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ABSTRACT

The transmission of information in the brain depends on the highly polarized architecture of neurons.
A number of cellular transport processes support this organization, including active targeting of pro-
teins and passive corralling between compartments. The axon initial segment (AIS), which separates the
somatodendritic and axonal compartments, has a key role in neuronal physiology, as both the initia-
tion site of action potentials and the gatekeeper of the axonal arborization. Over the years, the AIS main
components and their interactions have been progressively unraveled, as well as their role in the AIS
assembly and maintenance. Two mechanisms have been shown to contribute to the regulation of protein
transport at the AIS: a surface diffusion barrier and an intracellular traffic filter. However, a molecular

Ankyrin G understanding of these processes is still lacking. In the view of recent results on the AIS cytoskeleton

Cytoskeleton structure, we will discuss how a better knowledge of the AIS architecture can help understanding its role
in the regulation of protein transport and the maintenance of axonal identity.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

The directionality of signal transmission in the brain is sup-
ported by the exquisite asymmetry of neurons. Neurons are divided
in two main compartments that differ in their molecular com-
position and organization: the soma and dendrites that receive
and integrate synaptic inputs (somatodendritic compartment), and
the axon that sends the signals to downstream cells through an
extensive arborization (axonal compartment, Fig. 1A). A number
of studies have progressively uncovered how cellular polarity is
established during neuronal development [1]. Once polarity is
established, a sequential growth phase leads to the building of
axonal and dendritic arborizations. Mature neurons then face the
daunting task of maintaining the asymmetry of this intricate archi-
tecture for years in rodents, and decades in humans [2].

A key player for the maintenance of neuronal polarity lies
between the somatodendritic and axonal compartments: the
axon initial segment (AIS, Fig. 1A). Its localization along the first
20-40 p.m of the axon underpins its two main functions: the gener-
ation of the action potential, and the preservation of axonal identity
[3]. This review will focus on how the AIS maintains neuronal polar-
ity by regulating protein mobility and traffic between the soma and
the axon. We first describe the AIS main components, how the AIS is
assembled, and how its components are targeted and concentrated.
Then, we review how the AIS controls protein transport in the cell

A somatodendritic = AIS axonal
Axon
Initial node of
Segment Ranvier

ré\. =

via the formation of a surface diffusion barrier and an intracellu-
lar traffic filter. We finally discuss how the expanding repertoire of
identified proteins and interaction at the AIS, together with recent
results on the AIS cytoskeleton structure, spark new hypotheses on
the molecular details of these processes.

2. AIS structure and components
2.1. Ankyrin, spectrin and actin

First described by Kolliker and Remak in the middle of the 19th
century [4], the AIS morphology was characterized by the pioneers
of electron microscopy in the 1960s [5]. They defined morpholog-
ical criteria for identifying the AIS on brain electron microscopy
images, including fascicles of microtubules, and a dense layer of
material undercoating the plasma membrane. Like in the rest of
the axon, AIS microtubules are uniformly oriented with plus-ends
toward the distal axon. The AIS microtubule fascicles are clearly
seen on transverse sections, where they appear as small rings con-
nected by filaments (Fig. 1B).

The plasma membrane undercoat is composed of an
ankyrin-spectrin scaffolding complex that defines the iden-
tity and functions of the AIS. The main component of the AIS
scaffold is ankyrin G [6] (ankG, Fig. 1C and D). The mammalian
ankyrin family is composed of three genes encoding for ankyrin R
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S
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=
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Fig. 1. The axon initial segment (AIS). (A) The neuron integrates inputs received in the somatodendritic compartment (blue). The AIS (red), located at the beginning of the
axon, generates the action potential that propagates up to the terminals (light red), and is regenerated at nodes of Ranvier (red) across internodes. (B) The AIS of a Purkinje
cell (transverse section, right). This electron microscopy image demonstrates two morphological features of the AIS: microtubule fascicles (arrows) and the membrane
undercoat (arrowheads). Adapted with permission from Synapse Web (J. Spacek and K. Harris, PI, http://synapses.cim.utexas.edu). Scale bar, 0.5 wm. (C) The AlIS of a cultured
rat hippocampal neuron labeled for ankG (red) and BIV-spectrin (green). Map2 (blue) is excluded from the axon and delineates the somatodendritic compartment. Scale
bar, 20 wm. (D) The AIS components. The main AIS scaffold is ankG (orange), linked to BIV-spectrin (green) that in turn binds to actin filaments (dark gray). AnkG binds to
Nav1.x channels and Kv7.2/7.3 channels (dark blue), as well as adhesion proteins NF-186 and NrCAM (blue). EB1/3 proteins (light orange) link ankG to microtubules (light
gray). AnkG also binds to SCHIP1 (purple). Other channels present at the AIS are Kv1.x channels linked to PSD-93 (pink), and Cav2/3 channels. Kinases are shown in yellow

