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Abstract

At the simplest level, neurons are structured to integrate synaptic input and perform computational transforms on
that input, converting it into an action potential (AP) code. This process, converting synaptic input into AP output,
typically occurs in a specialized region of the axon termed the axon initial segment (AIS). The AIS, as its name
implies, is often contained to the first section of axon abutted to the soma and is home to a dizzying array of ion
channels, attendant scaffolding proteins, intracellular organelles, extracellular proteins, and, in some cases, syn-
apses. The AIS serves multiple roles as the final arbiter for determining if inputs are sufficient to evoke APs, as a
gatekeeper that physically separates the somatodendritic domain from the axon proper, and as a regulator of
overall neuronal excitability, dynamically tuning its size to best suit the needs of parent neurons. These complex
roles have received considerable attention from experimentalists and theoreticians alike. Here, we review recent
advances in our understanding of the AIS and its role in neuronal integration and polarity in health and disease.
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1. OVERALL STRUCTURE AND FUNCTION OF
THE AIS

The axon initial segment (AIS) is a specialized mem-
brane domain that extends 10–60 μm into the axon that
was first described in the 1960s through a series of ele-
gant electron microscopy studies (1, 2) (FIGURE 1). The
studies described the AIS as a region of the axon past
the axon hillock characterized by an electron-dense
membrane undercoat and tightly bundled microtu-
bules, called fascicles. In the decades that followed,
the AIS was found to exhibit tight clustering of densely
packed membrane proteins, including voltage-gated
ion channels, cell adhesion molecules, and transport-
ers (FIGURE 2). These proteins are interspersed within
evenly spaced actin rings that decorate the AIS mem-
brane (FIGURE 3). Subsequent electrophysiological
studies demonstrated that, for most neurons, action
potentials (APs) are first triggered in the AIS (see recent
major reviews from Refs. 6–11).
Over the course of evolution, the AIS has continued to

evolve unique and important functions. Invertebrates, like

Caenorhabditis elegans and Drosophila melanogaster,
possess an AIS that shares some common features with
the more recently evolved mammalian AIS. For example,
DrosophiladdaEneurons have anAIS-like diffusionbarrier
that separates the axon and somatodendritic compart-
ments. Furthermore, some Drosophila neurons also have
an AIS-like region that has an enrichment of ion channels
and attendant scaffolding proteins (12). Similarly, C. ele-
gans neurons showenrichment of ion channel scaffolds in
the proximal axon and conserved functions of both intra-
cellular vesicle filtering and membrane protein diffusion
(13). However, for the purpose of this review, we will focus
on the vertebrate AIS, which has evolved a number of
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additional unique features. For example, convergent evo-
lution of voltage-gated sodium channels (NaVs) and one
class of potassium channels, KCNQ channels, led to the
acquisition of anAIS scaffoldingmotif that further strength-
ened the clustering of these channels within the AIS
throughbinding to the scaffoldingprotein ankyrin-G (14).

1.1. Mechanisms of AIS Formation and
Maintenance

1.1.1. Ankyrin-G is the master organizer of the AIS.

The formation of the AIS is controlled by the intracellular
scaffolding protein ankyrin-G, the gene product of ANK3

(FIGURE 2). The vertebrate ankyrin gene family is com-
posed of three homologous genes, ANK1, ANK2, and
ANK3, that encode the proteins ankyrin-R (15–16), ankyrin-
B (18, 19), and ankyrin-G (20, 21), respectively. In general,
ankyrins act as intracellular scaffolds by binding a host of
interacting partners, using their 24NH2-terminal ankyrin
repeats and tethering them to the underlying actin cyto-
skeleton through interactionswithb-spectrin, a component
of the actin-associated tetrameric spectrin complex (22).

Ankyrin-G was shown to be necessary for initial forma-
tion of the AIS, as shRNA-mediated silencing or genetic
deletion of Ank3 in mice causes a complete loss of the
AIS (23, 24). Ankyrin-G is widely expressed throughout
the body as an �190-kDa peptide. Outside the AIS, this

A

B C Axon hillock Axon initial segment

Axon

Terminals

Axon
Hillock

SomaDendrites

Axon
Initial

Segment Myelin
Nodes of
Ranvier

10 µm

MAP2 Ankyrin-G NF186

FIGURE 1. Basics of the axon initial segment. A: model of a neuron. In most neurons, the axon initial segment (AIS) begins just after the axon hillock,
which is where the axon connects to the soma. In myelinated neurons, myelin (green) covers the axon between the nodes of Ranvier. The action poten-
tial is initiated within the AIS and propagates down the axon to the nerve terminals where neurotransmitters are released. B: representative images of
cultured neocortical neuron at day in vitro 7 stained with MAP2 (cyan hot LUT), ankyrin-G (green), and neurofascin-186 (red). Created from unpublished
data from Jenkins laboratory, related to Ref. 3. C: ultrastructure of the AIS. The AIS (blue) begins after the axon hillock (red) and is marked by a dense
submembranous undercoat and microtubule fascicles. Adapted from Ref. 1; used with permission.
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FIGURE 2. Molecular components of the axon initial segment (AIS). The axon initial segment is built by the scaffolding protein ankyrin-G, which binds
to ion channels (NaV1, NaVb-subunits, KV7), cell adhesion molecules (neurofascin-186, NrCAM), and others and links them to the actin cytoskeleton
through interactions with bIV/aII-spectrin tetramers. Other AIS proteins, although ultimately dependent on ankyrin-G, localize to the AIS without binding
directly to ankyrin-G. For example, KV1 localizes through interactions with PSD-93. The AIS is also characterized by bundled, plus-end-out microtubule
fascicles that host a number of critical microtubule-associated proteins (EB1/3, CAMSAP2, Ndel1, and TRIM46).
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isoform is localized todendritic spines in cell-like neocort-
ical pyramidal cells. There, it is important for stabilizing
AMPA receptors within spines and overall spine structure
and density (25). Alternative splicing of a large internal
exon within the ANK3 gene gives rise to giant 270-
and 480-kDa isoforms of ankyrin-G (20, 26). Genetic
deletion of the large exon or silencing of the 480-kDa
isoform with shRNA completely abolishes the AIS and
clustering of known ankyrin-dependent partners, includ-
ing voltage-gated channels, cell adhesion molecules, and
GABAergic synapses (27, 28). In neurons, the480-kDa iso-
form of ankyrin-G interacts with bIV-spectrin-containing
tetramers to link AIS proteins to the actin cytoskeleton (29,
30). In addition, ankyrin-Gcan interactwith themicrotubule
cytoskeleton through the formation of a complex with the
microtubule end-bindingproteins EB1 andEB3,which help
stabilize ankyrin-Gat theAIS (28, 31).
While it is clear that ankyrin-G is strictly required for

