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Abstract

In neurons, long-distance communication between axon terminals and cell bodies is a critical 

determinant in establishing and maintaining neural circuits. Neurotrophins are soluble factors 

secreted by post-synaptic target tissues that retrogradely control axon and dendrite growth, 

survival, and synaptogenesis of innervating neurons. Neurotrophins bind Trk receptor tyrosine 

kinases in axon terminals to promote endocytosis of ligand-bound phosphorylated receptors into 

signaling endosomes. Trk-harboring endosomes function locally in axons to acutely promote 

growth events, and can also be retrogradely transported long-distances to remote cell bodies and 

dendrites to stimulate cytoplasmic and transcriptional signaling necessary for neuron survival, 

morphogenesis, and maturation. Neuronal responsiveness to target-derived neurotrophins also 

requires the precise axonal targeting of newly synthesized Trk receptors. Recent studies suggest 

that anterograde delivery of Trk receptors is regulated by retrograde neurotrophin signaling. In this 

review, we summarize current knowledge on the functions and mechanisms of retrograde 

trafficking of Trk signaling endosomes, and highlight recent discoveries on the forward trafficking 

of nascent receptors.

Introduction

The development and maturation of neural circuits relies on communication between 

neurons and their post-synaptic targets, often located millimeters or even meters away from 

neuronal cell bodies. During embryonic and postnatal development, axons navigate toward 

final targets and upon reaching their destinations, establish connections with target tissues. 

An excess of neurons produced during development is scaled back by interactions with 

targets to ensure a matching of neuronal numbers with the size and demands of the target. 

Additionally, innervated target tissues also relay retrograde signals to influence dendrite 

morphogenesis and synaptogenesis. Diffusible factors secreted by targets shape multiple 

aspects of this neuronal developmental program. The family of neurotrophins provide a 

well-characterized example of these target-derived instructive cues. Neurotrophins include 

nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 

(NT3), and neurotrophin-4 (NT4). Each neurotrophin binds with high-affinity to a specific 
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member of the Trk Receptor Tyrosine Kinase (RTK) family with NGF binding to TrkA, NT4 

and BDNF binding to TrkB, and NT3 binding to TrkC (Huang and Reichardt, 2003). NT3 

also binds with lower affinity to the other Trk receptors, and all neurotrophins bind and 

activate a common p75 receptor, which can either enhance or diminish Trk signaling 

depending on the cellular context. In addition to mature neurotrophins that bind selectively 

to Trk receptors to promote trophic signaling, there are un-processed forms of neurotrophins 

called pro-neurotrophins that act via p75 to largely promote apoptotic events. There are 

several excellent reviews on p75 and pro-neurotrophins (Hempstead, 2014; Meeker and 

Williams, 2015), that discuss their functions and trafficking, which will not be covered here.

A remarkable aspect of neurotrophin signaling is that although neurotrophins bind their 

cognate Trk receptors on axons, they also stimulate transcriptional responses and other 

cellular events that take place at considerable distances away in cell bodies and dendrites. 

How neurotrophins, impinging on nerve terminals, are capable of relaying signals to remote 

somatodendritic compartments is a question that has long fascinated cell biologists and 

neurobiologists. Currently, several lines of evidence suggest that the retrograde neurotrophin 

signal is communicated via internalized neurotrophin-Trk receptor complexes that are 

housed in endocytic vesicles (Barford et al., 2017; Yamashita and Kuruvilla, 2016). These 

specialized vesicles called signaling endosomes act acutely in axons to regulate growth and 

branching events. Furthermore, long-distance transport of these vesicles carries the 

neurotrophin signal from the axons to cell bodies to control transcriptional events necessary 

for survival, growth, and maturation. A subset of axon-derived Trk endosomes are also 

transported to dendritic compartments to regulate synaptic events (Lehigh et al., 2017; 

Sharma et al., 2010). In addition to retrograde transport of autophosphorylated Trk receptors, 

nascent receptors, synthesized in cell bodies, must undergo anterograde trafficking to axons 

to ensure continued responses to target-derived ligands. Compared to the intense focus on 

retrograde trafficking, relatively little is known about anterograde delivery of Trk receptors. 

This review summarizes the current knowledge on the functions and mechanisms of 

retrograde Trk trafficking from axons to somatodendritic compartments. In addition, we 

discuss recent evidence that provides insights into the mechanisms and regulation of the 

anterograde receptor delivery of naïve Trk receptors.

Functions of retrograde neurotrophin signalling

Neuronal survival

The ability of neurotrophins to transmit retrograde signals from distal axons to neuronal 

soma has been classically studied in the context of neuronal survival. Removal of target 

tissues or treatment with neutralizing antibodies against NGF, the founding member of the 

neurotrophin family, leads to the death of neuronal populations in the peripheral nervous 

system (Cowan, 2001; Hamburger, 1992; Levi-Montalcini and Booker, 1960). Genetic 

ablation of NGF or its TrkA receptors elicits profound loss of sympathetic and sensory 

neurons in embryonic and neonatal mice (Crowley et al., 1994; Smeyne et al., 1994). Further 

genetic studies in mice lacking Bdnf, Nt-3, or Nt-4 also pointed to other peripheral neuronal 

populations that relied on neurotrophins for survival (Snider, 1994). These, and other 

experiments, provided support for the neurotrophic factor hypothesis, which states that 
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during development, neurons are overproduced and compete for limiting amounts of 

neurotrophins secreted by their targets for survival (Oppenheim, 1989).

