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Abstract

Neurons are organized and connected into functional circuits by axons that conduct action
potentials. Many vertebrate axons are myelinated and further subdivided into excitable domains
that include the axon initial segment (AIS) and nodes of Ranvier. Nodes of Ranvier regenerate and
propagate action potentials, while AIS regulate action potential initiation and neuronal polarity.
Two distinct cytoskeletons control axon structure and function: 1) a submembranous ankyrin/
spectrin cytoskeleton that clusters ion channels and provides mechanical support, and 2) a
microtubule-based cytoskeleton that controls selective trafficking of dendritic and axonal cargoes.
Here, we review recent studies that provide significant additional insight into the cytoskeleton-
dependent mechanisms controlling the functional organization of axons.

INTRODUCTION

Neurons have two main anatomical and functional domains: an input domain including the
soma and dendrites, and an output domain consisting of the axon. While dendrites are
typically short, axons can be orders of magnitude longer (up to 1 m in humans) since they
may connect cells that are located far from one another. These long distances present
significant challenges to the neuron. For example, axons require the sorting and delivery of
specific axonal proteins, synthesized in the neuronal cell body, to distant locations like the
pre-synaptic terminals, while excluding those proteins that normally function in dendrites.
Also, the farther apart neurons and their effector cells (e.g. muscle cells) are located from
one another, the longer it takes for action potentials to carry information. Because of their
length and trajectories throughout the body, axons are also exposed to mechanical forces that
without structural support would cause them to break. In this review we discuss recent
discoveries that have dramatically expanded our understanding of how cytoskeletal actin
filaments, ankyrin/spectrin protein complexes, and microtubules help to overcome these
challenges.
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Cytoskeletal control of neuronal polarity

How do neurons control the sorting and delivery of specific axonal and dendritic proteins?
The axon initial segment (AIS) is a specialized ~30 um long membrane domain at the
proximal part of the axon where voltage-gated ion channels are clustered (Fig. 1A). It is both
the functional and anatomical bridge between the input and output domains of a neuron. It is
defined molecularly by ankyrinG (ankG) and BIV spectrin, which together bind AlS Na+
channels and link them to the underlying actin cytoskeleton. Genetic ablation of ankG
blocks AIS Na+ channel clustering [+ 1,2] and the recruitment of all other AIS proteins [3].
The AIS functions as the site of action potential initiation due to the high density of channels
[4]. The AIS also controls neuronal polarity by functioning 1) as a membrane barrier that
restricts the lateral mobility of membrane proteins and ion channels, thereby maintaining
their asymmetric distribution [5,6], and 2) a cytoplasmic gate that ensures only axonal
cargoes are transported into the axon [7]. These AlS functions depend on actin since
depolymerizing actin disrupts polarity and permits the mixing of somatodendritic and axonal
proteins and cargoes [5,7]. However, how actin does this remains unknown.

One major impediment to understanding actin function at the AIS has been the lack of
detailed knowledge about its subcellular distribution within the AIS. To address this
problem, Watanabe et al. [8] used correlative light and scanning electron microscopy to
visualize discrete patches of actin filaments (several microns in diameter) in the AlS of
dissociated cortical neurons. Live imaging of vesicles carrying dendritic proteins were found
to stop at these actin patches rather than enter the axon, suggesting that they may constitute a
vesicle filter. However, other imaging methods failed to reveal similar actin patches in
locations where they would function as a vesicle filter. For example, Jones et al. [9] used
platinum replica electron microscopy (PREM) to visualize the actin cytoskeleton in the AlS.
They were unable to find actin patches and instead reported short, stable actin filaments and
slightly longer dynamic actin filaments. The use of super-resolution microscopy techniques
revealed actin patches at the AlS, but only at the periphery of the axon near membrane rather
than centrally located within the axoplasm [+ 10] (Fig. 1B). Furthermore, these patches
colocalized with presynaptic scaffolding proteins such as bassoon, suggesting that these sites
correspond to pre-synaptic boutons rather than vesicle filters [11]. Thus, it is not clear how
actin patches could function as the gate for vesicle entry into axons. More will be said about
the structure and organization of actin within the AIS below.

In contrast to the model where actin functions as the gate, other studies suggest that
polarized axonal trafficking depends on microtubules and the selective activities of motor
proteins associated with those microtubules and vesicles. For example, live imaging of
vesicles containing dendritic proteins showed that they fail to enter the axon and instead
reverse direction before entering the AIS [12]. Furthermore, the constitutive addition of an
axon-specific motor protein forces vesicles containing dendritic cargoes into the axon [13].