AIS formation, the exact mechanisms targeting ankyrin-
G to the AIS remain incompletely understood. Work in
wild-type cultured dorsal root ganglion neurons demon-
strated that multiple domains of the 270-kDa isoform of
ankyrin-G are required for proper clustering of ankyrin

within the AIS, including the serine-rich and tail domains
found within the giant exon (26). Further work using
Ank3 knockout-and-rescue in hippocampal neurons
demonstrated that only the full-length 480-kDa isoform
of ankyrin-G was able to fully recapitulate normal AIS
length and position (27). In addition, shRNA targeting
only the 480-kDa isoform of ankyrin-G causes a nearly
complete loss of ankyrin-G immunoreactivity at the AIS
and clustering of ankyrin-dependent AIS proteins (27,
28). Consistent with these results, genetic deletion of
the giant Ank3 exon results in a complete loss of the AIS
(27). However, since this deletion results in the loss of
both the 270- and 480-kDa forms of ankyrin-G, the pos-
sibility that 270-kDa ankyrin-G is also present at the AIS
and is participating in protein clustering within this do-
main cannot be excluded.
The other two ankyrins have unique, mostly nonover-

lapping functions within neurons (32). In forebrain neu-
rons, ankyrin-B is found in distal axons, beyond the AIS,
where it plays important roles in scaffolding proteins like
the cell adhesion molecule L1CAM, which is important in
the regulation of axon branching (33). In addition, ankyrin-
B contributes to the transport of axonal cargoes through

FIGURE 3. The axon initial segment (AIS) contains peri-
odic, evenly spaced rings of actin andAIS proteins.A: repre-
sentative image of cultured hippocampal neuron at day in
vitro (DIV) 5 stained with SiR-actin captured by stimulated
emission depletion (STED) microscopy. Image courtesy of
Dr. Elisa D’Este (Max Planck Institute for Medical Research).
Image adapted from Ref. 4; used with permission. B: higher
magnification image of region of interestmarked inA show-
ing actin rings, originally described in Ref. 5. C: representa-
tive image of the AIS of a cultured hippocampal neuron at
DIV22 stained with antibodies to Kv1.4 (green) and bIV-
spectrin (magenta) captured by STED microscopy. Image
courtesy of Dr. Elisa D’Este (Max Planck Institute for Medical
Research).D: higher magnification image of region of inter-
estmarked inC. E: line fluorescence intensitymeasurement
ofD showing the nonoverlappingperiodicity of Kv1.4 (green)
and bIV-spectrin (magenta); a.u., arbitrary units. C–E: cre-
ated from unpublished data from Elisa D’Este, related to
Ref. 4.
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interactions with dynactin (34). In neocortical pyramidal
neurons, ankyrin-B also localizes to dendrites, where it
scaffolds NaV1.2 to regulate dendritic excitability (3).
Ankyrin-R, which was thought to be predominantly
expressed in erythrocytes, has been shown recently to
be expressed in forebrain parvalbumin-positive inter-
neurons and in cerebellar Purkinje neurons, where it
scaffolds voltage-gated potassium channels (35, 36).
At the molecular level, ankyrins would be predicted

to be cytoplasmic proteins owing to their lack of trans-
membrane domains. However, all three ankyrins are
highly membrane-associated due to palmitoylation,
which is the addition of the 16-carbon fatty acid palmi-
tate to target protein cysteine residues (37–39).
Ankyrin-G is palmitoylated at a single cysteine in the
NH2-terminal ankyrin repeats (C70), and mutation of
that residue to a nonpalmitoylatable alanine blocks
membrane association, formation of the AIS, and stabi-
lization of GABAergic synapses (38, 40). Palmitoylation
is catalyzed by a family of �23 zinc finger Asp-His-His-
Cys motif-containing (zDHHC) palmitoylacytransferase
enzymes (41, 42). The 190-kDa isoform of ankyrin-G
was shown to be palmitoylated in a functionally redun-
dant manner by two enzymes, zDHHC5 and zDHHC8
(43). Whether these enzymes are responsible for palmi-
toylation of the giant neuronal isoforms remains
unknown. Interestingly, related family member ankyrin-
B is palmitoylated on four additional cysteine residues
by a different zDHHC enzyme, zDHHC17 (39), which
could contribute to the unique, mostly nonoverlapping
subcellular localization of ankyrin-B and ankyrin-G in
neurons (44, 45).
Another mechanism that has been proposed to regu-

late the AIS localization of ankyrin-G is the formation of a
distal axonal “fence” composed of ankyrin-B and the
underlying aII/bII-spectrin cytoskeleton (45). In this model,
a distal axonal barrier assembles first and controls the
positioning of ankyrin-G within the axon by sterically
blocking its movement distally. Several results sup-
ported these conclusions: first, ankyrin-B and bII-
spectrin appear in the axon of cultured hippocampal
neurons before accumulation of ankyrin-G at the AIS.
Second, silencing of Ank2 or associated spectrins
caused ankyrin-G to spill from the AIS and become
diffusely distributed throughout the axon. Third, over-
expression of ankyrin-B causes the position of this
fence to shift toward the soma and causes a corre-
sponding shortening of ankyrin-G localization and AIS
length.
However, if the ankyrin-B fence is necessary to set the

position of the AIS, then one would expect changes in
the AIS in Ank2 null conditions. While this is seen in vitro,
Ank2 null mice show no difference in the number or
length of the AIS (23), suggesting that there are potential

compensatory mechanisms that protect from AIS loss in
vivo. Another possibility is that plasticity-related modula-
tion of the AIS length in response to altered neuronal
excitability contributed to these results. Decreases in neu-
ronal excitability are often accompanied by an increase in
AIS length, while hyperexcitability causes shortening of
the AIS (46). Recent work demonstrated that heterozy-
gous deletion ofAnk2 disrupts the scaffolding of dendritic
NaV channels, resulting in neuronal hypoexcitability (3).
This raises the possibility that AIS lengthening in Ank2
null cultured neurons may reflect more complex, homeo-
static efforts to adjust overall excitability. Similarly, overex-
pression of ankyrin-B may result in excess surface
expression of NaVs in dendritic domains. If this is true,
it may result in excess excitability that may, in turn,
promote the shortening of the AIS. Future experi-
ments are needed to understand the exact mecha-
nisms by which ankyrin-B and ankyrin-G cooperate to
position the AIS.

