signaling. Mobley and collaborators reported
characterizing an early endosomal fraction (positive for Rab5 and EEA1) derived
from sciatic nerve axoplasm where there are activated TrkA receptors and activated
signaling molecules, such as Erkl1/2, p38, and Akt. They have also provided
evidence from electron microscopy and double immunostaining that the Rab5
GTPase co-localizes with activated TrkA and retrograde-transported NGF in
axons. Another report also associates Rab5 with an axonal retrograde organelle
formed by the Pincher chaperone. Intriguingly, the organelle is a multivesicular
endosome/body (MVB) positive for Rab5 (Philippidou et al. 2011).

Multivesicular endosomes/bodies (MVBs) are organelles of the early-late
endocytic pathway that sort endocytosed proteins to different destinations. Many
lysosomally directed membrane proteins are sorted onto intraluminal vesicles,
while recycling proteins remain on the perimeter membrane, from which they are
removed via tubular extensions. Rab5—Rab7 conversion and the resulting change in
the repertoire of Rab effector proteins on the endosome membrane mark the final
progression of an MVB to a fusion-competent state, in which it can fuse with
lysosomes. In the case of non-polarized cells in culture, MVBs are moved to the cell
center during this maturation process by cytoplasmic dynein. An elegant study
carried by Schiavo and collaborators provided evidence that the Rab5 GTPase is
important for sorting to the retrograde transport pathway of vesicles. However, they
found that it was the Rab7 GTPase, a classical marker of late endosomes, necessary
for the retrograde transport of an organelle positive for p75 and TrkB in motor
neurons. It is known that the Rab7 effector RIPL links Rab7-positive organelles to
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dynein and to the subsequent movement of MB Vs to the minus end of microtubules
close to the perinuclear region of cells in culture. It is possible that Rab7 effectors
are specifically distributed along the axon and that they play the role of linking
transport carriers to dynein-mediated transport, rather than acting in late endosomes
fusion. It has been described that there is a small proportion of NGF bound to axon
terminals in primary cultures of sympathetic neurons that is actually retrograde
transported and that a proportion of the NGF is recycled in the synaptic terminal
(Deinhardt et al. 2006; Tsui-Pierchala and Ginty 1999; Ure and Campenot 1997;
Weible et al. 2001). Thus, we can envision a model in which receptors are recycled
in the synaptic terminal, and only a small proportion of the receptors are able to
become active and recruit active Rab5. Rab5-tagged endosomes are sorted to
retrograde pathways, and similar to the Rab5—Rab7 conversion that occurs in the
cell body leading to maturation of late endosomes, there would be a conversion of
Rab5 to Rab7 for retrograde transport. Therefore, it is possible that retrograde-
transported vesicles are a heterogeneous group of vesicles with different degrees of
Rab5/Rab7 loads that are not necessary multivesicular bodies since it has been
described that MVBs are not frequently found in axons and that radiolabeled
neurotrophins are often found with simple and small organelles more reminiscent
than early endosomes (Fig. 7) (Altick et al. 2009).

It is of note that Rab5, Rab7, and Rabl1 GTPases have all been functionally
linked to dynein-mediated transport, and it is known that there are different dynein
isoforms. Therefore, it is possible that each GTPase regulates the dynamics of
different dynein isoforms. Additional research will be required to understand the
heterogeneity of different retrograde-transported signaling organelles and the
molecular machinery that generates them and regulates their transport (Horgan
et al. 2010; Loubery et al. 2008; Satoh et al. 2008; Tan et al. 2011).