The concept of a microtubule-based gate fits well with the intrinsic polarity of microtubules
and the observation that microtubule stabilization promotes axon specification and neuronal
polarity [14]. Historically, the earliest recognized ultrastructural feature of the AIS (prior to
the discovery of ankG) was the bundling of microtubules linked by molecularly undefined
cross-bridges [15]. Recently, van Beuningen et al. [+ 16] discovered that the cross-linked
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AIS microtubules depend on tripartite motif containing protein 46 (TRIM46), which
functions to bundle microtubules into closely spaced arrays with their plus-end out (Fig.
1B). Remarkably, expression of TRIM46 in non-neuronal cells is sufficient to bundle and
induce the formation of cross-bridges between microtubules. TRIM46 is enriched in the
proximal axon and its distribution overlaps with ankG at the AIS, but it can also be detected
just a few microns proximal to ankG in the same location where vesicles reverse direction to
move away from the axon [ 12,13]. Consistent with a role in controlling the sorting of
vesicular cargoes, TRIM46 is only found at the AIS and not at other ankG-enriched domains
like the nodes of Ranvier where sorting need not take place. TRIM46 is an early marker of
neuronal polarity since it localizes to the nascent axon before ankG clustering. Loss of
TRIM46 disrupts axon formation, ankG clustering, microtubule bundling, and the efficient
sorting of vesicles into their appropriate axonal or dendritic compartments. Conversely, loss
of ankG disrupts the bundling of microtubules [17].

The observations described above indicate that the assembly of ankG-dependent AIS Na+
channel clusters and TRIM46-based bundling of AIS microtubules are reciprocally
dependent on one another, and that together these protein complexes regulate neuronal
polarity. However, ankG forms part of the submembranous cytoskeleton together with pIV
spectrin and actin, while TRIM46 is associated with cytoplasmic microtubules. How are
actin/plV spectrin/ankG complexes and microtubules linked? While the answer to this
question remains unknown, important clues include the fact that the proteins EB1 and EB3
are found at the AIS and bind to both microtubules and ankG [18]. Even more striking is the
recent discovery that the dynein regulator NDEL1 binds directly to ankG, is enriched at the
AIS, and its loss permits somatodendritic proteins to appear in the axon [+» 19]. Thus,
NDEL1 functions at the AIS to promote dynein-dependent transport of somatodendritic
vesicles out of the axon (Fig. 1B), but the molecular mechanisms controlling recognition of
somatodendritic cargoes by NDEL1 remain unknown. Furthermore, since live imaging of
dendritic cargoes show that they never enter the axon and reverse direction before they even
enter the AIS [+ 12,13] suggests that there are additional NDEL1-independent mechanisms
controlling sorting. Since loss of ankG causes axons to acquire dendritic features [20], rather
than dendrites acquiring axonal features, we propose that the major vesicle sorting
mechanism in neurons is exclusion of dendritic cargoes from axons rather than preferential
trafficking of vesicles to axons. However, exceptions to this idea include the observation that
Nav1.6 Na+ channels are preferentially targeted to the axon and inserted into the AIS where
they are immobilized through their interaction with ankG [21].

The actin/spectrin/ankyrin cytoskeleton in axons

If microtubule-based mechanisms control the sorting of axonal and somatodendritic vesicles,
then what is actin's role and where is it located in the axon, and the AIS in particular? Super-
resolution imaging of the actin cytoskeleton suggests a surprising and remarkable answer to
this question. Using STochastic Optical Reconstruction Microscopy (STORM), a super-
resolution microscopy technique, Xu et al. [22] found that axonal actin filaments form
submembranous rings that are periodically and regularly spaced along the axonal shaft (Fig.
1C). These observations were later confirmed and shown to be ubiquitous throughout the
nervous system and in many cell types including both neurons and oligodendrocytes using a
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different form of super-resolution microscopy: STimulated Emission Depletion (STED)
microscopy [11,23,24]. During neuronal development these actin rings appear immediately
after the breaking of symmetry and axon specification [¢ 25]. The periodicity of the actin
rings was highly regular, with a spacing of approximately 190 nm (Fig. 1C). The rings
colocalized with the actin capping protein adducin, and alternated with the actin-
crosslinking protein Il spectrin, the primary spectrin found in the distal axon [26].
Spectrins consist of two a- and two B-subunits, bind to actin, and have a predicted length of
~190 nm. The coincident spacing and length of the spectrin tetramer suggest that spectrins
dictate the assembly of the periodic cytoskeleton. However, additional experiments showed
the organization of these rings is far more complicated than originally thought because the
periodic structure of the actin/spectrin cytoskeleton was disrupted by actin depolymerizing
agents, silencing of Il spectrin expression, and even the disruption of microtubules [« 25].