1.1.2. Other proteins contribute to the formation
and maintenance of the AIS.

While the role of ankyrin-G in the initial establishment of
the AIS is well established, it is becoming clear that other
resident AIS proteins contribute to the formation and
maintenance of the AIS (FIGURE 2). Multiple NaVs are
expressed in central nervous system (CNS) neurons,
with mature forebrain excitatory neurons expressing
NaV1.2 and NaV1.6 and inhibitory neurons predominantly
expressing NaV1.1 and NaV1.6, although exceptions can
be found (47–50). Early developmental shRNA-medi-
ated silencing of multiple NaVs in cultured spinal motor
neurons, cultured hippocampal neurons, or organotypic
slices causes reductions in the number of AISs that are
positive for ankyrin-G and the intensity of ankyrin-G
staining within the AIS (51, 52). By contrast, homozygous
deletion of Scn2a (NaV1.2) after postnatal day 30 has no
effect on ankyrin-G localization or AIS length in the neo-
cortex (53). These seemingly disparate results could be
potentially explained by the timing of the NaV deletion,
with early deletion causing deficits in AIS formation (51,
52) and later deletion sparing AIS formation and mainte-
nance (53). Another possibility is that the shRNA target-
ing multiple NaV family members has a larger effect on
AIS formation than the genetic deletion of a single gene.
Deletion of Scn8a (NaV1.6) similarly had no effect on
ankyrin-G localization or AIS length in neocortical neu-
rons. However, in those cells, NaV1.2 remained localized
to the AIS to a much higher extent than in control mice
(54). Thus this residual NaV1.2 may be sufficient to main-
tain normal ankyrin-G localization.

The cell adhesion molecule neurofascin (Nfasc)
exists as two predominant splice variants, a 155-kDa
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isoform found in glial cells and a 186-kDa isoform
(NF186) that is found in neurons. Like other AIS pro-
teins, NF186 relies on ankyrin-G for its AIS localization,
as deletion of ankyrin-G causes a complete loss of
clustering of NF186 in the proximal axon (24, 25).
However, NF186 itself may contribute to ankyrin-G
clustering at the AIS. For example, shRNA-mediated
silencing of NF186 in cultured hippocampal neurons
does not block the initial formation of the AIS, as
measured by the percentage of cells that exhibit AIS
clustering of ankyrin-G, but instead prevents normal
clustering of the extracellular matrix protein brevican
at the AIS (55). However, using an identical shRNA-
silencing approach, Leterrier et al. (51) showed that
depletion of NF186 caused an �40% decrease in clus-
tering of ankyrin-G at the AIS upon assembly as well
as alterations on long-term maintenance of the AIS.
Genetic deletion of Nfasc does not disrupt the forma-
tion of the AIS in cerebellar Purkinje neurons or clus-
tering of most AIS components, with the exception of
NrCAM (56). However, extended organotypic cultures
from these mice cause a progressive loss of AIS com-
ponents (56).
Ankyrins tether membrane protein complexes to the

underlying actin cytoskeleton by binding to the tetra-
meric spectrin complex (22). Spectrins are obligate het-
eroteramers that comprise two a-subunits and two
b-subunits. There is only one a-subunit found in neu-
rons, aII-spectrin (product of Sptan1), which is found in
both axonal and somatodendritic compartments (57,
58). While there are multiple b-spectrin proteins in neu-
rons, bIV-spectrin (product of Sptbn4) predominates at
the AIS (59). Silencing of bIV-spectrin levels using
shRNA did not reduce the fraction of cultured neurons
that were positive for AIS-clustered ankyrin-G (55).
Genetic deletion of Sptbn4 caused a destabilization of
the AIS, resulting in reduced or fragmented staining for
AIS proteins, including ankyrin-G (29, 60). Similarly, dele-
tion of Sptan1 causes disruptions in the AIS clustering of
ankyrin-G and disruption of the associated cytoskeleton
(57, 58).
The microtubule and end-binding proteins EB1 and

EB3 are clustered at high levels within the AIS through
interaction with the ankyrin-G tail domain (28, 31).
Silencing of ankyrin-G expression causes a marked
increase in EB1 and EB3 comets throughout the cells,
reduced EB1/3 accumulation at the AIS, and alterations
in microtubule polarity in the proximal AIS. Likewise,
silencing of EB1 or EB3 causes a decrease in AIS local-
ization of ankyrin-G, an increase in ankyrin-G mobility
within the AIS, and an apparent mislocalization to non-
axonal processes (28, 31). Ankyrin-G also interacts with
the tripartite motif containing (TRIM) protein TRIM46
at the AIS, which plays a key role in axon specification

and the formation of parallel microtubule bundles
(61). Knockdown of ankyrin-G has been shown to dis-
rupt the accumulation of TRIM46 at the AIS (61).
Similarly, the deletion of ankyrin-G prevents AIS
accumulation of TRIM46 but does not affect the accu-
mulation of TRIM46 in the proximal 100 μm of the
axon (62), suggesting that TRIM46 has ankyrin-G-
and AIS-independent mechanisms for axonal local-
ization. The results from TRIM46 silencing or deletion
have been more variable. Silencing of TRIM46
expression with shRNA causes a significant decrease
in ankyrin-G accumulation at the AIS (61, 63). By con-
trast, TRIM46 knockout mice exhibit normal axon speci-
fication, ankyrin-G AIS accumulation, AIS structure, and
neuronal function (62). Perhaps the differences between
paradigms are reflective of compensation from unknown
protein(s) in the TRIM46 knockout mouse that does not
occur in acute knockdown conditions.
Taken together, these results highlight that, while

ankyrin-G is the organizer of the AIS, both its initial levels
at the AIS and the long-term stability of the structure rely
on the full complement of AIS proteins.

1.1.3. Expanding the AIS proteome.

Given its critical role in neuronal polarity and excitability,
there has been great interest in finding pathways that
would allow manipulation of the AIS, either experimen-
tally or therapeutically. To date, much of the focus has
been on identifying candidate proteins and pathways
based on homology to other ankyrin/spectrin com-
plexes, like those found in erythrocytes or at nodes of
Ranvier. Other candidate discovery approaches, like
yeast-two-hybrid screens, have been used to identify
novel interacting partners for resident AIS proteins, like
ankyrin-G (40, 64). However, these assays are often lim-
ited by the size and/or behavior of the bait protein chi-
mera, which must fold properly and enter the nucleus
for the assay to work. In addition, since these chimeras
include nonnative proteins, there is an added concern
that normal posttranslational modification, which can be
required for binding, may not occur. Similarly, immuno-
precipitation-mass spectrometry experiments are often
limited by the relative insolubility and sensitivity to prote-
olysis of many AIS protein complexes.