(see details in main text).
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(ankR, first identified in erythrocytes), ankyrin B (ankB, isolated
from brain), and ankG (initially characterized as a component
of nodes of Ranvier). Although the short isoforms of ankG are
ubiquitous, the two long ankG isoforms of 270 and 480kDa are
uniquely found in neurons, concentrated at the AIS and nodes of
Ranvier membrane undercoat [7-9]. The longest isoform, ankG
480, is a large 4400 amino acids protein composed of a membrane
binding domain, a spectrin-binding domain, a serine-rich domain,
a long tail (2200 aa), and a carboxy-terminal domain. The second
long isoform of ankG found at the AIS, ankG 270, lacks the last
1900 amino-acids of the tail compared to ankG 480 [7]. The other
large ankyrin expressed in neurons, ankB, is found as two 440 and
220 kDa isoforms that are not concentrated in the AlIS, but localize
to the distal part of unmyelinated axons [6].

Similarly to the ankyrin-spectrin complex lining the erythro-
cyte membrane, ankG is bound via its spectrin-binding domain to
a specific member of the spectrin family, identified as BIV-spectrin
in the AIS [10] (Fig. 1C and D). Classically, spectrins are found
as hetero-tetrameric complexes of two a-spectrins and two 8-
spectrins, with B-spectrins bound to actin filaments [6]. Although
all-spectrin is found along the whole axon, a specific a-spectrin has
not yet been characterized at the AIS. It is thus unknown if AIS spec-
trins exist as classical o—[3 tetramers or as a different complex. The
BIV-spectrin isoforms concentrated at the AIS are the ¥1 and X6
BIV-spectrins. The BIVX6 isoform is necessary for proper AlS orga-
nization [11,12] although it lacks the actin-binding domain found
on other isoforms, questioning whether this AIS spectrin complex
is linked to actin. In line with this question, actin enrichment in
the AIS has been reported in a handful of studies [13-15], but only
detected after specific detergent extraction for others [16,17]. How-
ever, even with no concentration, specific actin organization occurs
in the AIS [15], consistent with its major role in establishing the AIS
mobility barrier (see below). Finally, ankG has been shown to inter-
act with schwannomin-interacting protein SCHIP1, a protein that
concentrates in the AIS, but whose function remains unknown [18].

2.2. Membrane-partners of ankG

AnkG also binds via its membrane-binding domain to mem-
brane proteins that accumulate at the AIS (Fig. 1C). AnkG binds
to voltage-gated sodium (Nav) channels [19] via a motif located
in their intracellular loop between transmembrane domains I and
I [20,21]. It leads to the concentration of Nav channels in the AIS
compared to the soma, with an enrichment estimated between 3-
[22] and 40-fold [23,24], depending of the experimental approach.
Nav channel accumulation underlies the role of the AIS in the final
integration of somatodendritic inputs and the generation of the
action potential in most neuronal types (reviewed in [4,25]). The
main Nav channel types present in the AIS are Nav1.6 and Nav1.2,
although Nav1.1 is also found at beginning of the AIS in certain
neurons (reviewed in [26]). Additionally, a developmental switch
occurs between Nav1.2 and Nav1.6 [27], as well as a proximodis-
tal complementary distribution of Nav1.2 and Nav1.6 in mature
neurons [28]. How different Nav channels bearing similar ankG
binding site can be selectively enriched along the AIS is an inter-
esting and still open question. Potassium channels Kv7.2 and Kv7.3
(KCNQ2/KCNQ3) share a binding site to ankG that is analogous to
the Nav channel motif, and accumulate at the AIS as heteromers,
where they dampen excitability [29]. lon channels that do not
possess an identified ankyrin-binding site have also been localized
to the AIS. Potassium channels Kv1.1/1.2 localize at the distal AlS,
bind to post-synaptic density protein PSD-93 [30,31], and can mod-
ulate AP initiation, as do Cav2/3 calcium channels present along the
AIS [32].

