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Preface

Neurons are like modern cities, dependent on robust transport mechanisms. Like the best mass 

transit systems, trafficking within neurons must be tailored to respond to local requirements. 

Neurons depend on both high-speed, long-distance transport and localized dynamics to correctly 

deliver cargos and tune synaptic responses. Here, we focus on the mechanisms that provide 

localized regulation of the transport machinery, including the cytoskeleton and molecular motors, 

to yield compartment-specific trafficking within the axon initial segment, axon terminal, dendrites, 

and spines. The synthesis of these mechanisms provides a sophisticated and responsive transit 

system for the cell.
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Introduction

Neurons are large, polarized, and highly active cells that rely continuously on directed 

intracellular transport. In the soma, newly synthesized proteins bud from the Golgi in 

transport vesicles that must be trafficked out to sites of need at the cell periphery 1. In axons, 

the transport of newly synthesized proteins occurs over distances of up to a meter, taking 

from minutes to months 2. In dendrites, dynamic transport is required for the synaptic 

plasticity underlying learning and memory 3. While all of these processes involve a core set 

of cytoskeletal proteins and molecular motors, the specific needs and composition of each 

compartment are distinct.

Here, we focus on how common mechanisms of cytoskeletal-based transport are 

differentially executed to regulate trafficking within specific subcellular domains of the 

neuron, or adapted to complement local morphology and function. Neuronal compartments 

differ markedly in their cytoskeletal organization (Figure 1). For example, the functional 

distinction between axons and dendrites is mirrored by underlying differences in the 
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microtubule organization between these regions 4. Further, neither the axon nor dendrites 

exhibit a uniform cytoskeletal organization. Within axons, microtubules are differentially 

organized within the axon initial segment (AIS), the mid-axon, and the axon terminal 5. 

Similarly, within dendrites, cytoskeletal organization can vary significantly in proximal 

versus distal processes, and is distinctly different within dendritic spines 6,7. These 

differences in cytoskeletal organization have profound effects on cytoskeletal-based 

transport mechanisms, and allow for exquisite local control of organelle trafficking within 

specific subcellular domains.

New research is teasing apart the locally specific mechanisms that allow for the precise 

targeting of newly synthesized proteins and the effective long-distance transport of key 

signaling molecules. These studies are beginning to reveal common themes, including the 

overall role of cytoskeletal polarity, the modulation of cytoskeletal tracks by post-

translational modifications (PTMs), the contribution of microtubule-associated proteins 

(MAPs), and the precise control of multiple motors bound to the same cargo. This review 

will explore how common cytoskeletal components that contribute to neuronal trafficking, 

including microtubules, actin, associated proteins that regulate filament organization and 

dynamics (Box 1), and the molecular motors that drive transport along the cytoskeleton (Box 

2), are adapted locally to fulfill distinct functions. The basic mechanisms of axonal transport 

and neuronal polarity have been reviewed recently 1,8–11, allowing us to focus here on how 

these mechanisms are specifically tailored to provide a locally adapted, regionally 

responsive transport system for the neuron.

The distinct morphologies and functions of each neuronal compartment (axon vs. dendrite, 

spine vs. shaft, AIS vs. axon terminal) predict that there will be pronounced differences in 

the regulation of trafficking in each compartment. Importantly, there is no single 

predominant mechanism; instead, compartment size and function, and the kinetics required 

to maintain this function, determine the ‘optimal’ regulatory scheme. For example, the AIS 

serves as a proximal filter for anterograde transport along the axon that also must 

permissively allow for robust retrograde transport. The axon terminal is often very far from 

the nucleus, yet must effectively send high-speed signals such as neurotrophins down the 

line to effect gene expression. Finally, the dendritic arbor is dynamic and activity-responsive, 

but can also be highly elaborated with a large internal volume, thus requiring very effective 

two-way trafficking. Below, we provide high-resolution snapshots of recent advances in our 

understanding of localized regulation and trafficking within subcellular regions of interest, 

including the mid-axon, the AIS, the axon terminal, dendrites, and spines. Together, these 

snapshots provide a more comprehensive picture of organelle trafficking within the neuron.

Trafficking along the mid-axon

The neuronal axon can extend more than a meter in length, and is generally permissive for 

sustained microtubule-based transport of organelles, vesicles, and proteins. Transport along 

the mid-axon is the best-studied aspect of neuronal trafficking to date 8, primarily due to the 

unipolar array of microtubules in this region and the higher stability of the axonal 

microtubule cytoskeleton, as compared to the higher levels of dynamic instability and 

cytoskeletal remodeling seen in the distal axonal terminal or in dendrites. Thus, axonal 
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microtubules are preferentially enriched in PTMs that accumulate on stable microtubules, 

such as detyrosination 12,13.

Kinesin-1 and other motors of the kinesin superfamily, including members of the kinesin-2, 

kinesin-3, and kinesin-4 families drive anterograde axonal transport. In contrast, cytoplasmic 

dynein is the sole motor driving long-range retrograde axonal transport. Myosin motors, 

interacting with actin filaments also contribute to axonal transport, likely facilitating the 

initiation and termination of microtubule-motor-driven runs 14 as well as driving motility in 

regions with low microtubule density or high actin density 15–17.

Motor recruitment and activity on specific cargos of interest is still a very active topic of 

investigation, but generally appears to be regulated by organelle-associated GTPases such as 

Arl8, Rab3, Rab4 and Rab7. For example, Arl8b regulates the kinesin-1-dependent motility 

of lysosomes into axons 18, Rab3 regulates the kinesin-3-dependent motility of synaptic 

vesicle precursors 19, Rab4 regulates the anterograde transport of vesicles by kinesin-2 20, 

and the dynein-driven motility of late endosomes/lysosomes is regulated by Rab7 21. 