To overcome these limitations, recent work has
focused on the use of proximity labeling approaches
with promiscuous biotin ligases fused to resident AIS
proteins. These approaches, in which biotin is added
to lysine residues of putative interacting proteins
within a short radius (�10 nm), have the advantage
that they can detect transient or weak interactions
and do not rely on detergent solubilization and detec-
tion approaches described above. The addition of the
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biotin ligase BirA� to multiple AIS proteins, including
NF186, Ndel1, and TRIM46, allowed the proximity map-
ping of the AIS at multiple depths relative to the plasma
membrane, with the NF186 cytoplasmic domain being
very close to the plasma membrane and Ndel1 and
TRIM46 being closer to the cytoplasmic microtubule bun-
dles found deeper in the axoplasm (65). This screen
identified multiple known AIS proteins, including aII- and
bIV-spectrin, ankyrin-G, NF186, and NaV1.2, but also
failed to detect other known AIS proteins, including
NaV1.6, NrCAM, KCNQ2/3, Caspr2, and PSD-93. This
indicates that a failure to detect a particular protein does
not necessarily mean that it is missing from the AIS, as a
lack of identification could reflect spatial restrictions rela-
tive to the AIS protein-BirA� fusion or a developmental
window that missed these potential interactions. Multiple
novel AIS proteins were also identified, including proteins
likely to be involved with protein trafficking and sorting,
cytoskeletal remodeling, and neuronal polarity (65).
Similar approaches were used to examine the extra-

cellular proteome of the AIS by targeting horseradish
peroxidase-coupled secondary antibodies to the AIS by
binding to primary antibodies directed against the
extracellular domain of NF186. The addition of biotin-tyr-
amide and hydrogen peroxide creates biotin phenoxyl
radicals that allow proximity biotin labeling of proteins
within �250nm of the secondary antibody-fused horse-
radish peroxidase (66, 67). Using this approach, Ogawa
and colleagues (68) identified a novel cell adhesion
molecule, contactin-1, which is a widely expressed glyco-
sylphosphatidyl inositol (GPI)-anchored cell adhesion
molecule. Contactin-1 was shown to be clustered at the
AIS by CRISPR-mediated epitope tagging of the native
Cntn1 gene, and this localization was dependent on
binding to the L1 cell adhesion molecules NF186 and
NrCAM. Knockout of Cntn1 impaired extracellular matrix
formation at the AIS and led to significant decreases in
axo-axonic innervation at both Purkinje neurons in the
cerebellum and somatosensory cortex pyramidal neu-
rons (68). Thus a range of approaches have helped to
begin to unravel the proteome at the AIS, which may
provide insight into novel regulatory mechanisms for the
control of AIS formation and maintenance.

1.2. Molecular Functions of the AIS

1.2.1. Regulation of neuronal polarity.

The AIS is a key landmark that separates the somato-
dendritic compartment from the axon, and this domain
has been proposed to be a key regulator of neuronal
polarity. This idea has been supported by work showing
that removal of the AIS causes the proximal axon to ex-
hibit features normally seen in dendrites (FIGURE 4). For

example, shRNA-mediated silencing of Ank3 causes
loss of the AIS and mislocalization of the somatoden-
dritic proteins MAP2, the K1/Cl� cotransporter KCC2,
and b1-integrin into the axonal compartment (23, 69).
Similarly, genetic deletion of the giant isoforms of Ank3
causes MAP2 mislocalization into the proximal axon
(27). In addition to protein mislocalization, in the absence
of an AIS, the proximal portion of the neurite that eventu-
ally becomes the axon exhibits structural features that
are consistent with dendritic identity, like dendritic
spines (23, 27, 70).

While it is clear that the molecular composition and
structural identity of the proximal axon are highly regu-
lated by the AIS, additional AIS-independent mechanisms
exist to maintain the separation of the somatodendritic
and axonal compartments. For example, while deletion of
Ank3 causes MAP2 mislocalization into the proximal
axon, this dendritic protein is eventually excluded from
the axon, and separation of axon and dendrite resumes,
although the interface is further from the cell body than
normally seen in neurons possessing an AIS (27).
Similarly, the relative distribution of the transferrin recep-
tor and TGN38, proteins normally found in the dendritic
compartment, is unchanged upon removal of the AIS
when comparing the dendrites to the distal axon (>50
μm from the soma) (27), suggesting that the axon-den-
drite interface is shifting positions within the cell. Similar
results were seen with the dendritic spine phenotype,
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FIGURE 4. Effects of axon initial segment (AIS) loss on neuronal
structure. A: neurons that have a normal AIS are characterized by
separation of axonal and somatodendritic compartments, high lev-
els of clustering of AIS proteins, and GABAergic cartridge synapses
arising from chandelier cells. B: neurons that lose their AIS through
manipulations like genetic deletion of ankyrin-G exhibit multiple
kinds of cellular dysfunction. Dendritic proteins are able to enter the
proximal part of the axon causing development of ectopic dendritic
spines. The interface between the axon and somatodendritic com-
partment moves distally within the neurite that is to become the
axon. AIS protein clustering within the AIS is lost and proteins are
redistributed within the cell. GABAergic synapses at the AIS are lost.
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where distal axons lose dendritic spines and acquire nor-
mal axonal features like the presence of neurofilament
(27, 70). The ankyrin-G- and AIS-independent mainte-
nance of axon specification and polarity was also seen
with shRNA-mediated silencing of Ank3 in rat neocortex,
where axons that lacked ankyrin-G and anAIS still crossed
the corpus callosum into the contralateral cortex despite
the proximal neurite acquiring dendritic characteristics
(45). Together, these results demonstrate that the AIS is
important for the maintenance of the axonal character of
the proximal axon but not for the overall specification of
the axon or distal axonal polarity, suggesting that addi-
tional AIS-independent mechanisms exist for the mainte-
nanceof neuronal polarity.

1.2.2. Regulation of polarized distribution of
proteins.

Neurons rely on the polarized distribution of proteins
between the somatodendritic and axonal compartments
for the proper processing of signaling inputs and subse-
quent output to downstream cells. The AIS contributes
to this polarized distribution of proteins through multiple
mechanisms, including serving as a site for the sorting of
molecular motor-bound vesicles and acting as a mem-
brane and cytoplasmic barrier.

