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Summary

Neurons are the largest known cells, with complex and highly polarized morphologies. As such,
neuronal signaling is highly compartmentalized, requiring sophisticated transfer mechanisms to
convey and integrate information within and between sub-neuronal compartments. Here we
survey different modes of compartmentalized signaling in neurons, highlighting examples
wherein the fundamental cell biological processes of protein synthesis and degradation,
membrane trafficking, and organelle transport are employed to enable the encoding and
integration of information, locally and globally within a neuron. Comparisons to other cell types
indicate that neurons accentuate widely shared mechanisms, providing invaluable models for

the compartmentalization and transfer mechanisms required and used by most eukaryotic cells.

Keywords
Neurotrophin, importin, receptor tyrosine kinase, axonal transport, local translation, mRNA

localization.

‘In Brief’

Terenzio et al. survey the influence of neuronal size and polarization on compartmentalized
signaling, highlighting roles for protein synthesis and degradation, membrane trafficking and
organelle transport. Neuronal mechanisms provide invaluable models for studying the cell

biology of signaling in diverse cell types.



Introduction

Neurons are one of the most diverse class of cells known in nature. They are characterized by
specialized polarized morphologies and are clearly compartmentalized into pre- and post-
synaptic regions, synapse, dendrite, soma, and axon, which are essential for their functions.
Neurons are also the largest known cells, with typical process lengths ranging from millimeters
to centimeters in many species, and axons that can reach meters in large mammals. This
combination of specialized morphology with extreme length imposes a need for signals to be
actively transferred between neuronal compartments, since intracellular signal propagation by
passive diffusion has a range limited to tens of micrometers at most (Kholodenko, 2003;
Wiegert et al., 2007). Signaling within and between neuronal compartments requires the
deployment of sophisticated mechanisms to set the basal conditions that allow such
information processing and to ensure transmission of the encoded data to its final destination.
Their extreme specializations, size, polarization and excitability has generally restricted
biologists from considering neurons as models for anything except themselves. However, as we
discuss below, neurons largely accentuate mechanisms that are employed to varying degrees

by all cell types, and as such provide invaluable “lead models” for cell biology.

Initial attempts to analyze compartmentalized signaling in neurons were aimed at generating
conditions that would allow the targeted interrogation of different compartments. Radioactive
labelling was extensively used early on to track ligand movements from axon terminals to
somata in vivo (Oppenheim, 1996). Although sensitive and easy to quantify, the limited spatial
and temporal resolution of radiolabeling, together with the inability to follow multiple
radioactive probes simultaneously, spurred efforts to develop better tools. Initially these tools
included the direct fluorescent labeling of ligands or receptors, or the labeling of antibodies and
other biological reagents to track the different components of signaling systems (Bronfman et
al., 2003; Lessmann and Brigadski, 2009; Watson et al., 1999). Recent developments in this area
include quantum dot probes that are detectable by both fluorescence and electron microscopy
at up to single-molecule resolution (Cui et al., 2007; Gluska et al., 2016), and probes conjugated
to colloidal gold or super-paramagnetic nanoparticles (Steketee et al., 2011). In addition to

probes based on endogenous signaling components, neurotrophic viruses and bacterial toxins



that target specific transport and compartmentalization mechanisms have also been exploited
to develop novel tools to probe neuronal signaling and transport (Bercsenyi et al., 2013; Salinas
et al., 2010). Caged and “click” chemistries and subcellular optogenetic tools are the latest
waves in reagent development in this line, offering expanding possibilities for the
spatiotemporal manipulation of signaling systems at increasing resolutions (Agetsuma et al.,

2017; Kolar and Weber, 2017).

Spatially restricted activation of neuronal signaling was initially carried out in a
compartmentalized device, called a Campenot chamber, that consists of compartments
separated by teflon dividers sealed onto a tissue culture dish (Campenot, 1977). The sealant
underlying the teflon dividers allows for neurite penetration while maintaining fluidic isolation
between compartments, hence these devices were employed by a number of groups to analyze
neurotrophic factor signaling (Campenot and Maclnnis, 2004). Another widely used device is an
adaptation of the Boyden chamber, consisting of two compartments separated by a
microporous membrane with pore sizes that allow the passage of only axons or dendrites
(Willis and Twiss, 2011). While technically less challenging to set up than the Campenot
chamber, these filters do not easily lend themselves to fluidic isolation of the compartments,
and have been used primarily as a means of harvesting different subcellular compartments for
biochemical analyses. More recently a new generation of devices have been described that
utilize microfluidics to separate signaling compartments (Taylor and Jeon, 2011). These
microfluidics chambers are transparent and can be used in combination with glass-bottomed
tissue culture dishes, hence are compatible with diverse live-imaging techniques (Zhang et al.,
2015). Their inherent design flexibility makes them particularly suitable to shape different
gradients of signaling molecules, isolate different regions of a neuron, or assemble topologically
complex arrays of neurons, glia and supporting cells (Park et al., 2009; Zahavi et al., 2015).
These unique features establish microfluidic chambers as the current tool of choice in many

studies of signaling compartmentalization in neurons.

The tools and approaches briefly summarized above have been employed in many studies of
neuronal signaling. Given diffusion limitations, long distance signaling between neuronal

compartments requires rapid transport mechanisms utilizing either calcium waves (Cho et al.,



2013; Gelens et al.,, 2014; Yamada et al., 2008) or motor-driven mechanisms (Rishal and
Fainzilber, 2014; Saito and Cavalli, 2016). Conversely, the restriction of signaling within a single
compartment requires that the full complement of effector and response machinery be
recruited to a single subcellular region (Shigeoka et al., 2013). Since the full diversity of these
mechanisms cannot be covered in a single review, we will focus on selected paradigms that
illuminate the impact of specific cell biology mechanisms on neuronal signaling, including
endosome trafficking in neurotrophic factor signaling, RNA transport and localized translation in
axonal retrograde signaling, and modes of locally restricted signaling in growth cones. For other
paradigms of neuronal compartmentalized signaling, we refer readers to the following recent

reviews (Bading, 2013; Panayotis et al., 2015; Zahavi et al., 2017).
Neurotrophin signaling — Trk the endosome

Neurotrophin signaling via receptor tyrosine kinases (RTK) of the Trk family represents one of
the best studied examples of compartmentalized signaling in the nervous system, since it has
both local and long-range outcomes. Neurotrophin signals can modulate local events in axons
(Willis et al., 2005) or synapses (Mitre et al., 2017), while their long-range effects require
transport from axon tips to the soma (Yamashita and Kuruvilla, 2016). Mobley and colleagues
suggested that such long-range signaling could be mediated by signaling endosomes formed by
the internalization of ligand-bound Trks from the plasma membrane (Grimes et al., 1996). This
hypothesis has been supported by several studies showing that activated Trk receptors and
their downstream signaling components are present in endosomes (Grimes et al., 1997; Riccio
et al., 1997; Watson et al., 1999) (Figure 1). Follow-up studies established crucial roles for
signaling endosomes in growth factor signaling in neurons, while noting diverse characteristics
of these organelles in different types, or stages of maturation, of neurons (Barford et al., 2017;

Harrington and Ginty, 2013; Schmieg et al., 2013).

TrkA is the canonical receptor for nerve growth factor (NGF), the first characterized member of
the neurotrophin family. NGF binding causes TrkA dimerization and autophosphorylation,
initiating canonical RTK signaling cascades through the PI3K/AKT, Ras/ERK and PLCy pathways

(Barford et al., 2017). Different signaling adaptors may influence internalization by a variety of



endocytic  pathways, including clathrin-dependent endocytosis, caveolin-mediated
internalization, clathrin and caveolin-independent uptake and macroendocytosis (Barford et al.,
2017; Schmieg et al.,, 2013). Thus, the clathrin-mediated internalization of TrkA has been
associated with ERK1/2 activation in specific cell types (Howe et al., 2001; Zheng et al., 2008),
while its macroendocytosis connects to ERK5 (Valdez et al., 2005). The latter process is
controlled by the endocytic chaperone Pincher (Shao et al., 2002; Valdez et al., 2005). The
outcome of TrkA signaling depends on its internalization state and on its intracellular trafficking

(Heerssen et al., 2004; Sharma et al., 2010; Zhang et al., 2000).

Several trafficking routes have been reported for TrkA, including its constitutive endocytosis
and recycling in the absence of a ligand, its anterograde endosomal transport from soma to
axons upon ligand binding (Ascano et al., 2009), and its NGF-stimulated retrograde axonal
transport, mediated by signaling endosomes (Howe et al., 2001; Ye et al., 2003). The uptake of
TrkA, together with its ligand, and their subsequent retrograde transport in signaling
endosomes along the axon is the best characterized trafficking event of the receptor
(Yamashita and Kuruvilla, 2016). Additionally, TrkA-positive signaling endosomes have been
described to be recycled and re-internalized upon arrival at the cell body, which might allow the
receptor to escape lysosomal degradation, thereby modulating signaling output (Suo et al.,

2014).

The nature of the signaling-competent endosomal compartment for Trks has defied simple
categorization. In the sciatic nerve, TrkA was found to be present in a variety of endosomes,
ranging from 50 to 220 nm in diameter, including multivesicular bodies (MVBs) and several
coated and uncoated organelles (Bhattacharyya et al., 2002). Heterogeneity in TrkA retrograde
signaling endosomes was further implied by studies describing their association and axonal co-
transport with both Rab5 and Rab7, which are traditionally believed to be markers of early and
late endosomes, respectively (Philippidou et al., 2011; Saxena et al., 2005; Zhang et al., 2015;
Zhang et al., 2013). This apparent heterogeneity might be due to a transition between different
stages, since a switch from Rab5 to Rab7 has been reported during endosomal maturation (Rink

et al., 2005), or due to coexistence of both Rab7- and Rab 5-positive populations with different



functions, possibly indicating a requirement for balance between Rab5/Rab7 arms of the

signaling endosome system (Liu et al., 2017).