Additional levels of regulation are provided by motor effectors such as kinesin binding 

protein, a negative regulator of some kinesin motors 22. Cytoplasmic dynein is regulated by 

a growing list of effectors. Dynactin, the first to be identified 23,24, is a multi-subunit 

complex that binds directly to dynein and enhances initial engagement of the motor with its 

track25,26. BICD2, Hook1, and Hook3 are effectors that enhance the affinity of the dynein-

dynactin interaction and thus the processive motility of the active motor complex 27–31, 

while Lis1 and NDEL1 enhance the attachment of dynein to the microtubule 32,33.

In the simplest model for regulation of motor-driven transport along the axon, anterograde 

cargos would be driven by a plus end-directed kinesin motor, while retrograde cargos would 

be driven by the minus-end directed motor cytoplasmic dynein. However, both biochemical 

and cellular studies indicate that opposing kinesin and dynein motors are simultaneously and 

stably bound to cargos undergoing transport along the axon. This has been shown 

experimentally for late endosomes/lysosomes 34, prion protein vesicles 35, and 

autophagosomes 36. Both genetic approaches and inhibitor studies demonstrate that the 

activities of cargo-attached motors are interdependent, as manipulations that target either 

kinesin or dynein motors often result in a bidirectional block in axonal transport (reviewed 

in 37).

If kinesin and dynein motors are both bound to a cargo, then how are the opposing activities 

of these motors regulated? Again, the simplest possible model posits that motors are 

engaged in a tug-of-war, resulting in stochastic switching between anterograde- and 

retrograde-directed runs. This model, at least to a first approximation, can account for the 

motility of some bidirectional cargo such as late endosomes/lysosomes, which undergo 

frequent switches in direction as they move along the axon 34. However, this model cannot 

account for cargos such as autophagosomes, which make long unidirectional runs along the 

axon 36. Instead, accumulating evidence indicates that the motility of many organelles 

moving along the axon may be tightly regulated by scaffolding proteins including JIP1 38, 

JIP3 39, and Milton 40, also known as TRAK1/2 41. Many of these scaffolding proteins can 

bind to both kinesin and dynein motors, and thus directly regulate their activities 42. For 
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example, the binding of JIP1 to kinesin-1 can modulate the transition from an auto-inhibited 

state, in which the kinesin motor domain is docked to its tail domain, to an extended 

conformation in which the motor is fully active. Modulation of kinesin activity is dependent 

on the phosphorylation state of JIP1 38,43, allowing for the tuning of organelle motility 

within the neuron. Similarly, the motility of mitochondria along the axon is regulated by the 

scaffolding protein Milton, also known as TRAK1/2 40,41 in response to local changes in 

calcium concentration 44.

Further, scaffolding proteins may be a major factor in maintaining the highly processive, 

unidirectional motility of some cargos moving along the mid-axon, as these proteins may 

bind upstream regulator kinases and phosphatases in addition to interacting directly with 

motors. For example, autophagosomes are formed at the axon tip and initially move in a 

bidirectional manner driven by kinesins and dynein 36. The binding of JIP1 is correlated 

with a switch to unidirectional, dynein-driven motility toward the soma 43. Of note, JIP1 can 

bind to both a kinase (JNK) and a phosphatase (MKP1) 42,43, suggesting an integrated 

regulatory unit may lead to sustained transport of axonal cargos over long distances.

Perhaps the most interesting outstanding question in regard to transport along the mid-axon 

relates to regulation of transport initiation and termination. As cargos process along the axon 

from soma to terminal, they cannot run along a single microtubule track. Both serial EM 

reconstructions 45 and a recently developed light microscopy approach 5 indicate that 

microtubules are approximately 6–7 μm long in C. elegans and tiled in an overlapping 

manner along the length of the axon. In mammalian neurons, microtubule length may be 

more variable, with a mean length of ~100 μm determined by serial EM of sensory neurons 
46, and a mean length of 4 μm and a range of 0.5 – 20 μm in developing hippocampal 

neurons 47. Live imaging indicates that organelles pause at microtubule ends 5. This pausing 

is likely due to a diffusive search following detachment from the initial track and prior to 

rebinding to another microtubule, as pause length is inversely correlated with local 

microtubule density 5. As microtubule length likely limits cargo run lengths in vivo, 

mechanisms that promote efficient interactions of motors with microtubules will affect the 

overall efficiency of long-distance vesicle transport.

The axon initial segment

The AIS is a 20–50 μm region initially characterized for its distinct ion channel composition 

and its role in action potential initiation 48. However, the AIS also functions as a gatekeeper 

to exclude somatodendritic proteins from the axon 10. The cytoskeletal structure of this 

region is densely packed and appears to be uniquely tuned to route motors and cargoes as 

needed (Figure 2). While cargo can pass freely through the AIS from the axon to the soma 
49, cargo movement from the soma to axon is more restricted 50,51. In this section, we will 

discuss how both actin and microtubules are organized at the AIS, and how this organization 

may contribute to the differential regulation of trafficking into and out of the axonal 

compartment.
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Actin in the AIS

The structure of the AIS is resistant to perturbations of either F-actin or microtubules 52, 

suggesting that the cytoskeleton is highly stabilized in this region. The membrane-tethered 

scaffolding protein ankyrin G has emerged as the structural hallmark of the AIS, 

coordinating the clustering of other key AIS proteins including voltage-gated sodium 

channels (Nav2.1), neurofascin, βIV-spectrin, and actin 10. To gain further insight into the 

cytoskeletal structure of the AIS, Xu et al. (2013) utilized stochastic optical reconstruction 

microscopy (STORM) to reveal the presence of highly periodic adducin-capped F-actin 

rings in the AIS and along the length of the axon. Strikingly, the 190-nm spacing of these 

rings corresponds to the dimerized length of βIV-spectrin, which adopts a periodic structure 

that alternates with that of actin 53. The organizations of ankyrin G and neurofascin in the 

AIS are also periodic 54, suggesting that regular spacing of structural elements may be a 

defining feature of this region. Actin rings contribute to both the structure and function of 

the AIS, acting as a scaffold to maintain the organization of the underlying microtubule 

cytoskeleton 55 and as a barrier to limit the lateral diffusion of membrane proteins between 

rings 51,56.

