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Abstract

The intracellular transport system in neurons is specialized to an extraordinary degree, enabling
the delivery of critical cargo to sites in axons or dendrites that are far removed from the cell center.
Vesicles formed in the cell body are actively transported by kinesin motors along axonal
microtubules to presynaptic sites that can be located over a meter away. Both growth factors and
degradative vesicles carrying aged organelles or aggregated proteins take the opposite route, driven
by dynein motors. Distance is not the only challenge; precise delivery of cargos to sites of need
must also be accomplished. For example, localized delivery of presynaptic components to
hundreds of thousands of “en passant synapses distributed along the length of a single axon in
some neuronal subtypes provides a layer of complexity that must be successfully navigated to
maintain synaptic transmission. Here, we review recent advances in the field of axonal transport
with a focus on conceptual developments, and highlight our growing quantitative understanding of
neuronal trafficking and its role in maintaining the synaptic function that underlies higher
cognitive processes such as learning and memory.

Print page summary

Background: Neurons are polarized cells with extreme geometries. Multiple dendrites and one
axon generally emerge from a single cell body and establish synaptic contacts with their partners.
Synaptic maintenance and plasticity rely on the active delivery of newly synthesized components
to these sites, which may be localized up to a meter from the cell body. Cargos that are actively
trafficked along the axon include synaptic vesicle precursors, mitochondria, signaling endosomes,
autophagosomes, lysosomes, and mRNA granules. In axons, these cargos use cytoplasmic dynein
and kinesin motors to navigate a uniformly polarized microtubule network to reach their
destinations. In dendrites, microtubules are organized in a more complex, bipolar pattern that is
effectively navigated by a distinct subset of neuronal motor proteins and is less understood overall.

Advances: Traditionally, the 1 meter-long axon of human lower motor neurons has been
considered as a striking example of the long distances cargo must be conveyed from soma to
synaptic terminal. Advances in connectomics and axonal tracing techniques are providing us with
an increasingly accurate depiction of the morphology and size of axonal arbors in the central
nervous system (CNS) and the many synaptic connections that mediate neuronal function. In
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humans, it is estimated that the axonal arbor of some neuronal populations in the CNS can range
up to hundreds of meters in total length and contain thousands of ‘en passant synapses along its
extent. Improved and complementary in vitro and in vivo imaging approaches are now allowing
the elucidation of increasingly intricate mechanisms by which the activity of dynein and kinesin
motors regulate organelle transport along axons. Recently, efforts have focused on identifying the
adaptor proteins that specify motor-cargo selectivity and the regulatory mechanisms that govern
the directed transport of cargo carrying opposing motor proteins. In parallel, significant advances
are being made in our understanding of how the axonal microtubule network is organized and how
changes at the microtubule level can affect motor activity to finely regulate axonal transport. A
picture is now emerging whereby several regulatory layers exquisitely interplay to direct multiple
steps of axonal transport including how motors initiate transport and how they respond to local
cues to deliver cargo with high precision along the axon. This specific delivery is required to
maintain synaptic function.

Outlook: The intracellular transport system in neurons is specialized to an extraordinary degree,
enabling the delivery of critical cargo to sites in axons or dendrites that are far removed from the
cell center. Distance is not the only challenge. Localized delivery of presynaptic components
provides another layer of complexity that must be successfully navigated to maintain synaptic
transmission. Innovative approaches to determine the mechanisms regulating axonal transport and
cargo delivery, the number and lifetime of presynaptic components, and the metabolic
requirements to maintain synaptic activity are required. These advances will be key to assembling
a more comprehensive and quantitative framework of axonal transport and its central role in
presynaptic operation. A growing number of mutations across the molecular machinery involved
in axonal transport are being identified. These mutations cause a range of neurodevelopmental and
neurodegenerative diseases, underlining the importance of axonal transport in maintaining proper
neuronal function. Both nerve injury and chemotherapy can also disrupt trafficking pathways in
neurons. Hopefully, the mechanistic insights being developed now will provide a framework for
the design of successful therapeutic interventions for both genetic and trauma-induced disruptions
in axonal transport and synaptic function in the future.

Presynaptic maintenance and plasticity require both the delivery of newly synthesized cargo
originating from the neuronal cell body, and the clearance of aged synaptic components.
Both supply and clearance require that organelles effectively navigate long distances and the
extreme geometries that axons can display in vivo. With our improved understanding of the
dimension, complexity, and organization of the axonal arbor of some neuronal populations
in the central nervous system (CNS), there is a concurrent evolution of the concept of axonal
transport as a central mechanism for axonal function and presynaptic operation. While
progress has begun to disentangle the “distance to travel” problem, new questions emerge
regarding how the transport of multiple cargoes is specifically regulated to maintain the
numerous presynaptic sites along the axon, each properly supplied with all the necessary
components critical to ensure reliable neurotransmission. Thus, the effective trafficking of
cargos within the neuron is the baseline requirement for the function of neuronal circuits, the
ability to learn and create memories.
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Microtubules and motors

Microtubules are the tracks used by the molecular motors cytoplasmic dynein and kinesin
for long distance transport in neurons. Microtubules are formed from the head-to-tail
polymerization of a- and p-tubulin heterodimers into protofilaments that assemble laterally
to form a hollow tube. Neuronal microtubules are generally composed of 13 protofilaments,
although differences exist among species and neuron types (1). Since ap-tubulin
heterodimers are assembled with the a-tubulin facing one end (minus-end) and B-tubulin the
other (plus-end) of the microtubule, the overall polymer structure is polar. The microtubule
minus-end region is relatively stable, whereas the plus-end can be more dynamic, actively
growing and shrinking by addition and loss of tubulin heterodimers (2).

Microtubule-based motors are essential for the major long-range transport of cargos along
the axon, moving over distances of up to a meter and speeds of 1-3 um/s. There is a
superfamily of more than 45 kinesins expressed in mammals, grouped into distinct families
based on sequence homology and structural similarities. Motors from four of these families,
kinesin-1, kinesin-2, kinesin-3 and kinesin-4 family motors, traffic cargos along the axon in
the anterograde direction, moving outward from the soma. Other kinesins have been
implicated in microtubule organization and remodeling (3). In contrast to this diversity, the
retrograde transport of cargos toward the soma is driven by a single motor, cytoplasmic
dynein. Dynein’s specificity for cargo is regulated by a broad group of activating adaptors
(4). Myosin motors moving along actin filaments contribute to short-range cargo movement
in neurons, particularly at synapses (3); it is becoming clear that microtubule- and actin-
based dynamics tightly interact and that this interplay has important roles, especially in
neural development and regeneration.

Axonal transport is typically divided into “fast” and “slow” components. The “fast”
component includes the transport of vesicular cargo and organelles and generally occurs at
relatively high velocity (>0.5 um/sec), while the “slow” component includes the transport of
soluble cargo such as synapsin or filamentous cargo such as neurofilaments and is
significantly slower (<0.1 um/sec) (5). Reliable transport and accurate delivery of fast-
moving cargo to specialized regions in the axon relies on the integration of multiple internal
and external signals that ultimately affect the motor-microtubule interaction. The multiple
mechanisms mediating the axonal transport of cargo functionally converge to ensure the
maintenance of presynaptic homeostasis, by replenishing presynapses with fresh or
additional proteins or organelles such as synaptic vesicles and mitochondria, and removing
old and defective synaptic components (6).