In PC12 cells, TrkA-positive endosomes were described to recruit RabGAP5, which inactivates
Rab5, delaying the organelle’s maturation and prolonging signaling and neurite outgrowth
(Bucci et al., 2014; Liu et al., 2007). Expression of a dominant-negative Rab7 in PC12 cells
enhances NGF-mediated signaling (Saxena et al., 2005), while it abolishes axonal retrograde
transport of TrkB-positive endosomes in motor neurons (Deinhardt et al., 2006). Additional
studies have implicated late endosomes and MVBs in the transport of neurotrophins and their
receptors (Sandow et al., 2000; Terenzio et al., 2014; Valdez et al., 2005). Interestingly, a very
recent study described TrkB-signaling endosomes to be Rab7-positive, late-stage
autophagosomes that undergo retrograde transport through their association with the known
clathrin adaptor, AP-2 (Kononenko et al., 2017). Indeed, Trk signaling was shown to be
modulated by autophagy in both neurons (Smith et al., 2014) and cycling cells (Mazouffre et al.,
2017). These findings support early proposals that autophagy might serve to initiate retrograde
signaling in axons (Kaasinen et al., 2008). Interestingly, recent findings support the
compartmentalized regulation of autophagy in neurons (Maday and Holzbaur, 2016), although
the link between these observations and Trk signaling remains an open question. Thus,
although it is clear that trafficking properties and the state of endosomal maturation affect Trk
signaling, a diverse spectrum of organelles have been implicated in Trk signaling. Studies that
exploit pathological mutations of Rab7 might be key to furthering our understanding of these

aspects of neurotrophin trafficking and signaling, as discussed below.

Once TrkA signaling endosomes reach the soma, they can continue to signal for long periods of
time, indeed, in one report, a pool of the receptor was found to escape degradation for up to
25 hours in cultured neurons (Suo et al.,, 2014). The transit time of the complex in long
mammalian nerves may necessitate even longer maintenance of the signal. Such persistent
signaling is facilitated by local somatic recycling of the receptor, mediated by TrkA sorting to
Rabl11-positive recycling endosomes that escape lysosomal targeting and degradation (Fig 1)
(Suo et al., 2014). In addition, somatic TrkA undergoes constitutive endocytosis and recycling,

generating an endosomal receptor pool without NGF stimulation (Ascano et al., 2009).



Interestingly, a very recent study suggested the existence of a quality control mechanism that
ensures the axonal targeting specifically of somatic inactive TrkA receptors. This mechanism
involves active dephosphorylation of TrKA via the ER-resident protein tyrosine phosphatase,

PTP1B (Yamashita et al., 2017).

Rab11-positive endosomes can traffic TrkA outwards to the axon (Ascano et al., 2009), and a
similar Rabl1-dependent endosomal recycling has been described for TrkB in hippocampal
dendrites (Lazo et al., 2013). The sorting receptor sortilin has been described to associate with
Trks to enhance their anterograde transport (Vaegter et al., 2011), and perturbation of the
recycling or anterograde transport of Trks disrupts their subsequent signaling (Arimura et al.,
2009; Ascano et al., 2009; Huang et al., 2011). Finally, axon-derived TrkA signaling endosomes
were recently described to regulate synaptic maintenance by being translocated into dendrites
after their arrival in sympathetic neuron somata (Lehigh et al., 2017). Thus, endosomal
trafficking is involved in the replenishment of Trk in axons and in the amplification or
modulation of signaling in the soma, as well as in canonical retrograde signaling from axon tips

to somata (Figure 1).

The concept of endosomes as signaling platforms was hypothesized for neurotrophin signaling
in neurons due to the long distances that exist between where ligand and receptor interact at
the axon tip, to the soma, where transcriptional or survival responses take place. The possibility
that RTK internalization also occurs as a signaling step in dividing cells was not immediately
obvious, and for many years it was assumed in the field that internalized RTKs in non-neuronal
cells traverse the endocytic pathway to their degradation as a way to shut down their signaling
(Villasenor et al., 2016). However, over the past few years, a series of studies have delineated
signaling roles for RTK-containing endosomes in cycling cells. The evidence for this role includes
the colocalization of signaling adaptors with phosphorylated EGFR on endosomes (Fortian and
Sorkin, 2014; Villasenor et al., 2015). Quantitative analyses have also shown continued signaling
of EGFRs from endosomes, and decoupling of the dephosphorylation and degradation steps,
demonstrating the modulation of EGFR signaling within the endosomal system (Baumdick et al.,
2015; Villasenor et al., 2015). Thus, the signaling endosome is not unique to neurons, but

rather represents a general mechanism that has gained prominence in neurons due to their



morphological and functional requirements. Neurons might therefore provide a cellular model
in which to study aspects of compartmentalized signaling of Trks and other RTKs that cannot
easily be addressed in cycling cells. A mechanistic understanding of Trk compartmentalized
signaling may therefore have broad translational implications, given recent findings that
reinforce the roles of this receptor family as drivers of tumorigenesis (Hayakawa et al., 2017;

Lawn et al., 2015).

An endosome-free route for locally translated signals

In addition to the above, diverse studies have highlighted non-vesicular, motor-dependent
mechanisms for the long-distance transfer of signals between neuronal compartments (Figure
2). Most of these studies have focused on retrograde signal transfer along axons or dendrites,
highlighting roles for mRNA localization and localized protein synthesis in generating key
components of transported signaling complexes. Early studies of injured axons in Aplysia
suggested that certain proteins can utilize nuclear localization signals (NLS) for their retrograde
transport from lesion site to soma (Schmied and Ambron, 1997; Schmied et al., 1993). Studies
in the mammalian peripheral nerve then found components of the nuclear import machinery to
be in association with axonal dynein (Hanz et al., 2003). Moreover, formation of this importins-
dynein complex was shown to require the local translation of importin 1 in injured sensory
axons (Hanz et al., 2003; Perry et al., 2012). Additional components of the complex were also
found to be locally translated, including the regulator RanBP1 (Yudin et al., 2008) and signaling
molecules, such as the transcription factor STAT3 (Ben-Yaakov et al., 2012). Importins and their
transcription factor cargos have also been implicated in other paradigms of long-distance
signaling, including synapse to nucleus signaling (Ch'ng et al., 2012; Jeffrey et al., 2009;
Thompson et al.,, 2004; Uchida and Shumyatsky, 2017; Uchida et al., 2017), and survival-
regulating signaling during development (Ji and Jaffrey, 2014) or neurodegeneration (Baleriola

et al., 2014).

Local translation has also been suggested to regulate the association of different signaling

complexes with the dynein retrograde motor, via localized synthesis of different dynein



cofactors (Villarin et al., 2016). In addition, a diverse range of scaffolding proteins link different
signals to retrograde transport complexes, including dual leucine zipper kinase (DLK)(Shin et al.,

2012), JNK interacting protein 3 (JIP3) (Abe et al., 2009), and vimentin (Perlson et al., 2005).

Vimentin provides a compelling example of how local translation and post-translational
mechanisms combine to enable the protected long-distance transport of a signaling molecule
without a need for endosomes. A proteomic screen in Lymnaea neurons provided the first
evidence that linked type Il intermediate filaments (IF) to retrograde axonal signaling (Perlson
et al.,, 2004). Vimentin was then identified as being the principal retrogradely transported
mammalian IF in the sciatic nerve; it was present in the axoplasm as soluble fragments, which
were generated by local translation and by calpain-mediated cleavage (Perlson et al., 2005).
The de novo translated and cleaved vimentin binds phosphorylated Erks (pErk), linking pErk to
dynein via direct binding of vimentin to importin 1. Vimentin binding to pErk shields the
phosphorylation sites on the kinase, protecting them from phosphatases (Perlson et al., 2006).
A very similar mechanism was recently described for NMDA receptor signaling from synapse to
nucleus, wherein proteolytic cleavage fragments of the IF a-internexin associate with Erk and
its phosphorylated substrate Jacob, protecting Jacob from dephosphorylation en route
(Karpova et al., 2013). Proteolytic cleavage also features in the generation of soluble fragments
from transmembrane receptors for axonal signaling (Bronfman, 2007; Perlson et al., 2009).
Thus, local translation and proteolysis generate non-endosomal complexes that enable
phosphorylated signals to be transported over long distances in injured nerve, protecting them

from dephosphorylation by steric hindrance brought about by protein-protein interactions.

Local translation enables localized cytoskeletal regulation

The mechanisms discussed above enable signaling between neuronal compartments, wherein
signals are generated in one compartment and transduced to elicit effects in a distinct and
often distant compartment. Neuronal compartmentalization and diffusion limits also help to
restrict signaling to an individual compartment, in some cases to a focal region that spans only a

few micrometers from the signal origin. In this section, we focus on compartmentalized
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signaling via cytoskeletal regulation of growth cone navigation and axonal branching, and on
the role of local translation in these processes (Batista and Hengst, 2016; Shigeoka et al., 2013).
For a comprehensive description of compartmentalized signaling and local translation in
synapses and dendrites, we refer readers to the following recent reviews (Donlin-Asp et al.,

2017; Rangaraju et al., 2017; Schieweck et al., 2016).

Early studies of growth cones demonstrated their responsiveness to guidance cues even when
cell bodies were physically detached from the growing axon, and also demonstrated that both
calcium signaling and local protein synthesis were involved in this response (Campbell and Holt,
2001; Ming et al., 2002). The local translation response was found to depend on the nature and
concentration of the guidance cue (Manns et al.,, 2012; Nedelec et al., 2012), as well as its
precise localization (Brittis et al., 2002; Leung et al., 2006). One prominent locally translated
protein that functions in growth cone guidance turned out to be beta-actin, the mRNA of which
localizes to growth cones together with its main RBP, Zipcode-Binding Protein 1 (ZBP1) (Yao et
al., 2006). The inhibition of local beta-actin synthesis or of the binding of its mRNA to ZBP1
perturbs calcium-mediated growth cone guidance (Welshhans and Bassell, 2011; Yao et al.,
2006). Translation can be locally regulated in the growth cone by multiple processes, including
phosphorylation of the RBP to release the cargo mRNA (Sasaki et al., 2010), microRNA-
mediated gating of mRNA selection (Bellon et al., 2017), and even direct contact between a
guidance receptor and the translation machinery (Tcherkezian et al., 2010). By contrast,
ubiquitination is reportedly upregulated in the growth cone, establishing a balance between the
local synthesis and local degradation of key proteins (Figure 3) (Deglincerti et al., 2015). Finally,
a very recent study has reported that arginylation in the growth cone is mediated by the co-
transport of beta-actin and the arginyltransferase, ATE1; their concomitant local translation is
followed by the subsequent arginylation of the de novo synthesized beta actin (Wang et al.,
2017). This example presents an intriguing situation in which an enzyme and its substrate(s) are

both synthesized locally, ensuring tight spatiotemporal restriction of the modification.