Numerous other actin structures have been described in the axon and AIS. STED 

microscopy of SiR-Actin in living neurons revealed the existence of discrete actin patches at 

the plasma membrane that colocalize with presynaptic markers like Bassoon 56. Live 

imaging has also revealed dynamic actin structures known as actin trails along the length of 

the axon, including in the AIS, originating from “hotspots” of endosomal actin nucleation 57. 

The contribution of these patches and hotspots to long-range trafficking is unclear; they may 

be more important for the short-range transport of presynaptic components within the axon. 

Phalloidin-positive actin patches deep within the cytoplasm have also been described, 

including at the AIS 58. These observations have led to a model in which the interaction of 

myosin motors with these actin patches may contribute to cargo sorting 59. However, more 

recent data emphasize the importance of microtubules and microtubule motor proteins in the 

sorting of organelle and vesicular cargo at the AIS, reviewed below.

Microtubules in the AIS

Microtubules are critical for the formation and maintenance of the AIS. EM studies have 

described a network of highly fasciculated microtubules surrounded by a dense protein coat 

that becomes more globular over development 60,61. This coat is enriched in a number of 

AIS-associated proteins, including ankyrin G and short actin filaments, distinct from the 

more stable cortically associated actin rings. The C-terminal tail of ankyrin G, which 

projects 30–150 nm from the plasma membrane into the cytosolic space 52,61, can interact 

with microtubules in the AIS, which may provide stability to the overall cytoskeletal 

structure. Moreover, ankyrin G directly interacts with EB3, which tracks the growing plus 

tips of microtubules and is enriched in the AIS 62,63. The interaction of EBs and ankyrin G is 

mutually essential for the proper localization of these proteins to the AIS, and suggests a 

major organizational role for microtubules in this region 62,63.
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MAPs and motors are key for the function of the AIS. Given the uniform plus-end outward 

orientation of axonal microtubules, kinesin is well-poised to carry cargos into the axon, 

while the activity of both dynein 64,65 and myosins (as discussed above) counteracts this 

motility and re-routes somatodendritic cargo out of the AIS. Recently, the MAP TRIM46 

has been identified to play a crucial role in trafficking at the AIS by regulating the structure 

and function of this region. TRIM46 localizes to proximal axonal microtubules in the AIS, 

forming microtubule bundles of uniform plus-end outward polarity. The loss of TRIM46 

leads to aberrant mixed microtubule polarity, resulting in an increase in bidirectional 

motility in the AIS and decreased axonal trafficking efficiency 66.

Several dynein effectors are critical for its ability to re-route somatodendritic cargo back 

towards the soma from the axon. Loss of function of the GTPase Rab5 significantly 

increases the penetration of somatodendritic cargoes into the axon. While Rab5 is 

ubiquitously expressed, its interaction with the Fused Toes (FTS)-Hook-FTS and Hook-

interacting protein (FHIP) (FHF) complex in the proximal axon enhances dynein-dependent 

retrieval of somatodendritic cargos and processive motility towards the soma 65. In addition, 

the dynein effector NDEL1 localizes to the AIS through an interaction with ankyrin G, and 

promotes dynein-driven transport back to the soma together with its effector Lis1. Loss of 

NDEL or Lis1 results in kinesin-driven somatodendritic cargos passing freely into the axon 
64. Thus, trafficking in the AIS is critically dependent on uniform microtubule polarity and 

the proper regulation of opposing motor pools.

The PAEZ

The region just proximal to the AIS at the transition point between the soma and axon has 

also emerged as an important subcellular compartment termed the pre-axonal exclusion zone 

(PAEZ) 67. In live imaging studies, Bonifacino and colleagues observed that most 

somatodendritic cargoes are deflected before they reach the AIS, and that this repulsion can 

be overcome by forced targeting of the axonally-directed kinesin-1 to these cargos 67. This 

suggests that some motors, like kinesin-1, are capable of effectively navigating the PAEZ, 

while others are not. For those somatodendritic vesicles that make it past the PAEZ and into 

the AIS, dynein in concert with its effectors works to retrieve and redirect these cargos 

towards the appropriate compartment, as described above 65. Further studies of the PAEZ 

will shed new light on this critical region, where cytoskeletal proteins and motors transition 

from somatic to axonal arrangements and functions.

The distal axon terminal

The axon terminal is the most distal subcellular region, innervating targets at distances up to 

20,000x greater than the diameter of the soma 8. This extreme separation from the soma 

defines the needs and constraints of this region. Efficient anterograde and retrograde 

microtubule-based transport are required to ensure a continuous supply of new cellular 

resources and appropriate recycling or retrograde signaling. The cytoskeleton in this region 

is sparse and highly dynamic, with regulatory mechanisms adapted for efficient transport 

delivery and initiation (Figure 3A). We focus most of our discussion on mature, healthy 
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neurons and constitutive transport processes in the axon terminal. However, the distal 

cytoskeleton and MAPs also have important roles in development and injury 68–70.