Axonal microtubule polarity

A characteristic feature of the axonal microtubule network is its “plus-end out” arrangement
(7-9). It is not yet fully clear how axonal microtubule polarity is specified and maintained,
but the formation and integrity of the axon initial segment (AIS) is emerging as an important
determinant of this process. The AIS acts as a barrier separating the somatodendritic and
axonal compartments (10). Dynein activity in the AIS is critical for maintaining axonal
identity and microtubule polarity (11-13). The critical AIS component Ankyrin G interacts
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indirectly with peripheral AIS microtubules through end-binding (EB) proteins (14), which
in the AIS are bound all along the microtubule lattice (14), rather than binding specifically to
dynamic microtubule plus ends as is more commonly observed throughout the neuron. The
microtubule cross-linkers MTCL1 (15) and TRIM46 (16, 17) also localize to the AlS.
MTCL1 maintains Ankyrin G localization (15) and TRIM46 is a microtubule cross-linker
that bundles parallel microtubules (16, 17). TRIM46 knock-down induces a dramatic
increase in mixed microtubule polarity within the axon (16), suggesting that maintaining
uniform microtubule polarity locally in the AIS is critical to maintaining the uniform
microtubule polarity found throughout the axon.

The selective sorting of parallel microtubule cross-linkers to the axon can potentially
facilitate the maintenance of the uniformly polarized microtubule network in this
compartment. Early work has shown that prior to axon specification, the microtubule
network is uniformly plus-end out in all minor neuritic processes (18). Selective microtubule
stabilization in one minor process determines axon specification (19) and only after this
event, the dendritic microtubule network polarity becomes progressively mixed (18).
CAMSAP2, a microtubule minus-end-binding protein that stabilizes microtubules (20, 21)
plays an important role in specifying neuronal polarity (22). Interestingly, CAMSAP2
accumulates proximally to the AIS in developing neurons (22). It is conceivable that in the
early stages of axonal differentiation, axonal microtubule polarity is specified by the
selective bundling of plus-end out microtubules in the AIS by TRIM46 and the minus-end
stabilization of the bundled microtubules by CAMSAP2. This initial microtubule array could
thus provide the template from which a uniformly polarized microtubule network can extend
along the axon (Fig. 1).

Extension of the axonal microtubule network

Axonal elongation requires the persistent generation of properly oriented microtubules. In
neurons, the centrosome gradually shuts down during development and neurite extension is
sustained through acentrosomal microtubule nucleation (23) via the y-tubulin ring complex
(YTuRC) (22, 24). Augmin has recently been identified as an important factor for steering
the polarity of axonal microtubule nucleation (24). Augmin recruits yTURC to microtubule
lattices to nucleate microtubule branches and together with NEDD1, likely controls the
geometry of microtubule network assembly (24). Recently, SSNA1 was reported to induce
branched microtubule polymerization (25). SSNA1 localization at axonal branch points (25)
suggests that it may play a role in specifying microtubule plus-end out polarity to newly
formed axonal branches. Microtubule plus-end guidance into axonal branches is assisted by
the actin cytoskeleton via interactions with septin 7, which is located at the base of filopodia
(26), and drebrin, which is located along the proximal region of filopodia (27).

Stabilization of newly formed microtubules is required to maintain axonal polarity. Mid- and
distal axonal microtubules can be stabilized by the minus-end binding protein CAMSAP3
(28). The microtubule network along the axon can be further stabilized by interacting with
endoplasmic reticulum (ER) tubules, likely through direct binding of the ER-shaping protein
P180 to the microtubule lattice (29). Microtubule-associated proteins (MAPS), including
MAPG6 and Tau also stabilize axonal microtubules and assist the formation of axonal
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microtubule bundles (30, 31). In contrast to TRIM46 in the AIS (16), Tau does not have
intrinsic parallel microtubule cross-linking properties (32). Nevertheless, evidence suggests
that Tau-mediated bundling of distal microtubules is important to steer microtubule polarity
and growth during axonal development (33).

The microtubule severing activity of katanin and spastin has been shown to amplify
microtubule mass in vitro (34, 35). Microtubule severing followed by growth of the two
resulting polymers can potentially assist in maintaining axonal microtubule polarity (36, 37).
However, this mechanism has not yet been directly demonstrated in neurons. In fact,
microtubule-severing function in neurons in vivo remains ambiguous. While spastin knock-
out in Drosophilalead to a decreased microtubule density at terminal neuromuscular
junction (NMJ) synapses (38), spastin knock-out mice show the opposite phenotype with
increased axonal microtubule mass in NMJs (39). Future studies will be required to elucidate
the roles of microtubule severing enzymes on axonal and presynaptic microtubule
organization.

Axonal microtubule organization

Multiple electron microscopy (EM) studies agree that axonal microtubules are discontinuous
structures. Estimates of microtubule length range from 0.05 to 40 um in developing axons of
cultured hippocampal neurons (40), and up to several hundred microns in some neuronal
subtypes (41-43). These individual microtubules are organized to form a tiled array along
the axon, allowing for continuous transport of cargos from soma to axon tip or tip to soma
by kinesin and dynein motors. In myelinated axons, EM work has shown that microtubules
are mostly continuous through nodes of Ranvier (42). In these specialized regions of
shortened axonal diameter, the microtubule number remained virtually unchanged but the
microtubule bundle was found to be more compacted (42) and to contain fasciculated
microtubules, a feature that was previously thought to be unique to the AIS (44).

Technical challenges have thus far curtailed a thorough characterization of the axonal
microtubule network, particularly at presynaptic sites. However, live fluorescence imaging
approaches have been applied recently to investigate axonal microtubule organization. A
novel approach based on the quantitative analysis of fluorescently-tagged patronin/
CAMSAP and tubulin in was successfully applied to quantify microtubule number, length,
and spacing along the axon in C. elegans neurons (45). This strategy confirmed the seminal
findings of Chalfie and Thomson who investigated microtubule organization using EM (46),
with the additional advantage that Yogev et al. (45) were able to spatially localize
microtubule plus- and minus-ends within the tiled microtubule array of the axon while
simultaneously monitoring the dynamicity of individual microtubules. This approach,
collectively with other studies using fluorescence-based imaging techniques, including
spinning disk confocal microscopy (47) and super-resolution microscopy (48), also
confirmed that microtubules are more densely packed in the axon shaft, and become sparser
and more splayed at growth cones and axonal termini. Distal microtubules are more dynamic
and enriched in tyrosinated a-tubulin (48), a marker of newly polymerized microtubules
(discussed below and see Box 1). Both the lower microtubule density and more dynamic
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nature of these microtubules have significant implications for the initiation of retrograde
transport, as detailed below.