AnkG also binds via its membrane-binding domain to cell adhe-
sion molecules from the L1-CAM family [6]. Binding to ankG results

in the AIS and nodal concentration of two family members, the
186 kDa isoform of neurofascin (NF-186), and the neuronal cell
adhesion molecule (NrCAM) [33]. Notably, a single ankG protein
can simultaneously bind two CAMs and one ion channel [6]. NF-
186 has been shown to recruit components of the extracellular
matrix such as brevican to the AIS of hippocampal neurons [34], and
ankG-directed concentration of NF-186 is important for GABAergic
innervation of the pinceau terminal around the Purkinje cells AIS
[35].

2.3. Regulated component interactions at the AIS

Although it is a stable complex, the AIS is not static: a num-
ber of kinases regulate the interaction between AIS components.
NF-186 and NrCAM can be phosphorylated at their cytoplasmic
FIGQY motif, inhibiting their interaction with ankG [36]. Protein
kinase CK2 phosphorylates the ankG binding site on Nav channels
to strengthen their interaction with ankG [37], and participates
in AIS formation [38]. Cyclin-dependent kinases cdk2 and cdk5
phosphorylate the Kv3 subunit, regulating their surface expres-
sion in the distal AIS Kv complex [39], whereas cdk5 controls
the length of an AlS-like compartment in Drosophila [40]. The
Ca?*/calmodulin dependent protein kinase CaMKII associates with
BIV-spectrin and phosphorylates Nav channels [41]. Finally, the
glycogen synthase kinase GSK3[3 phosphorylates [3-catenin in the
AIS, regulating the maintenance of the AIS [42], and controls the
interaction of Nav channels with fibroblast growth factor FGF14,
participating in channels concentration in the AIS [43].

2.4. Link between ankG and microtubules

The large size of the ankG isoforms found at the AIS suggests
that they could interact with intracellular targets. Potential part-
ners for ankG inside the AIS are microtubules, as ankR and ankB bind
microtubules in vitro, directly or indirectly [44,45]. Sobotzik et al.
studied the AIS structure in Purkinje cells lacking ankG, thanks to a
cerebellum-specific ankG knockout mouse [46]. They showed that
the characteristic microtubule fascicles at the AIS are dispersed in
the absence of ankG, suggesting interplay between ankG and micro-
tubules [47]. Leterrier et al. thus searched for potential partners in
this interaction and identified the end-binding proteins members
EB1 and EB3 as links between microtubules and ankG [48]. EB pro-
teins are usually associated with growing microtubule plus-ends,
where they organize a complex implicated in interactions with the
cellular cortex structures [49]. EB1 and EB3 interact with ankgG,
and are stabilized along the microtubule lattice in the AIS. This link
between ankG and microtubules could have importantimplications
for the filtering of intracellular transport [48] (see below).