How then could neurotrophins, secreted from peripheral tissues located millimeters to 

meters away from the cell body, promote survival? Early in vivo studies showed that 

injection of radiolabeled neurotrophins into target fields resulted in accumulation of the label 

in neuronal cell bodies, suggesting that part of the retrograde signal involved the ligand itself 

(Hendry et al., 1974). Additionally, phosphorylated Trk receptors could be retrogradely 

transported in vivo by a process dependent on endogenous ligand found in target tissues 

(Bhattacharyya et al., 1997; Ehlers et al., 1995). Ultrastructural analyses of peripheral nerves 

revealed localization of neurotrophins and phosphorylated Trk receptors in vesicular 

organelles (Bhattacharyya et al., 2002; Sandow et al., 2000), although there has been 

considerable debate about the identity of these organelles, that is discussed in detail in the 

Mechanisms of retrograde neurotrophin signaling section below. The use of 

compartmentalized neuron culture systems, where cell bodies and axons are separated in 

distinct fluidic chambers, demonstrated that neurotrophins added exclusively to distal axon 

compartments were both necessary and sufficient to promote neuronal survival (Campenot, 

1982; Mok and Campenot, 2007; Ye et al., 2003). This survival signal required activation of 

Trk receptors in axons and initiation of RTK signaling cascades including the 

phosphatidylinositol 3-kinase (PI-3 kinase)- and MAPK-mediated pathways (Kuruvilla et 

al., 2000; Watson et al., 2001; Ye et al., 2003). Application of neurotrophins to distal axons 

of compartmentalized neuronal cultures elicited the retrograde accumulation of 

autophosphorylated Trk receptors in cell bodies (Riccio et al., 1997; Watson et al., 1999). 

Co-precipitation studies showed that Trk receptors were retrogradely co-transported in a 

complex with the ligand (Tsui-Pierchala and Ginty, 1999; Watson et al., 1999). Notably, 

interfering with Trk kinase activity and downstream trophic signaling in cell bodies, 

following neurotrophin application to axons, resulted in apoptosis (Heerssen et al., 2004; 

Kuruvilla et al., 2000; Ye et al., 2003). Although evidence from several laboratories support 

the notion of axonal transport of ligand-receptor complexes as the primary mode of 

retrograde NGF survival signaling, other models have proposed a non-endosomal 

mechanism of retrograde NGF signal propagation. These models were based on observations 

that NGF immobilized on beads, and thus incapable of internalization, is capable of 

retrogradely promoting neuronal survival (MacInnis and Campenot, 2002). These alternative 

models include the retrograde transport of Trk signaling effectors, retrogradely propagating 

waves of Trk phosphorylation along the plasma membrane, or retrograde propagation of 

regenerating calcium waves (Howe and Mobley, 2004). Whether these mechanisms exist in 

parallel with the transport of signaling endosomes and the extent to which they contribute to 

target-derived trophic support remains unclear.

Retrograde NGF signaling promotes survival in cell bodies by regulating expression of anti-

apoptotic factors and metabolism-related proteins (Deppmann et al., 2008; Mandai et al., 

2009; Pazyra-Murphy et al., 2009), via activation of downstream transcription factors 

including CREB and MEF2D (Pazyra-Murphy et al., 2009; Riccio et al., 1997) (Figure 1). A 

remarkable aspect of retrograde neurotrophin signaling is the activation of positive feedback 

loops that help to distinguish the neurons that survive from those that undergo apoptosis 
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during development (Ascano et al., 2012). In sympathetic neurons, retrograde NGF 

signaling enhances the transcription of its own TrkA receptor and endosomal effectors 

involved in retrograde signaling (Deppmann et al., 2008) (Figure 1). Thus, small differences 

in the initial strengths of NGF signaling are amplified in competing neurons to establish 

differential responsiveness to ligand. Retrograde NGF signaling also augments the 

expression of pro-death factors that act in a paracrine manner to kill neighboring neurons 

with low levels of NGF signaling (Deppmann et al., 2008). Thus, these feedback 

mechanisms enhance the competitive ability of the “winning” neurons, and weaken 

neighboring neurons that do not gain sufficient access to NGF.

Axon growth

In addition to controlling neuronal survival, target-derived neurotrophins also regulate axon 

growth. Developing axons rely on neurotrophic cues secreted by intermediate and final 

targets to navigate toward and innervate final target fields. During sympathetic neuron 

development, axon extension along the vasculature is guided by vascular cues including the 

neurotrophin NT-3, artemin, a member of the glial-derived neurotrophic factor (GDNF) 

family, and endothelin (Glebova and Ginty, 2005; Makita et al., 2008). Upon reaching final 

targets, sympathetic axons extend and arborize extensively to completely innervate target 

fields, and become completely reliant on limiting amounts of target-derived NGF. 