Analysis of microtubule dynamics in primary hippocampal neurons revealed that EB3
puncta initiate and terminate preferentially near or at presynaptic sites, indicating that
synaptic regions show higher microtubule dynamicity than non-synaptic regions along the
axon (49). These findings indicate that en passant synapses along the axon are enriched in
highly dynamic microtubule plus-ends. An analogous microtubule organization was
described in peripheral motor neuron axons of adult mice, where EB3 dynamics were found
to be higher in the presynaptic areas of the NMJ compared to the non-synaptic intercostal
sections of the axon (50). Together with previous EM work describing that microtubules in
synaptic areas of olfactory axons are shorter compared to microtubules in the nerve proper
(43), a picture of how the axonal microtubule network is organized is emerging. These
studies suggest that long microtubules support efficient fast transport of vesicles along the
axon, and in synaptic areas, shorter, more dynamic microtubules promote cargo pausing and
local delivery to presynaptic sites.

Axonal microtubule diversity

Microtubules provide the guiding tracks for motor movement along the axon, influencing
motor activity through multiple levels of regulation. The tubulin nucleotide state,
microtubule post-translational modifications (PTMs), and tubulin isoform composition act in
a concerted way to create cytoskeleton specializations and locally regulate transport (Fig. 2).

Nucleotide state of tubulin

GTP-bound tubulin heterodimers incorporate into the growing tip of a microtubule. Tubulin
polymerization and incorporation into the microtubule lattice catalyzes hydrolysis of the
GTP bound to the B-subunit (51). This hydrolysis changes the conformation of the
mammalian microtubule lattice from an expanded to a compacted state (52), influencing the
affinity of several microtubule binding proteins. For example, EB proteins have a higher
affinity for tubulin in a GTP-bound state and this underpins the dynamic recruitment of EBs
to the growing microtubule tip where they regulate microtubule dynamics (53). In contrast,
the lower affinity of the kinesin-3 motor KIF1A for GTP-tubulin facilitates release of this
motor and its cargo from the microtubule upon encountering a dynamic microtubule plus-
end (49).

For decades, the prevalent view was that GTP-tubulin incorporation was confined to the
microtubule tip. However, this idea has been recently challenged by a series of elegant in
vitro studies (34, 54, 55). This work shows that lattice defects originating from either
mechanical stress or enzymatic activity can be rescued by the local incorporation of free
tubulin, presumably in the GTP state. The controlled generation of GTP-tubulin islands
along the microtubule lattice may locally regulate the function of specific microtubule
effectors. Indeed, GTP-rich microtubules were detected in the AIS (56), where EB proteins
are known to bind the length of microtubules (14), and at en passant synapses, where GTP-
rich microtubules specify synaptic cargo delivery (49). It is unclear from these in vitro
studies (34, 54, 55) whether and at what point the incorporation of GTP tubulin into the
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microtubule lattice is followed by GTP hydrolysis. Nevertheless, a system whereby
microtubules undergo self-renewal through the incorporation of free tubulin heterodimers
into a preexisting polymer could potentially extend the lifetime of a single microtubule
indefinitely, akin to a “ship of Theseus” paradox. Notably, by bypassing the need to
depolymerize the long axonal microtubules, this model would allow the continuous renewal
of the microtubule network without interrupting active transport. Moreover, GTP-islands can
create points of microtubule rescue and regrowth (54, 57, 58), and may be the mechanism
underlying the high local microtubule dynamicity at presynaptic sites. Nevertheless,
although incorporation of photo-converted tubulin into a preexisting microtubule lattice has
been reported in cells (54), the extent with which cells and in particular neurons, rely on this
mechanism to maintain their microtubule network remains unclear and needs to be further
investigated.

Additional mechanisms may also affect the lattice structure of the microtubule, and thus the
relative binding affinity of molecular motors and other microtubule-associated proteins. For
example, recent work indicates that the binding of the motor protein kinesin-1 to GDP-
microtubules is sufficient to induce the expansion of the microtubule lattice to a pseudo
GTP-state (59, 60). This change in conformation is cooperative, with a ~10% binding
saturation of a kinesin-1 motor domain predicted to be sufficient to expand the lattice across
the whole microtubule (60). However, in vivo, the binding of kinesin-1 to microtubules is
tightly regulated by auto-inhibition, so it will be important to assess the possible impact of
this mechanism on the binding of other motors or effectors that are sensitive to the
nucleotide- and conformation-states of the microtubule lattice.

Post-translational modifications of tubulin

Tubulin can be subjected to a wide range of PTMs. Acetylation, detyrosination, and
polyglutamylation are particularly prevalent in axonal microtubules (61).

a-tubulin is acetylated in K40 by a-tubulin acetyltransferase (a TAT1) and deacetylated by
histone deacetylase 6 (HDACG6) and sirtuin 2 (SIRT2) (62). It has long been proposed that a.-
tubulin acetylation regulates axonal transport however, the exact mechanism whereby the
acetylation of a luminal tubulin residue can modify motor activity remains elusive (62).
Recently, it was shown that acetylation increases microtubule resistance to mechanical
breakage (63). Tubulin acetylation might be especially important for increasing the longevity
of axonal microtubules given their long length and shape, which may be bent at axonal turns
or by the sudden migration of microglia through the neuropil (64). Studies suggest that
tubulin acetylation may also play a role in specifying proper axonal pathfinding. Loss of a-
tubulin acetylation increased axonal microtubule dynamics (65), leading to excessive axonal
branching in the cortex (65, 66), and distortion of the dentate gyrus in mice (67). Although
spatial learning and memory were not impaired, mice in which a-tubulin acetylation was
disrupted displayed increased anxiety-like behavior (65).

Detyrosinated microtubules are thought to be longer-lived than microtubules composed of
tyrosinated a-tubulin, as the removal of the terminal tyrosine residue preferentially occurs
once a-tubulin subunits are incorporated into polymer (68, 69), while retyrosination occurs
on free tubulin subunits (70). There is a microtubule detyrosination gradient running down
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the axon of developing sensory neurons, with newer tyrosinated microtubules enriched at the
distal axon (48). Tyrosination is enriched at the tips of growing microtubules (70) and in
regions with high microtubule dynamicity (48), but a thorough picture of the distribution of
microtubule tyrosination state at the nanoscale level along synapsing axons is still lacking
(Box 1). The regulation of the a-tubulin tyrosination cycle is critical for proper neuronal
differentiation and outgrowth, and influences axonal transport. Mice lacking tubulin tyrosine
ligase (TTL) display disorganization of the cortical layers and die soon after birth (71). The
recent identification of vasohibins (VASH1 and VASH2) as enzymes catalyzing the removal
of the tyrosine residue from a-tubulin (68, 69) opens the door to the interrogation of how the
complete tyrosination cycle affects neuronal function and in particular, axonal transport.

Negatively charged glutamate residues can be sequentially added or removed from the C-
terminal chain of a- and p-tubulin by the tubulin tyrosine ligase-like (TTLL) and cytosolic
carboxypeptidase (CCP) enzyme families, respectively (72, 73). The graded nature of this
modification allows the fine control of several microtubule effectors, including spastin (74),
and likely kinesin and dynein motors (see Initiation of transport section). Although axonal
microtubules are generally highly glutamylated, it is unclear how the graded control of this
modification is maintained along the axon and at presynaptic sites (Box 1). Importantly,
loss-of-function mutations in the deglutamylase CCP1 affect mitochondrial transport in
neurons (75) and cause infantile-onset neurodegeneration (76).