Spectrins bind not only actin, but are anchored to the plasma membrane through interactions
with ankyrins. In the distal axon ankyrinB (ankB) also takes up a periodic organization with
a similar spacing as that for actin and Bll spectrin. Leterrier et al. [+ 10] used STORM
imaging to visualize components of the AIS and found that ankG, IV spectrin, Na+
channels, and the AIS cell adhesion molecule neurofascin (NF) 186 are all found in a similar
periodic structure (Fig. 1C). The use of different antibodies directed against distinct and
widely spaced epitopes found in ankG and BIV spectrin revealed in unprecedented detail the
organization of the AIS submembranous cytoskeleton. As predicted, BIV spectrin subunits
associate in a head-to-head orientation immediately beneath the plasma membrane, with the
N-terminus of ankG also located in the submembrane skeleton. However, the C-terminus of
ankG extended on average 32 nm into the axoplasm where it presumably interacts with other
proteins [¢ 10]. Consistent with the idea that the C-terminus of ankG plays important roles in
AIS assembly, Jenkins et al. [+ 27] showed that mice lacking the so-called 'giant' exon of
ankG near its C-terminus fail to form AIS. Thus, interactions between the C-terminus of
ankG and other, as yet undefined AIS proteins are critical for normal AIS assembly.

What is the function of the periodic cytoskeleton? Spectrins are comprised of many (from 17
to 22) three-helix spectrin repeats in each subunit. These repeats are elastic [28], permitting
the submembranous cytoskeleton to be flexible. Thus, the periodic spectrin cytoskeleton
confers flexibility and elasticity on the axon. Consistent with this idea, loss of B spectrin
from ¢. Efegans results in axons that break under mechanical strain [29]. Future studies of
mice lacking spectrins will be important to confirm a similar role in vertebrate axons.

Although actin, spectrins, and ankyrins all form a periodic cytoskeleton in axons, distinct
ankyrin/spectrin complexes are found at discrete sites along the axon. As emphasized
already, BIV spectrin and ankG are at the AlS; no a spectrin has yet been reported there. In
unmyelinated axons, the distal submembranous cytoskeleton consists of ankB, all spectrin
and Bl spectrin; this cytoskeleton participates in AlS assembly through the generation of an
intra-axonal boundary that restricts ankG and IV spectrin to the proximal axon [26]. BlII
spectrin is located in the dendrites of Purkinje neurons, and its loss results in Purkinje cell
degeneration and spinocerebellar ataxia type 5 [30].
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In myelinated axons, nodes of Ranvier have a cytoskeletal specialization much like the AlS.
Nodes of Ranvier are primarily responsible for the rapid and efficient propagation of action
potentials along axons (Fig. 1A). The nodal cytoskeleton consists of ankG and B1V spectrin,
but there is no known specialized microtubule organization. STED imaging revealed a
periodic organization for nodal ankG and BIV spectrin, just like the AIS [11,24]. AnkG is
clustered at nodes of Ranvier by two glia-dependent mechanisms (Fig. 1D). First, ankG is
clustered through interactions with the axonal cell adhesion molecule NF186. NF186
accumulates adjacent to elongating myelin sheaths and at nascent nodes of Ranvier through
interactions with glia-derived extracellular matrix molecules [31,32]. NF186 then functions
as a membrane receptor for the binding of ankG. Na+ channels then accumulate at nodes
because they bind with high affinity to the N-terminal segment of ankG in a phosphorylation
dependent manner [33,34]. To directly test this accepted model, we recently used a
conditional allele of ankG to eliminate ankG's expression from peripheral sensory neurons
and retinal ganglion cells. Surprisingly, we found that Na+ channels still clustered at nodes.
This unexpected result led to additional experiments that revealed a second clustering
mechanism consisting of ankR and BI spectrin that could compensate for loss of ankG or
BIV spectrin [« 1] (Fig. 1D). Although ankR/BI spectrin protein complexes are normally
expressed in neurons, they do not contribute to clustering of Na+ channels due to their lower
affinity for Na+ channels and NF186 as compared to ankG/BIV spectrin. Thus, a hierarchy
of ankyrin/spectrin interactions functions to cluster Na+ channels at nodes of Ranvier (Fig.
1D).