25 Retrograde Signaling and the Development of Proper
Connectivity

Postganglionic sympathetic neurons have long served as a good model to study the
molecular events underlying neuronal survival, axon growth, and the elaboration of
dendrites in the PNS. These neurons express the TrkA and p75 receptors, and both
NGF and NT3 are required for sympathetic nervous system development. It has
been shown that during development of sympathetic axons, NT3 and NGF are
required for proper axonal growth. While NT3 is required for the local growth of
sympathetic axons through their local targets, such as the vasculature, NGF is
required for final target innervation (for example, of the heart). This differential
response is achieved by NT3 inducing a local response through the activation of
TrkA in the growth cone, while NGF induces retrograde signaling that induces
survival in the cell body, dependent on the activity of the CREB transcription
factor. Different mechanisms have been developed by sympathetic neurons to
increase their sensitivity to NGF once TrkA-NGF-mediated retrograde signaling
has been initiated. NGF-TrkA retrograde signaling induces transcytosis of cell
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Fig. 7 Signaling endosomes in the axon. In response to neurotrophins (NTs) the neurotrophin
receptors are internalized and a proportion of them are sorted to the dynein-dependent retrograde
transport. Endosomes positive for p75, Trks only, or p75 and Trks are transported in the axon. The
Rabs GTPases Rab5 and Rab7 are involved in the sorting and retrograde transport of potential
signaling endosomes. Retrograde killing and survival signals are induced by p75 and Trks
activation in distal axons, respectively. Several evidences indicate that these endosomes are
associated with signaling molecules (see text for references)

body-associated TrkA receptors to the presynaptic terminal in a Rab11-dependent
mechanism. The transcytosis of TrkA to axons results in increased sensitivity to
NGF. Additionally, NGF-TrkA-mediated responses induce increased expression of
TrkA and p75. p75 increases the specificity of TrkA binding to neurotrophins; thus,
in the presence of p75, NT3 no longer binds TrkA. Another effect of NGF
retrograde signaling is the increased expression of BDNF and NT4 that through
the p75 receptor activate cell death signaling in neighboring neurons associated
with low levels of TrkA-NGF signaling (Ascano et al. 2009; Deppmann et al. 2008;
Kuruvilla et al. 2004). Therefore, there are at least three different positive feed-
forward loops that increase sensitivity to NGF in sympathetic neurons and trans-
form it into a “winner” in the competition for survival.

Contrary to what has been reported in PC12 cells regarding the p75 regulation of
TrkA internalization (Geetha et al. 2005; Makkerh et al. 2005), p75 has no effect on
the retrograde transport of TrkA signaling during neurotrophin-mediated target
innervation of sympathetic neurons (Kuruvilla et al. 2004). However, it has been
reported that p75 is internalized in the cell bodies and axons of sympathetic neurons
through a mechanism that is partially dependent on clathrin coats and cholesterol.
Additionally, internalized p75/BDNF vesicles appear more slowly than TrkA
vesicles, suggesting (as observed in PC12 cells) that different populations of
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vesicles are formed and transported in response to the binding of neurotrophins to
p75 or TrkA (Bronfman et al. 2003; Hibbert et al. 2006). The significance of the
retrograde transport of p75 for p75 signaling is largely unknown. It was recently
reported that proNT3 is able to induce retrograde Kkilling in sympathetic
compartmentalized cultures when applied to axons (Yano et al. 2009), and we
have found that BDNF is able to induce retrograde killing in compartmentalized
cultures of sympathetic neurons in a dynein and c-Jun-amino-terminal kinase
(JNK)-dependent manner (Escudero et al. unpoblished work). Therefore, it is
possible that BDNF accumulates in DCVs in sympathetic synaptic terminals and
it is secreted in an activity-dependent manner by the neurons that have established
synaptic contacts and exhibit high levels of NGF-TrkA signaling. In the growth
cone of neurons with low levels of TrkA-NGF signaling, BDNF through binding to
p75 may induce retrograde killing of sympathetic neurons (Mok et al. 2009). A
retrograde killing for neurotrophin withdrawal has also been recently described for
sympathetic neurons. Determining whether this process is p75 dependent will
require further research.

