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Local mechanisms regulating se
lective cargo entry and
long-range trafficking in axons

Laura F Gumy1 and Casper C Hoogenraad2
The polarized long-distance transport of neuronal cargoes

depends on the presence of functional and structural axonal

subcompartments. Given the heterogeneity of neuronal

cargoes, selective sorting and entry occurs in the proximal

axon where multiple subcellular specializations such as the

axon initial segment, the pre-axonal exclusion zone, the MAP2

pre-axonal filtering zone and the Tau diffusion barrier provide

different levels of regulation. Cargoes allowed to pass through

the proximal axon spread into the more distal parts. Recent

findings show that diverse cargo distributions along the axon

depend on the compartmentalized organization of the

cytoskeleton and the local regulation of multiple motor proteins

by microtubule associated proteins. In this review, we focus on

the local mechanisms that control cargo motility and discuss

how they play a role in the overall circulation of axonal cargoes.
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Introduction
Neurons are structurally and functionally asymmetric

cells, which typically consist of a soma, a very long and

thin axon and branched dendrites that receive the elec-

trical input from other neurons. Consequently, the axon

transmits action potentials from the cell body to the

synaptic sites of other neurons. The survival, mainte-

nance, growth and regeneration of axons fundamentally

depend on active transport mechanisms to ensure accu-

rate distribution of various cellular cargoes, including

organelles, proteins and RNA. Axonal transport depends

on molecular motors that move cargoes directionally

along either of two types of cytoskeletal structures: micro-

tubules and actin filaments. Microtubules serve as tracks

for two families of motor proteins, kinesin and dynein,

which facilitate long-range transport within axons.
www.sciencedirect.com
Kinesin family members drive anterograde axonal trans-

port whereas dynein drives retrograde transport. Actin

facilitates the motility of motor proteins of the myosin

family, whichmostly mediate local delivery of cargoes, for

example to distal axonal terminals. Defects in axonal

transport components have been linked to axonal dam-

age, neurodevelopmental or neurodegenerative diseases,

highlighting the importance of active axonal intracellular

transport for healthy neuronal functioning [1–5]. In this

review, we provide an up to date overview of how, in

recent years, high-resolution imaging methods have pro-

vided a more profound understanding of the complexity

of molecular mechanisms that regulate the selective entry

of cargoes from the soma into the axon and their subse-

quent long-distance transport.

Cargo transport is not uniform along the axon
Morphological and functional studies show that the axon

is organized into different compartments. The axon initial

segment (AIS), perhaps the most studied axonal substruc-

ture, stretches 20–50 mm along the proximal axon. The

AIS initiates action potentials but also acts as an intracel-

lular barrier to prevent somatodendritic proteins from

entering the axon [6]. In addition to the AIS, new research

shows that selective axonal cargo filtering also occurs in

the Tau diffusion barrier located within the AIS, in the

pre-axonal exclusion zone and in the microtubule associ-

ated protein 2 (MAP2)-defined region between the soma

and the AIS [7�,8��,9�]. These recent studies indicate that

several complementary mechanisms act in parallel in the

proximal axon to achieve organelle entry. Distally to the

AIS starts the main axon shaft. The so-called mid-axon

has generally been considered a morphological uniform

region in comparison to other neuronal compartments. It

would be expected, therefore, to display equal axonal

distribution patterns for different cargoes. Axons, how-

ever, can extend to more than a meter in length and many

different cargoes are specifically targeted to varied distant

axonal locations. Under conditions of uniformity how can

this be achieved? New studies are beginning to reveal

local differences in the regulation of cargo motility along

the mid-axon. The distal axonal terminals innervate

target cells or tissues, such as muscles and skin. Here

is where the supply of anterograde cellular material from

the soma is finally delivered or recycled. Collective ideas

that emerge from these imaging studies point to synergy

between the compartmentalized organization of the cyto-

skeleton in the axon and the local regulation of multiple

motor teams attached to one type of cargo. However, how

changes in individual cargo motility properties, defined
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by molecular motors, translate into cargo distributions in

axons has not been extensively characterized. Recent

work suggests that the minimal basic unit required for

regulated cargo transport between neuronal compart-

ments can be achieved by a single compartmentalized

MAP and tuneable kinesin motor activities, where the

MAP regulates the activity of different kinesin motor

teams bound to the same cargo [8��]. Thus, a new layer of

axonal trafficking regulation is emerging in which spa-

tially constricted classical microtubule-associated pro-

teins form a ‘MAP code’ that ensures the distribution

of cargoes to appropriate axonal destinations.