Actin and myosin in the axon terminal

The axon terminal is rich in a dynamic population of actin that is most often studied in the 

context of the developing growth cone and the mature presynaptic terminal. Interestingly, a 

recent study found that this population of distal actin is resistant to actin depolymerization 

by cytochalasin D and latrunculin B, as all conditions showed dense F-actin patches in 

approximately half of hippocampal neurites 71. Actin is also concentrated in the presynaptic 

terminal of mature neurons, where it acts as a scaffold to dock vesicles 72 and coordinates 

neurotransmitter release and recycling 73. Myosin II has also been implicated in 

neurotransmitter release at presynaptic terminals, while myosin VI and GIPC1 may 

coordinate synaptic vesicle recycling and endocytosis 16. Additional studies are required to 

elucidate how actin and myosin regulate trafficking in the axon terminal as well as how this 

interfaces with microtubule-based transport. This transition is critical for retrograde 

transport, discussed below, as actin depolymerization is required for the retrograde flux of 

neurotrophic factor signaling endosomes 74.

Anterograde trafficking and the delivery of distal cargo

The bulk of new axonal proteins and organelles are synthesized in the soma and transported 

outward to the axon 8. As motors and adaptors move from the mid-axon to the terminal, they 

encounter a sparse and highly dynamic microtubule cytoskeleton. Recent work from C. 
elegans clearly shows that the dense, stable, overlapping microtubules of the axon shaft 

become sparse in the distal axon, with fewer overlapping microtubules and increased gaps 5. 

These microtubules are also highly dynamic, as evidenced by increased EB3 dynamics and 

enriched tyrosinated α-tubulin 26,75.

Materials transported to the distal axon are usually shared among multiple axonal branches 

and terminals, and the distance-dependent distribution of resources depends on the cargo. In 
vivo imaging of mitochondria in zebrafish sensory neurons found that mitochondrial density 

decreased in a distance-dependent manner along the axon 76. Further, flux density decreased 

with axon branching by a factor of two per axonal branch 76. Although some resources, like 

mitochondria, are low in the distal axon terminal, others are distally enriched. For example, 

constitutive macroautophagosome formation in cultured neurons is enriched in the distal 

axon terminal 77.

The mechanisms regulating cargo release in the axon terminal are not yet clear. Best studied 

has been the delivery of synaptic cargoes to the distal presynaptic terminal, a subset among 

the many en passant synapses along the axon shaft. The simplest model posits that cargo 

dissociates from the ends of the microtubules once they reach the axon terminal; however, 

this explanation is not sufficient to account for selective cargo delivery to one out of many 

terminals 78. Instead, it is likely that the regulated disengagement or inactivation of kinesin 

in the target terminal contributes to localized delivery. At least four models for presynaptic 

cargo delivery have been proposed, although further studies are required to establish the 
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underlying mechanisms: 1) kinesin dissociation via Rab3 nucleotide exchange; 2) the 

phosphorylation-dependent release of motors from cargo; 3) phosphorylation-dependent 

inhibition of retrograde transport, promoting distal enrichment; and 4) distal delivery 

followed by continuous anterograde/retrograde cycling along synapses 78,79.

Retrograde transport initiation

Many cargos initiate retrograde transport in the axon terminal, including autophagosomes, 

neurotrophic-factor-associated signaling endosomes, endosomes, mitochondria, and 

lysosomes 8. Efficient retrograde transport is crucial for autophagosome maturation and 

function, preventing the distal accumulation of aging proteins and organelles 43. Rates of 

retrograde flux also affect the long-distance signaling of neurotrophic factors from axon 

terminal to soma 80. The key barrier to the efficiency of retrograde transport is the sparse and 

dynamic nature of microtubules at the axon terminal. EM studies have consistently shown a 

low and variable number of microtubules at terminals 81; more recent super-resolution 

studies demonstrate a lower density of more highly dynamic microtubules at the end of the 

axon 26. At least two major mechanisms have been shown to contribute to the robust 

attachment of retrograde cargos with microtubule tracks (Figure 3B).

First, both dynein and dynactin are distally enriched at the axon terminal. A direct 

interaction between kinesin-1 and cytoplasmic dynein maintains a distal pool of dynein, 

driven by slow axonal transport 82. Dynactin, as well as microtubule +TIPs including EB3, 

CLIP-170, and Lis1, are also enriched in the axon terminal, where they are required for 

retrograde transport initiation 69,75,83. Second, specific interactions among dynein, dynactin, 

and +TIPs are regulated by the local enrichment of tyrosinated tubulin to promote efficient 

retrograde transport initiation. The dynamic nature of distal microtubules ensures that the 

local microtubule lattice is rich in tyrosinated α-tubulin, which recruits +TIPs with CAP-Gly 

domains, such as CLIP-170 and p150Glued, the largest subunit of the dynactin complex 
26,84–86. Constitutive retrograde transport initiation in neurons requires both of these 

proteins, as well as EB1/EB3 and Lis1 75,83,87. Specifically, the CAP-Gly domain of 

p150Glued interacts with EB3 and CLIP-170 83. EB3 binds to the growing end of dynamic 

microtubules and can recruit CLIP-170, and dynein/dynactin-bound cargo lands on 

microtubules via this EB3/CLIP-170 enrichment 26,75. This pathway is regulated by 

phosphorylation, as CLIP-170 assumes an autoinhibited, inactive conformation when 

phosphorylated in its second serine-rich domain 88. Thus, local dephosphorylation of 

CLIP-170 may allow temporal control of initiation. The dephosphorylated, active form of 

CLIP-170 forms an extended 135-nm linker that effectively increases the search radius for 

cargo capture, allowing for efficient initiation despite the sparse microtubule cytoskeleton in 

the distal axon 26.