Isoform diversity of tubulin

The differential expression and incorporation of tubulin isoforms remains one of the least
understood aspects contributing to microtubule diversity in neurons. Yeast express two a-
and one B-tubulin, Drosophila four a- and 3—-4 B-tubulins, C. elegans nine a.- and six p-
tubulins, while mice express seven a.- and p-tubulin genes and humans express eight a.- and
nine B-tubulin genes. Members within each tubulin sub-family typically show >90%
homology and identical structural properties. Functional specialization of tubulin isoforms
has been demonstrated, but only in a few systems such as Drosophila axonemes (1).
Mutations in tubulin genes can lead to severe neurological disorders, so both the expression
pattern of these genes across neuronal populations and the localization of the resulting
tubulin isoforms across neuronal compartments is an area of active research (77). The degree
of isoform mosaicism in neuronal microtubules is still unknown, and whether specific
tubulin isoforms are preferentially modified post-translationally, or whether tubulin isoform
composition directly affects motor activity and/or MAP recruitment to microtubules also
remains unclear. Only recently, improved systems for recombinant tubulin expression and
isolation have allowed the examination of the impact of specific tubulin isoforms on
microtubule dynamics and structure (78). Given the different levels of microtubule
dynamicity (9, 49) and length (43) in synaptic and non-synaptic regions, it is tempting to
speculate that microtubules assembled from particular isoforms may be more prevalent in
certain neuronal regions, but further studies will be required to investigate these open
questions (Box 2).
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Regulation of the motors driving axonal transport

The axonal transport of organelles and other cargos is regulated by diverse mechanisms,
including modification of the microtubule track through PTMs and/or MAP binding, the
biophysical properties of the motor proteins involved, localized activation of motors by
adaptors or other binding partners, and the integration of opposing motors bound to the same
cargo by associated scaffolding proteins. These mechanisms lead to cargo-specific
differences in transport along the axon, so that mitochondria are trafficked differently than
autophagosomes for example, but also compartment-specific regulation, so that regulation of
transport may be differentially tuned in the proximal axon or distal tip. Distinct phases of
transport can be identified, including transport initiation, active transport, and localized
delivery (Fig. 3).

In the next sections, we focus on the mechanisms regulating the activity of kinesin-1 and -3
motors (kinesin-1: KIF5A/B/C; kinesin-3: KIF1A) because these are the best-studied motors
mediating anterograde cargo transport in the axon. We also discuss the mechanisms
regulating cytoplasmic dynein, the sole retrograde motor for axonal transport.

Initiation of transport

Mechanisms regulating transport initiation are critical in allowing kinesin-driven cargos
entry into the axon to sustain cargo supply to presynapses. Mechanisms regulating transport
initiation are also critical to govern the motility of dynein-dependent cargo, allowing cargo
such as autophagosomes to escape the distal axon and thus clear aging or defective axonal
components. Transport initiation mechanisms may also contribute to restarting motility
following transient pausing and/or cargo detachment from microtubules, as motors must
then bind to an adjacent microtubule to resume transport along the mid-axon.

Free cytosolic kinesin-1 and —3 are locked in an autoinhibited state. Upon binding to cargo,
there is a conformation change that unlocks the kinesin motor and allows it to bind strongly
to the microtubule. Track engagement initially occurs through an electrostatic interaction
between positive charges in the kinesin motor domain and negative charges at the tubulin
surface (79), and is stabilized upon ADP/ATP nucleotide exchange in the kinesin motor
domain (80). The mode of kinesin/microtubule binding is mostly conserved between
kinesin-1 and -3 however, kinesin-3 displays approximately 250x higher affinity for
microtubules compared to kinesin-1 (80). The interaction between the positively charged
loop-12 (K-loop) of kinesin-3 and the negatively charged C-terminal tails of a- and -
tubulin significantly contributes to this difference (81-83). In fact, it is likely that the
regulation of the surface charge of the microtubule through the modification of the glutamate
side-chain length of the tubulin C-terminal tail (74) can act as a mechanism to modulate
kinesin-3 recruitment to the microtubule track along the axon. The nucleotide state of the
microtubule can also directly influence motor binding. Kinesin-3 shows lower binding
affinity to GTP- than GDP-like lattices, a feature that is specified by the motor loop-11
region (49). Kinesin-1 was reported to have higher affinity for GTP-like microtubules (56),
but others observed this motor binding equally well to GTP- and GDP-like lattices (49, 84).
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Motor subunits, accessory proteins, and MAPS can provide another regulatory layer
modulating motor-microtubule interaction and transport initiation. For example, kinesin-1
activity is regulated in many contexts by associated kinesin light chains, which contribute to
auto-inhibition and cargo binding (85). Kinesin-3 is negatively regulated by kinesin-binding
protein (KBP), which binds directly to the kinesin-3 motor domain to inhibit motor-
microtubule binding (86). KBP does not bind to kinesin-1 motors and thus can act as a
selective motor regulator along the axon, although the mechanistic basis for this selectivity
remains unclear.

Tau is an axonal MAP that inhibits the binding and motility of kinesin-1 (87, 88) and -3
(88) along microtubules by partially blocking the tubulin surface region with which the
kinesin microtubule binding domain interacts (89). MAP7, on the other hand, promotes
microtubule binding of kinesin-1 but inhibits binding of kinesin-3 (88). Detailed studies
have shown that MAP7 interacts with the stalk domain of kinesin-1 (88, 90); this is thought
to stabilize a conformation that facilitates binding to the microtubule (90). This effect is
important for proper axonal cargo distribution, as the MAP7D2 isoform was recently shown
to preferentially localize to microtubules in the proximal axon and regulate kinesin-1
recruitment and axonal sorting of kinesin-1 cargo (91).

Dynein activity is also tightly regulated in the neuron. The dynein complex can exist in two
inactive forms, an auto-inhibited “phi (®)-particle” (92, 93) and an “open conformation” that
does not undergo productive motility (93). To initiate active transport, dynein in the open
conformation must bind to dynactin, a multi-subunit complex required to activate dynein-
driven transport along the axon (94). The binding of an activating adaptor, such as BICD2 or
Hook1 (4, 95-97) to form a tripartite dynein-dynactin-activator complex is also required to
promote processive motility to the microtubule minus end. Dynein’s activating adaptors are
cargo-specific, acting both to enhance the stability of the dynein-dynactin interaction and to
mediate cargo interactions (4). For example, Hook1 activates the dynein-dependent
retrograde motility of signaling endosomes, but is not required for the motility of
mitochondria or autophagosomes (98).

Binding to dynactin promotes the binding of the dynein motor to microtubules by
reorienting the dynein dimer to a more optimal binding conformation (96) and by mediating
a direct interaction with microtubules through its glycine-rich (CAP-Gly) domain (99). The
affinity of dynactin for microtubules is directly regulated by tubulin tyrosination (48, 100), a
factor that spatially specifies the initiation of dynein-driven transport along the microtubule
lattice. Dynein is robustly recruited to the dynamic plus-end of microtubules as part of a
molecular programme that involves the sequential recruitment of EB and CLIP-170 proteins
(48, 101). This mechanism is critical for dynein-based transport initiation at distal regions of
the axon (48, 101), but might also play a role at presynaptic sites given the high dynamicity
of the local microtubule network (49).