In addition to growth cones, axonal branch points provide localized foci for compartmentalized
signaling that are highly dependent on local translation. NGF has been shown to promote

sensory axon branching through the regulation of the actin cytoskeleton by canonical signaling
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mechanisms coupled with localized protein synthesis (Spillane et al., 2012). Focal neurotrophin
stimuli recruited diverse mRNAs to the point of stimulus in the axon, which was also the
location for their translation (Willis et al., 2007). Partly shared RBPs target the mRNAs involved
to axons (Donnelly et al., 2011; Yoo et al., 2013). However, competition experiments have
shown that different mRNAs support different outcomes, for example, the local translation of
B-actin supported axon branching, while the local translation of GAP-43 mRNA facilitated
elongating growth (Donnelly et al., 2013). Translational machinery and RNA granules are
targeted to branching sites in axons, with the subsequent recruitment of mitochondria
promoting actin-dependent branching by providing the energy for localized translation (Spillane
et al., 2013; Wong et al., 2017). Thus, the local control of growth cone guidance and of axon
branching are achieved through a balance of localized synthesis, degradation, and through the
modification of key proteins, thereby transducing focal signals into localized cytoskeletal

changes (Figure 3).

MRNA localization and subcellular protein synthesis play prominent roles in the
compartmentalization of signaling in neurons, as outlined above. However, this is not restricted
to neurons, and it is becoming increasingly apparent that the subcellular regulation of mRNA
translation is a widespread phenomenon. RNA transport and local protein synthesis has been
reported in the elongated processes of Schwann cells (Gould and Mattingly, 1990) and of
oligodendrocytes (Laursen et al., 2011), implicating the local translation of myelin basic protein
in CNS myelination (Torvund-Jensen et al., 2014). More recent studies have reported that the
local translation of specific mMRNA subsets occurs in the processes and terminal ‘endfeet’ of
both astrocytes (Boulay et al., 2017; Sakers et al., 2017) and radial glia progenitors (Pilaz et al.,
2016). Outside of the nervous system, local translation has been described to occur in the
cellular extremities of diverse cell types, including fibroblasts (Buxbaum et al., 2015; Condeelis
and Singer, 2005; Perry et al., 2016), mesenchymal-like cells (Mardakheh et al., 2015), and
intestinal epithelia (Moor et al., 2017). The suggested functional roles of localized translation in
peripheral subcellular compartments range from communication with adjacent cells (Sakers et
al., 2017) to regulation of the size or growth of the originating cell (Perry et al., 2016). Given the

relative ease with which localized translation can be analyzed and isolated in neuronal sub-
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compartments, as compared to most cycling cell types, studies of mRNA transport and local

translation in neurons will likely provide broadly applicable insights in the coming years.

Location, location and location — how cell biology sets the stage for compartmentalized

signaling

The mechanisms outlined above highlight the fact that compartmentalized signaling in neurons
largely depends on cell biological mechanisms that ensure that the required molecules are
available or generated in the right place at the right time. A comprehensive understanding of
compartmentalized signaling therefore requires us to fully grasp its underlying cell biology, and
there are many lacunae in our understanding of these mechanisms, especially in neurons. For
example, the main molecular motors required for active transport of the signaling complexes
described above are dynein or kinesin microtubule-associated motors. There are multiple
members of each of these motor families, which function in complexes with a plethora of
adaptor proteins (Hirokawa and Tanaka, 2015; Schiavo et al.,, 2013). The nature of the
transported signals is determined by the composition of the motor complex and its associated
adaptors, which control to a large extent the specific response to a given stimulus (Hoogenraad
and Akhmanova, 2016; Schiavo et al., 2013). The precise roles of many motor complex
components and adaptor proteins are still unknown, and a detailed characterization of their
subcellular expression, cargo specificities and regulation in neurons is required for progress to
be made in the field. Similarly, numerous membrane trafficking factors regulate the fate of
endosomal cargos, most prominently the small GTPase families, comprising the Rabs, Arls and
Rals (Farias et al., 2017; Wandinger-Ness and Zerial, 2014). Rabs facilitate vesicle fusion, and
the transport and maturation of vesicles, by recruiting a cohort of effectors to membranes and,
as noted above, a few individual Rabs act as markers of specific endosomal compartments
(Pfeffer, 2017). Most of our knowledge about Rabs comes from studies performed on
fibroblasts; however, there are 50 Rabs encoded in mammalian genomes, many of which are
completely uncharacterized at the functional level. A systematic survey has revealed that
approximately half of all Drosophila Rabs function specifically or predominantly in recycling

endosomes in distinct subsets of neurons (Chan et al., 2011). It is therefore likely that the
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characterization of Rab family dynamics in mammalian systems will shed new light on neuronal

specializations in endosome-dependent signaling (Schmieg et al., 2013).

On the local translation front, the mechanisms that determine the transport of mRNA to axons
and dendrites and their translational regulation are of key interest. Literally thousands of
mRNAs have been identified to be present in dendritic or axonal compartments by
comprehensive sequencing approaches (Cajigas et al., 2012; Minis et al., 2014; Rangaraju et al.,
2017), raising the question as to how specific subgroups of these mRNAs are selected for
translation in response to a cell’s need. RNAs are transported in granules associated with
different RBPs (Thomas et al., 2011), and the composition and diversity of such granules in
axons or dendrites is largely unknown. Comparison of two preparations of distinct RNA granules
revealed that they were much more heterogenous than previously anticipated, sharing only a
third of their protein interactome (Fritzsche et al., 2013). The signals that sort individual mRNAs
to such granules are also diverse, including UTR motifs (Andreassi and Riccio, 2009), retained
introns (Sharangdhar et al., 2017), and even the post-transport remodeling of UTR’s (Andreassi
et al.,, 2017). The source and regulation of axonal ribosomes has also been contentious
(Rangaraju et al., 2017; Twiss and Fainzilber, 2009). Moreover, mRNAs that encode numerous
ribosomal proteins have also been found in axons and dendrites, and this is puzzling given the
obligatory nucleolar steps in ribosomal biogenesis (Rangaraju et al., 2017). Two recent studies
reported that functional diversity and heterogeneity exist among mammalian ribosomes
(Simsek et al., 2017) and noted that heterogeneous ribosomes preferentially translate distinct
MRNA ensembles (Shi et al., 2017). Thus, two major areas for research to focus on in the near
future are the co-transport and regulation of different RNA ensembles in neurons, and the

generation and specification of the translational machineries in neuronal processes.

Another area for future investigation will be the cross-talk that occurs between different
mechanisms. For example, calcium waves and motor-driven transport are usually considered to
represent two distinct signaling modes, but there are likely multiple possibilities for their
integration or co-regulation. The time differential that exists between the arrival of a calcium
wave versus the arrival of a motor-driven signal in the soma could also act as a potential

readout of the distance of the originating stimulus (Kam et al., 2009). Conversely, the calcium-
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mediated regulation of local translation in an axon (Yudin et al., 2008) or of the association of
different components of a retrograde complex en route (Perlson et al., 2006), might affect the
composition of the complex that eventually arrives in the soma, determining the nature of the
response. Endosome-driven transport can affect RNA localization and local translation and vice
versa (Cosker et al., 2016; Tasdemir-Yilmaz and Segal, 2016). Finally, the energy dependence of
the mechanisms outlined above provides another potential regulatory interaction that should
also be explored. Both mitochondria (Chada and Hollenbeck, 2004; Spillane et al., 2013) and
glycolysis (Hinckelmann et al., 2016; Zala et al., 2013) have been linked to retrograde signaling
and local translation, raising questions as to how mitochondrial and glycolytic enzyme transport

are coordinated with the needs of these compartmentalized signaling mechanisms.
Pathological consequences of deficits in compartmentalized signaling

The central roles that compartmentalized signaling fulfil in neuronal physiology are also
reflected by the deleterious consequences of perturbations to these mechanisms. A
comprehensive coverage of all known such cases is beyond the scope of any single review,
although two recent overviews provide a starting point, which we refer readers to (Brady and
Morfini, 2017; De Vos and Hafezparast, 2017). Here, we summarize selected examples of genes
mutated in human disease that have well-defined roles in compartmentalized signaling in

neurons.

As summarized above, Rab7 has a prominent role in regulating the endosomal pathway in
neurotrophin signaling. Rab7 mutations are the causative factor of a hereditary neuropathy
known as Charcot-Marie-Tooth disease type 2B (CMT2B), which is characterized by muscle
distal atrophy, sensory loss and axonal degeneration (Gentil and Cooper, 2012; Liu and Wu,
2017). Four CMT2B-associated Rab7 mutants have been shown to dysregulate axonal transport
and to reduce retrograde signaling of NGF via TrkA in sensory neurons, followed by axonal
degeneration (Zhang et al., 2013). Both Drosophila and zebrafish models of Rab7 disease-linked
mutations have revealed altered axonal transport (Janssens et al., 2014; Ponomareva et al.,
2016). Taken together, the findings to date implicate perturbed retrograde NGF signaling as one
of the most likely explanations for the neurodegeneration that is induced by Rab7 mutations in

CMT2B (Liu and Wu, 2017).
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Perturbation of neurotrophin retrograde signaling has also been implicated in Huntington’s
disease, which is caused by polyglutamine expansions in huntingtin (Htt), a transport facilitating
dynein interactor (Caviston et al., 2011). Htt and associated proteins control axonal transport of
the neurotrophin, BDNF (Gauthier et al., 2004), modulating both BDNF’s processivity (Weiss
and Littleton, 2016) and directionality (Colin et al., 2008) of transport. The expression of mutant
Htt inhibits BDNF axonal transport in striatal neurons, leading to a loss of BDNF support and to
subsequent neuronal death (Gauthier et al., 2004). A model that recreated the corticostriatal
circuit in microfluidic chambers was recently used to show that enhanced BDNF delivery can

improve the health of mutant Htt-expressing striatal neurons (Zhao et al., 2016).