3. AIS assembly and maintenance
3.1. AIS assembly

How is the large AIS macromolecular complex built and main-
tained? In neuronal cultures, all components assemble in quick
succession between 3 and 4 days in culture [34,50]. In vivo stud-
ies of mice lacking ankG in Purkinje cells [35,46,51], together with
knockdown of AIS components in developing neurons [34] have
demonstrated that ankG is necessary for the recruitment of other
AIS components: Nav channels, BIV-spectrin, NF-186 and NrCAM.
Conversely, the ankG-binding motif of Nav channels [20,21,52], Kv7
channels [29,53],NF-186 [50] and BIV-spectrin [54] is necessary for
their concentration in the AIS. Interestingly, Nav channel knock-
down can prevent formation of the AIS in motoneurons, suggesting
that they could also play a role in AIS assembly for certain neuronal

Please cite this article in press as: Leterrier C, Dargent B. No Pasaran! Role of the axon initial segment in the regulation of protein transport and
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types [55]. The ankG-dependent “inside-out” AIS formation con-
trasts with the “outside-in” assembly of nodes of Ranvier, where
extracellular glial signals first bind to NF-186, which recruits ankG,
allowing Nav channel concentration [56-58]. If ankG recruits all
other components to the AIS, how is ankG is recruited to the AIS in
the first place? The Rasband lab recently demonstrated the exist-
ence of an antagonistic mechanism between ankG and ankB [59].
After the initial specification of the axon, ankB is targeted to the
distal axon and progressively fills the axon toward the soma. The
later onset of ankG expression results in the distribution of ankG
along the remaining proximal stretch of the axon that becomes the
AIS [59]. In developing motoneurons, the early expression of ankG
could lead to a different AIS formation pattern: ankG appears along
the whole axon at embryonic day E9.5 and concentrates in the AIS
after E11.5, ankB being present along the whole axon [9].

3.2. AlIS maintenance

AnkG also has avery important role for AIS maintenance: deplet-
ing ankG in mature neurons results in AIS disassembly, with a
dispersion of the accumulated B1V-spectrin, ion channels and CAMs
|60]. However, once assembled, the integrity of the AIS also depends
on the presence of the other components. Long-term absence of
BIV-spectrin in knockout mice decreases ankG and Nav channel
accumulation in the AIS [11,12,61]. In vivo depletion of NF-186
in Purkinje cells results in a progressive disappearance of the AIS
[62,63]. Finally, depletion of the microtubule-ankG link formed
by EB1 or EB3 results in a partial disassembly of the AIS in cul-
tured neurons [48]. These results suggest that although ankG is
the primary organizer of the AIS, its components are ultimately
interdependent.

4. Traffic and targeting of AIS components
4.1. Traffic of intracellular AIS components

Beyond the interactions and hierarchies between AIS compo-
nents, how each component is targeted and delivered to the AIS
remains elusive. How does ankG enter the axon before competing
with ankB as proposed by Galiano et al. [59]? Several ankG domains,
notably the serine-rich domain, seem to be important for its
axonal targeting [64]. Palmitoylation of the ankG membrane bind-
ing domain, together with the linker before the spectrin-binding
domain, are implicated in ankG submembrane localization in axons
[65,66]. We know that ankG recruits its partners to the AlIS, but
whether it associates with any of them and is co-transported before
arriving at the AIS remains an open question. In particular, this
includes other AIS intracellular components such as BIV-spectrin
and EB1/3.

4.2. Targeting mechanisms of AIS membrane proteins

Two general mechanisms participate in the concentration
of membrane proteins the AIS: selective endocytosis from the
somatodendritic compartment, and capture by ankG. Using
chimeras bearing various intracellular parts of Nav channels, the
Dargent lab has shown that the C-terminus and the loop between
transmembrane domains Il and III target Nav channels to the axon.
Interestingly, there is no direct targeting to the axon, but rather
unpolarized export to the plasma membrane followed by selec-
tive endocytosis from the somatodendritic compartment [67,68]. It
would be interesting to test whether axonal targeting of Kv7.2/7.3
heteromers, which occurs via motifs in the C-terminus domain [69],
also depends on a selective endocytosis step. Interestingly, NF-186
also accumulates at the AIS after selective endocytosis from the

somatodendritic compartment, in a doublecortin-dependent man-
ner [70]. Once AIS membrane proteins have reached the axonal
surface, binding to ankG is thought to drive their concentration at
the AIS by capturing proteins that diffuse along the plasma mem-
brane. It has been observed that Nav channel diffusion is blocked
at the AIS [13,71]. Brachet et al. using Nav-Kv chimeras bearing
mutants of the Nav ankyrin-binding domain, have demonstrated
that channel immobilization in the AIS is caused by their interaction
with ankG [72]. Binding to ankG is also able to slow down NF-186
diffusion [36], resulting in its immobilization at the AIS [50], and
prevents NF-186 endocytosis mediated by doublecortin [70].