Active transport

Once transport is initiated, sustained motor activity conveys cargo along the axon, mediating
cargo distribution to appropriate destinations such as presynapses or the axon terminal. The
intrinsic biophysical properties of the motor are a major determinant on how far a cargo is
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transported prior to detachment from the microtubule. Kinesin-1 motors take 8 nm steps,
which corresponds to the repeating ap-tubulin dimer unit in the microtubule lattice. The two
heads of kinesin-1 step alternately in a hand-over-hand fashion to produce processive
motility. In vitro, kinesin-1 can take over 100 steps prior to detachment, totaling a distance
of around 1 um, while dimeric kinesin-3 can take over 500 steps and cover a distance of ~8
pm in a single run (49). In contrast to kinesin, dynein step size can be variable (8—-32 nm)
(102). The binding of dynein to dynactin and an activating adaptor such as BICD2 or Hook1
(4, 95, 103) modulates motor processivity and velocity, resulting in run lengths of 5-10 um
along a single microtubule, and velocities of 0.8 — 1.3 pm/s (104). Mechanistically, longer
run lengths and faster velocities can be explained by the capacity of certain activating
adaptors, including BICD2 and Hook3 to recruit two dynein motors to a single dynactin
complex (104, 105).

In vivo, the biophysical properties of motor proteins are tightly regulated by the formation of
high-order motor assemblies, or by interaction with accessory proteins. Motors can team up
in a homo- (106) or heteromeric (107) assemblies to drive organelle transport. Non-invasive
force measurements have determined that synaptic vesicle precursors in C. elegans neurons
can be transported by 1 to 4 active kinesin-3 dimers (106). Estimates of motor number on
axonal cargos such as late endosomes/lysosomes range from 1-4 kinesin motors and 1-5
dynein motors (50). Measurements of motor number using quantitative super-resolution
microscopy confirm these estimates (108). Cooperation affects dynein and kinesin function
differentially. While dynein teams optimize force production (109), multiple kinesin-1
motors bound to a single cargo mostly affect microtubule binding rates (110, 111).

Most organelle cargos examined to date, including late endosomes/lysosomes, mitochondria
and autophagosomes, generally have oppositely directed dynein and kinesin motors bound
simultaneously (112). The coordination between opposing motors can be governed by
scaffolding proteins that mediate organelle-motor interaction (112). JIP1 is a scaffolding
protein that regulates the trafficking of both autophagosomes and APP along the axon by
binding opposing dynein and kinesin motors, and selectively regulating their activity (113,
114). Similarly, TRAKs1&2 are scaffolding proteins associated with mitochondria that are
also thought to selectively regulate bound dynein and kinesin motors to control
mitochondrial motility along the axon (115). Together, both adaptors and scaffolding
proteins provide cargo-specific regulation of organelle trafficking along the axon (4, 112).
Motor activity can be further tuned by modulations of the phosphorylation state of the
motors or their associated adaptors and scaffolding proteins (116).

Recent evidence also implicates MAPs in motor regulation. The inhibitory effect of Tau on
kinesin motility (87) was shown to preferentially induce dynein-mediated minus-end-
directed transport of vesicles (117). Contrastingly, by promoting kinesin-1 recruitment and
motility (88, 90, 118), decoration of microtubules with MAP7 biased vesicle transport to the
plus-end (118). Given that MAP7 also exerts an inhibitory effect on kinesin-3 (88) these
studies raise the interesting possibility that certain microtubules may be selectively
decorated with MAPs to act as highways for specific motor or organelle populations, or
alternatively to favor transport in a specific direction.
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Transport, distribution and delivery of axonal cargo

Synaptic vesicle precursors.—Synaptic vesicle precursors (SVPs) are vesicles enriched
in synaptic components such as synaptophysin, synaptotagmin, and vesicular amino acid
transporters (e.g. VGLUT1) that replenish synaptic vesicle and active zone components at
presynaptic sites. SVP transport is mainly driven by kinesin-3 (119), but kinesin-1-mediated
transport of vesicles carrying active zone components has been reported (120). SVP
movement along the axon is highly processive and efficient, averaging >3 um/sec with few
pauses (49); these pauses occur preferentially at microtubule termini (45). Presynaptic
delivery of SVPs is specified by the high local density of GTP-rich dynamic microtubule
plus-ends and the intrinsic low affinity kinesin-3 displays for GTP-rich microtubule lattices
(49). DENN/MADD (121) and Arl-8 (122, 123) have also been implicated in the regulation
of SVP presynaptic delivery. By binding the small GTPase Rab3 and the kinesin-3 stalk
domain, DENN/MADD links the SVP to the microtubule (121). Because DENN/MADD
binds GDP-Rab3 less efficiently, the nucleotide state of Rab3 can regulate SVP association
with kinesin-3. Similarly, the small GTPase Arl-8 has been shown to bind and activate
kinesin-3 when GTP-bound, but in the GDP state the binding is minimal (123). This GTPase
nucleotide switch may be an important step to prevent SVP from escaping the presynapse by
disengaging the SVP from the motor or preventing the SVP/motor complex from resuming
transport after detaching from the microtubule.

The scale of successfully maintaining presynaptic site homeostasis and replenishing SVPs in
a timely- and spatially-precise manner is becoming increasingly clear with advances in
axonal tracing techniques, transport studies, and more accurate determination of protein
lifetimes in neurons. For instance, the axonal arbor length of a cholinergic neuron projecting
from the mouse basal forebrain is on average 30 cm and can branch >1000 times (124).
Assuming that a presynapse is present at each branch point and an average intersynaptic
distance of 4 um along the entire axon, a simple model can be built in which a 4000 um-long
primary axon branches 296 um-long secondary axons 1000 times. This results in 75
presynapses per branch and 75,000 total distributed throughout the entire axonal arbor.
Presynaptic boutons contain ~200 synaptic vesicles (125). Studies in cultured neurons
estimate that the average presynaptic protein lifetime is around 3.5 days (126) and that half
of the synaptic vesicles residing at presynapses are turned over in <30 hours (127).
Presynaptic protein lifetimes are 2—4 times longer in vivo (128). Using this range to scale-up
synaptic vesicle lifetime, we can estimate that presynaptic sites are replenished with 20-40
new SVPs per day. This totals 1.5 — 3 million SVPs travelling a total distance of 2.8 to 5.6
km along the axon to replenish presynapses every day and a staggering 17-35 SVPs being
generated each second in the cell body (Box 2). Early studies have determined that the exit
flux from the Golgi in cell lines can reach 4,000 proteins per second (129). Given that a
synaptic vesicle is composed of ~250 proteins (130), 16 synaptic vesicles could be produced
at that rate. Considering that numerous other vesicles of the secretory pathway (e.g.
lysosomes, postsynaptic cargoes) need to be simultaneously generated, one can contemplate
the astonishingly high metabolic and secretory capacity of the ER and Golgi complex in
neurons. Because synaptic vesicle lifetime is inversely proportional to the number of exo-
endocytosis cycles it undergoes (127), it is likely that the replenishment rate of synaptic
vesicles is modulated across neuronal populations with distinct firing patterns.
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Mitochondria.—A significant portion of the neuronal metabolic capacity derives from
mitochondria. The proper positioning of these organelles along the axon is critical for
synaptic function. Mitochondrial movement is mainly regulated by kinesin-1 and dynein
(115). In peripheral axons with terminal synapses, mitochondria tend to move processively
in a single direction with an anterograde bias (131). In CNS axons, mitochondrial motility
decreases in parallel with age and synaptic connectivity (132, 133). About half of
mitochondria in the axon are stationed at presynaptic sites (133, 134) where they are an
important ATP source (135) and regulate Ca2* levels (134, 136). Delivery of mitochondria to
presynaptic sites is controlled by local Ca2* influx, which causes the accessory protein Miro
on the mitochondrial outer membrane to change conformation and inhibit kinesin-mediated
transport (137, 138). The acetylation state of Miro, which is in part controlled by the
deacetylase HDACS, inversely affects the sensitivity of Miro to Ca* (139). Because both
kinesin and dynein interact with Miro via TRAK proteins (115), it is likely that this
mechanism affects dynein-mediated transport as well. Despite the transient nature of Ca2*
influx at presynapses, mitochondria can remain stationed at these sites for days (133). The
mechanisms controlling the long-term anchoring of mitochondria to the presynapse are still
unclear, but there is evidence suggesting that syntaphilin docks mitochondria to presynaptic
microtubules (140). Local myosin-actin interactions (141) and stable mitochondria-ER or
mitochondria-plasma membrane contacts might also play a role.