Another example of a gene family mutated in human disease is the aminoacyl-tRNA
synthetases, which are ubiquitously expressed enzymes that attach amino acids to their
cognate tRNA molecules in the cytoplasm and mitochondria. A number of human disease-linked
tRNA synthetase mutations manifest primarily in neurodegeneration, raising the question as to
which specific aspects of neuronal function are especially sensitive to these ubiquitously
expressed mutants (Antonellis and Green, 2008). The prominent roles of local translation in
compartmentalized signaling and in other aspects of neuronal physiology have raised the
possibility that these functions might be those that are most sensitive to deficits in tRNA
synthetase activity. However, a detailed analysis of CMT2D, a peripheral neuropathy caused by
glycyl-tRNA synthetase (GARS) mutations, has shown that over-expression of wild-type GARS
does not improve the neuropathy phenotype in heterozygous Gars mutant mice (Motley et al.,
2011). Increased dosage of the disease-causing alleles caused a more severe neurological
phenotype, and although the Gars missense mutations might cause some loss of function, the
dominant neuropathy phenotype appears to be caused by a dose-dependent gain of function
(Motley et al., 2011). Additional analyses of other tRNA synthetase disease-causing mutants in
Drosophila or in mouse models lead to similar conclusions that the disease is not due to a loss
of the canonical function of these enzymes (Ermanoska et al., 2014; Storkebaum et al., 2009;
Stum et al., 2011). On the contrary, recent studies have shown that tRNA synthetase mutations
strikingly lead to toxic gains of function, impairing the signaling of different neurotrophic factor

receptor families in the nervous system (He et al., 2015; Sleigh et al., 2017; Stum et al., 2011).
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Thus, a class of diseases thought to be caused by impaired local translation in
compartmentalized signaling is actually caused by the perturbation of another

compartmentalized signaling mechanism orchestrated by neurotrophic factors.
Neurons as models for cycling cells

The fundamental mechanisms discussed in this review, although functionally prominent in
neurons, are actually shared by most eukaryotic cells, as exemplified in the closing paragraphs
of each section above. However, the parallels that exist between these mechanisms in neurons
and cycling cells have mostly been appreciated in hindsight, and examples of the use of neurons
as models to elucidate new mechanisms of compartmentalized signaling in cycling cells are few
and far between. Nonetheless, recent studies into cell length and size sensing have employed
precisely this approach, by using sensory neurons as a model to develop and test a hypothesis
that was then further validated in fibroblasts, rather than vice versa. Initial modeling in silico
suggested that a bidirectional motor-driven mechanism that connected soma with neurite tips
could allow neurite length sensing if positive and negative feedback loops were programmed at
the respective termini in each direction (Rishal et al., 2012). Experimental validation of this
model was achieved first by performing a knockdown screen in sensory neurons (Rishal et al.,
2012), and the model’s predictions were then validated in both neurons and fibroblasts (Albus
et al., 2013; Rishal et al., 2012). Subsequent studies revealed that the underlying mechanism
involves anterograde mRNA transport coupled with local translation, and retrograde transport
of the de novo synthesized proteins, such that motor-dependent transport and mRNA
localization change the balance between protein synthesis in axon versus soma, thereby
regulating axon length in sensory neurons (Perry et al., 2016). Again, once the mechanism had
been worked out in neurons, it was validated by follow-up experiments in fibroblasts (Perry et
al., 2016). Thus, the morphology and size of the neuron pose distinct advantages for the study
of compartmentalized signaling, and these advantages can be exploited to obtain new insights

that are relevant to a broad spectrum of cell types.

17



Acknowledgements

We apologize to the many authors whose contributions could not be cited due to space
constraints. Our work in this area was supported by a Koshland Senior Postdoctoral Award
(M.T.), the European Research Council (Advanced Grant Neurogrowth, M.F.), the Dr. Miriam
and Sheldon G. Adelson Medical Research Foundation (M.F.), the Israel Science Foundation
(1284/13, M.F.), the Minerva Foundation (M.F.), the Wellcome Trust (Senior Investigator Award
107116/2/15/Z, G.S.), the European Union Horizon 2020 Research and Innovation program

(739572, G.S.), and a UK Dementia Research Institute Foundation award (G.S.).

References

Abe, N., Almenar-Queralt, A,, Lillo, C., Shen, Z., Lozach, J., Briggs, S.P., Williams, D.S., Goldstein,
L.S., and Cavalli, V. (2009). Sunday driver interacts with two distinct classes of axonal organelles.

J Biol Chem 284, 34628-34639.

Agetsuma, M., Matsuda, T., and Nagai, T. (2017). Methods for monitoring signaling molecules in

cellular compartments. Cell Calcium 64, 12-19.

Albus, C.A., Rishal, I., and Fainzilber, M. (2013). Cell length sensing for neuronal growth control.
Trends Cell Biol 23, 305-310.

Andreassi, C., Luisier, R., Crerar, H., Franke, S., Luscombe, N.M., Cuda, G., Gaspari, M., and

Riccio, A. (2017). 3' UTR Remodelling of Axonal Transcripts in Sympathetic Neurons. bioRxiv.

Andreassi, C., and Riccio, A. (2009). To localize or not to localize: mRNA fate is in 3'UTR ends.

Trends Cell Biol 19, 465-474.

Antonellis, A., and Green, E.D. (2008). The role of aminoacyl-tRNA synthetases in genetic

diseases. Annu Rev Genomics Hum Genet 9, 87-107.

18



Arimura, N., Kimura, T., Nakamuta, S., Taya, S., Funahashi, Y., Hattori, A., Shimada, A., Menager,
C., Kawabata, S., Fujii, K., et al. (2009). Anterograde transport of TrkB in axons is mediated by
direct interaction with Slp1 and Rab27. Dev Cell 16, 675-686.

Ascano, M., Richmond, A., Borden, P., and Kuruvilla, R. (2009). Axonal Targeting of Trk
Receptors via Transcytosis Regulates Sensitivity to Neurotrophin Responses. Journal of

Neuroscience 29, 11674-11685.

Bading, H. (2013). Nuclear calcium signalling in the regulation of brain function. Nat Rev

Neurosci 14, 593-608.

Baleriola, J., Walker, C.A., Jean, Y.Y., Crary, J.F., Troy, C.M., Nagy, P.L., and Hengst, U. (2014).
Axonally synthesized ATF4 transmits a neurodegenerative signal across brain regions. Cell 158,

1159-1172.

Barford, K., Deppmann, C., and Winckler, B. (2017). The neurotrophin receptor signaling

endosome: Where trafficking meets signaling. Dev Neurobiol 77, 405-418.

Batista, A.F., and Hengst, U. (2016). Intra-axonal protein synthesis in development and beyond.

Int J Dev Neurosci 55, 140-149.

Baumdick, M., Bruggemann, Y., Schmick, M., Xouri, G., Sabet, O., Davis, L., Chin, J.W., and
Bastiaens, P.l. (2015). EGF-dependent re-routing of vesicular recycling switches spontaneous

phosphorylation suppression to EGFR signaling. elife 4.

Bellon, A., lyer, A., Bridi, S., Lee, F.C., Ovando-Vazquez, C., Corradi, E., Longhi, S., Roccuzzo, M.,
Strohbuecker, S., Naik, S., et al. (2017). miR-182 Regulates Slit2-Mediated Axon Guidance by
Modulating the Local Translation of a Specific mRNA. Cell Rep 18, 1171-1186.

Ben-Yaakov, K., Dagan, S.Y., Segal-Ruder, Y., Shalem, O., Vuppalanchi, D., Willis, D.E., Yudin, D.,
Rishal, I., Rother, F., Bader, M., et al. (2012). Axonal transcription factors signal retrogradely in

lesioned peripheral nerve. EMBO J 31, 1350-1363.

19



Bercsenyi, K., Giribaldi, F., and Schiavo, G. (2013). The elusive compass of clostridial

neurotoxins: deciding when and where to go? Curr Top Microbiol Immunol 364, 91-113.

Bhattacharyya, A., Watson, F.L., Pomeroy, S.L., Zhang, Y.Z., Stiles, C.D., and Segal, R.A. (2002).
High-resolution imaging demonstrates dynein-based vesicular transport of activated Trk

receptors. J Neurobiol 51, 302-312.

Boulay, A.C., Saubamea, B., Adam, N., Chasseigneaux, S., Mazare, N., Gilbert, A., Bahin, M.,
Bastianelli, L., Blugeon, C., Perrin, S., et al. (2017). Translation in astrocyte distal processes sets

molecular heterogeneity at the gliovascular interface. Cell Discov 3, 17005.

Brady, S.T., and Morfini, G.A. (2017). Regulation of motor proteins, axonal transport deficits and

adult-onset neurodegenerative diseases. Neurobiol Dis 105, 273-282.

Brittis, P.A., Lu, Q., and Flanagan, J.G. (2002). Axonal protein synthesis provides a mechanism

for localized regulation at an intermediate target. Cell 110, 223-235.

Bronfman, F.C. (2007). Metalloproteases and gamma-secretase: new membrane partners

regulating p75 neurotrophin receptor signaling? J Neurochem 103 Suppl 1, 91-100.

Bronfman, F.C., Tcherpakov, M., Jovin, T.M., and Fainzilber, M. (2003). Ligand-induced
internalization of the p75 neurotrophin receptor: a slow route to the signaling endosome. J

Neurosci 23, 3209-3220.

Bucci, C., Alifano, P., and Cogli, L. (2014). The role of rab proteins in neuronal cells and in the

trafficking of neurotrophin receptors. Membranes 4, 642-677.

Buxbaum, A.R., Haimovich, G., and Singer, R.H. (2015). In the right place at the right time:

visualizing and understanding mRNA localization. Nat Rev Mol Cell Biol 16, 95-109.

Cajigas, I.J., Tushev, G., Will, T.J., tom Dieck, S., Fuerst, N., and Schuman, E.M. (2012). The local
transcriptome in the synaptic neuropil revealed by deep sequencing and high-resolution

imaging. Neuron 74, 453-466.

20



Campbell, D.S., and Holt, C.E. (2001). Chemotropic responses of retinal growth cones mediated

by rapid local protein synthesis and degradation. Neuron 32, 1013-1026.

Campenot, R.B. (1977). Local control of neurite development by nerve growth factor. Proc Natl

Acad Sci U S A 74, 4516-4519.

Campenot, R.B., and Maclnnis, B.L. (2004). Retrograde transport of neurotrophins: fact and
function. J Neurobiol 58, 217-229.

Caviston, J.P., Zajac, A.L., Tokito, M., and Holzbaur, E.L. (2011). Huntingtin coordinates the

dynein-mediated dynamic positioning of endosomes and lysosomes. Mol Biol Cell 22, 478-492.