5. Role of the AIS in the maintenance of polarity

Once assembled, the AIS separates the axon from the rest of
the neuron and thus helps maintaining neuronal polarity. First
proposed after the discovery of the diffusion barrier between the
soma and the axon [71,73], the functional evidence confirming this
hypothesis was provided only a few years ago. Hedstrom et al.
used long-term depletion of ankG in cultured neurons, and showed
that it not only induces disassembly of the AIS, but also leads to
a progressive loss of axonal identity, with appearance of somato-
dendritic markers in the proximal axon [60]. These results were
confirmed in vivo by examining the axonal morphology of mice
lacking ankG in Purkinje cells. The proximal axon of these cells
exhibits spines containing post-synaptic assemblies that appear
gradually during maturation [47]. How is the AIS keeping somato-
dendritic proteins from invading the axon? Studies have shown
that the AIS regulates protein transport between the soma and the
axon through two mechanisms: a surface diffusion barrier, and an
intracellular traffic filter (Fig. 2A and B).

6. The diffusion barrier at the AIS

Lipids and membrane proteins cannot freely diffuse through the
AIS, but are slowed down or immobilized, resulting in the isolation
of the somatic and axonal membrane composition (Fig. 2A). This
diffusion barrier was first identified by Kobayashi et al., who dis-
covered that fluorescent lipids cannot diffuse from the axon back to
the soma [73], before being confirmed at the single molecule level
by video-rate tracking of membrane lipids [ 74]. Restricted diffusion
of axonal proteins at the AIS was first shown by experiments mea-
suring tractability of L1 or Thy-1 attached beads [17] and confirmed
by single particle tracking of proteins labeled with quantum dots
[14,72].

6.1. Role of ankG-binding proteins

The immobilization of lipids in the proximal axon is temporally
correlated to the AIS formation [13]. Furthermore, disassembly of
the AIS through ankG depletion leads to the disappearance of the
diffusion barrier [14]. How does the AIS restrict the diffusion of
membrane components? The anchored-proteins “pickets” model
from the Kusumi lab proposes that a subset of membrane proteins
interacts with the cytoskeletal elements underlying the membrane,
resulting in rows of immobilized pickets that slow diffusion of
membrane proteins and lipids [ 13]. In the AIS, the pickets would be
the membrane proteins immobilized by their interaction with the
ankG/spectrin undercoat: ion channels and CAMs [50,71,72]. Bra-
chet et al. showed that ankG-binding proteins were immobilized
as soon as ankG accumulated in the AIS, before the establishment
of the diffusion barrier [72]. Thus, ankG-binding membrane pro-
teins are recruited as a preliminary step, suggesting they are the
pickets of the AIS diffusion barrier [ 13]. Interestingly, the phospho-
regulation of channels and CAMs that modulate their binding to
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Fig. 2. Regulation of protein mobility and actin structures in the AIS. (A) The AIS diffusion barrier. Lipids and membrane proteins (red) diffusion is impeded in the AIS, due
to corralling from the submembrane scaffold (green) and the concentration of AIS membrane proteins (gray). Diffusion along distal axon and soma is less restricted, as
measured from trajectories of individual molecules (above, red), despite the presence of the distal axon ankB/BII-spectrin scaffold (orange). (B) The AIS traffic filter. Vesicles
containing somatodendritic proteins (blue) are excluded from entering the axon (blue arrow), whereas vesicles transporting axonal proteins (orange) can proceed through
the AIS (orange arrow). Specific recruitment of axonal kinesins is helped by cues on microtubule such as post-translational modifications (light orange). (C) Actin rings along
the axon [15]. Rings of actin filaments (gray) capped by adducing (red) are spaced regularly every ~180 nm along the axon. Longitudinal (3-spectrin dimers (IV-spectrin
in the AIS, green, and BlI-spectrin in the distal axon, orange) join two adjacent rings. (D) Actin patches size (~1 wm in size) inside the AIS [16]. Somatodendritic vesicles
transported along microtubules (blue arrow) by kinesins (blue) also bear myosins (green), causing them to stop at these actin patches and keeping them from entering the