Dense-core vesicles.—Dense-core vesicles (DCVs) convey a wide variety of
neuropeptides along axons in a neuron type-dependent manner (142). DCV transport is
mainly mediated by kinesin-3 (143) and dynein (144), although kinesin-1 might also be
involved (145). Anterograde-moving DCVs frequently pause at presynaptic sites (49), where
they are preferentially retained in an activity-dependent manner (49, 146, 147).

Late endosomes/lysosomes.—The anterograde transport of LAMP-1-positive vesicles
(late endosomes/lysosomes) (148, 149) in axons is mainly mediated by kinesin-1 through an
association with the BORC-Arl-8-SKIP complex (150), although kinesin-2 might also play a
role (50). Dynein drives the retrograde motility of these organelles, regulated by JIP3 (151)
and RILP in conjunction with Rab7 (152, 153). LAMP-1-positive vesicles move as rapidly
as SVPs but pause more frequently (49). These pauses occur randomly along the axon,
rather than the preferential pausing at synapses observed for SVPs (49) and likely underpin
the even distribution of LAMP-1 vesicles observed throughout the axonal compartment
(150). Late endosomes and lysosomes are involved in many processes. They are critical
players in neuronal degradative pathways (154), CaZ* regulation (155), and recently, late
endosomes (Rab7- and LAMP-1-positive vesicles) were observed in association with RNA
granules and to serve as platforms for local translation along the axon (156). Lysosomal
dysfunction particularly affects presynaptic maintenance and homeostasis (157). An even
distribution of these vesicles maintained by a random pausing pattern might be optimal to
ensure efficient fusion with autophagosomes and sustain protein synthesis along the whole
axonal compartment. Nevertheless, given the heterogeneous nature of these organelles (50,
148), a more thorough analysis of their transport and distribution using multiple markers
simultaneously might reveal a more biased distribution of certain subpopulations to specific
axonal sites and uncover their specialized roles.
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Autophagosomes.—Autophagosomes and signaling endosomes are two vesicle
populations characterized by robust retrograde transport throughout the axon. Both vesicle
populations are generated distally in the axon (154, 158, 159) where dynein (160) and
dynactin (101) are enriched. Autophagosomes initially show bidirectional oscillatory
movement before engaging in processive retrograde transport (154). The accessory protein
JIP1 was shown to be critical in resolving the tug-of-war between opposing motors by
inhibiting kinesin-1 and allowing unopposed dynein-based movement (114). Huntingtin and
HAP1 are also implicated in the regulation of autophagosome-bound motors (161). Robust
retrograde transport of autophagosomes is intermittently interrupted along the axon; these
pauses may correspond to fusion events with late-endosomes/lysosomes. Ultimately, axonal
autophagosomes/autophagolysosomes are conveyed to the soma for the final steps in the
degradation of engulfed proteins and organelles and the recycling of their components.

Signaling endosomes.—Dynein activity is also crucial for signaling endosome
formation and processive transport to the cell body (98); both in transit and upon arrival in
the soma these organelles regulate signaling pathways affecting neuronal survival, neuronal
development, and synapse formation (159). The motility of signaling endosomes is regulated
by the dynein adaptors Hook1 (98) and RILP (153). Given the diversity of signaling
endosomes (162), future research will be required to elucidate whether distinct populations
use different adaptors/activators depending on their maturation state or whether specific
dynein adaptors/activators bind to particular receptor-ligand duos.

Cytosolic cargos.—Soluble protein supply to the axon can be sustained by slow axonal
transport of proteins generated in the soma (5). Slow axonal transport (0.2-10 mm/day) has
been directly shown for cytoskeleton elements, including tubulin, actin, and dynein (5, 160,
163), and also some presynaptic components, such as synapsin (164). Except for actin (163),
slow axonal transport is largely dependent on microtubule-based fast transport and in
particular, kinesin-1 movement through the transient association of the soluble cargo with
the motor (160, 164). It is unknown to what extent neurons rely on slow axonal transport to
supply soluble proteins to presynaptic sites. However, it is clear that the sole reliance on this
mechanism would severely limit the capacity of a human central cholinergic neuron to
rapidly adjust the supply of soluble protein throughout its entire >100 meters-long axonal
arbor (124) upon sudden surges in local protein demand. Moreover, a soluble protein
synthesized in the soma would take over 100 days to reach the tip of a 1 meter-long human
lower motor neuron axon, 450 days to the tip of the 4.5 meter-long recurrent laryngeal nerve
axon in the giraffe, and 8 years to the tip of a 30 meter-long spinal axon in blue whales.
These numbers are incompatible with the lifetime of most cytosolic proteins in neurons
(half-life tubulin: ~30 days; dynein heavy-chain: ~6 days) (128).

RNA transport.—Axons are populated by a wide range of mRNA transcripts (165), which
are actively translated in vivo (166). Local translation of mRNAs in the axon circumvents
the limitations related with short protein lifetimes and in principle, can rapidly respond to
changes in protein demand and tune local protein supply. However, this mechanism is likely
limited to expression of cytosolic proteins because there is limited Golgi in the axon, at least
in rodents (158) — it is possible that in larger mammals there is a higher prevalence of Golgi
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in the axon to locally synthesize membrane-associated proteins rather than waiting days for
export from the soma. In neurons, RNA-binding proteins bind to mRNA forming specialized
granules with liquid-like properties (167) and evidence suggests that their transport can be
directly mediated by kinesin-1 and dynein (168, 169). Recently, it was shown that axonal
mRNA distribution can also be achieved by hitchhiking on late endosomes (156). Critically,
the mechanisms controlling mRNA stability or the distribution of ribosomes necessary for
local translation along the axon remain unclear. Future studies are needed to address these
questions and reveal the key roles of local translation in axonal and presynaptic function
(Box 3).