However, if this were the sole mechanism of enhanced transport initiation, most retrograde 

transport initiation would be confined to the distal 1 – 2 μm of dynamic microtubules. An 

additional, non-exclusive pathway takes advantage of the spatial enrichment of tyrosinated 

α-tubulin in the distal axon. The C-terminal EEY motif of tyrosinated α-tubulin binds CAP-

Gly-domain proteins such as p150Glued and CLIP-170 with high affinity 84–86. Thus, 

dynactin can bind directly and robustly to the tyrosinated microtubule lattice 26,89. CLIP-170 
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also binds preferentially to tyrosinated microtubules 26,86, further enhancing the robust 

association of retrograde cargo with the microtubule. Together, these mechanisms combine 

to provide robust and spatially specific regulation of transport initiation in the distal axon 

terminal.

Dendrites

The dendritic shaft

Microtubules are the primary cytoskeletal component of the dendritic shaft (Figure 4). The 

inverted or mixed microtubule polarity found along the dendritic shaft of mammalian 

neurons is a unique cytoskeletal property that distinguishes these processes from the axon 4. 

In distal dendrites, however, there is a more uniform plus end-out organization of 

microtubules, similar to that found in the distal axon 4. While recent advances in microscopy 

have revealed the presence of actin rings in dendrites as well 56,90, little is known about 

these structures compared to their axonal counterparts and microtubule-based trafficking has 

been studied in more detail. It is known that neuronal activity exerts a profound effect on 

dendritic microtubule dynamics, as well as the structure of the dendritic arbor itself, 

promoting the addition and retraction of branches and changing the stability of the 

microtubule tracks 91,92. Therefore, sustained long-range microtubule-based transport within 

the dendritic compartment presents a navigational challenge for the neuron.

Multiple mechanisms have been shown to contribute to the development of the mixed 

polarity of dendritic microtubules. Several microtubule motors are involved in the delivery 

of microtubules to dendrites, including kinesin-5s that restrict 93, and kinesin-6s and −12s 

that promote 94, the transport of minus-end outward microtubules into dendrites. In addition, 

dynein brings plus-end outward microtubules into both axons and dendrites 95. Moreover, 

there is increasing evidence that dendritic microtubules do not all originate at the 

centrosome, but can polymerize at Golgi outposts stationed at dendritic branch points 96 in a 

process that relies on γ-tubulin, CLASPs, and augmin 97–99.

The identity of microtubule motors that regulate dendritic transport has been elucidated 

primarily by monitoring the transport of fluorescently tagged motors or cargos from the cell 

body. Dynein and several kinesins have been experimentally localized to dendrites using 

induced-dimerization approaches or chimeric constructs 100–102. However, the majority of 

kinesins tested preferentially localized to axons but not dendrites, suggesting that dendritic 

kinesins may possess unique properties enabling them to navigate the more complex 

microtubule environment found in this cellular compartment 103. Accumulating data indicate 

that there are multiple levels of regulation controlling the sorting of cargos to dendrites, 

including motor/microtubule and motor/cargo interactions, as recently reviewed by Kapitein 

and Hoogenraad 104 and Bentley and Banker 1. Here we will focus primarily on the unique 

cytoskeletal features that regulate trafficking within dendrites.

Microtubule-based motors in dendrites are subject to regulation at a number of levels. For 

one, microtubules are differentially modified in dendrites compared to axons. These 

differential PTMs can influence the behavior of both MAPs and motors. Mid-axonal 

microtubules are enriched in acetylated and detyrosinated tubulins, which are considered 
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hallmarks of microtubule stability, compared to dendritic microtubules 105. For example, 

kinesin-1 motors interact preferentially with stable, detyrosinated and acetylated 

microtubules 106–108, in contrast to kinesin-5 motors which preferentially interact with 

tyrosinated microtubules 93, potentially contributing to the differential localization of these 

proteins in the neuron (kinesin-1: axon, kinesin-5: dendrite). Dendritic and axonal 

microtubules are also distinguished by different populations of MAPs. For example, MAP2 

is considered the canonical dendritic MAP, while tau is associated with axonal microtubules 
109. Doublecortin-like protein kinase 1 (DCLK1), which also binds to microtubules, has 

recently been shown to regulate the transport of KIF1-mediated dendritic cargos 110, 

demonstrating an emerging role for MAPs in the regulation of motor activity in dendrites.

There are also data suggesting that motor phosphorylation and differential associations with 

adaptors contribute to the regulation of dendritic trafficking. For example, CDK5-dependent 

phosphorylation enhances the microtubule binding and trafficking of kinesin-5 in dendrites 
93. On the other hand, CaMKII-dependent phosphorylation inhibits dendritic trafficking 

mediated by KIF17 by disrupting the interaction of the motor with its dendrite-specific 

adaptor Mint1 111. Additional well-characterized examples of dendrite-specific adaptors 

include TRAK2, which preferentially mediates the transport of mitochondria in dendrites 41 

and GRIP1, which targets NR2B-bound kinesin-1 to dendrites 112.

Neuronal activity exerts a profound influence on microtubule-based transport in dendrites. 