Ch'ng, T.H., Uzgil, B., Lin, P., Avliyakulov, N.K., O'Dell, T.J., and Martin, K.C. (2012). Activity-
dependent transport of the transcriptional coactivator CRTC1 from synapse to nucleus. Cell 150,

207-221.

Chada, S.R., and Hollenbeck, P.J. (2004). Nerve growth factor signaling regulates motility and
docking of axonal mitochondria. Curr Biol 14, 1272-1276.

Chan, C.C,, Scoggin, S., Wang, D., Cherry, S., Dembo, T., Greenberg, B., Jin, E.J., Kuey, C., Lopez,
A., Mehta, S.Q., et al. (2011). Systematic discovery of Rab GTPases with synaptic functions in
Drosophila. Curr Biol 21, 1704-1715.

Cho, Y., Sloutsky, R., Naegle, K.M., and Cavalli, V. (2013). Injury-induced HDACS5 nuclear export

is essential for axon regeneration. Cell 155, 894-908.

Colin, E., Zala, D., Liot, G., Rangone, H., Borrell-Pages, M., Li, X.J., Saudou, F., and Humbert, S.
(2008). Huntingtin phosphorylation acts as a molecular switch for anterograde/retrograde

transport in neurons. EMBO J 27, 2124-2134.

Condeelis, J., and Singer, R.H. (2005). How and why does beta-actin mRNA target? Biol Cell 97,
97-110.

21



Cosker, K.E., Fenstermacher, S.J., Pazyra-Murphy, M.F., Elliott, H.L., and Segal, R.A. (2016). The
RNA-binding protein SFPQ orchestrates an RNA regulon to promote axon viability. Nat Neurosci

19, 690-696.

Cui, B., Wu, C., Chen, L., Ramirez, A., Bearer, E.L., Li, W.P., Mobley, W.C., and Chu, S. (2007).
One at a time, live tracking of NGF axonal transport using quantum dots. Proc Natl Acad Sci U S

A 104, 13666-13671.

De Vos, K.J., and Hafezparast, M. (2017). Neurobiology of axonal transport defects in motor

neuron diseases: Opportunities for translational research? Neurobiol Dis 105, 283-299.

Deglincerti, A., Liu, Y., Colak, D., Hengst, U., Xu, G., and Jaffrey, S.R. (2015). Coupled local

translation and degradation regulate growth cone collapse. Nat Commun 6, 6888.

Deinhardt, K., Salinas, S., Verastegui, C., Watson, R., Worth, D., Hanrahan, S., Bucci, C., and
Schiavo, G. (2006). Rab5 and Rab7 control endocytic sorting along the axonal retrograde

transport pathway. Neuron 52, 293-305.

Donlin-Asp, P.G., Rossoll, W., and Bassell, G.J. (2017). Spatially and temporally regulating
translation via mRNA-binding proteins in cellular and neuronal function. FEBS Lett 591, 1508-

1525.

Donnelly, C.J., Park, M., Spillane, M., Yoo, S., Pacheco, A.,, Gomes, C., Vuppalanchi, D.,
McDonald, M., Kim, H.H., Merianda, T.T., et al. (2013). Axonally synthesized beta-actin and

GAP-43 proteins support distinct modes of axonal growth. J Neurosci 33, 3311-3322.

Donnelly, C.J., Willis, D.E., Xu, M., Tep, C., Jiang, C., Yoo, S., Schanen, N.C., Kirn-Safran, C.B., van
Minnen, J., English, A., et al. (2011). Limited availability of ZBP1 restricts axonal mRNA

localization and nerve regeneration capacity. EMBO J 30, 4665-4677.

Ermanoska, B., Motley, W.W., Leitao-Goncalves, R., Asselbergh, B., Lee, L.H., De Rijk, P.,

Sleegers, K., Ooms, T., Godenschwege, T.A., Timmerman, V., et al. (2014). CMT-associated

22



mutations in glycyl- and tyrosyl-tRNA synthetases exhibit similar pattern of toxicity and share

common genetic modifiers in Drosophila. Neurobiol Dis 68, 180-189.

Farias, G.G., Guardia, C.M., De Pace, R., Britt, D.J., and Bonifacino, J.S. (2017). BORC/kinesin-1
ensemble drives polarized transport of lysosomes into the axon. Proc Natl Acad Sci U S A 114,

E2955-E2964.

Fortian, A., and Sorkin, A. (2014). Live-cell fluorescence imaging reveals high stoichiometry of

Grb2 binding to the EGF receptor sustained during endocytosis. J Cell Sci 127, 432-444,

Fritzsche, R., Karra, D., Bennett, K.L., Ang, F.Y., Heraud-Farlow, J.E., Tolino, M., Doyle, M., Bauer,
K.E., Thomas, S., Planyavsky, M., et al. (2013). Interactome of two diverse RNA granules links

MRNA localization to translational repression in neurons. Cell Rep 5, 1749-1762.

Gauthier, L.R., Charrin, B.C., Borrell-Pages, M., Dompierre, J.P., Rangone, H., Cordelieres, F.P.,
De Mey, J., MacDonald, M.E., Lessmann, V., Humbert, S., and Saudou, F. (2004). Huntingtin
controls neurotrophic support and survival of neurons by enhancing BDNF vesicular transport

along microtubules. Cell 118, 127-138.

Gelens, L., Anderson, G.A,, and Ferrell, J.E., Jr. (2014). Spatial trigger waves: positive feedback
gets you a long way. Mol Biol Cell 25, 3486-3493.

Gentil, B.J., and Cooper, L. (2012). Molecular basis of axonal dysfunction and traffic

impairments in CMT. Brain Res Bull 88, 444-453.

Gluska, S., Chein, M., Rotem, N., lonescu, A., and Perlson, E. (2016). Tracking Quantum-Dot
labeled neurotropic factors transport along primary neuronal axons in compartmental

microfluidic chambers. Methods Cell Biol 131, 365-387.

Gould, R.M., and Mattingly, G. (1990). Regional localization of RNA and protein metabolism in

Schwann cells in vivo. J Neurocytol 19, 285-301.

23



Grimes, M.L., Beattie, E., and Mobley, W.C. (1997). A signaling organelle containing the nerve
growth factor-activated receptor tyrosine kinase, TrkA. Proc Natl Acad Sci U S A 94, 9909-9914.

Grimes, M.L., Zhou, J., Beattie, E.C., Yuen, E.C., Hall, D.E., Valletta, J.S., Topp, K.S., LaVail, J.H.,
Bunnett, N.W., and Mobley, W.C. (1996). Endocytosis of activated TrkA: evidence that nerve

growth factor induces formation of signaling endosomes. J Neurosci 16, 7950-7964.

Hanz, S., Perlson, E., Willis, D., Zheng, J.-Q., Massarwa, R.a., Huerta, J.J., Koltzenburg, M.,
Kohler, M., van-Minnen, J., Twiss, J.L., and Fainzilber, M. (2003). Axoplasmic importins enable

retrograde injury signaling in lesioned nerve. Neuron 40, 1095-1104.

Harrington, A.W., and Ginty, D.D. (2013). Long-distance retrograde neurotrophic factor

signalling in neurons. Nat Rev Neurosci 14, 177-187.

Hayakawa, Y., Sakitani, K., Konishi, M., Asfaha, S., Niikura, R., Tomita, H., Renz, B.W., Tailor, Y.,
Macchini, M., Middelhoff, M., et al. (2017). Nerve Growth Factor Promotes Gastric

Tumorigenesis through Aberrant Cholinergic Signaling. Cancer Cell 31, 21-34.

He, W., Bai, G., Zhou, H., Wei, N., White, N.M., Lauer, J., Liu, H., Shi, Y., Dumitru, C.D., Lettieri,
K., et al. (2015). CMT2D neuropathy is linked to the neomorphic binding activity of glycyl-tRNA
synthetase. Nature 526, 710-714.

Heerssen, H.M., Pazyra, M.F., and Segal, R.A. (2004). Dynein motors transport activated Trks to

promote survival of target-dependent neurons. Nat Neurosci 7, 596-604.

Hinckelmann, M.V., Virlogeux, A., Niehage, C., Poujol, C., Choquet, D., Hoflack, B., Zala, D., and
Saudou, F. (2016). Self-propelling vesicles define glycolysis as the minimal energy machinery for

neuronal transport. Nat Commun 7, 13233.

Hirokawa, N., and Tanaka, Y. (2015). Kinesin superfamily proteins (KIFs): Various functions and

their relevance for important phenomena in life and diseases. Exp Cell Res 334, 16-25.

24



Hoogenraad, C.C., and Akhmanova, A. (2016). Bicaudal D Family of Motor Adaptors: Linking
Dynein Motility to Cargo Binding. Trends Cell Biol 26, 327-340.

Howe, C.L., Valletta, J.S., Rusnak, A.S., and Mobley, W.C. (2001). NGF signaling from clathrin-
coated vesicles: evidence that signaling endosomes serve as a platform for the Ras-MAPK

pathway. Neuron 32, 801-814.

Huang, S.-H., Duan, S., Sun, T., Wang, J., Zhao, L., Geng, Z., Yan, J., Sun, H.-J., and Chen, Z.-Y.
(2011). JIP3 Mediates TrkB Axonal Anterograde Transport and Enhances BDNF Signaling by

Directly Bridging TrkB with Kinesin-1. Journal of Neuroscience 31.

Janssens, K., Goethals, S., Atkinson, D., Ermanoska, B., Fransen, E., Jordanova, A., Auer-
Grumbach, M., Asselbergh, B., and Timmerman, V. (2014). Human Rab7 mutation mimics

features of Charcot-Marie-Tooth neuropathy type 2B in Drosophila. Neurobiol Dis 65, 211-219.

Jeffrey, R.A., Ch'ng, T.H., O'Dell, T.J., and Martin, K.C. (2009). Activity-dependent anchoring of
importin alpha at the synapse involves regulated binding to the cytoplasmic tail of the NR1-1a

subunit of the NMDA receptor. J Neurosci 29, 15613-15620.

Ji, S.J., and Jaffrey, S.R. (2014). Axonal transcription factors: novel regulators of growth cone-to-

nucleus signaling. Dev Neurobiol 74, 245-258.