Axonal transport and disease

From motor proteins to adaptors to tubulin subunits, mutations affecting components of the
axonal transport machinery have been implicated in a broad range of neurological disorders.
Advances in DNA sequencing techniques have identified mutations in kinesin-1 and
kinesin-3 as causative of a broad range of neurological disorders, including hereditary
spastic paraplegia (HSP), amyotrophic lateral sclerosis (ALS), epilepsy, and severe
intellectual deficits (170-173). Similarly, mutations in dynein, primarily in the DYNC1H1
gene encoding the cytoplasmic dynein heavy chain, have been implicated in a range of
neurodevelopmental and neurodegenerative diseases (reviewed in 174), including Charcot-
Marie Tooth disease type 20 (CMT-20) and spinal muscular atrophy-lower extremity
predominant (SMA-LED). Mutations in kinesin- and dynein-binding proteins have also been
implicated in disease. For example, missense mutations on the kinesin-3 inhibitor KBP were
found to be causative of Goldberg-Shprintzen syndrome (GOSHS) (175), a severe
neurological disorder characterized by microcephaly and mental retardation. Mutations in
the dynein-binding protein Lis1 cause severe lissencephaly, primarily due to defects in
neuronal migration, but recent work has also established a critical role for Lisl in
maintaining axonal transport in the adult brain (176). Mutations in the DCTN1 gene
encoding the p150©!ued subunit of dynactin affect the initiation of retrograde transport (101);
these mutations are directly implicated in Perry syndrome, an aggressive form of
Parkinsonism (177). A distinct mutation within the same domain causes a rare form of motor
neuron disease, HMN7B (178). Similarly, mutations in BICD2, an activating adaptor for
dynein, lead to spinal muscular atrophy (179-181), characterized by lower motor neuron
degeneration.

Mutations in associated effectors or scaffolding proteins can also lead to disease. For
example, Rab7 is anchored to the membrane of late-endosomes/lysosomes and is involved in
dynein/dynactin motor complex recruitment (152). Mutations in Rab7 have been implicated
in Charcot-Marie-Tooth disease (182) and shown to disrupt endosome axonal transport in
sensory neurons (183). Huntingtin can act as a motor scaffold coordinating the activity of
kinesin/dynein motor complexes (112). Pathogenic expansion of the polyQ repeat region of
huntingtin deleteriously affects the scaffolding functions of the protein, disrupting the axonal
transport of multiple cargoes, including autophagosomes and mitochondria (161, 184, 185).
Finally, mutations that alter microtubule organization or regulation can cause disease. For
example, mutations in various a.- and p-tubulin isoforms lead to brain malformations and
neurodevelopment disorders (186). Two have been located at or near the GTP nucleotide-
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binding pocket of B-tubulin (187, 188) and likely affect the nucleotide-state transition
directly, while one in a-tubulin was recently shown to directly impair dynein motor activity
(189).

Axonal dynamics are a tightly orchestrated mechanism, required to maintain neuronal health
and function through a lifespan that may reach 90-100 years, so it is not surprising that
mutations that disrupt these dynamics are tightly associated with both neurodevelopmental
and neurodegenerative disease. However, it remains unclear why mutations in genes required
for axonal transport result in such a wide variety of diseases, affecting very different stages
of development or distinct neuronal subtypes. For example, mutations within the DYNC1H1
gene encoding the cytoplasmic dynein heavy chain can induce either intellectual disability or
distal limb weakness, or both (174). As we learn more about the specific interactions among
motors, adaptors, and cargo being transported, the pathobiology induced by mutations in the
axonal transport machinery may become clearer.

Directly targeting the transport machinery and the microtubule network to restore rates of
axonal transport has long been considered a promising therapeutic strategy to slow the
progression of neurodegenerative diseases. More recently, the pharmacological modulation
of microtubule dynamics with microtubule-stabilizing drugs has been shown to promote
axonal regeneration after axonal injury (190-192). It is known that axonal transport plays a
critical role in sustaining axonal regeneration (193); whether the pro-regeneration effects of
microtubule-stabilizing drugs are directly associated with a boosting of anterograde and
retrograde trafficking to and from the injury site remains to be elucidated.

Concluding remarks

Axonal transport sustains synaptic and neuronal function by delivering the necessary
components to support neurotransmission at presynaptic sites and carrying aged organelles
or signaling vesicles to the soma. From the functional diversity provided by tubulin isoforms
and PTMs to the different ways motors engage with microtubules or interact with accessory
proteins to bind cargo, the distinct layers that regulate axonal transport are many but
coalesce to efficiently direct the distribution of a wide range of cargo along the axonal arbor.
While significant advances in single-molecule and in vivo approaches are enabling a deeper
understanding of how these regulatory layers interplay, they are also uncovering the true
scale of the task that maintains hundreds of thousands of synapses operating effectively
within the same neuron. Further application of innovative and complementary approaches
will continue to build a coherent view of the mechanisms that maintain axonal and synaptic
homeostasis through life (Fig. 4).
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Box 1.

Challenges in tackling the nanoscale distribution of tubulin modifications
and isoforms

Neuronal microtubules are highly modified and are likely an ensemble of multiple tubulin
isoforms however, the spatial distribution of tubulin modifications and isoforms along the
neuronal cytoskeleton at the nanoscale level is still unclear. Most of what is known about
microtubule modifications in neurons stems from employing a handful of antibodies that
target acetylated, tyrosinated/detyrosinated, and glutamylated (=1 glutamate-long side-
chain) and polyglutamylated tubulin (=3 glutamate-long side-chain). Generally, these
antibodies have a size of 15 nm and their optical detection requires binding with a
secondary antibody of a similar size, resulting in a ~30 nm complex. Given that tubulin
subunits are 4 nm apart, this approach is not suitable to resolve small-scale modifications.
The problem is further compounded by the packed arrangement of the axonal
microtubule array. Nano-antibodies against tubulin have been developed (194). Further
increasing the repertoire to target different tubulin modifications and isoforms, and
combining it with improved super-resolution microscopy techniques, such as expansion
microscopy or the recently developed motor-PAINT (195), will reveal a more detailed
picture of tubulin diversity along the axon and help understand how it affects the activity
of motors proteins.
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Box 2.

Traveling cost of replenishing synaptic vesicles at the presynaptic
compartment

In the human cortex, the total ATP expenditure of a single pyramidal neuron on processes
involving ion channel operation during activity and mediating axonal neurotransmission
is ~4.8x109 ATP/sec (196, 197), 0.92x10° ATP/sec is consumed to maintain the resting
membrane potential (196). Evidence indicates that the energy budget of a single cortical
neuron is conserved among humans and rodents at a total of 4.95x1014 ATP/day (196),
which are generated from glycolysis and mitochondrial oxidative phosphorylation (198).
Using the mouse basal forebrain cholinergic neuron (see Axonal cargo distribution and
delivery section) as a model and considering that SVPs are mostly delivered in the
anterograde direction (49), the total distance traveled by SVPs throughout the whole
axonal arbor each day is between 2.8 to 5.6 km. Because kinesin hydrolyzes one ATP
molecule per step, a total of 3.5x1011to 7x101* ATP molecules would be spent in this
process (for simplicity we are assuming one single kinesin-3 dimer mediating the
transport of one SVP). This indicates that only 0.07-0.14% of the total ATP budget is
dedicated to transporting SVPs throughout the axonal arbor of mouse basal forebrain
cholinergic neurons. This proportion will likely be higher in rat dopaminergic neurons,
which have even larger axonal arbors with ~500,000 presynapses, or in human
serotonergic neurons, which are estimated to extend axons for 350 meters (124).
Nevertheless, even considering the energy expenditure of axonal SVP transport together
with an estimate of ATP spent in the transport of other axonal and dendritic cargoes, the
ATP directly devoted to microtubule-based transport is likely <1% of the total ATP
budget of a single neuron. This highlights how efficient axonal transport and presynaptic
replenishment are from an energetic point-of-view.
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Box 3.
Outstanding questions