An NMDA-dependent model of long-term depression (LTD) in cultured neurons alters the 

distribution of EB3 from its usual comet-like appearance, indicative of dynamic 

microtubules, to a more diffuse pattern 91. Strikingly, this effect was only apparent in 

dendrites, not axons. Similar effects on EB3 density and dynamics were observed following 

bicuculline treatment to enhance synaptic signaling 91,103, suggesting that activity may have 

a net negative effect on dendritic microtubule dynamics. Consistent with this stabilization of 

the underlying microtubule tracks, neuronal activity also increases the speed of KIF21B- and 

KIF1A-dependent transport in dendrites 103,113. The motility of some kinesins can also be 

enhanced by activity-dependent phosphorylation events, including the CaMKII-dependent 

phosphorylation of KIF3A and the light chain of kinesin-1 114,115. In these studies, kinesin 

phosphorylation enhanced the loading and/or synaptic delivery of N-cadherin and AMPA 

receptors, respectively, suggesting a feedback loop between dendritic trafficking and 

neuronal activity.

There is an emerging appreciation for the idea that multiple motor types contribute to the net 

trafficking of a given cargo. In axons, this is regulated by the coordinated activation/

inactivation of opposing dynein and kinesins 42. However, multiple motors types can also 

actively work together to contribute to different aspects of transport, as has been described 

for kinesin-1 and kinesin-2 in the trafficking of APC in axons 116. The microtubule 

environment of dendrites is unique in that its mixed polarity allows for the possibility that 

dynein and kinesins could cooperate to mediate the trafficking of cargo in the same 

direction. As most microtubules are plus-end outward, dynein may preferentially regulate 

retrograde motility in dendrites, reflective of this underlying microtubule orientation. While 

mechanisms of kinesin-directed motility are less clear, it has been suggested that the 

population of plus-end inward microtubules is more stable than those that are plus-end 
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outward 6. Thus, kinesins may prefer to traffic along more stable tracks. For example, 

dynein, KIF21B, and likely other kinesins all contribute to the retrograde trafficking of 

BDNF/TrkB signaling endosomes in dendrites 103,117. The cooperation of multiple motors in 

driving cargo movement may be particularly beneficial in dendrites, where sustained long-

range transport must be balanced against the cytoskeletal dynamics that underlie plasticity.

Dendritic spines

A key feature of many neuronal dendrites is the presence of dendritic spines, small 

protrusions that are the primary sites of excitatory synapse formation. The primary purpose 

of the spine is to act as a compartment limiting local changes in plasticity to specific 

synapses 118. This requires the coordination of transport from the dendrite into spines, 

localized insertion/removal of proteins at the postsynaptic density, and morphological 

changes over a rapid time course.

The distinctive cytoskeletal composition of dendritic spines was first revealed by EM, which 

showed that spines are highly enriched in actin compared to the dendritic shaft, where 

microtubules predominate 7. This dense F-actin network is comprised of both branched and 

linear actin filaments 119 as well as both stable and dynamic populations of actin 120. The 

regulation of the dynamic actin content of spines is dependent on a number of molecular 

factors including the spine-specific activities of actin-binding proteins including Arp2/3 121, 

profilin 122, and cofilin 123, and small GTPases of the Rho family 124.

Neuronal activity is a critical regulator of the actin content of dendritic spines. Activation of 

NMDA or AMPA receptors induces spine outgrowth and enlargement, respectively, via 

actin-dependent mechanisms 125. In addition, the dynamics of actin branching and 

polymerization are enhanced upon neuronal depolarization 126,127. Importantly, the 

interaction between actin and glutamate receptors is mutual, as actin dynamics are crucial 

for the proper recycling of AMPA receptors in spines 128 and actin depolymerization causes 

the loss of synaptic NMDA and AMPA receptor accumulations, suggesting that actin 

regulates the insertion and/or maintenance of receptors at the synapse 129.

Given the density of actin in dendritic spines, it is no surprise that members of the myosin 

motor family are critically important in these structures. Inhibition of myosin II results in a 

less mature spine morphology 130, and non-muscle myosin IIb may transport actin itself into 

the spine head 131. The myosin II heavy chain MYH7H is also expressed in hippocampal 

dendritic spines and regulates morphology 132. Myosin motors are also implicated in 

activity-dependent trafficking into spines. Myosin Va, myosin Vb and myosin VI regulate 

the movement of AMPA receptors into spines and are critical for long-term synaptic 

plasticity 133–136.

The activity-dependent entry of microtubules into spines has been reported. Microtubules 

transiently sample a small percentage of dendritic spines at a given time, correlated with an 

enlargement in spine morphology 137–139. Importantly, depolarization or NMDA activation 

increases the frequency of these events, and may target microtubules to particular spines 
139,140. In spines, the microtubule and actin cytoskeletons are linked, as microtubules can 

regulate actin dynamics through the interaction of EB3 with p140CAP/SNIP 138 and the 
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actin-binding protein drebrin in spines 141. While the purpose of these transient entries into 

spines is unclear, they may allow for the rapid delivery of specific motor/cargo pairs to a 

given synapse, as has been shown for KIF1A/synaptotagmin-IV 142.

Conclusions and perspectives

The mature neuron is composed of multiple subdomains, each with a distinctive cytoskeletal 

organization. This local structure creates unique transport challenges and requirements 

within each region. The dynamic interplay between the local cytoskeleton, motors, and 

gradients of regulatory elements within each subdomain makes it clear that neuronal 

trafficking must be understood in a subcellular context. Although each subdomain faces 

different challenges and needs, local regulation is achieved using a core set of cytoskeletal 

and molecular tools. We are only beginning to discover how these tools are differentially 

employed and executed to allow for the precise navigation of the neuronal cytoskeletal 

architecture, and many critical questions lie ahead.