Sympathetic and sensory innervation of final target fields is either absent or incomplete in 

mice lacking NGF (Glebova and Ginty, 2004; Kuruvilla et al., 2004; Patel et al., 2000). 

Conversely, over-expression of NGF in target tissues enhances peripheral nerve growth into 

the targets (Davis et al., 1994; Edwards et al., 1989; Hassankhani et al., 1995). Interestingly, 

although the two neurotrophins, NT-3 and NGF, mediate distinct stages of sympathetic axon 

growth, they do so by acting through a common TrkA receptor (Kuruvilla et al., 2004). This 

difference in functional outcomes is related to the differential abilities of the two ligands to 

initiate retrograde signaling. In contrast to NGF, NT-3 is incapable of activating retrograde 

transport of TrkA receptors, and promotes axon outgrowth predominantly via local signaling 

mechanisms (Harrington et al., 2011; Kuruvilla et al., 2004).

The importance of axon-intrinsic mechanisms in mediating neurotrophin-dependent growth 

has been appreciated through the use of compartmentalized cultures. In Campenot chamber 

cultures, the barrier separating the cell body and distal axon compartments is >1 mm, thus 

long neurites that traverse this length are most likely axons, while the cell body 

compartments consist of cell bodies, dendrites, and proximal axons. Application of NGF 

exclusively to sympathetic axons promoted axon growth, while application to cell bodies did 

not (Campenot, 1977). Importantly, if NGF is removed from the distal axons, but left in the 

medium bathing the cell bodies, the axons retract although the neurons survive. Therefore, 

neurotrophin signaling initiated in axons is both necessary and sufficient to support axon 

growth. Trk signaling instructs axonal growth by impinging on the axonal cytoskeleton 

through activation of the MAPK and PI-3K/Akt signaling pathways (Atwal et al., 2000), and 

their downstream effectors including Rac1, the Arp2/3 complex, glycogen synthase kinase 

3β (GSK3β), and adenomatous polyposis coli (APC) (Spillane et al., 2012; Zhou et al., 

2004). In distal axons, the growth-promoting effects of NGF may be mediated by signaling 

from surface TrkA receptors or by endosomal signaling from internalized receptors. In 
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sympathetic axons, NGF promotes growth by activating an endocytic pathway that involves 

regulation of dynamin1. NGF-TrkA signaling stimulates calcineurin, a calcium-dependent 

phosphatase, to dephosphorylate dynamin1, driving receptor internalization (Bodmer et al., 

2011). Calcineurin-dynamin1-mediated endocytosis of TrkA receptors is required for axon 

growth and final target innervation in the sympathetic nervous system (Bodmer et al., 2011).

In addition to regulation of cytoskeletal and endocytic trafficking pathways, a key 

mechanism underlying the growth-promoting effects of neurotrophins involves intra-axonal 

protein synthesis (Spillane et al., 2013; Terenzio et al., 2017). In compartmentalized 

cultures, focal neurotrophin stimulation of distal axons results in axonal localization of 

diverse classes of mRNAs involved in cytoskeletal regulation, mitochondrial functions, 

signaling, and components of the translational machinery (Andreassi et al., 2010; Willis et 

al., 2007). RNA-binding proteins such as SFPQ mediate the transport of RNA granules to 

axons in response to neurotrophin stimulation (Cosker et al., 2016). Notably, neurotrophin 

signaling in distal axons stimulates the local synthesis of proteins that are critical for axon 

viability. For example, Impa1, a gene critical for lipid metabolism, is one of the most 

abundant transcripts in sympathetic axons (Andreassi et al., 2010). Impa1 mRNA is targeted 

to axons and locally translated in response to NGF stimulation of axons (Andreassi et al., 

2010). Silencing of axonal Impa1 synthesis elicits axonal degeneration even in the presence 

of NGF (Andreassi et al., 2010).

Retrograde neurotrophin signaling also promotes axon growth and branching via activation 

of transcriptional programs. Knockout mice lacking the transcription factors CREB, Serum 

Response Factor (SRF), NFAT, or Early Growth Response 3 (Egr3), exhibit severe 

abnormalities in axon outgrowth and target innervation in neurotrophin-responsive neuronal 

populations (Eldredge et al., 2008; Graef et al., 2003; Lonze and Ginty, 2002; 

Wickramasinghe et al., 2008). Growth-promoting genes regulated by retrograde 

neurotrophin signaling include the neurotrophin receptors themselves, membrane proteins of 

the leucine-rich repeat and immunoglobulin (LIG) family, cytoskeletal regulators, and 

secreted Wnt proteins that act in an autocrine fashion to instruct axon arborizaton of final 

target fields (Bodmer et al., 2009; Deppmann et al., 2008; Estrach et al., 2002; Mandai et al., 

2009) (Figure 1).