axon (green arrow). Also depicted is the hypothetical role of dynein in transporting non-axonal cargoes back to the soma (orange).

ankG also modify their diffusive properties [36,72], suggesting that
the strength of the diffusion barrier could be dynamically regulated.

6.2. Role of spectrin and actin

Actin is necessary for the presence of the diffusion barrier, as
actin filaments disruption leads to its disappearance [13,14,17].
BIV-Spectrin plays a role in restricting the diffusion of L1 in the AIS
compared to the distal axon [75]. In erythrocytes, spectrin connects
complexes of actin and ankyrin with a ~100 nm hexagonal pattern
that limits diffusion of membrane proteins [G]. At the AIS, what
specific organization of the spectrin/actin cytoskeleton leads to the
immobilization of membrane components? Recently, Xu et al. used
super-resolution microscopy to reveal the localization of actin and
spectrin in axons with a ~20 nm resolution. They showed that actin
is forming ring-like structures spaced ~180nm apart around the
circumference of the axons. The middle part of spectrin tetramers
is precisely located between the actin rings, resulting in a comple-
mentary bands pattern. This suggests that spectrins lie along the
plasma membrane, connecting successive actin rings [15] (Fig. 2C).
This organization is strikingly reminiscent of the periodic annular
structure previously observed in electron microscopy images of the
AlS undercoat [76].

Do these successive actin/spectrin hurdles cause the AIS diffu-
sion barrier? The actin rings are detected along the whole axon,
linked by BIV-spectrin in the AIS and by BII-spectrin in the distal
axon [15] (Fig. 2C). Thus, the presence of these rings cannot explain
the diffusive properties of the AIS compared to the distal axon. The
diffusion barrier is likely caused by additional AIS proteins associ-
ated to these structures, such as the ion channels and CAMs acting
as pickets. It would nevertheless be interesting to extend these find-
ings in relation to the known AIS structure. [s there a difference in
the arrangements of the two AIS 3IV-spectrin isoforms, given that
one of them lacks an actin-binding domain? Is ankG also organized

in ring-like structures? How are the actin/spectrin rings assembled
during development, given that ankG recruits BIV-spectrin during
AIS formation [54]? Interestingly, impairment of the AIS structure
has been reported after actin filaments disruption in young neurons
[14,55], whereas AIS of older neurons do not seem to be affected
[38,77].

7. The intracellular filter in the AIS
7.1. The intracellular filter

Besides the surface diffusion barrier, the AIS participates in the
maintenance of axonal identity by regulating the intracellular traf-
fic. Live-cell imaging of GFP-fused proteins shows that vesicles
transporting axonal proteins can enter in both axon and dendrites,
whereas those containing somatodendritic proteins are excluded
from entering the axon [78,79]. The intracellular diffusion of large
molecules and vesicular transport toward the axon is significantly
slowed at the AIS, demonstrating the existence of an AIS transport
filter [14]. Importantly, this filter acts like a sieve, as the entry of
macromolecules depends on their size, and the passage of vesi-
cles depends on the processivity of the motor proteins propelling
them (Fig. 2B). This filter is established at the same time as the AIS
(between 3 and 5 days in culture), and depends on AlS integrity, as
shown by its disappearance after ankG depletion [14].