Kaasinen, S.K., Harvey, L., Reynolds, A.J., and Hendry, l.A. (2008). Autophagy generates

retrogradely transported organelles: a hypothesis. Int J Dev Neurosci 26, 625-634.

Kam, N., Pilpel, Y., and Fainzilber, M. (2009). Can molecular motors drive distance

measurements in injured neurons? PLoS Comput Biol 5, e1000477.

Karpova, A., Mikhaylova, M., Bera, S., Bar, J., Reddy, P.P., Behnisch, T., Rankovic, V., Spilker, C.,
Bethge, P., Sahin, J.,, et al. (2013). Encoding and transducing the synaptic or extrasynaptic origin
of NMDA receptor signals to the nucleus. Cell 152, 1119-1133.

25



Kholodenko, B.N. (2003). Four-dimensional organization of protein kinase signaling cascades:

the roles of diffusion, endocytosis and molecular motors. J Exp Biol 206, 2073-2082.

Kolar, K., and Weber, W. (2017). Synthetic biological approaches to optogenetically control cell

signaling. Curr Opin Biotechnol 47, 112-119.

Kononenko, N.L., Classen, G.A., Kuijpers, M., Puchkov, D., Maritzen, T., Tempes, A., Malik, A.R.,
Skalecka, A., Bera, S., Jaworski, J., and Haucke, V. (2017). Retrograde transport of TrkB-
containing autophagosomes via the adaptor AP-2 mediates neuronal complexity and prevents

neurodegeneration. Nat Commun 8, 14819.

Laursen, L.S., Chan, C.W., and Ffrench-Constant, C. (2011). Translation of myelin basic protein
mMRNA in oligodendrocytes is regulated by integrin activation and hnRNP-K. J Cell Biol 192, 797-
811.

Lawn, S., Krishna, N., Pisklakova, A., Qu, X., Fenstermacher, D.A., Fournier, M., Vrionis, F.D.,
Tran, N., Chan, J.A,, Kenchappa, R.S., and Forsyth, P.A. (2015). Neurotrophin signaling via TrkB
and TrkC receptors promotes the growth of brain tumor-initiating cells. J Biol Chem 290, 3814-

3824.

Lazo, O.M., Gonzalez, A., Ascano, M., Kuruvilla, R., Couve, A., and Bronfman, F.C. (2013). BDNF
regulates Rabll-mediated recycling endosome dynamics to induce dendritic branching. J

Neurosci 33, 6112-6122.

Lehigh, K.M., West, K.M., and Ginty, D.D. (2017). Retrogradely Transported TrkA Endosomes

Signal Locally within Dendrites to Maintain Sympathetic Neuron Synapses. Cell Rep 19, 86-100.

Lessmann, V., and Brigadski, T. (2009). Mechanisms, locations, and kinetics of synaptic BDNF

secretion: an update. Neurosci Res 65, 11-22.

Leung, K.M., van Horck, F.P., Lin, A.C.,, Allison, R., Standart, N., and Holt, C.E. (2006).
Asymmetrical beta-actin mRNA translation in growth cones mediates attractive turning to

netrin-1. Nat Neurosci 9, 1247-1256.

26



Liu, H., and Wu, C. (2017). Charcot Marie Tooth 2B Peripheral Sensory Neuropathy: How Rab7
Mutations Impact NGF Signaling? Int J Mol Sci 18.

Liu, J., Lamb, D., Chou, M.M,, Liu, Y.J., and Li, G. (2007). Nerve Growth Factor-mediated Neurite
Outgrowth via Regulation of Rab5. Molecular Biology of the Cell 18, 1375-1384.

Liu, K., Xing, R., Jian, Y., Gao, Z., Ma, X., Sun, X,, Li, Y., Xu, M., Wang, X., Jing, Y., et al. (2017).

WDR91 is a Rab7 effector required for neuronal development. J Cell Biol.

Maday, S., and Holzbaur, E.L. (2016). Compartment-Specific Regulation of Autophagy in Primary
Neurons. J Neurosci 36, 5933-5945.

Manns, R.P., Cook, G.M., Holt, C.E., and Keynes, R.. (2012). Differing semaphorin 3A
concentrations trigger distinct signaling mechanisms in growth cone collapse. J Neurosci 32,

8554-8559.

Mardakheh, F.K., Paul, A., Kumper, S., Sadok, A., Paterson, H., McCarthy, A., Yuan, Y., and
Marshall, C.J. (2015). Global Analysis of mRNA, Translation, and Protein Localization: Local

Translation Is a Key Regulator of Cell Protrusions. Dev Cell 35, 344-357.

Mazouffre, C., Geyl, S., Perraud, A., Blondy, S., Jauberteau, M.O., Mathonnet, M., and Verdier,
M. (2017). Dual inhibition of BDNF/TrkB and autophagy: a promising therapeutic approach for

colorectal cancer. Journal of cellular and molecular medicine, Epub.

Ming, G.L., Wong, S.T., Henley, J., Yuan, X.B., Song, H.J., Spitzer, N.C., and Poo, M.M. (2002).

Adaptation in the chemotactic guidance of nerve growth cones. Nature 417, 411-418.

Minis, A., Dahary, D., Manor, O., Leshkowitz, D., Pilpel, Y., and Yaron, A. (2014). Sub-Cellular
Transcriptomics - Dissection of the mRNA composition in the axonal compartment of sensory

neurons. Dev Neurobiol 74, 365-381.

Mitre, M., Mariga, A., and Chao, M.V. (2017). Neurotrophin signalling: novel insights into
mechanisms and pathophysiology. Clin Sci (Lond) 131, 13-23.

27



Moor, A.E., Golan, M., Massasa, E.E., Lemze, D., Weizman, T., Shenhav, R., Baydatch, S.,
Mizrahi, O., Winkler, R., Golani, O., et al. (2017). Global mRNA polarization regulates translation

efficiency in the intestinal epithelium. Science, Epub ahead of print.

Motley, W.W., Seburn, K.L.,, Nawaz, M.H., Miers, K.E., Cheng, J., Antonellis, A., Green, E.D.,
Talbot, K., Yang, X.L., Fischbeck, K.H., and Burgess, R.W. (2011). Charcot-Marie-Tooth-linked
mutant GARS is toxic to peripheral neurons independent of wild-type GARS levels. PLoS Genet

7,e1002399.

Nedelec, S., Peljto, M., Shi, P., Amoroso, M.W., Kam, L.C., and Wichterle, H. (2012).
Concentration-dependent requirement for local protein synthesis in motor neuron subtype-

specific response to axon guidance cues. J Neurosci 32, 1496-1506.

Oppenheim, R.W. (1996). The concept of uptake and retrograde transport of neurotrophic

molecules during development: history and present status. Neurochem Res 21, 769-777.

Panayotis, N., Karpova, A., Kreutz, M.R., and Fainzilber, M. (2015). Macromolecular transport in

synapse to nucleus communication. Trends Neurosci 38, 108-116.

Park, J., Koito, H., Li, J., and Han, A. (2009). Microfluidic compartmentalized co-culture platform

for CNS axon myelination research. Biomed Microdevices 11, 1145-1153.

Perlson, E., Hanz, S., Ben-Yaakov, K., Segal-Ruder, Y., Seger, R., and Fainzilber, M. (2005).
Vimentin-dependent spatial translocation of an activated MAP kinase in injured nerve. Neuron

45, 715-726.

Perlson, E., Jeong, G.B., Ross, J.L., Dixit, R., Wallace, K.E., Kalb, R.G., and Holzbaur, E.L. (2009). A
switch in retrograde signaling from survival to stress in rapid-onset neurodegeneration. J

Neurosci 29, 9903-9917.

Perlson, E., Medzihradszky, K.F., Darula, Z., Munno, D.W., Syed, N.l., Burlingame, A.L., and
Fainzilber, M. (2004). Differential Proteomics Reveals Multiple Components in Retrogradely

Transported Axoplasm After Nerve Injury. Mol Cell Proteomics 3, 510-520.

28



Perlson, E., Michaelevski, |., Kowalsman, N., Ben-Yaakov, K., Shaked, M., Seger, R., Eisenstein,
M., and Fainzilber, M. (2006). Vimentin binding to phosphorylated Erk sterically hinders
enzymatic dephosphorylation of the kinase. J Mol Biol 364, 938-944.

Perry, R.B., Rishal, I., Doron-Mandel, E., Kalinski, A.L., Medzihradszky, K.F., Terenzio, M., Alber,
S., Koley, S., Lin, A.,, Rozenbaum, M., et al. (2016). Nucleolin-Mediated RNA Localization
Regulates Neuron Growth and Cycling Cell Size. Cell Rep 16, 1664-1676.

Perry, Rotem B.-T., Doron-Mandel, E., lavnilovitch, E., Rishal, |., Dagan, Shachar Y., Tsoory, M.,
Coppola, G., McDonald, Marguerite K., Gomes, C., Geschwind, DanielH., et al. (2012).

Subcellular Knockout of Importin B1 Perturbs Axonal Retrograde Signaling. Neuron 75, 294-305.

Pfeffer, S.R. (2017). Rab GTPases: master regulators that establish the secretory and endocytic

pathways. Molecular biology of the cell 28, 712-715.

Philippidou, P., Valdez, G., Akmentin, W., Bowers, W.J., Federoff, H.J., and Halegoua, S. (2011).
Trk retrograde signaling requires persistent, Pincher-directed endosomes. Proceedings of the

National Academy of Sciences 108, 852-857.

Pilaz, L.J., Lennox, A.L., Rouanet, J.P., and Silver, D.L. (2016). Dynamic mRNA Transport and

Local Translation in Radial Glial Progenitors of the Developing Brain. Curr Biol 26, 3383-3392.

Ponomareva, 0.Y., Eliceiri, K.W., and Halloran, M.C. (2016). Charcot-Marie-Tooth 2b associated
Rab7 mutations cause axon growth and guidance defects during vertebrate sensory neuron

development. Neural development 11, 2.

Rangaraju, V., Tom Dieck, S., and Schuman, E.M. (2017). Local translation in neuronal

compartments: how local is local? EMBO Rep 18, 693-711.

Riccio, A., Pierchala, B.A., Ciarallo, C.L.,, and Ginty, D.D. (1997). An NGF-TrkA-mediated

retrograde signal to transcription factor CREB in sympathetic neurons. Science 277, 1097-1100.