Dendrite growth and synapse assembly

Early studies demonstrated that dendrite arbors of post-ganglionic sympathetic neurons 

increase in complexity upon axon innervation of peripheral target tissues, suggesting a role 

for retrograde signaling in the process (Rubin, 1985; Voyvodic, 1987). In vivo 
administration of NGF enhanced dendrite complexity during development, while 

neutralizing NGF had opposite effects (Ruit and Snider, 1991; Snider, 1988). Similar results 

were seen in adult mice where systemic NGF administration, or treatment with NGF 

blocking antibodies, altered dendrite elaboration (Ruit et al., 1990). Taken together, these 

results suggest that retrograde NGF signaling promotes the elaboration and maintenance of 

dendrites. However, the molecular underpinnings and transcriptional targets necessary for 

this process remain undefined.
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An additional level of control of sympathetic nervous system circuitry by retrograde NGF 

signaling comes from the regulation of synaptic connectivity between pre- and post-

ganglionic neurons. Dendrites of post-ganglionic sympathetic neurons receive synaptic input 

from pre-ganglionic sympathetic axons. Recent studies indicate that retrograde NGF 

signaling promotes the development of post-synaptic specializations, and the assembly of 

synaptic machinery components in sympathetic neuron dendrites (Lehigh et al., 2017; 

Sharma et al., 2010). Axon-derived TrkA signaling endosomes are required locally in 

dendritic compartments of postganglionic sympathetic neurons to maintain their synaptic 

inputs with preganglionic neurons in vivo (Lehigh et al., 2017).

Mechanisms of retrograde neurotrophin signaling

It is now appreciated that several functions of target-derived neurotrophins are mediated by 

the retrograde transport of neurotrophin-bound Trk receptors in signaling endosomes from 

distal axons to neuronal soma and dendrites (Ascano et al., 2012; Harrington and Ginty, 

2013). The formation of Trk endosomes begins with internalization of ligand-bound active 

receptors in axon terminals, which can occur either by clathrin-mediated endocytosis, (Howe 

et al., 2001) or Pincher-mediated micropinocytosis (Shao et al., 2002; Valdez et al., 2007). 

Both modes of internalization require the endocytic GTPase, dynamin. In sympathetic 

axons, NGF-TrkA signaling regulates dynamin-mediated endocytosis via a signaling 

pathway that involves recruitment of the downstream effector, Phospholipase Cγ1, and 

subsequent activation of the calcineurin phosphatase (Bodmer et al., 2011) (Figure 1a). 

Calcineurin dephosphorylates neuron-specific splicing isoforms of dynamin-1 to trigger 

detachment of TrkA endosomes from the plasma membrane (Bodmer et al., 2011). To 

traverse a dense actin meshwork in axon terminals, TrkA endosomes recruit the actin-

modulatory proteins, Rac1 and cofilin, to promote actin severing to facilitate retrograde 

transport (Harrington et al., 2011) (Figure 1a). These findings suggest that Trk receptor-

mediated signaling events actively regulate the endocytic machinery and axonal cytoskeleton 

to drive its own trafficking.

The question of the identity of the endocytic vesicles responsible for retrograde transport of 

neurotrophin signals has generated significant debate in the field. Early ultrastructural 

analyses revealed active TrkA receptors being retrogradely transported in heterogeneous 

vesicles of different sizes, both coated and uncoated vesicles, and multi-vesicular bodies 

(Bhattacharyya et al., 2002). Biochemical isolation of NGF-TrkA containing vesicles from 

sciatic nerve preparations showed the presence of Rab5, an early endosome marker, in these 

vesicles (Delcroix et al., 2003). Other studies have argued that retrograde Trk transport is 

mediated by Rab7-positive late endosomes (Deinhardt et al., 2006). Together, these findings 

might reflect a dynamic maturation of Trk-positive vesicles from early to late endosomes 

during the transport process or the coexistence of distinct organelles that carry the retrograde 

signal. Several lines of evidence have also supported the role of multi-vesicular bodies 

(MVBs) in retrograde transport of Trk receptors (Weible and Hendry, 2004). Early ultra-

structural studies showed that 125I-NGF, added to distal axons of compartmentalized 

sympathetic neurons, was predominantly found in MVBs in cell bodies (Claude et al., 1982). 

Similarly, gold-labeled NGF injected into peripheral targets or phosphorylated TrkA 

receptors were found to associate with MVBs in axons in vivo (Bhattacharyya et al., 2002; 
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Sandow et al., 2000). These early studies have been strengthened by more recent evidence 

using sympathetic neurons isolated from a FLAG-TrkA knock-in mouse line, where the 

majority (>70%) of retrogradely transported TrkA organelles in axons were found to be 

MVBs that are positive for Rab7 (Ye et al., 2018). Immuno-electron microcopy analyses 

suggest that the TrkA receptors, found both at the MVB limiting membrane and in the 

intraluminal vesicles, are axonally transported in a phosphorylated state and associated with 

signaling effectors such as phosphorylated PLCγ. Since the topology of TrkA receptors in 

MVB intraluminal vesicles would be restrictive for relaying signals to cytoplasmic effectors 

and to ultimately influence transcriptional events, the authors propose a model where MVBs 

mature into single-membrane vesicles that are signaling-competent upon reaching cell 

bodies (Ye et al., 2018). Intriguingly, in cortical and hippocampal neurons, Rab7-positive 

autophagosomes have been postulated to be the retrograde carriers for active TrkB receptors 

(Kononenko et al., 2017). Retrograde transport of TrkB-containing autophagosomes is 

mediated by a protein complex consisting of LC3, an autophagosome-associated protein, the 

p150-Glued subunit of the dynactin complex, and AP2, an endocytic adaptor protein. 