The unique subcellular distribution of somatodendritic
and axonal proteins is achieved, in part, through polarized
transport of cargoes onto motor-driven vesicles bound
for these cellular compartments (reviewed in Ref. 71). As
nascent membrane proteins transit the rough endoplas-
mic reticulum and Golgi network, they are loaded onto
vesicles associated with specific kinesin and dynein
motors that utilize the microtubule cytoskeleton to traffic

these proteins to their ultimate destinations. Vesicles con-
taining axon-bound cargoes freely enter both the axonal
and dendritic compartments, although they enter the
axon with a greater frequency (72, 73). By contrast,
vesicles containing somatodendritic cargoes are excluded
from the axon (72, 74–76). Multiple mechanisms have
been proposed for this polarized transport process,
including recruitment of axon-specific motor proteins to
axonal microtubules and an active removal of mistargeted
dendrite-bound vesicles from the axon (77).
Axonal transport of cargoalongmicrotubules is accom-

plished, in large part, by the kinesin-1 (KIF5A-C) family of
microtubule motors (73, 78). Axon-bound kinesin motors
exhibit a striking change in movement during early neu-
ronal development between developmental stages 2
and 3, when neurons transition from having multiple
immature neurites (stage 2) to a single long neurite that
becomes the axon (stage 3) (79) (FIGURE 5). For exam-
ple, a fluorescently labeled and truncated form of KIF5C
equally samplesmultiple neurites during stage 2but redi-
rects almost exclusively to the axon as the growth cone
emerges and the axon growth rate increases (80). This
recruitment occurs through preferential binding of micro-
tubules within the AIS (73). These processes occur as the
axon is being specifiedandwell before the establishment
of theAIS.
In some cases, vesicles bound for the somatodendritic

compartment travel along microtubules that direct them
toward the axon. However, once they reach the proxi-
mal axon, the vesicles stop and are returned to the
somatodendritic compartment. Given the position of the
AIS between these two compartments, a great deal of
work has focused on the retrieval of somatodendritic
cargoes from the AIS, which relies on actin- and myosin-

A B C DStage 2 (DIV 0.5-1)
No neurite specification

Stage 3 (DIV 1-2)
Axon is specified 

Stage 4 (DIV 2-4)
AIS is formed

Mature (DIV 14+)
AIS GABAergic
synapses form

Legend:
   Axonal motors
   Dendritic motors
   AIS Proteins
   GABA synapses

FIGURE 5. Developmental stages of axon initial segment (AIS) formation in cultured neurons. A: in stage 2 neurons (12–24hours after plating), multi-
ple immature neurites form. Axonal (green) and dendritic (orange) molecular motors equally sample each neurite. B: as neurons reach stage 3 [days in
vitro (DIV) 1 and 2], 1 neurite undergoes a growth spurt, eventually becoming the axon. At this point, before the AIS has formed, axonal motors begin to
exhibit strong preference for the axonal neurite and dendritic motors begin to show dendrite-specific transport. C: during stage 4 (DIV2–4), ankyrin-G
begins to assemble the AIS (blue). AIS proteins are clustered with ankyrin-G and form a multiprotein complex necessary for maintenance of AIS struc-
ture and function.D: as neurons mature (DIV141), chandelier cells form GABAergic cartridge synapses on the AIS (purple). Neurodevelopmental stages
based on Ref. 79.
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based vesicle capture and retrieval process (FIGURE 6).
In this process, vesicles are first halted through interac-
tions between the cytoplasmic domain of somatoden-
dritic cargo proteins and myosin V motors, which
interact with actin patches in the AIS to prevent further
procession of the vesicles (81–85). Once arrested, these
vesicles are then removed from the proximal axon by
minus-end-directed dynein motors, which are activated
by the Ndel1-LIS1 complex (86, 87) or through a Rab5 and
FHF-dependent process (88). Interestingly, it was shown
that the sorting of most somatodendritic cargoes occurs
proximal to the AIS, within the axon hillock, in a zone
termed the preaxon exclusion zone (PAEZ) (76). The
PAEZ serves as a recognition site for axon-bound kinesin
motors, which utilize acetylated microtubules to pass
through the PAEZ into the axon (FIGURE 6). Consistent
with this idea, conferring KIF5 binding to somatodendritic
cargoes allowed them to bypass the PAEZ and enter the
axon. On the other hand, axonal entry was blockedwith a
KIF5 dominant-negative peptide (76). This sorting pro-
cess occurred even in neurons lacking anAIS, as ankyrin-
G shRNA treatment did not block exclusion of the soma-
todendritic transferrin receptor from the axon (76), con-
sistentwith results seen in ankyrin-G nullmice (27).
Given these results, how do we reconcile the role of

the AIS in neuronal polarity and polarized sorting of
cargo? On one hand, motors and cargoes show a prefer-
ence for their respective compartments before the
establishment of the AIS, and AIS deletion alone does
not remove the barrier for somatodendritic proteins
entering the axon proper. On the other hand, the proxi-
mal axon certainly acquires dendritic characteristics,
including the presence of dendritic spines and entry of
somatodendritic proteins (at least proximally) when the

AIS is deleted (FIGURE 4). This suggests a similar situa-
tion to what we see with protein clustering at the AIS. In
that case, ankyrin-G establishes the AIS and recruits
other critical binding partners, like ion channels, cytos-
keletal proteins, and cell adhesion molecules. These
binding partners then play a key supportive role in AIS
maintenance. In the case of neuronal polarity, the initial
specification of the axon and establishment of polarized
cargo sorting occurs first, before formation of the AIS.
However, it is clear that the AIS is necessary for maintain-
ing the normal function of these processes, as deletion of
the AIS shifts the position of the separation between
these compartments.

1.2.3. Cytoplasmic filter and diffusion barrier.

In addition to participating in the polarized sorting of
motor-driven cargo, the AIS limits the diffusion of cyto-
plasmic and plasma membrane proteins as well as
plasma membrane lipids (89–91). For example, cultured
hippocampal neurons develop a cytoplasmic “filter” that
reduces the entry of fluorescently labeled 70-kDa dex-
tran between 3 and 5days after being plated [days in
vitro (DIV) 3–5], during the time when the AIS is forming
(92). Pharmacological disruption of F-actin reduced the
ability of the filter to exclude dextran, as did ankyrin-G
depletion (92). Multiple studies have demonstrated a
similar restriction of membrane protein and lipid move-
ment within the AIS, termed the AIS diffusion barrier.
The transmembrane protein L1CAM, as well as the mem-
brane outer leaflet GPI-anchored protein Thy1, showed
significant restriction of mobility within the AIS but not in
the distal axon (89). When fluorescent lipids were fused
with the axons of DIV14 hippocampal neurons, the lipids
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FIGURE 6. Axon initial segment (AIS) function in protein sorting and trafficking. Vesicles containing axonal cargo (green) are recruited to the axon at
the preaxon exclusion zone (PAEZ), where they traffic into the axon on plus end-out microtubules. Vesicles containing dendritic cargo (red) are turned
back at the PAEZ. Those that inappropriately enter the AIS are retrieved and returned to the soma through the activity of actin-based myosin motors.
Within the AIS proper, areas devoid of the submembranous actin-spectrin mesh serve as sites for clathrin-mediated endocytosis within the AIS. The
tight clustering of proteins within the AIS and their tethering to the actin cytoskeleton serve as a diffusion barrier that limits protein and lipid mobility
within the plane of the membrane and in the axoplasm.
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were restricted to the axon and did not diffuse into the
somatodendritic compartment, suggesting the presence
of a lipid diffusion barrier (90). However, a subsequent
study argued that insufficient time was allowed for the
lipids to reach the hillock (93). To directly address this
question, Nakada et al. (91) used single-molecule imag-
ing of dioleoylphosphatidylethanolamine (DOPE) phos-
pholipids in DIV10 hippocampal neurons and found that
the diffusion rate was reduced 800-fold in the AIS com-
pared to the surrounding membranes. This decrease in
lipid mobility was proposed to be the result of highly
concentrated membrane proteins at the AIS and their
subsequent anchoring to the dense submembranous
cytoskeleton. In this model, membrane proteins act as
“pickets” bound to an actin “fence” that restricts the
movement of proteins and lipids that encounter the
fence (94).