29



Rink, J., Ghigo, E., Kalaidzidis, Y., and Zerial, M. (2005). Rab conversion as a mechanism of

progression from early to late endosomes. Cell 122, 735-749.

Rishal, I., and Fainzilber, M. (2014). Axon-soma communication in neuronal injury. Nat Rev

Neurosci 15, 32-42.

Rishal, I., Kam, N., Perry, R.B., Shinder, V., Fisher, E.M., Schiavo, G., and Fainzilber, M. (2012). A

motor-driven mechanism for cell-length sensing. Cell Rep 1, 608-616.

Saito, A., and Cavalli, V. (2016). Signaling over Distances. Mol Cell Proteomics 15, 382-393.

Sakers, K., Lake, A.M., Khazanchi, R., Ouwenga, R., Vasek, M.J., Dani, A., and Dougherty, J.D.
(2017). Astrocytes locally translate transcripts in their peripheral processes. Proc Natl Acad Sci

US A 114, E3830-E3838.

Salinas, S., Schiavo, G., and Kremer, E.J. (2010). A hitchhiker's guide to the nervous system: the

complex journey of viruses and toxins. Nat Rev Microbiol 8, 645-655.

Sandow, S.L., Heydon, K., Weible 2nd, M.W., Reynolds, A.J., Bartlett, S.E., and Hendry, |.A.
(2000). Signalling organelle for retrograde axonal transport of internalized neurotrophins from

the nerve terminal. Immunol Cell Biol 78, 430-435.

Sasaki, Y., Welshhans, K., Wen, Z., Yao, J., Xu, M., Goshima, Y., Zheng, J.Q., and Bassell, G.J.
(2010). Phosphorylation of zipcode binding protein 1 is required for brain-derived neurotrophic

factor signaling of local beta-actin synthesis and growth cone turning. J Neurosci 30, 9349-9358.

Saxena, S., Bucci, C., Weis, J., and Kruttgen, A. (2005). The small GTPase Rab7 controls the
endosomal trafficking and neuritogenic signaling of the nerve growth factor receptor TrkA. J

Neurosci 25, 10930-10940.

Schiavo, G., Greensmith, L., Hafezparast, M., and Fisher, E.M.C. (2013). Cytoplasmic dynein

heavy chain: The servant of many masters. Trends in Neurosciences 36, 641-651.

30



Schieweck, R., Popper, B., and Kiebler, M.A. (2016). Co-Translational Folding: A Novel

Modulator of Local Protein Expression in Mammalian Neurons? Trends Genet 32, 788-800.

Schmied, R., and Ambron, R.T. (1997). A nuclear localization signal targets proteins to the
retrograde transport system, thereby evading uptake into organelles in aplysia axons. J

Neurobiol 33, 151-160.

Schmied, R., Huang, C.C., Zhang, X.P., Ambron, D.A., and Ambron, R.T. (1993). Endogenous
axoplasmic proteins and proteins containing nuclear localization signal sequences use the
retrograde axonal transport/nuclear import pathway in Aplysia neurons. J Neurosci 13, 4064-

4071.

Schmieg, N., Menendez, G., Schiavo, G., and Terenzio, M. (2013). Signalling endosomes in
axonal transport: Travel updates on the molecular highway. Seminars in cell & developmental

biology, 1-12.

Shao, Y., Akmentin, W., Toledo-Aral, J.J., Rosenbaum, J., Valdez, G., Cabot, J.B., Hilbush, B.S.,
and Halegoua, S. (2002). Pincher, a pinocytic chaperone for nerve growth factor/TrkA signaling

endosomes. J Cell Biol 157, 679-691.

Sharangdhar, T., Sugimoto, Y., Heraud-Farlow, J., Fernandez-Moya, S.M., Ehses, J., Ruiz de Los
Mozos, 1., Ule, J., and Kiebler, M.A. (2017). A retained intron in the 3'-UTR of Calm3 mRNA
mediates its Staufen2- and activity-dependent localization to neuronal dendrites. EMBO Rep,

Epub ahead of print.

Sharma, N., Deppmann, C.D., Harrington, A.W., St. Hillaire, C., Chen, Z.Y., Lee, F.S., and Ginty,
D.D. (2010). Long-Distance Control of Synapse Assembly by Target-Derived NGF. Neuron 67,
422-434,

Shi, Z., Fujii, K., Kovary, K.M., Genuth, N.R., Rost, H.L., Teruel, M.N., and Barna, M. (2017).
Heterogeneous Ribosomes Preferentially Translate Distinct Subpools of mMRNAs Genome-wide.

Mol Cell 67, 71-83 e77.

31



Shigeoka, T., Lu, B., and Holt, C.E. (2013). Cell biology in neuroscience: RNA-based mechanisms
underlying axon guidance. J Cell Biol 202, 991-999.

Shin, J.E., Cho, Y., Beirowski, B., Milbrandt, J., Cavalli, V., and DiAntonio, A. (2012). Dual leucine
zipper kinase is required for retrograde injury signaling and axonal regeneration. Neuron 74,

1015-1022.

Simsek, D., Tiu, G.C., Flynn, R.A., Byeon, G.W., Leppek, K., Xu, A.F., Chang, H.Y., and Barna, M.
(2017). The Mammalian Ribo-interactome Reveals Ribosome Functional Diversity and

Heterogeneity. Cell 169, 1051-1065 e1018.

Sleigh, J.N., Gomez-Martin, A., Wei, N., Bai, G., Yang, X.L., and Schiavo, G. (2017). Neuropilin 1
sequestration by neuropathogenic mutant glycyl-tRNA synthetase is permissive to vascular

homeostasis. Sci Rep 7, 9216.

Smith, E.D., Prieto, G.A., Tong, L., Sears-Kraxberger, I., Rice, J.D., Steward, O., and Cotman, C.W.
(2014). Rapamycin and interleukin-1beta impair brain-derived neurotrophic factor-dependent

neuron survival by modulating autophagy. J Biol Chem 289, 20615-20629.

Spillane, M., Ketschek, A., Donnelly, C.J., Pacheco, A., Twiss, J.L., and Gallo, G. (2012). Nerve
growth factor-induced formation of axonal filopodia and collateral branches involves the intra-
axonal synthesis of regulators of the actin-nucleating arp2/3 complex. J Neurosci 32, 17671-

17689.

Spillane, M., Ketschek, A., Merianda, T.T., Twiss, J.L., and Gallo, G. (2013). Mitochondria
coordinate sites of axon branching through localized intra-axonal protein synthesis. Cell Rep 5,

1564-1575.

Steketee, M.B., Moysidis, S.N., Jin, X.L., Weinstein, J.E., Pita-Thomas, W., Raju, H.B., Igbal, S.,
and Goldberg, J.L. (2011). Nanoparticle-mediated signaling endosome localization regulates

growth cone motility and neurite growth. Proc Natl Acad Sci U S A 108, 19042-19047.

32



Storkebaum, E., Leitao-Goncalves, R., Godenschwege, T., Nangle, L., Mejia, M., Bosmans, |.,
Ooms, T., Jacobs, A., Van Dijck, P., Yang, X.L., et al. (2009). Dominant mutations in the tyrosyl-
tRNA synthetase gene recapitulate in Drosophila features of human Charcot-Marie-Tooth

neuropathy. Proc Natl Acad Sci U S A 106, 11782-11787.

Stum, M., Mclaughlin, H.M., Kleinbrink, E.L., Miers, K.E., Ackerman, S.L., Seburn, K.L,
Antonellis, A., and Burgess, R.W. (2011). An assessment of mechanisms underlying peripheral
axonal degeneration caused by aminoacyl-tRNA synthetase mutations. Mol Cell Neurosci 46,

432-443.

Suo, D., Park, J., Harrington, AW., Zweifel, L.S., Mihalas, S., and Deppmann, C.D. (2014).
Coronin-1 is a neurotrophin endosomal effector that is required for developmental competition

for survival. Nature Neuroscience 17, 36-45.

Tasdemir-Yilmaz, O.E., and Segal, R.A. (2016). There and back again: coordinated transcription,

translation and transport in axonal survival and regeneration. Curr Opin Neurobiol 39, 62-68.

Taylor, A.M., and Jeon, N.L. (2011). Microfluidic and compartmentalized platforms for

neurobiological research. Crit Rev Biomed Eng 39, 185-200.

Tcherkezian, J., Brittis, P.A., Thomas, F., Roux, P.P., and Flanagan, J.G. (2010). Transmembrane
receptor DCC associates with protein synthesis machinery and regulates translation. Cell 141,

632-644.

Terenzio, M., Golding, M., Russell, M.R.G., Wicher, K.B., Rosewell, I., Spencer-Dene, B., Ish-
Horowicz, D., and Schiavo, G. (2014). Bicaudal-D1 regulates the intracellular sorting and

signalling of neurotrophin receptors. The EMBO journal, 1-17.

Thomas, M.G., Loschi, M., Desbats, M.A., and Boccaccio, G.L. (2011). RNA granules: the good,
the bad and the ugly. Cell Signal 23, 324-334.

33



Thompson, K.R., Otis, K.O., Chen, D.Y., Zhao, Y., O'Dell, T.J., and Martin, K.C. (2004). Synapse to
nucleus signaling during long-term synaptic plasticity; a role for the classical active nuclear

import pathway. Neuron 44, 997-10009.

Torvund-Jensen, J., Steengaard, J., Reimer, L., Fihl, L.B., and Laursen, L.S. (2014). Transport and
translation of MBP mRNA is regulated differently by distinct hnRNP proteins. J Cell Sci 127,
1550-1564.

Twiss, J.L., and Fainzilber, M. (2009). Ribosomes in axons--scrounging from the neighbors?

Trends Cell Biol 19, 236-243.

Uchida, S., and Shumyatsky, G.P. (2017). Synaptically localized transcriptional regulators in

memory formation. Neuroscience, Epub ahead of print.

Uchida, S., Teubner, B.J., Hevi, C., Hara, K., Kobayashi, A., Dave, R.M., Shintaku, T., Jaikhan, P.,
Yamagata, H., Suzuki, T. et al. (2017). CRTC1 Nuclear Translocation Following Learning
Modulates Memory Strength via Exchange of Chromatin Remodeling Complexes on the Fgfl

Gene. Cell Rep 18, 352-366.