Autophagosomes may be well-positioned to carry the retrograde neurotrophin signal since 

they are preferentially generated in distal axons, undergo vectorial transport exclusively in 

the retrograde direction, and organelle maturation during transport to the soma (Maday et al., 

2012), similar to observations made for retrogradely transported Trk vesicles. Conversely, 

one argument against autophagosomes as being the retrograde carriers of the Trk signal is 

that they are derived from axonal Endoplasmic Reticulum (ER) domains, and not from the 

plasma membrane at least under basal conditions (Maday et al., 2012). The observations of 

heterogenous Trk-containing vesicular structures raise the possibility of functionally distinct 

classes of Trk-signaling endosomes that may be specialized to mediate different biological 

outcomes.

The translocation of active Trk receptors from distal processes to cell bodies occurs by 

dynein motor-driven transport along axonal microtubules (Heerssen et al., 2004) (Figure 1b). 

In axons, microtubules are arranged as parallel arrays, with their minus ends oriented toward 

the soma and plus ends toward axon terminals. Live imaging analyses revealed distal axon-

derived TrkA endosomes moving exclusively in the retrograde direction in a saltatory 

manner with intermittent pauses and an average speed of 1.2 μm/sec (Lehigh et al., 2017), 

consistent with the speed of dynein-based transport. Recruitment of dynein motors to Trk 

signaling endosomes is mediated either by direct interactions of Trk receptors with the 

dynein light chains, (Yano et al., 2001) or indirect interactions with adaptor proteins such as 

snapin and retrolinkin (Liu et al., 2007; Zhou et al., 2012). Additionally, the recruitment of 

dynein motors to Trk endosomes involves Trk receptor kinase-mediated phosphorylation of 

dynein intermediate chains on a conserved serine (Mitchell et al., 2012), suggesting that Trk 

signaling regulates its own retrograde transport (Figure 1b). Intriguingly, dynein cofactors, 

Lis1 and p150 Glued, are locally translated in axons in a manner dependent on neurotrophin 

signaling, and their intra-axonal synthesis was necessary for retrograde transport of multiple 

cargo, including neurotrophin endosomes (Villarin et al., 2016). This presents a novel 

mechanism by which neurotrophin signaling regulates the availability of dynein motor 

components in axons to control retrograde transport.
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The trafficking fate of Trk-harboring endosomes upon reaching soma has only begun to be 

elucidated (Figure 1c). Live imaging analyses reveal that on reaching cell bodies, axon-

derived Trk endosomes slow down, stall, and accumulate in the soma (Lehigh et al., 2017). 

Interestingly, one of the fates of retrogradely transported active Trk receptors is to undergo 

exocytosis to the soma surface (Suo et al., 2014; Yamashita et al., 2017), where these 

receptors interact with naïve Trk receptors to influence their anterograde transcytosis to 

axons (Yamashita et al., 2017 (Figure 1c), (discussed in detail in Anterograde trafficking of 

Trk receptors section below). Trk signaling endosomes are also capable of persistent 

signaling in cell bodies to activate transcriptional changes necessary for survival and growth 

(Suo, 2014 #3339) (Figure 1d). The sustained signaling may be facilitated, in part, by local 

recycling of axon-derived Trk receptors in the soma. Retrogradely transported TrkA 

receptors shuttle between the soma surface and interior in a manner dependent on the 

endosomal effector, Coronin-1 (Suo et al., 2014) (Figure 1c). Coronin-1-mediated somatic 

recycling has been postulated to extend the lifetime of Trk signaling endosomes by allowing 

them to evade lysosomal fusion and degradation (Barford et al., 2017; Suo et al., 2014). It 

remains unclear if the axon-derived TrkA receptors that interact with naïve receptors on the 

soma surface to promote transcytosis are the same population that recycle in cell bodies for 

persistent trophic signaling, or if these effects reflect distinct sub-sets of axon-derived 

receptors.

In addition to somatic functions, a small subset (4.2%) of axon-derived Trk endosomes 

further translocate to dendrites of sympathetic neurons (Lehigh et al., 2017). The dynamics 

of TrkA endosome transport in dendrites is distinct from that in axons, with frequent bi-

directional and oscillatory movements, and an overall reduced speed (Lehigh et al., 2017). 