Among the many open questions in neuronal cell biology, how is the sub-
compartmentalization of the neuron specified is one of the most fundamental. An
increasing number of molecular players involved in the stabilization of the microtubule
network at the AIS have been described, but the exact mechanisms that sort these into the
neurite that is to become the axon, and/or exclude them from pre-dendritic processes, are
still unclear. There are at least 20 kinesin motor isoforms expressed in hippocampal
neurons (199). The function of most of these motors in neurons and their relevance for
axonal transport is still unclear. Furthermore, the roles of dynein activating adaptors in
defining dynein cargo recognition and transport regulation in neurons will also be an
active area of research. In addition, a detailed depiction of the microtubule network
organization along whole axons is still absent. Improved cryo-EM techniques and
computational approaches to reconstruct serial sections will play an important role in
unveiling this. Correlative light and electron microscopy approaches will assist in
deepening our understanding of microtubule dynamics and organization. A particular
area of interest will be to unambiguously demonstrate that incorporation of native GTP-
tubulin into a preexisting microtubule lattice occurs in vivo. Local translation in the axon
potentially has important implications for the replenishment of soluble proteins and
maintaining a healthy pool of mitochondria at presynaptic sites. The mechanisms that
mediate the distribution and stability of mMRNA, and the transport and/or assembly of
ribosomes throughout the axonal arbor are not well understood and is an area of interest
for future studies. Finally, the growing list of known mutations affecting components of
the axonal transport machinery and causative of a broad range of neurological disorders
highlights gene-editing approaches as a promising research avenue to uncover suitable
therapeutic strategies for these disorders.
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Fig. 0. Axonal transport drives cargo through extreme geometries.
Neurons in the human central nervous system (CNS) display highly complex axonal arbors

that can branch thousands of times, reach hundreds of meters in total length, and contain
hundreds of thousands of presynaptic sites distributed ‘en passant’. The axonal transport
machinery is critical for synaptic function by delivering new synaptic vesicles to and
removing aged organelles from presynaptic sites.
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Fig. 1. Axonal microtubule organization and polarity.
Stabilization of the microtubule “plus-end out” arrangement in the axon initial segment

(AIS) is critical for axonal identity and likely acts as a template to establish the uniform
polarity of the axonal microtubule network along the mid-axon.
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Fig. 2. Axonal microtubule diversity.
From numerous tubulin isoforms, to distinct nucleotide states and several PTMs,

microtubule lattices can in theory display a large number of combinatorial arrangements.
This diversity can presumably be shown either at the single microtubule level (multitude of
tubulin isoforms, nucleotide states, and PTMs distributed across the same microtubule
lattice), or at the microtubule population level (uniformity of tubulin isoforms, nucleotide
state and PTM distribution across microtubule populations, possibly conferring these a
specific function).
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Fig. 3. Axonal transport isregulated at multiple levels.

Despite having distinct biophysical properties, (A) kinesin and (D) dynein undergo similar
transport phases. From an inactive unbound state, the motors bind to cargo and are recruited
to the microtubule where they initiate active transport. MAPS, such as Tau or MAP7 can
differentially affect motors and induce transport termination in a motor-specific manner.
Kinesin-3 can sense the nucleotide state of the microtubule lattice and rapidly detaches upon
encountering a dynamic GTP microtubule plus-end. Initiation (B) and termination (C) of
synaptic vesicle precursor (SVP) transport along an axon of a live hippocampal neuron in
culture expressing synaptophysin-mScarlet. SVPs are transported mostly in the anterograde
direction by kinesin-3 and pause preferentially at presynaptic sites, which are enriched in
dynamic GTP-rich microtubule plus-ends. Initiation (E) and termination (F) of
autophagosome transport along the axon of a live cultured hippocampal neuron expressing
LC3-GFP. Autophagosomes are mostly generated distally in the axon and driven by dynein
in the retrograde direction towards the soma.
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Fig. 4. Range of imaging approachesto address questionsin thefield of axonal transport.
A wide range of imaging assays can be employed to investigate the dynamics of biological

processes in systems with different levels of biological complexity. For example: A)
Combining in vitro reconstitution assays with total internal reflection fluorescence (TIRF)
microscopy allows the assessment of the dynamic behavior of single motors on
microtubules. The ability to easily manipulate the system by adding or removing
components enables the elucidation of how single factors (e.g. MAPs) affect motor activity
or what are the minimum components required in the system to observe a specific dynamic
behavior. Panels show the basic setup of an in vitro reconstitution assay and TIRF
microscopy imaging of polymerization of fluorescently-labelled tubulin. B) Primary rodent
CNS neurons in culture undergo a well-described polarized developmental process akin to
what is observed in vivo. Neurons develop an axon and multiple dendrites, establish synaptic
contacts with their neighbors, and fire action potentials spontaneously. The combined ability
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to easily manipulate the neurons genetically and pharmacologically, express fluorescent
reporters and use imaging techniques with high spatial and temporal resolution such as
spinning disk confocal microscopy, make this system ideal to investigate the mechanisms
underlying organelle dynamics in a physiologically-relevant context. Panels show a basic
protocol to image primary neuron cultures and a confocal microscopy image of hippocampal
axons in culture expressing fluorescently-tagged synaptophysin. C) The development of Cre
mouse lines, improved adeno-associated viral vectors, and the advent of CRISPR/Cas9 gene-
editing techniques have enabled more straightforward strategies of genetically manipulating
mice, generating transgenic mouse lines, and expressing fluorescent reporters even in a
neuron sub-type-specific manner. Innovative surgical techniques, including spinal cord
exposure and cortical window implementation allow long-term optical access to the spinal
cord and superficial layers of the cortex. By employing two-photon microscopy techniques,
it is thus possible to interrogate organelle dynamics and synaptic function in neurons in their
native environment. Panels show a simple strategy to perform in vivo imaging assays, an
image of axonal bundles in the spinal cord of a Thy1-YFP mouse, and a cholinergic axon in
cortical layer 1/II of a ChAT-Cre ROSA26-EGFPf mouse. D) TIRF imaging of a single
dimeric KIF1A motor labeled with TMR actively moving on a fluorescently-labelled
microtubule in an in vitro reconstitution assay. E) Synaptic vesicle precursors (labeled with
synaptophyin-mScarlet) move mostly in the anterograde direction, while autophagosomes
(labeled with LC3-GFP) show robust retrograde movement along the axons of live neurons
in culture. Two-photon microscopy imaging of mitochondrial dynamics in spinal cord axons
of a Thy1-MitoCFP mouse. F) VGLUT1-pHluorin signal in a primary hippocampal neuron
before and after electrical-field stimulation. An increased repertoire of fluorescent pH and
Ca?* indicators are allowing the study of how a variety of processes and mechanisms
regulating axonal transport affects synaptic fuhnction and neuronal activity.
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