The second mechanism responsible for nodal Na+ channel clustering consists of an axoglial
junction between axons and myelinating Schwann cells in the PNS and oligodendrocytes in
the CNS. These 'paranodal’ axoglial junctions form the largest known vertebrate intercellular
junction which, through as yet undetermined mechanisms, acts as lateral diffusion barrier to
restrict ion channels to nodal and juxtaparanodal domains; juxtaparanodes are short regions
beneath the myelin sheath adjacent to the paranodal junctions where Kv1 K+ channels are
clustered. Disruption of the paranodal junctions permits juxtaparanodal Kv1 channels to
enter into paranodal regions and causes reduced action potential conduction velocity [32].
On the other hand, Na+ channels remain clustered due to the NF186/ankG mechanism. The
paranodal axoglial junctions consists of both glial and axonal cell adhesion molecules, each
of which is anchored to cytoskeletal proteins (Fig. 1D). For example, in myelinating glia a
155 kilodalton glia-specific splice variant of Neurofascin (NF155) functions as the cell
adhesion molecule at the paranodal junction. We recently showed that in the PNS NF155
binds to ankB, and in the CNS NF155 binds to ankG. Conditional knockout of ankG from
myelinating oligodendrocytes delays paranodal junction formation and slows action
potential propagation [35]. On the axonal side, a heterodimeric cell adhesion complex
consisting of caspr and contactin are linked to an a.ll spectrin and Bl spectrin-dependent
cytoskeleton by protein 4.1B [36]. Intriguingly, this axonal organization of the spectrin
cytoskeleton is reminiscent of the organization observed at the AIS: BIV spectrin flanked by
all spectrin and Il spectrin [26]. Since BIV spectrin and ankG are restricted to the AIS by
an all spectrin and BlI spectrin-dependent intra-axonal boundary, we wondered if a
paranodal spectrin-dependent intra-axonal boundary also exists to help organize the axonal
membrane. To test this directly, we used a conditional allele for Bl spectrin and found that
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although the paranodal junction itself remained intact in mice lacking axonal Bl spectrin,
Kv1 K+ channels were no longer restricted to juxtaparanodes but extended into paranodal
and even nodal domains [*» 37]. These observations immediately led to the conceptually
important insight that the molecular basis of the paranodal lateral diffusion barrier in
myelinated axons is not the junction itself, but rather the paranodal cytoskeleton whose
initial formation depends on the paranodal junction.

If the paranodal cytoskeleton functions as an intra-axonal boundary to restrict ion channels
to specific domains in the axonal plasma membrane, why are Na+ channels still clustered at
nodes in BlI spectrin-deficient mice? We speculate that the answer to this question is that the
NF-186/glial ECM mechanism is sufficient to cluster Na+ channels and ankG in the absence
of the paranodal cytoskeleton. However, the only way to prove this will be to construct mice
lacking both mechanisms. For example, if a dual mechanism model is correct and the
paranodal cytoskeleton can function as a second clustering mechanism, then mice lacking
both axonal NF186 and Bl spectrin are predicted to lack Na+ channel and ankG clustering
at nodes of Ranvier. Future experiments will be needed to test these possibilities.

In conclusion, the functional organization and structural integrity of axons depends on a
complex set of interactions among actin, microtubules, spectrins and ankyrins. The
importance of these cytoskeletal elements is only now becoming apparent as their
interactions, accessory proteins, and functions are discovered. We predict that elucidating
the neurobiological mechanisms whereby axonal cytoskeletons control axon structure and
function will provide essential insights into future therapeutic interventions for human
diseases and injuries of the nervous system.
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Highlights

. Neuronal polarity and polarized trafficking of vesicles depends on
microtubule specializations at the axon initial segment.

. The submembranous axonal cytoskeleton is organized as a periodic
structure consisting of rings of actin spaced by spectrin/ankyrin protein
complexes.

. lon channels are clustered at nodes of Ranvier by a hierarchy of

ankyrin/spectrin protein complexes.

. The molecular basis of the membrane boundary flanking nodes of
Ranvier is the Bl spectrin-dependent paranodal cytoskeleton.
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Figure 1.

A) Domain organization of the axon with axon initial segments (regions B and C) and nodes
of Ranvier (region D).

B) Sorting of axonal and dendritic cargoes is a microtubule-dependent mechanism. Recent
studies have shown that TRIM46 is found at and just proximal to the AIS (right) and is
responsible for the bundling of microtubules. The dynein regulator NDEL1 is also important
for sorting of vesicles and functions to exclude vesicles from the AlS. Scale bar = 10 pm.

C) The actin/spectrin/ankyrin submembranous cytoskeleton is organized as a periodic lattice
of proteins that alternate between actin rings and spectrin/ankyrin complexes. STORM
super-resolution imaging has given this unprecedented level of structural and molecular
detail (right). Immunostaining pictures from [10].

D) Two cytoskeleton-dependent mechanisms are responsible for ion channel clustering at
nodes of Ranvier: an active clustering mechanism mediated by a hierarchy of ankyrins and
spectrins, and a paranodal exclusion barrier mediated by all and Bl spectrin. In nodes
lacking ankG, ankR and BI spectrin compensate for the loss of ankG and BIV spectrin.
Adapted from [1].
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