A standing question has been why the activation of TrkA by NT3 only induces
local axonal growth while NGF induces the internalization of TrkA and retrograde
signaling. Kuruvilla and Ginty and collaborators have recently provided the answer
to this question proposing two different, but not mutually exclusive, explanations;
NGF, but not NT3, promotes the endocytosis of TrkA through the calcineurin-
mediated dephosphorylation of the endocytic GTPase dynaminl. NGF is able to
induce specific dephosphorylation of dynaminl, increasing the internalization of
TrkA and, thus, the retrograde transport associated with survival signaling, while
the interaction of NT3 with TrkA does not have the same effect. Consistently,
conditional deletion of calcineurin in sympathetic neurons disrupts NGF-dependent
innervation of peripheral target tissues (Bodmer et al. 2011). On the other hand,
NGF and not NT3 is able to activate, in endosomes, the actin regulators Rac1-GTP-
cofilin, enabling the NGF/TrkA signaling endosomes to “escape” the actin network
for retrograde transport (Harrington et al. 2011).

Another less explored mechanism for neurotrophin-induced axonal elongation is
control of the local translation of axonal mRNAs. A recent study from Riccio and
collaborators combined compartmentalized cultures of rat sympathetic neurons and
sequential analysis of gene expression (SAGE) to analyze the mRNA content of
sympathetic axons. Their screen yielded more than 11,000 tags in axons that
matched known transcripts. Bioinformatics analysis revealed that many transcripts
were highly enriched in axons compared to cell bodies, indicating that the accumu-
lation of specific mRNAs in axons depends on active transport. The most abundant
transcript in axons was myo-inositol monophosphatase-1 (Impal), a key enzyme
that regulates the inositol cycle and the main target of lithium in neurons. A novel
localization element within the 3’ untranslated region of Impal mRNA was found
to specifically target Impal transcripts to sympathetic neuron axons and regulate
local Impal translation in response to axonally supplied NGF. Reduction of
NGF-induced Impal synthesis in axons was observed to decrease nuclear CREB
activation and induce axonal degeneration. Related findings have been reported by



56 F.C. Bronfman et al.

the Twiss group in regenerating axons of adult sensory neurons grown in
compartmentalized cultures. In their system, neurotrophins have been found to
selectively increase the transport of specific RNAs to axons (Andreassi
et al. 2010; Willis et al. 2007). Thus, target-derived NGF induces axonal elongation
by cytoskeleton remodeling and axonal translation of proteins. Additionally,
NGF-TrkA retrograde signaling in the cell body changes the repertoire of
mRNAs that are anterograde transported to the synaptic terminal to increase target
innervation and, thus, neuronal survival.

One interesting concept has emerged from the groups of Ginty and Segal and
collaborators. In addition to regulating the number of neuronal cells that survive,
long-distance neurotrophin signaling might regulate the degree of connectivity with
preganglionic sympathetic neurons located in the central nervous system. In sym-
pathetic neurons, NGF-TrkA signaling endosomes travel from distal axons to cell
bodies and dendrites, where they promote postsynaptic density (PSD) formation.
The presence of p75 restricts PSD formation, suggesting an important role for
antagonistic NGF-TrkA and p75 signaling pathways during retrograde control of
synapse establishment. A similar model has been suggested for sensory neurons, in
which BDNF and NGF retrograde signaling induce the activation of ERKS in the
axon and cell body and the transcription factor MEF2D. MEF2-dependent tran-
scriptional programs, in addition to inducing survival through the upregulation of
the anti-apoptotic bcl-2 family member bcl-w, are also critical for establishing
synaptic morphology and for regulating synapse numbers (Flavell et al. 2006;
Pazyra-Murphy et al. 2009; Shalizi et al. 2006; Sharma et al. 2010).

In conclusion, proper connectivity of the nervous system is achieved by
coordinating signal transduction with intracellular processes, such as secretion,
endocytosis, and molecular motor transport, together with the local translation of
localized mRNA in distal neuronal processes. To understand the molecular
mechanisms that regulate these events through extracellular molecules (i.e.,
neurotrophins) will be useful to understand how the nervous system works and
will provide better insight into how perturbation of intracellular trafficking may
lead to neurodegenerative diseases.
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