While the AIS is widely accepted to act as a diffu-
sion barrier, a major challenge has been testing the
functional necessity of this barrier in the separation of
axonal and somatodendritic compartments. For exam-
ple, pharmacological disruption of the actin cytoskele-
ton increases the lateral mobility of L1CAM and Thy1
within the AIS and further disrupts the polarized local-
ization of NgCAM (89). This raises the question of
whether this is due to disruption of the AIS diffusion
barrier or due to disruption of the actin-based protein
sorting machinery within the AIS (83). Similarly, protein
and lipid diffusion are high in young neurons that lack
an AIS or in cells where the AIS has been removed by
ankyrin-G depletion. Yet, neurons without an AIS still
exhibit separation of the somatodendritic and axonal
compartments, albeit in a different location, despite
the loss of highly clustered AIS proteins. This raises
the question of whether a more distal diffusion barrier
separates these domains in the absence of an AIS.

1.2.4. Control of microtubule organization.

Since the initial descriptions of the AIS were based on
electron microscopy studies from Palay et al. (1) and
Peters et al. (2), the AIS was defined by tightly bundled
fascicles of microtubules. These bundled microtubules
rely on the presence of ankyrin-G as Ank3 null mice ex-
hibit a loss of both the microtubule bundles and the
dense membranous undercoat that are identifying fea-
tures of the AIS (70). Recent work has shed light on the
mechanisms that contribute to microtubule bundle forma-
tion within the AIS. Multiple microtubule-associated pro-
teins are found at the AIS, including EB1/EB3, Ndel1,
CAMSAP2, and TRIM46 (28, 31, 63, 86, 95) (FIGURE 2).
Ankyrin-G interacts with EB1 and EB3 through motifs
found in the tail domain (28), and these complexes help
anchor microtubule bundles to the AIS plasmamembrane

(28, 31). In addition, ankyrin-G interacts with TRIM46,
thereby promoting the formation of stable microtubule
parallel bundles (61, 63). This TRIM46 accumulation
occurs during the transition from stage 3 to stage 4 of
neuronal development, preceding clustering of ankyrin-
G, and extends proximal to the AIS into the presumed
PAEZ (96). Similar localization is seen with microtubule-af-
finity regulating kinase 2 (MARK2) (97), which plays a key
role in regulating tau association with microtubules (98).
Thus the AIS and PAEZ work together to serve as a major
microtubule organizing center, arranging the microtubule
cytoskeleton and its associated proteins to maintain sep-
aration of axonal and somatodendritic compartments.

1.2.5. Regulation of endocytosis.

Given that the AIS membrane is densely packed with
proteins, it was generally assumed that little membrane
endocytosis occurred here. The dense membranous
“undercoat” (FIGURE 1), tightly spaced actin rings
(FIGURE 3), and highly clustered ankyrin/spectrin com-
plexes (FIGURE 2) are all positioned in ways that could
make membrane access for endocytic machinery diffi-
cult. However, evidence has emerged in just the past
few years indicating that endocytosis does occur at the
AIS and, in fact, contributes markedly to overall neuro-
nal structure and function.

The first role of AIS-localized endocytosis is related to
protein trafficking. Axonal and somatodendritic proteins
that are incorrectly targeted to the AIS are rapidly cleared
by endocytosis and sent to late endosomes for degrada-
tion (13). Shockingly, some proteins seem to utilize AIS
insertion and endocytosis as a normal part of their traffick-
ing pathway. For example, after neuroligin 1 is released
from the endoplasmic reticulum, it is first inserted into the
AIS plasma membrane after which it rapidly relocalizes to
dendritic spines (99). Second, conditions that induce long-
term synaptic depression drive NaV endocytosis, demon-
strating that regulated endocytosis within the AIS controls
neuronal excitability (100). This is seen during develop-
ment, where nuclear mitotic apparatus protein 1 (NuMA1)
transiently localizes to the AIS during development to
block endocytosis of multiple AIS membrane proteins,
thus promoting their stability (101).
How is the process of endocytosis regulated at the

AIS? The inner leaflet of the AIS membrane is covered
with ankyrin-G and the underlying spectrin/actin cyto-
skeleton, which would presumably make access by the
endocytic machinery more challenging. In polarized epi-
thelial cells, ankyrin-G and spectrin similarly coat the lat-
eral membrane but are patterned into nonuniform
microdomains that move within the plane of the mem-
brane to sweep away the endocytic machinery, thus
slowing the rate of endocytosis (102). Strikingly, recent
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work suggests that similar mechanisms occur within the
AIS. Using a combination of superresolution microscopy
and platinum replica electron microscopy, Wernert et al.
(103) showed that clathrin-coated pits form on patches of
AISmembrane devoid of spectrin and actin (FIGURE 6) in
areas between the actin rings (FIGURE 3). Disruption of
the spectrin scaffold or spectrin depletion increased the
formation of clathrin-coated pits. Although not directly
associated with an increased rate of endocytosis, these
pits exhibit a long lifetime on the plasma membrane.
They are therefore positioned to act as long-lived access
sites for endocytic machinery, allowing for the removal of
appropriate proteins like those that are no longer inter-
acting with scaffolds like ankyrin-G (103). Further work is
necessary to identify signaling pathways that regulate
AIS endocytosis.

1.3. AIS-Localized Ion Channels and Neuronal
Excitability

1.3.1. Sodium channels.

Action potentials (APs) are triggered in the AIS of most
cells that have axons, largely due to the high expression
of voltage-dependent sodium channels (NaVs) in this
region (104–111). Indeed, the AIS has such a high concen-
tration of NaVs that one can define the AIS based solely
on NaV localization (112). It is these channels, combined
with the small size of theAIS that requiresminimal charge
to depolarize, that make it easier to initiate an AP here
than in any other region (113). Decades of work have
explored how these channels concentrate to the AIS,
which NaV isoforms localize to the AIS of different cell
classes, and how the biophysical properties of NaVs
expressed in different regions of the AIS affect different
aspects of AP initiation and propagation. From these
studies, certain themes haveemerged.