Vaegter, C.B., Jansen, P., Fjorback, A.W., Glerup, S., Skeldal, S., Kjolby, M., Richner, M.,
Erdmann, B., Nyengaard, J.R., Tessarollo, L., et al. (2011). Sortilin associates with Trk receptors

to enhance anterograde transport and neurotrophin signaling. Nat Neurosci 14, 54-61.

Valdez, G., Akmentin, W., Philippidou, P., Kuruvilla, R., Ginty, D.D., and Halegoua, S. (2005).
Pincher-mediated macroendocytosis underlies retrograde signaling by neurotrophin receptors.

J Neurosci 25, 5236-5247.

Villarin, J.M., McCurdy, E.P., Martinez, J.C., and Hengst, U. (2016). Local synthesis of dynein

cofactors matches retrograde transport to acutely changing demands. Nat Commun 7, 13865.

Villasenor, R., Kalaidzidis, Y., and Zerial, M. (2016). Signal processing by the endosomal system.

Curr Opin Cell Biol 39, 53-60.

34



Villasenor, R., Nonaka, H., Del Conte-Zerial, P., Kalaidzidis, Y., and Zerial, M. (2015). Regulation

of EGFR signal transduction by analogue-to-digital conversion in endosomes. elife 4.

Wandinger-Ness, A., and Zerial, M. (2014). Rab Proteins and the Compartmentalization of the

Endosomal System. Cold Spring Harbor perspectives in biology 6, a022616-a022616.

Wang, J., Pavlyk, I., Vedula, P., Sterling, S., Leu, N.A., Dong, D.W., and Kashina, A. (2017).
Arginyltransferase ATE1 is targeted to the neuronal growth cones and regulates neurite

outgrowth during brain development. Dev Biol, Epub ahead of print.

Watson, F.L., Heerssen, H.M., Moheban, D.B., Lin, M.Z., Sauvageot, C.M., Bhattacharyya, A,
Pomeroy, S.L., and Segal, R.A. (1999). Rapid nuclear responses to target-derived neurotrophins

require retrograde transport of ligand-receptor complex. J Neurosci 19, 7889-7900.

Weiss, K.R., and Littleton, J.T. (2016). Characterization of axonal transport defects in Drosophila

Huntingtin mutants. J Neurogenet 30, 212-221.

Welshhans, K., and Bassell, G.J. (2011). Netrin-1-induced local beta-actin synthesis and growth

cone guidance requires zipcode binding protein 1. J Neurosci 31, 9800-9813.

Wiegert, J.S., Bengtson, C.P., and Bading, H. (2007). Diffusion and not active transport underlies
and limits ERK1/2 synapse-to-nucleus signaling in hippocampal neurons. J Biol Chem 282,

29621-29633.

Willis, D., Li, KW., Zheng, J.Q., Chang, J.H., Smit, A., Kelly, T., Merianda, T.T., Sylvester, J., van
Minnen, J., and Twiss, J.L. (2005). Differential transport and local translation of cytoskeletal,

injury-response, and neurodegeneration protein mRNAs in axons. J Neurosci 25, 778-791.

Willis, D.E., and Twiss, J.L. (2011). Profiling axonal mRNA transport. Methods Mol Biol 714, 335-
352.

35



Willis, D.E., van Niekerk, E.A., Sasaki, Y., Mesngon, M., Merianda, T.T., Williams, G.G., Kendall,
M., Smith, D.S., Bassell, G.J., and Twiss, J.L. (2007). Extracellular stimuli specifically regulate
localized levels of individual neuronal mRNAs. J Cell Biol 178, 965-980.

Wong, H.H.,, Lin, J.Q., Strohl, F., Roque, C.G., Cioni, J.M., Cagnetta, R., Turner-Bridger, B., Laine,
R.F., Harris, W.A., Kaminski, C.F., and Holt, C.E. (2017). RNA Docking and Local Translation
Regulate Site-Specific Axon Remodeling In Vivo. Neuron 95, 852-868 e858.

Yamada, R.X., Sasaki, T., Ichikawa, J., Koyama, R., Matsuki, N., and lkegaya, Y. (2008). Long-

range axonal calcium sweep induces axon retraction. J Neurosci 28, 4613-4618.

Yamashita, N., Joshi, R., Zhang, S., Zhang, Z.Y., and Kuruvilla, R. (2017). Phospho-Regulation of
Soma-to-Axon Transcytosis of Neurotrophin Receptors. Dev Cell Epub,

doi:10.1016/j.devcel.2017.1008.1009.

Yamashita, N., and Kuruvilla, R. (2016). Neurotrophin signaling endosomes: biogenesis,

regulation, and functions. Curr Opin Neurobiol 39, 139-145.

Yao, J., Sasaki, Y., Wen, Z., Bassell, G.J., and Zheng, J.Q. (2006). An essential role for beta-actin
MRNA localization and translation in Ca2+-dependent growth cone guidance. Nat Neurosci 9,

1265-1273.

Ye, H., Kuruvilla, R., Zweifel, L.S., and Ginty, D.D. (2003). Evidence in support of signaling

endosome-based retrograde survival of sympathetic neurons. Neuron 39, 57-68.

Yoo, S., Kim, H.H., Kim, P., Donnelly, C.J., Kalinski, A.L., Vuppalanchi, D., Park, M., Lee, S.J.,
Merianda, T.T., Perrone-Bizzozero, N.l.,, and Twiss, J.L. (2013). A HuD-ZBP1 ribonucleoprotein
complex localizes GAP-43 mRNA into axons through its 3' untranslated region AU-rich

regulatory element. ) Neurochem 126, 792-804.

Yudin, D., Hanz, S., Yoo, S., lavnilovitch, E., Willis, D., Gradus, T., Vuppalanchi, D., Segal-Ruder,
Y., Ben-Yaakov, K., Hieda, M., et al. (2008). Localized regulation of axonal RanGTPase controls

retrograde injury signaling in peripheral nerve. Neuron 59, 241-252.

36



Zahavi, E.E., lonescu, A., Gluska, S., Gradus, T., Ben-Yaakov, K., and Perlson, E. (2015). A
compartmentalized microfluidic neuromuscular co-culture system reveals spatial aspects of

GDNF functions. J Cell Sci 128, 1241-1252.

Zahavi, E.E., Maimon, R., and Perlson, E. (2017). Spatial-specific functions in retrograde

neuronal signalling. Traffic 18, 415-424.

Zala, D., Hinckelmann, M.V., Yu, H., Lyra da Cunha, M.M,, Liot, G., Cordelieres, F.P., Marco, S.,
and Saudou, F. (2013). Vesicular glycolysis provides on-board energy for fast axonal transport.

Cell 152, 479-491.

Zhang, K., Chowdary, P.D., and Cui, B. (2015). Visualizing directional Rab7 and TrkA cotrafficking
in axons by pTIRF microscopy. Methods Mol Biol 1298, 319-329.

Zhang, K., Fishel Ben Kenan, R., Osakada, Y., Xu, W., Sinit, R.S., Chen, L., Zhao, X., Chen, J.-Y., Cui,
B., and Wu, C. (2013). Defective axonal transport of Rab7 GTPase results in dysregulated trophic

signaling. Journal of Neuroscience 33, 7451-7462.

Zhang, Y., Moheban, D.B., Conway, B.R., Bhattacharyya, A., and Segal, R.A. (2000). Cell surface
Trk receptors mediate NGF-induced survival while internalized receptors regulate NGF-induced

differentiation. J Neurosci 20, 5671-5678.

Zhao, X., Chen, X.Q., Han, E., Hu, Y., Paik, P., Ding, Z., Overman, J., Lau, A.L., Shahmoradian, S.H.,
Chiu, W., et al. (2016). TRiC subunits enhance BDNF axonal transport and rescue striatal

atrophy in Huntington's disease. Proc Natl Acad Sci U S A 113, E5655-5664.

Zheng, J., Shen, W.H., Lu, T.J,, Zhou, Y., Chen, Q., Wang, Z., Xiang, T., Zhu, Y.C., Zhang, C., Duan,
S., and Xiong, Z.Q. (2008). Clathrin-dependent endocytosis is required for TrkB-dependent Akt-

mediated neuronal protection and dendritic growth. J Biol Chem 283, 13280-13288.

37



Figure Legends

Figure 1: Trafficking of signaling endosomes. Schematic representation of neurotrophin
endosomal trafficking, exemplified by TrkA and NGF. Active TrkA receptor is internalized as a
consequence of its binding to NGF. It then undergoes retrograde transport via dynein motor
complexes in signaling endosomes (shaded grey) that contain internalized receptors and ligands
along microtubules (MT). These endosomes consist of a mixed population of membrane
organelles, including multivescicular bodies (MVBs), which are characterized by their
association with endocytic markers, such as Rab5 and Rab7. Upon reaching the soma, signaling
endosomes are sorted, and the transported receptors enter a variety of pathways, including
degradation, recycling to the plasma membrane in Rabll-positive recycling endosomes,
transcytosis and the autophagic pathway. Endosomal trafficking of TrkA is instrumental to its

correct signaling output.

Figure 2: Axonal local translation mechanisms in injury response and length sensing. This
schematic depicts mechanisms of axonal mRNA localization, translation and retrograde
transport that underlie injury response and length sensing in neurons. mRNAs undergo
anterograde transport by kinesins in axons along microtubules (MT) in complex with their
respective RNA-binding proteins (RBP), exemplified in this case as nucleolin and importin 1.
Local translation of the cargo RNAs can be induced by injury or at axon tips during active
neuronal growth. De novo synthesized proteins, including transcription factors (TF), undergo
retrograde transport by dynein via binding to adaptor proteins such as the importins. The
dashed line indicates a postulated negative feedback loop, the details of which are still

unknown.

Figure 3: Local translation for localized cytoskeletal regulation. This schematic shows the role
of local translation in growth cone dynamics. B-actin mRNA undergoes anterograde transport
along microtubules (MT) in axons via its interaction with the Zipcode-Binding Protein 1 (ZBP1).
MRNA translation occurs in the growth cone as a consequence of a stimulus and is locally
regulated in a variety of ways, including through RNA binding protein (RBP) phosphorylation,

which causes the RBP to release its cargo mRNA, and through the ubiquitination of the
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translated proteins to target them for degradation. The local translation of B-actin mRNA in the
growth cone modulates the growth cone’s responsiveness to guidance cues and supports axon

branching in sensory neurons.
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