7.2. Role of actin

Disruption of actin filaments impairs the AIS filter, allowing
the entry of large macromolecules and somatodendritic vesicles
into the axon [14,80]. How can actin regulate intracellular traf-
fic in the AIS? Lewis et al. have shown that myosin V binding
can target membrane proteins to the somatodendritic compart-
ment [80]. Subsequent work showed that myosin VI, which travels
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toward the opposite side of actin filaments, can conversely partici-
pate in the targeting of axonal protein [81]. This led the authors to
propose that the AIS contains actin filaments, which stop somato-
dendritic vesicles entering the axon via myosin V-based interaction
and may bring them back to the soma [79]. Strikingly, scanning
electron microscopy images of detergent-extracted cells showed
an accumulation of actin into ~1 pum globular clusters the AIS.
Somatodendritic vesicles were often stopped at these clusters [16],
supporting a role of actin as a selective road block in the AIS
(Figure 2D). It is not clear if these clusters could mediate selective
retrieval of vesicles toward the soma, and they are clearly differ-
ent from the rings observed by Xu et al. [15]. Observing the fine
structure of actin in the AlS of living cells, for example using photo-
activated localization microscopy (PALM) could help to conciliate
these findings. Coupled with imaging of vesicular cargoes, PALM
of actin could further clarify the role of actin in filtering transport
through the AIS.

7.3. Role of microtubules

Recent results suggest that microtubules, besides supporting
vesicular transport, could play a role in the AIS sieve assembly.
Acute microtubule disruption or stabilization does not disassem-
ble the AIS of mature neurons [26,77,82]. However, microtubules
are necessary for blocking retrograde diffusion of the microtubule-
associated protein Tau from the axon to the soma [77]. The
discovery of an interaction between ankG and microtubules via
EB proteins [48] revigorates the hypothesis that the large ankG
isoforms could stretch across the AIS between the plasma mem-
brane and the cytoplasm, and connect the undercoat complex to
microtubules [33]. The ankG tail is flexible and unstructured, and
could stretch up to 0.5 wm in length if fully extended in the case
of the longest isoform [6]. This could explain how the AIS scaffold
regulates traffic toward the axon: an accumulation of ankG teth-
ers between membrane protein partners and microtubules would
form a sieve and impede entry of large macromolecules and weakly
powered vesicles into the axon [14].

This physical link between membrane proteins and micro-
tubules via ankG, and its relevance for filtering traffic through the
AIS, has yet to be tested. Importantly, the details of an interac-
tion between ankG and microtubules are still largely unknown.
Although it is known that ankG binds to the hydrophobic pocket
of EBs [26], what part of ankG binds to EBs is not. The large
ankG 480 contains a putative SxIP EB-binding motif in its tail
[83], but it does not seem to be present in the shorter ankG
270. Besides EBs, it is likely that ankG can bind microtubules
directly or via other yet unidentified partners. Antibodies reac-
ting with microtubule-associated epitopes in the AIS suggest that
unknown microtubule-bound AIS components remain to be dis-
covered [82,84]. Interestingly, a recent study found that the ankyrin
repeats of the Drosophila no mechanoreceptor potential C(NOMPC)
channel are bound to microtubules, this membrane-microtubule
tethering resulting in the mechanosensitive properties of the chan-
nel [85]. Combining the details of the ankG-microtubule linkage
and the ankG interaction with the spectrin rings discovered by Xu
etal. [15] would help testing a molecular model where the AlS traf-
fic filter is formed by an accumulation of ankG tethers across the
axon.

8. Additional roles for microtubules in the AIS
8.1. The AIS as a launch pad

A growing body of evidence suggests that microtubules con-
tribute to axonal cargoes steering via specific modifications and