After early embryogenesis, three main sodium chan-
nels are expressed in neurons of the central nervous sys-
tem (CNS): NaV1.1, NaV1.2, and NaV1.6 (FIGURE 7). They
are expressed to varying degrees depending on cell
type, with NaV1.6 being expressed almost ubiquitously
across all neurons. They can function as protein mono-
mers, with each a-subunit capable of fluxing sodium in
isolation. However, in vivo, they exist in a complex with a
host of other proteins, including ankyrins, NaV b-subunits
b1–4, and fibroblast growth factor homologous factors
(FGF/FHFs). Each pore-forminga-subunit complexeswith
two b-subunits, either a b1 or b3, and then either a disul-
fide-linked b2 or b4 (114). These b-subunits play important
roles in modulation of NaV channel properties, including
surface localization, gating, and kinetics (115). Beyond the
modulation of NaV a-subunits, the b-subunits function in-
dependently as Ig-superfamily cell adhesion molecules,

playing key roles in cell migration, neurite outgrowth and
pathfinding, and cellmigration.
As the AIS is established in early development, certain

NaVs localize first. In excitatory pyramidal cells in neocor-
tex, NaV1.2 is the first NaV localized to the AIS (116). After
the first postnatal week, corresponding roughly to the first
year in humans, NaV1.2 is displaced by NaV1.6 (FIGURE 7).
This displacement occurs most markedly in the distal AIS
where newly inserted NaV1.6 is immediately stabilized by
interactions with ankyrin-G and potassium channels (117).
Similar observations were first made in retinal ganglion
cells (118). In parvalbumin-expressing neocortical inter-
neurons, parallel changes appear to occur with NaV1.1 and
NaV1.6, with NaV1.1 being more critical for AP initiation in
early development. Notably, the switch from NaV1.1-de-
pendent to NaV1.1-independent AP initiation appears to
occur later in these cells than in pyramidal cells, extending
into the third postnatal week in mice. After this period, the
likelihood of lethal seizures associated with heterozygous
loss of function in NaV1.1 diminishes as interneurons can
more readily initiate APs via NaV1.6 (48, 119).
Similar rules apply in other brain regions. Inmature sys-

tems, NaV1.6 is expressed almost ubiquitously in CNS
neurons and is often the NaV isoform localized to the dis-
tal AIS and responsible for AP initiation (47, 49, 112, 120–
125). One notable exception is midbrain dopaminergic
neurons, which appear to express NaV1.2 exclusively in
theAIS (126).
Why do AIS NaV isoforms change over development?

In neocortical pyramidal cells, one theory is that the volt-
age-dependent properties of NaV1.2 are more appropri-
ate for AP initiation during early development. When
examined in native systems (dorsal root ganglion cells)
in the presence of auxiliary subunits, NaV1.2 channels
have more depolarized voltage-dependent activation
and inactivation properties compared to NaV1.6 (127).
Developing neurons have few potassium channels and,
as such, have high membrane resistance and depolar-
ized resting membrane potentials (128, 129). With resting
membrane potential so depolarized, cells would be
unlikely to hyperpolarize sufficiently to relieve NaV1.6
channels from steady-state inactivation. NaV1.2 chan-
nels, by contrast, have more depolarized voltage-de-
pendent properties and can cycle through opening and
closure without becoming locked in inactivated states in
these developing neurons (127). In addition, develop-
mentally regulated splicing in NaV1.2 depolarizes volt-
age-dependent gating properties even further in early
development (130, 131), supporting the idea that devel-
oping cells have specializations that allow for electro-
genesis in this depolarized voltage range.
The displacement of NaV1.2 from the AIS by NaV1.6

appears to be an active process. In mice that condition-
ally lack NaV1.6 (Scn8a-/-) in pyramidal cells, NaV1.2
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never leaves. These mature neurons that express only
NaV1.2 still initiate APs in the AIS but exhibit a thresh-
old for AP initiation that is depolarized relative to cells
that instead have NaV1.6 (54). These neurons that lack
NaV1.6 have reduced persistent sodium current, a
noninactivating component of the total sodium current
that is active at subthreshold membrane potentials,
indicating that this aspect of AIS function is largely
due to NaV1.6 alone (54, 122). Of note, this persistent
current has repeatedly been attributed to NaV1.6
channels localized to the AIS, placing it in an ideal
position to regulate pacemaking in a variety of cell
classes (132–135).
Throughout life, NaV1.2 remains expressed in the

proximal AIS of pyramidal cells (Ref. 47, but see Refs.
52, 136–138) (FIGURE 7). Proximally located channels
are thought to activate at potentials more depolarized
than those in the distal AIS and are therefore activated

after APs initiate in the distal AIS. These proximally
localized NaVs are thus thought to serve an important
role, helping boost APs as they backpropagate and
invade the somatic region, which can act as a large
current sink. Initial experiments in layer 5 rat somato-
sensory cortex pyramidal cells suggested that these
NaV1.2 channels were required for successful back-
propagation; if they were missing, somatic NaVs would
never be recruited, and backpropagation would fail
(47). Subsequent direct tests of this where Scn2a was
conditionally knocked out of pyramidal cells still
observed successful backpropagation, despite com-
plete loss of NaV1.2 (53). However, these results
should be interpreted with caution. Knockout was
done in mouse prefrontal layer 5 pyramidal cells,
which have smaller somata than the layer 5 pyramidal
cells originally studied in rat somatosensory cortex.
Thus backpropagation may be maintained in this cell
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class since the current sink imposed by the size of the
soma is smaller. Furthermore, modest compensatory
changes in NaV1.6 AIS expression were evident in
cells that lost NaV1.2, potentially allowing for success-
ful backpropagation. Ideally, future experiments that
would allow for acute, potent block of NaV1.2 without
affinity for NaV1.6 would be able to test these ideas
with more precision. This could be done pharmaco-
logically if truly isoform-specific inhibitors were
developed. One possibility may lie in refinements to
aryl sulfonimide-based compounds, as these com-
pounds can be tuned to block particular NaV isoforms
(139). Indeed, refinements within this class of mole-
cules have already revealed a use-dependent inhibi-
tor that is 100-fold more potent for NaV1.6 than any
other NaV (140).
The density of NaVs in the AIS, relative to densities in