Mechanisms regulating selective cargo entry
from the soma into the proximal axon
The proximal axon comprises a region that spans from the

transition area at the base of the soma to the end of the

AIS. Traditionally, this proximal region was viewed as a

gatekeeper to restrict the entry of somatodendritic car-

goes into the axon [10–13]. However, new studies indi-

cate that axonal cargo entry does not occur by default,

rather, cargoes are also actively filtered into the axon

[7�,8��,9�]. Structurally, the area between the soma and

the AIS is defined by the localized enrichment of MAP2

and TRIM46 [8��,14]. Live-imaging studies have shown

that the proximal axon can be further divided into func-

tionally distinct regions. For example, within the AIS a

Tau diffusion barrier has been described and inside the

MAP2/TRIM46-defined proximal region stands the pre-

axonal exclusion zone [7�]. Multiple lines of evidence

indicate that the proximal axon is a critical region for

regulating cargo traffic and its role in selective axonal

cargo sorting and filtering are only now emerging

(Figure 1).

The axon initial segment (AIS)

The best-studied structure in the proximal axon is the

AIS. The AIS is enriched in ion-channels, scaffolding

proteins, cellular adhesion molecules and cytoskeletal

proteins. It is supported by a highly specialized protein

network where the scaffolding protein Ankyrin-G (AnkG)

is the structural hallmark of the AIS linking transmem-

brane proteins and bIV-spectrin to the actin and micro-

tubule cytoskeleton [15–20]. Numerous actin structures

have been described in the AIS. For example, cytosolic

actin has been shown to form actin patches, actin rings

and actin trails [21–25]. Microtubules play a major orga-

nizational role in the AIS and are connected to AnkG via

the microtubule plus-end binding proteins EB1 and EB3

[26,27]. Microtubule bundling and lattice stabilization at

the AIS is also achieved through the microtubule cross-

linking factor 1 (MTCL1) [28]. TheTau diffusion barrier,

located within the AIS, controls retrograde (axon-to-

soma) and anterograde (soma-to-axon) traffic of Tau

[9�,29]. Originally discovered for its function in retaining

Tau in the axon, it now appears that the Tau diffusion

barrier functions anterogradely by discriminating which
Current Opinion in Neurobiology 2018, 51:23–28
Tau isoforms can enter the axon. The mechanism relies

on the structural integrity of the AIS and on local micro-

tubule dynamics within the AIS, however the precise

molecular details remain unclear.

At the AIS, scaffolding and cytoskeletal proteins set up a

dense meshwork underneath the plasma membrane that

is essential for structuring and maintaining a functional

diffusion barrier for membrane components and an intra-

cellular filter to exclude somatodendritic cargoes from

entering the axon [30]. Several models have been pro-

posed on how microtubules, actin and associated motor

proteins cooperate in filtering cargo in the proximal axon.

The common theme is that kinesin motors transport

cargoes into the distal axon [31]. Myosin-V can arrest

kinesin-driven cargo in the AIS accumulating in distinct

actin-rich hotspots [32]. Subsequently, dynein activation

redirects cargoes back into the soma. Kinesin-2 family

protein KIF17 is an interesting example of motor regula-

tion at the AIS. Live-cell imaging studies showed that

dendritic KIF17 autonomously enters the axon [33].

However, an interaction between KIF17-bound cargoes

and the local actin cytoskeleton at the AIS prevents

KIF17 vesicles from moving further into the axon. Here,

activation of dynein-based motor activity deflects KIF17-

coupled cargoes back into dendrites. Specific dynein

activation at the AIS is potentially aided by CDK5

phosphorylation of NDEL1 that localizes to the AIS

via interaction with AnkG [34,35]. Depletion of NDEL1

or LIS1 results in the axonal entry of somatodendritic

cargoes. Enhanced dynein motor activity in the AIS is

observed through the interaction of the small GTPase

Rab5 with Fused Toes (FTS)-Hook-FTS and Hook-

interacting protein (FHF) complex, which interacts with

dynein and its activator dynactin to maintain the axonal

retrieval of transferrin receptor and glutamate receptor

types towards the soma [36]. Dynein-dependent axonal

retrieval is also observed for integrins through specific

localisation of EFA6 at the AIS and a pathway that

involves ARF6 and Rab11 [37–39].