selective recruitment of kinesins [2]. Kinesins are microtubule-
associated motors that drive transport of organelles and vesicular
cargoes. Most kinesins travel toward the microtubule plus ends,
resulting in anterograde transport in axons, which contain uni-
form plus end-out microtubules [86]. The kinesin KIF5/kinesin-1
has been shown to transport several axonal cargoes, and also
a few somatodendritic ones [86]. KIF5, when expressed as a
motor head fragment, is selectively targeted to axons, and a non-
processive KIF5 head rigor mutant accumulates selectively along
the AIS microtubules, suggesting that these microtubules harbor
a specific cue for KIF5 recruitment [74]. What are the signals on
AIS microtubules that are recognized by the KIF5 motor head?
AIS microtubules are enriched in post-translational modifications
(PTMs) typical of stable microtubules such as acetylation, detyrosi-
nation and polyglutamylation [87-89]. As KIF5 preferably binds
to PTM-rich, stabilized microtubules [90,91], it was proposed that
PTMs direct the recruitment of KIF5 to the AIS. However, reports
differ on whereas detyrosination [87], acetylation [89,90] or a com-
bination of multiple PTMs [88] have a role for KIF5 preferential
recruitment. Alternative candidates for microtubule cues are GTP
remnants along the AIS microtubules. A microtubule typically has
tubulin monomers bound to GTP at the growing plus-end, and to
GDP along the shaft, reflecting progressive hydrolysis of GTP. But
microtubules can also contain small stretches of non-hydrolyzed
GTP along their length that are called GTP remnants [92]. Nakata
et al. showed that these remnants are enriched along the axonal
microtubules, and play a role in recruiting KIF5 toward the axon
[93]. Moreover, as the plus-end GTP cap is also the preferred loca-
tion of EB proteins interactions, one could speculate that these GTP
remnants have a role in the enrichment of EBs at the AIS, allowing
them to link the microtubule shaft to ankG [48].

8.2. More to discover

Results in model organisms suggest that key mechanisms may
be still missing in our understanding of polarized targeting. Dynein
is a molecular complex that moves along microtubules toward
their minus end, and drives retrograde transport in axons [2]. In
mammalian neurons, dynein has arole in targeting proteins to den-
drites via transport along the minus end-out microtubules found in
proximal dendrites, where microtubule orientation is mixed [94].
Furthermore, dynein contributes to the polarized organization of
the Golgi apparatus [95], and organizes axonal microtubules in
Drosophila neurons [96]. One could hypothesize that dynein also
excludes somatodendritic cargoes from the axon by bringing them
back to the soma along AIS microtubules, similarly to what was
proposed for myosin V along actin filaments [80]. In the nema-
tode Caenorhabditis elegans, the ankyrin homolog unc-44 allows
the axonal targeting of unc-33/CRMP (collapsin response mediator
protein), the establishment of uniform microtubule polarity, and
the proper targeting of unc-116/KIF5 to the axon [97]. Finally, the
C. elegans unc-16/Sunday Driver/JIP3 (JNK interacting protein), an
adaptor that interacts with both kinesin and dynein, is present in
the proximal axon and necessary for regulating organelle entry into
the axon [98]. Altogether, these results suggest that further inter-
play between the AIS scaffold, microtubules and motor proteins
may exist and could play a crucial role in shaping polarized traffic
and axonal identity.

9. Conclusion

The AIS is now recognized as a key compartment in neuronal
physiology. Itisinstructive to draw a parallel with another neuronal
structure that has been thoroughly studied in the past decades:
the neuronal synapse. Both structures are characterized by an
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accumulation of channels and adhesion proteins, controlled by
interactions with specialized scaffolds. However, at the level of the
cell, the synapse is an endpoint, whereas the AIS is a gate between
the neuron’s main polarized domains. This underlies its role in the
organization of the cell and in the maintenance of polarity. Multiple
components may be still missing in our view of the AIS architecture,
and how components are arranged is largely unknown. Decipher-
ing the fine structure of the AIS will allow understanding how
the AIS shapes intracellular traffic and maintains axonal identity.
Moreover, similar to the synapse, the AIS macromolecular complex
is not a static assembly. Recent results have shown that it is capable
of structural plasticity, allowing adaptation to physiological and
pathological conditions [99-101]. This plasticity likely implicates
kinases and phosphatases regulating the interactions between AIS
components. It will be very interesting to test if these regulations,
and this plasticity of the AIS structure, have an impact on the neuron
organization via the regulation of protein traffic and mobility.
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