Axon-derived TrkA receptors were phosphorylated in dendrites, suggesting that they were 

signaling-competent and they were juxtaposed to clusters of post-synaptic density proteins, 

MAGUK, Shank, GKAP, and nAChRs (Lehigh et al., 2017; Sharma et al., 2010). Notably, 

axon-derived TrkA receptors signal locally in dendritic compartments in a manner 

independent of transcription to regulate the maintenance of synaptic clusters (Figure 1e). 

About 20% of the dendritic endosomes were found to be stationary, suggesting these 

endosomes may demarcate the sites of synaptic assembly.

Together, these studies support the notion that axon-derived Trk endosomes have far-

reaching effects in morphologically complex neurons and they exert control of the neuronal 

development program at multiple levels.

Anterograde trafficking of Trk receptors

An essential feature of neurotrophin signaling is having Trk receptors in the right place at 

the right time. Internalization of TrkA receptors in axon terminals and retrograde transport to 

cell bodies for trophic communication must be balanced by the anterograde delivery of 

newly synthesized or somatic recycling receptors to axons to ensure continued responses to 

target-derived ligand. Compared to the intense focus on retrograde trafficking of TrkA 

receptors, relatively little is known about their anterograde trafficking.
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Secretory pathway trafficking

It has been assumed that the majority of membrane proteins, including Trk receptors, are 

constitutively delivered to axons via the secretory pathway where proteins are shipped 

directly to axons in Golgi-derived vesicles after biosynthesis in the ER-Golgi network in cell 

bodies. Limited studies conducted so far on Trk receptors have favored this model of 

constitutive receptor transport through the secretory pathway. Trk receptors physically 

associate with sortilin, a Vps10 domain family member that regulates receptor sorting at the 

Golgi apparatus (Vaegter et al., 2011). Sortilin knockout mice exhibit impaired anterograde 

Trk transport, deficits in neurotrophin-induced signaling, and neurite outgrowth in sensory 

neurons (Vaegter et al., 2011). How sortilin affects Trk transport is unclear, but several roles 

have been proposed including facilitating receptor exit from the Trans-Golgi-Network 

(TGN) (Figure 2a), or acting as a scaffold protein to link Trks to anterograde kinesin motors 

(Vaegter et al., 2011). Sortilin likely functions in concert with binding partners such as 

ARHGAP33, a brain-enriched sorting nexin, in promoting Trk receptor biosynthetic 

trafficking (Figure 2a). Loss of ARHGAP33 results in retention of the TrkB receptor in the 

Golgi apparatus, and ARHGAP33-deficient mice show aberrant spine morphogenesis in 

hippocampal granule cells in the dentate gyrus, and behavioral deficits (Nakazawa et al., 

2016), emphasizing the critical function of anterograde TrkB trafficking in development and 

functions of brain circuits.

Of the 45 microtubule plus-end directed kinesin motors, KIF1A and kinesin-1 have been 

identified as the motors that transport Trk receptors as cargo (Figure 2b). In sensory neurons, 

TrkA receptors are transported in Rab3-positive secretory vesicles by KIF1A (Tanaka et al., 

2016). Adult mice that are haplo-insufficient for KIF1A exhibit a progressive and specific 

loss of TrkA-positive sensory neurons, resulting in diminished nociceptive behaviors 

(Tanaka et al., 2016). In hippocampal neurons, an adaptor complex consisting of the Rab27B 

GTPase, it’s effector, Slp1, and a microtubule-binding protein, CRMP-2, links TrkB vesicles 

to Kinesin-1 for anterograde transport (Arimura et al., 2009). These studies suggest that 

specific secretory Rab GTPases might mediate the recognition and sorting of individual Trk 

family members. In addition to the Rab27B-Slp1-CRMP-2 complex, other adaptors such as 

JIP3 and JIP1 may function to transport Trk receptors in axons. JIP3 binds directly to TrkB 

and serves to couple the receptor to the kinesin light chain (Huang et al., 2011). JIP3 may 

function cooperatively with JIP1 to relieve auto-inhibition of kinesin (Sun et al., 2017). 

Knockdown of either JIP3 or JIP1 diminishes TrkB anterograde transport in axons, but not 

in dendrites of hippocampal neurons (Huang et al., 2011; Sun et al., 2017). Together, these 

findings support the notion that physical association of Trk receptors with the anterograde 

transport machinery regulates their forward trafficking.

Transcytosis

In addition to the classical Golgi-derived secretory pathway, axon targeting of membrane 

proteins is accomplished by an endocytosis-dependent mechanism called transcytosis, where 

proteins are initially delivered to somatodendritic compartments, then internalized and 

anterogradely transported for insertion into axon terminals (Winckler and Mellman, 2010). 