Pre-axonal exclusion zone

The pre-axonal exclusion zone lies within the MAP2/

TRIM46-defined axonal region and was identified by

live-imaging as an area where somatodendritic cargoes were

re-routed to the soma before reaching the AIS [7�]. The

rationale for investigating alternative axonal sorting mech-

anisms to the AIS was based on findings showing that

during neuronal development in culture, polarized trans-

port of somatodendritic and axonal vesicles was established

before the appearance of theAIS [40]. Live-imaging screen-

ing of several different organelle markers showed that

somatodendritic AMPA-type glutamate receptor GluR1,

the Golgi matrix protein GM130, the trans-Golgi network

(TGN) protein TGN38, and the endoplasmic reticulum

protein CLIMP-63 were all excluded from entering the

pre-axonal exclusion zone. From previous studies it has
www.sciencedirect.com
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The proximal axon is a critical region for regulating cargo trafficking. The proximal axon consists of functionally and or/structurally defined

subcompartments. In hippocampal neurons, the axon initial segment (AIS) generates axon potentials and is a diffusion barrier for membrane

components and an intracellular filter to exclude somatodendritic cargoes from entering the axon. The pre-axonal exclusion zone lies within the

MAP2/TRIM46-defined axonal region and can re-route cargos to the soma before reaching the AIS. The Tau diffusion barrier is involved in the

somatodendritic sorting of different Tau isoforms. Adult dorsal root ganglia neurons lack a classical AIS but have a MAP2/TRIM46-defined axonal

region that selectively filters cargoes into the axon.
become clear that the combined activity of different motors

determines transport destination and selectivity. Indeed,

recruiting KIF5 to these cargoes re-routed them to the axon

and tubulin acetylation appeared to contribute to the

specificity of KIF5. Therefore, some motor combinations

are capable of moving into the axon, whereas others are not.

Different individual motor proteins can have distinct pre-

ferences for the underlying microtubule cytoskeleton that

might determine their selective transport to either the axon

or dendrites.

MAP2-defined pre-axonal filtering zone

What motor combinations allow cargo to enter the axon?

Work from adult dorsal root ganglia (DRG) neurons, that

lack a classical AIS, showed that cargoes such as lyso-

somes are mostly retained in the soma whereas secretory

vesicles or synaptic vesicles are trafficked to the axon

[8��]. This selective regulation of transport depends on

the localized restriction of MAP2 to the proximal axon by

TRIM46 [8��,14]. Loss of MAP2 perturbs the trafficking

of multiple cargoes, with some normally enriched in the

axon now accumulating in the soma and vice versa.
Secretory vesicles, are trafficked by the cooperative action

of KIF5 and KIF1 motors in both mammalian and Dro-
sophila axons [8��,41]. Analysis of their motility led to the

finding that MAP2 directly inhibits KIF5 motor activity
www.sciencedirect.com
and that axonal cargo entry and distribution depends on

the balanced activities between KIF5 and KIF1 bound to

the same cargo [8��] (Figure 2). Thus, an axonal transport

model emerges in which cargoes bound to the dominant

motor KIF5 are unable to enter the axon. Cargoes bound

to motors that are not influenced by MAP2 are able to

enter the axon andmove to the distal terminals. However,

cargoes bound to KIF5 and to different motor proteins not

affected by MAP2 will enter the axon but their axonal

distribution will depend on the reactivation of KIF5 past

the proximal axon as the inhibition by MAP2 wears off.

The identification of a pre-axonal MAP2 filtering zone

that is distinct from the AIS and pre-axonal exclusion

zone adds to the cellular repertoire for regulating the

trafficking of various types of cargo bound for different

destinations in the cell. Given the many different kine-

sins and cargo types in neurons, it seems likely that in the

proximal axon additional regulatory mechanisms exist.