At the molecular level, the actin and microtubule tracks play important individual roles in 

each subdomain. However, they also interact via overlapping regulatory pathways and 

proteins. How are actin and microtubules coordinated within each domain? This may occur, 

in part, at the level of motor and adaptor proteins, which are sensitive to cytoskeletal PTMs 

or arrangement of the local cytoskeleton into parallel or antiparallel arrays. It will be 

important to assess how motors, such as a canonical dendritic kinesins, respond when placed 

in a subdomain with different cytoskeletal arrays or PTMs, taking advantage of recent 

advances in optogenetic and pharmacological motor targeting assays.

The development of axonal-dendritic polarity has been intensely studied, but the 

development of each subdomain is less well understood. When and how are these domains 

specified, and how is the local cytoskeleton maintained and remodeled over the lifetime of 

an organism? What degree of overlap exists among neighboring compartments? The axonal 

injury literature provides one example of a subdomain that is apparently competent to 

assume a different state when perturbed in the mature neuron: the formation of a growth 

cone-like structure at the site of axotomy in what used to be the mid-axon shaft 70.

Even in mature, healthy neurons, there are many remaining questions. Cajal and subsequent 

neuroscientists have described a diversity of neuronal morphologies, likely adapted for 

different functions. How does the unique morphology and function of a given neuronal 

subtype influence its trafficking constraints and requirements? For example, the highly 

branched axonal morphology of midbrain projection neurons 143 may act as a stressor on 

distal axon terminals. These neurons appear to be more susceptible to defects in retrograde 

transport initiation that do not significantly disrupt function in other neuronal subtypes. 

Patients with point mutations in the CAP-Gly domain of p150Glued that disrupt distal 

retrograde transport initiation, but not mid-axon transport, develop a form of Parkinsonism 

known as Perry syndrome, characterized by predominant midbrain degeneration 144. This 

example demonstrates the utility of framing subdomain challenges and needs within the 

context of a given neuronal subtype to identify stress points and generate new questions.
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Going forward, studying trafficking in co-culture systems and in vivo will further shed light 

on specific aspects of neuronal transport 145. For example, the effects of neuronal activity 

and aging on transport dynamics need to be explored both in vitro and within a more 

physiological context. Further, intercellular interactions need to be considered, for example, 

the effects of myelination on axonal transport or the role of glia in the development and 

maintenance of cytoskeletal compartments in neurons. In the future, studies detailing the 

specific mechanisms locally regulating organelle motility within specific neuronal 

subdomains; coupled to an improved understanding of transport dynamics within the context 

of the living organism will be required to fully understand the sophisticated and responsive 

transit systems on which these cells rely.
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Box 1:

Cytoskeletal organization and regulation

Neurons can be divided into compartments (e.g. dendrite, spine, AIS, mid-axon, distal 

axon) with distinct trafficking needs (Fig. 1A). Throughout the neuron, the cytoskeleton 

is comprised of microtubules, actin filaments, and intermediate filaments, but only 

microtubules and actin filaments serve as tracks for intracellular transport.

Microtubules:

α and β tubulin form an obligate dimer that undergoes reversible head-to-tail assembly to 

form protofilaments; ~13 protofilaments associate laterally to form a microtubule 25 nm 

in diameter 146. In neurons, microtubules are organized radially in the soma, and in a 

unipolar, tiled array in axons with plus-ends directed outward 5. Microtubules in 

dendrites exhibit either reversed polarity with plus-ends oriented inward in invertebrate 

model systems 147, or mixed polarity, with up to 40% of microtubules in mammalian 

dendrites oriented with plus-ends toward the soma 4. Microtubule dynamics are tightly 

regulated, with dendritic microtubules generally more dynamic than axonal microtubules 
12 (Fig. 1B,C).

MAPs:

Microtubule-associated proteins (MAPs) may bind along the length of microtubules, 

specifically recognize plus- or minus-ends, or sever microtubules 148. MAPs affect 

microtubule dynamics and may be specifically localized within neurons. MAPs such as 

tau and MAP2 promote stable microtubules 109, while others, such as doublecortin, 

regulate trafficking 110.

+TIPs:

Canonical +TIPs EB1 and EB3 bind specifically to tubulin subunits at growing, but not 

stable or shrinking, microtubule plus-ends. Other +TIPs are recruited to plus-ends via 

direct interactions with EBs, such as CLIP-170. +TIPs can affect microtubule dynamics 

as well as modulate specific interactions between the plus-end and either cargos or the 

cell cortex 149.

Microtubule nucleation:

Microtubules are nucleated by the γ-tubulin ring complex (γ-TURC), which binds to 

microtubule minus-ends and is enriched at the centrosome 150. In neurons, non-

centrosomal nucleation plays a more significant role, mediated by γ-TURC at Golgi 

outposts 96 and along existing microtubules 97.

Post-translational tubulin modifications:

Neurons express many tubulin isoforms and these tubulins can be differentially modified 

by tyrosination/detyrosination, acetylation, and polyglutamylation 151. PTMs occur on 

either free tubulin dimers or the assembled polymer, thus reflecting the overall stability of 

the filament. PTMs can modify the binding of motors and MAPs, affecting the efficiency 

of trafficking 152.
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Actin:

Actin forms diverse structures in axonal and dendritic processes, including rings, patches, 

and filaments, and is highly enriched in dendritic spines (Fig. 1D,E). A diverse array of 

actin-binding proteins modulates assembly, organization, and dynamics, including 

nucleators, crosslinkers, and severing proteins 153.
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Box 2:

Molecular motors drive trafficking in neurons

Organelle transport in neurons is driven by kinesin, dynein, and myosin motors. Complex 

transport dynamics are precisely regulated by a suite of activators, adaptors, and 

scaffolding proteins.