Transcytosis has been best characterized in polarized epithelial cells where endocytic 

trafficking from basolateral to apical surfaces is the primary mode for delivery of newly 
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synthesized apical membrane proteins (Tuma and Hubbard, 2003). In neurons, transcytotic 

delivery has been demonstrated for a limited number of membrane proteins including 

NgCAM, a cell adhesion molecule important for axon guidance (Wisco et al., 2003), β1-

integrin receptors, known to mediate growth cone motility and neurite outgrowth (Eva et al., 

2010), the type 1 cannabinoid receptor (CB1R), an abundant G-protein coupled receptor 

implicated in synaptic plasticity (Leterrier et al., 2006), and the TrkA neurotrophin receptor 

(Ascano et al., 2009). Membrane flux through the endocytic pathway has been estimated to 

be ten times greater than via the secretory pathway (Horton and Ehlers, 2003). Thus, 

transcytosis might be more efficient for rapid responses to extrinsic cues than the classical 

pathway. The considerable heterogeneity of endocytic organelles compared to secretory 

vesicles might also allow for more plasticity in regulation of axonal trafficking.

In sympathetic neurons, naïve TrkA receptors resident on plasma membrane of cell bodies 

are internalized and trafficked to axons via Rab11-positive recycling vesicles (Ascano et al., 

2009). Remarkably, anterograde TrkA transcytosis is triggered by NGF itself acting on 

axons (Ascano et al., 2009; Yamashita et al., 2017), suggesting a positive feedback 

mechanism that might serve to dynamically scale up axonal receptor levels to enhance 

neuronal sensitivity to limiting amounts of target-derived ligand. Mechanistically, 

anterograde TrkA transcytosis is controlled by the activity of retrogradely transported TrkA 

signaling endosomes (Figure 2c). Upon reaching cell bodies, axon-derived active receptors 

are exocytosed to soma cell surface membranes where they promote the phosphorylation of 

resident naive receptors resulting in their internalization (Yamashita et al., 2017). TrkA 

transcytosis is also primed by the activity of an ER-resident protein tyrosine phosphatase, 

PTP1B (Yamashita et al., 2017) (Figure 2c). PTP1B has its catalytic domain on the cytosolic 

face and dephosphorylates active RTKs harbored in endosomes as they transit past the ER 

(Stuible and Tremblay, 2010). Internalized somatic TrkA receptors are dephosphorylated by 

PTP1B prior to axonal transport. PTP1B inactivation prevents TrkA exit from soma and 

causes receptor degradation (Yamashita et al., 2017), suggesting a “gate-keeper” mechanism 

that ensures targeting of inactive receptors to axons to engage with ligand. Together, these 

findings suggest a positive feedback loop by which target-derived NGF recruits its own 

receptors to nerve terminals to amplify neuronal responsiveness during a developmental 

competition for survival and innervation of end-organs.

These findings raise several key questions regarding how TrkA receptor transcytosis is 

initiated in neuronal cell bodies, the endocytic itinerary of transcytosing receptors following 

internalization, their trafficking dynamics in axons, and whether TrkA receptors are co-

transported with other membrane proteins known to undergo transcytosis. It also remains 

unclear if different modes of axonal targeting of Trk receptors co-exist or operate at different 

stages in the lifetime of the neuron. An attractive hypothesis is that, for sympathetic axons, 

constitutive delivery via the secretory pathway might serve to transport TrkA receptors prior 

to target innervation. However, when sympathetic axons reach final NGF-expressing targets, 

retrograde NGF signaling endosomes actively trigger transcytosis to augment delivery of 

nascent TrkA receptors.
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Discussion

Retrograde Trk receptor signaling exemplifies the significance of endosomal signaling by 

receptor tyrosine kinases in the formation, maintenance and functions of the nervous system. 

From the canonical view of retrograde Trk trafficking mediating neuron survival via 

transcriptional signaling, the repertoire of functions executed by Trk signaling endosomes 

has expanded to include new roles in diverse sub-cellular locales throughout the neuron, 

from promoting growth at axon terminals, to regulating synaptogenesis in dendritic 

compartments, to communicating with naïve receptors on the soma membrane. Despite 

progress, several questions and challenges remain in gaining a thorough understanding of the 

scope of functions mediated by Trk signaling endosomes and the mechanistic underpinnings. 

Are there distinct signaling endosomes specialized for each function? Which signaling 

effectors act downstream of Trk-harboring endosomes in axons, soma, and dendrites to 

facilitate compartment-specific functions? Are there compartment-specific differences in the 

transport machinery, such as different adaptors, RAB GTPases, tethering factors, SNAREs, 

and motor proteins, that contribute to the distinct behaviors and motilities of Trk endosomes 

in different neuronal sub-domains? How does Trk signaling regulate its own trafficking and 

sorting from other axonal cargo? How are Trk endosomes capable of sustained intracellular 

signaling, and how is the signal ultimately terminated? Interestingly, a recent study proposed 

a coupling between the retrograde flux of Trk signaling endosomes and synaptic activity 

(Wang et al., 2016). Trk receptor endocytosis is known to be influenced by neuronal activity 

and Ca2+ influx (Du et al., 2003). Together, these results imply that more active neurons 

have a competitive advantage in relaying the retrograde survival signal to neuronal soma. 

Elucidating the precise molecular mechanisms by which synaptic activity regulates Trk 

receptor endocytosis, sorting, and axonal transport is an area of future interest.

The forward trafficking of Trk receptors remains an even more poorly researched area. 