Other compartmentalized classical MAPs have been

shown to play a major role in steering motor transport

in neurons. Doublecortin (DCX) and doublecortin-like

kinase (DCLK1) specifically label a subset of dendritic

microtubules and are required for KIF1-dependent cargo

trafficking into dendrites [31]. MAP6, for example, sta-

bilizes microtubules in the proximal axon and promotes

KIF5-dependent organelle trafficking [42].
Current Opinion in Neurobiology 2018, 51:23–28
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Figure 2
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Axonal cargo entry and distribution in sensory neurons. In control neurons MAP2, enriched in the proximal axon, selectively inhibits KIF5 motor

activity by preventing its landing on microtubules. Cargoes bound to only KIF5 are unable to enter the axon (red). Cargoes bound to motors that

are not regulated by MAP2 enter the axon and move fast to the distal terminals (green). However, cargoes bound to KIF5 and to different motor

proteins, not affected by MAP2, enter the axon and are axonally distributed upon gradual reactivation of KIF5 (blue). Following knockdown of

MAP2, KIF5 is active in the proximal axon and cargoes are redistributed. Cargoes that were initially retained in the soma and proximal axon, move

into the axon whereas cargoes that spread along the axon become slower and are retained in the soma and the proximal axon, leading to cargo

depletion distally. Thus, the presence of two distinct kinesin motors on a single vesicle and selective regulation of kinesin activity by MAP2 in the

proximal axon regulates axon entry and cargo distribution.
Regulation of long-distance anterograde
cargo distribution in axons
Insights into how local changes in cargo motility proper-

ties translate to full-length axonal distributions are only

now coming to light. Several local microtubule and kine-

sin-based trafficking mechanisms in axons have been

elucidated, although their significance for global cargo

distribution patterns is unclear [43–46]. Likewise, the

long-range ‘sushi belt’ circulation of dense core vesicles

in Drosophila and hippocampal axons [47,48�] and mito-

chondria in hippocampal neurons [49] have been

described, although the precise mechanism underlying

their axonal distributions remains unclear. Analysis of

anterogradely moving mitochondria showed that the

velocity of anterograde movement varies along the length

of the axon suggesting that the location within the axon

can play a significant role in the distribution of axonal
Current Opinion in Neurobiology 2018, 51:23–28
cargo [49]. This implies that the activity of motors is

differentially regulated along the axon to ensure correct

cargo transport and delivery [50].

Individual types of cargoes transported by one antero-

grade kinesin type are the best studied aspect of axonal

transport. Recent work using live cell imaging at different

spatiotemporal scales showed that the retrograde motor

dynein is directly transported from the cell body to the

distal terminal by kinesin-1 in a non-vesicular-dependent

manner [51]. Many transport processes, however, in dif-

ferent cell types and organisms, are driven by multiple

kinesins bound to the same cargo. Inmammalian neurons,

kinesin-1 and kinesin-2 are required for the transport of

Adenomatous Polyposis Coli (APC) to the growth cone

and kinesin-1 and kinesin-3 cooperate to distribute dense

core vesicles along the full axonal length [8��,52]. Why are
www.sciencedirect.com
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multiple kinesin motor teams necessary for axonal trans-

port since one motor alone would seem enough to trans-

port cargo down the axon? One explanation comes from

analyzing dense core vesicle motility in full-length DRG

axons where it was shown that the balance between

kinesin-3 ‘fast’ and kinesin-1 ‘slow’ velocities promotes

the proper spreading of the vesicles into the distal axon.

Indeed, interference with either kinesin led to aberrant

vesicle distributions [8��]. Considering the length of the

axon and that dense core vesicles are secretory/exocytotic

organelles, docking in the wrong axonal location could

have deleterious systemic effects.

Future perspectives
The incredible length of axons poses a unique cargo

transport challenge to the neuron. New high and

super-resolution imaging tools are allowing the identifi-

cation of multiple anatomical subdomains. A recent study

highlights the close interplay between the local organiza-

tion of the actin and microtubule cytoskeleton and motor-

driven transport in achieving axonal cargo distribution

[53�]. Furthermore, live-imaging studies have revealed

that transport regulation is not uniform along the whole

axonal length and that the need for different cargo deliv-

ery patterns requires the sophisticated interplay between

the local cytoskeleton, molecular motors and regulatory

proteins. Although this could argue for increased focus on

subdomain mechanisms, new studies are beginning to

unravel how local changes in cargo motility impact on net

axonal distributions. Nevertheless, there are still several

challenges ahead. Most current studies focus on cargo

trafficking at discrete time points and within varying

axonal regions, giving only snapshots of transport events

in vitro. In the future, studies applying a more systematic

transport analysis approach in full length axons coupled to

in vivo high spatiotemporal resolution imaging will pro-

vide a deeper understanding of trafficking pathways in

healthy and diseased neurons.
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