Kinesins:

Kinesins are generally plus-end directed microtubule motors that drive long-distance 

movement in neurons. There is a broad superfamily of kinesins; within neurons, 

kinesin-1, kinesin-2, kinesin-3, and kinesin-4 motors drive organelle transport toward the 

plus-ends of microtubules in the soma, axons, and dendrites 11. In axons, kinesin motors 

drive anterograde transport from the soma to the distal tip 8, while in dendrites, kinesin 

motors may drive cargos both into and out of dendritic processes 103,110,154. Other 

kinesins contribute to microtubule organization in neurons 9.

Dynein:

Cytoplasmic dynein is the major minus end-directed microtubule motor for organelle and 

vesicle transport in eukaryotic cells. This includes the retrograde transport of cargos from 

the axon tip to soma 155, the anterograde transport of organelles from the soma into 

dendrites 100, and the retrograde transport of cargos such as signaling endosomes from 

dendrites to the soma 117.

Myosins:

Actin-based motors, including myosin I, myosin II, myosin V, and myosin VI, locally 

organize F-actin and drive local cargo dynamics including short-range motility and 

organelle tethering 15–17,59.

Motor activators, adaptors, and scaffolds:

Some factors, such as dynactin, are broadly required; dynactin binds directly to 

cytoplasmic dynein and is required to activate dynein-mediated organelle transport 156. 

Other factors, such as kinesin binding protein 22 and dynein adaptors BicD2 157, Hook1 
31,65, and Lis1 are more specific in function. Multiple scaffolding proteins, including 

huntingtin, JIP1, JIP3, and TRAK1/2 regulate opposing dynein and kinesin motors bound 

to the same cargo 42.
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Figure 1: Overview of neuronal compartments and their cytoskeletal architecture.
(A) Functionally and/or structurally distinct compartments are found in many types of 

neurons. These compartments include the cell body, dendrites, pre-axonal exclusion zone 

(PAEZ), axon initial segment (AIS), axon shaft, and distal axon terminal. (B) Super-

resolution microscopy has shown actin filaments in periodic rings organized by interactions 

with ankyrin G and βIV spectrin at the AIS. Actin rings are also found along the axon shaft, 

in association with ankyrin B and βII spectrin 53,54,56,158. Other actin structures identified in 

axons include stable actin patches and dynamic actin trails 56,57. (C) Dendritic spines are 
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highly enriched in a dense network of both stable and dynamic F-actin. Actin rings are also 

present in dendrites 56. (D) Microtubules in the axon are almost uniformly plus-end out and 

tiled into overlapping arrays 4. In C. elegans 5, the number of microtubules in an axon 

decreases with increasing distance from the soma; a similar organization may occur in 

mammalian neurons. Microtubules in the proximal and mid-axon are characterized by post-

translational modifications known to accumulate on stable microtubules. (E) Microtubules 

along dendritic shafts are organized with mixed polarity in mammalian neurons, while a 

more uniform plus end-out distribution is found in distal dendrites 4. Dynamic microtubules 

can invade dendritic spines 137,139, possibly depositing motor or cargo in the process.
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Figure 2: The cytoskeletal organization of the AIS.
A cytoskeletal hallmark of the AIS is the periodic arrangement of proteins including ankyrin 

G, spectrin, and actin. Bundled microtubules oriented plus-end outward are required for 

axodendritic cargo sorting at the AIS. While kinesin motors carry cargo into the axon, 

dynein and myosins assist with re-routing of somatodendritic cargos as needed. Axon-

specific MAPs (e.g. TRIM46, tau) and motor adaptors (e.g. NDEL) contribute to cargo 

sorting at the AIS or pre-axonal exclusion zone (PAEZ).
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Figure 3. The cytoskeletal organization of dendrites.
The dendritic shaft is enriched in microtubules, while dendritic spines are actin-rich; both 

stable and dynamic microtubule and actin filaments are present. Actin rings are found in the 

shaft and spine neck, and may provide structural support. Due to the mixed polarity of 

dendritic microtubules, both dynein and kinesins regulate the transport of retrograde and 

anterograde cargo, while myosins mediate trafficking into and out of spines. Microtubules 

may be transported into dendrites by motors or nucleated at Golgi outposts, and are enriched 

Nirschl et al. Page 28

Nat Rev Neurosci. Author manuscript; available in PMC 2019 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in MAPs such as MAP2. In this compartment, long-range transport must be balanced against 

the dynamics of the underlying microtubule tracks and overall dendritic morphology.
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Figure 4. The cytoskeletal organization of the distal axon terminal.
(A) The cytoskeleton of the distal axon terminal is characterized by a dense actin network 

and sparse microtubule array. Although the morphology of a neuronal growth cone is 

depicted here, these features are also found in mature axon terminals. This contrasts with the 

dense, tiled array of more stable microtubules found in the mid-axon. Anterograde cargos 

are delivered by kinesin motors, primarily from the kinesin-1, −2, and −3 families. Actin and 

myosin coordinate the delivery, retention and release of pre-synaptic cargo. Retrograde 

cargo transport is driven by the dynein-dynactin complex. (B) Multiple mechanisms regulate 

the loading of retrograde cargo onto microtubule plus-ends. These regulatory proteins 

include +TIPs such as EB3, CLIP-170, DCTN1, and Lis1. Initiation is tuned by the 

phosphorylation state of CLIP-170 (top), which assumes an open conformation when 

dephosphorylated, and then binds to the plus-tips of microtubules, to enhance the 
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recruitment of the dynein-dynactin complex. The local enrichment of tyrosinated 

microtubules (bottom), also enhances the recruitment of the dynein-dynactin complex to 

initiate retrograde transport.
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