Elucidating the regulatory mechanisms controlling the delivery of Trk receptors to their 

functional destinations in axons is essential for a fundamental understanding of the biology 

of neurotrophins, and will also provide a foundation for the general understanding of axonal 

targeting of membrane proteins. In particular, recent findings that Trk receptor trafficking is 

regulated by PTP1B, an ER-resident protein tyrosine phosphatase (Yamashita et al., 2017), 

support the idea that communication between Trk-harboring endosomes and other cellular 

organelles such as the ER influences receptor sorting decisions and signaling.

While endocytic trafficking has been established to be essential for neurotrophin-mediated 

nervous system development under normal circumstances, disturbances in trafficking have 

been postulated to contribute to neuronal dysfunction in neurodevelopmental disorders and 

neurodegenerative diseases (Chen et al., 2018; Cosker and Segal, 2014). Increased gene 

dosage for amyloid precursor protein (APP) and RCAN1, an endogenous inhibitor of 

calcineurin, have been linked to aberrant retrograde neurotrophin trafficking and neuronal 

atrophy or loss in basal forebrain cholinergic neurons and sympathetic neurons, respectively, 

in mouse models of Down syndrome (Patel et al., 2015; Salehi et al., 2006). Missense Rab7 
mutations are linked to Charcot-Marie-Tooth type 2B, a peripheral neuropathy, and disease-

associated Rab7 variants perturb TrkA trafficking, signaling and neurite outgrowth 

(BasuRay et al., 2010; Zhang et al., 2013). In mice, deletion of an endosomal sodium proton 
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exchanger, NHE6, linked to an autism-related neurodevelopmental disorder called 

Christianson’s Syndrome, results in defects in neuronal morphogenesis in the developing 

hippocampus and cortex, likely due to over-acidification of endosomes and enhanced 

degradation of TrkB (Ouyang et al., 2013). Furthermore, defective retrograde transport of 

BDNF and TrkB receptors has been documented in striatal dendrites and in cortical axons in 

mouse models of Huntington Disease (Liot et al., 2013; Zhao et al., 2016). Together, these 

findings underscore the importance of fully elucidating the molecular underpinnings of 

polarized trafficking of neurotrophin receptors in neurons.
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Highlights

• Retrograde neurotrophin signaling instructs diverse developmental events

• Axon-derived Trk endosomes exert local and long-range effects in neurons

• Trk signaling directs its own trafficking

• Axonal targeting of Trk receptors is regulated
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Figure 1. Retrograde Trk signaling endosomes regulate diverse developmental events in multiple 
neuronal compartments
(a) In axon terminals, NGF promotes endocytosis of its TrkA receptors by activating a 

signaling pathway that involves PLCγ1, calcineurin, and dynamin1. NGF-TrkA-containing 

signaling endosomes promote local growth events and are also retrogradely transported back 

to neuronal soma. TrkA endosomal signaling controls its own vesicular trafficking by 

stimulating breakdown of a dense actin meshwork in axon terminals. (b) Activated Trk 

receptors are transported along axonal microtubules in endosomes, positive for Rab5 or 

Rab7, by dynein motors. Trk receptors interact with dynein motors either directly or 

indirectly via adaptors. Trk signaling actively recruits dynein motors via phosphorylation of 

dynein intermediate chains. (c) In cell bodies, axon-derived Trk endosomes are exocytosed 

to soma surfaces where they interact with nascent receptors to influence their forward 

trafficking to axons (transcytosis). Persistent Trk signaling may be facilitated by Coronin-1-

mediated local recycling, which allows receptors to evade lysosomal fusion and degradation. 

(d) Somatic signaling by Trk endosomes activates transcriptional programs necessary for 

survival and growth. (e) A sub-set of axon-derived Trk endosomes signal locally in dendrites 

to modulate the assembly of post-synaptic components.
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Figure 2. Mechanisms for anterograde delivery of Trk receptors
(a) Constitutive delivery of Trk receptors to axons via the secretory pathway. Exit of Trk 

receptors from the trans-Golgi-network may be mediated by interactions with sortilin, and 

its binding partner, ARHGAP33. (b) Anterograde transport of Trk receptors in secretory 

vesicles that are positive for Rab3 or Rab27B, mediated by kinesin motors, KIF1A or 

Kinesin-1. Trk receptors are coupled to kinesin motors with the help of adaptors such as 

Slp1, CRMP-2, JIP1 or JIP3. (c) In addition to the canonical secretory pathway, Trk 

receptors undergo axonal targeting via transcytosis, where soma surface-resident receptors 

are internalized and transported to axons in Rab11-positive recycling endosomes. Retrograde 

NGF signaling is necessary for anterograde transcytosis of TrkA receptors. Active axon-

derived TrkA receptors are inserted on soma surfaces where they elicit phosphorylation and 

subsequent endocytosis of naive soma surface receptors. Endocytosed receptors are 

dephosphorylated by PTP1B, an Endoplasmic Reticulum-resident protein tyrosine 
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phosphatase, to ensure axon targeting of inactive receptors to engage with ligand at 

terminals.
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