other neuronal compartments, continues to be a subject
of debate. Initial electrophysiological analyses of NaVs
present in patches of membrane excised from the soma
and AIS suggested that the NaV density was comparable
between the two compartments and suggested that the
voltage-dependent properties of channels in the AIS
were primarily responsible for AP initiation (141, 142). This
observation was at odds with immunostaining, which
clearly shows an excess density of NaVs in the AIS.
Why would densities be comparable when making
electrophysiological assessments but far from compa-
rable when staining for channels? The answer was in
the approaches used. Excised patches of membrane
incorporate channels that can be pulled from the cell.
However, if a channel is anchored strongly to a sub-
membranous cytoskeleton, they are far less likely to
be pulled into a patch. Such is the case for NaVs (and
select potassium channels) in the AIS. Subsequent
experiments depolymerized the actin cytoskeleton,
leading to a new estimate that NaVs were 50 times
more densely packed in the AIS than the proximal den-
drite (143). Similarly, recordings from axon blebs, a
patchable swelling of the axon that forms at the sur-
face of an acute brain slice when cut with a vibratome,
showed similar ratios (19 times), in part because the cy-
toskeleton is absent from these blebs (47). Similar
ratios (39 and 36 times for AIS versus soma and proxi-
mal dendrite, respectively) were found when compar-
ing freeze-fracture immunogold labeling of individual
NaV1.6 channels in hippocampal pyramidal cells (144).
Notably, this may represent the full complement of
NaVs in these compartments, as hippocampal pyrami-
dal cells differ from neocortical pyramidal cells in that
they lack NaV1.2 in their somata and dendrites (53, 128,
138, 144).
While these density ratios suggest a large difference

in AIS and somatic NaV density, direct imaging of sodium

influx during APs draws different conclusions. Here, so-
dium influx appears to be only 3 times higher in the AIS
than the soma and 12 times higher than the proximal
dendrite of neocortical pyramidal cells (133, 143, 145).
Several possibilities could account for the lower ratio
observed with AP-evoked imaging. First is the comple-
ment of NaV isoforms in these different compartments.
While the distal AIS rests at a slightly more hyperpolarized
membrane potential than the soma (146), it is also far more
enriched with NaV1.6 channels that exhibit a more hyper-
polarized voltage dependence for inactivation compared
to the NaV1.2 channels enriched in the soma and proximal
dendrite (33, 147, 148). Sodium imaging experiments, typi-
cally performed at physiological resting membrane poten-
tials, are thus likely done in conditions in which a larger
fraction of the NaV pool is subject to steady-state inactiva-
tion in the distal AIS than the soma. By contrast, voltage-
clamp protocols used to determine overall NaV density in
the two compartments typically evoke NaV currents from
very hyperpolarized potentials (�100 to �120mV; Refs.
45, 143). This relieves both NaV1.2 and NaV1.6 channels
from steady-state inactivation completely before assess-
ing NaV currents. Thus the mismatch between total chan-
nels and those assayed with AP-evoked sodium imaging
may be due in part to differences in the proportion of
channels available for sodium flux in the different experi-
mental designs.
Second is the fact that all channel activation is sto-

chastic and not all NaVs are activated with each AP,
in part due to processes like slow inactivation (149).
Furthermore, individual channels that were activated
must then recover from fast inactivation, which can
limit the total number of channels available to sup-
port another AP if it should occur within a small time-
frame. Many axons therefore express NaVs far in
excess of what is required for single APs to ensure
that APs can be initiated and propagated during peri-
ods of sustained, high-frequency firing (150). Again,
this contrasts with voltage-clamp experiments that
are typically designed to maximally recruit all chan-
nels from a closed state.
Third, one might consider how NaVs are recruited in

the distal AIS and soma during an AP. Whole cell record-
ings from the soma and AIS reveal different membrane
voltage kinetics near the AP threshold. In the AIS, depo-
larization gradually rises until the threshold is reached,
triggering an AP that propagates both down the axon
and back to the soma (113, 151). Because the soma is the
recipient, rather than the instigator, of this AP, it experi-
ences a far more sudden change in voltage and the
faster membrane depolarization occurs, the more effec-
tively NaVs are recruited (152–154). Thus a combination
of these three factors, availability, stochasticity, and
recruitment, may account for the apparent mismatch
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between total NaV channel density in the AIS and the
proportion of channels recruited during APs.
The fast rise of the AP, as measured in the soma, has

received considerable attention. Some have argued that
the change in voltage at the AP threshold is so sharp that
it cannot be accounted for by a Hodgkin-Huxley (HH)-
based gating model (FIGURE 8). Instead, it has been pro-
posed to reflect the cooperative activation of NaVs in the
AIS (155, 156). In this model, physical coupling between
NaVs is thought to lead to coordinated channel opening,
where the activation of one channel hyperpolarizes the
voltage dependenceof activation of its coupled neighbor,
in theory accounting for the sharpness of AP initiation.
Similar concepts have been proposed for cardiac sodium
channels, at least when recorded in expression systems
(157). However, this theory has been challenged by others
(158, 159). In the case of the AIS, the most direct assess-
ments have been direct recordings of APs in the axon,
which reveal smooth voltage depolarization near the
threshold (47, 113), consistent with HH models of inde-
pendently activated channels (FIGURE8). Further support
came from the examination of NaV voltage dependence
in the presence of subsaturating concentrations of the
pore blocker tetrodotoxin (TTX). If channel cooperativity
exists, then blocking some channels with TTX should shift
the voltage dependence of the remaining pool. This was
not observed (47).
What then accounts for the sharp rise of the AP in

the soma? This voltage component of the AP occurs
before the recruitment of somatic NaVs, so it cannot be
explained by their recruitment. Instead, it appears to be
due to the way in which current flows from the site of AP
initiation in the AIS to the soma, both axially, within the

cell, and through a large current loop that also takes into
consideration current flow within the extracellular space.
In this way, the soma and AIS act as the two ends of an
electrical dipole (FIGURE9), with the soma functioning as
a large current sink, and the sudden rise of the AP can be
accounted for if one is observing AP from the point of
view of a current sink that is physically larger than the site
of AP initiation (160, 161).

1.3.2. Potassium channels.

Potassium channels are a diverse class of channels,
equally diverse in functional properties. Multiple iso-
form subclasses contribute to the resting membrane
potential, AP repolarization, and membrane dynamics
between APs (162). These channels are expressed
across neuronal compartments, and, often, a comple-
ment of channels in and outside the AIS contributes to
AP waveform and subthreshold membrane potential
(163). Here, we focus on those with known expression
in the AIS and their roles in the function of AIS.

Delayed rectifier currents arising from KV1-family
potassium channels account for a major fraction of the
total outward current in the AIS of pyramidal cells. In
neocortical and hippocampal pyramidal cells, KV1
delayed rectifiers are expressed at high levels and
account for �75% of the AIS outward current (112,
164–166). While KV1s appear to be expressed through-
out pyramidal cell axons, their expression is restricted
to the AIS in cerebellar stellate cells (105) and is com-
pletely absent from cerebellar Purkinje cell initial seg-
ments (167). Universally, block of KV1s slows the
repolarization phase of the AP (105, 164, 165), but in
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some interneuron classes, they exert additional effects
on excitability. These channels can begin to activate in
some cells as they reach the AP threshold, giving these
cells a characteristic “delayed onset” spiking phenotype
(168, 169).
A second family of delayed rectifier channels, KV2s,

are also localized to the AIS but have different func-
tions than KV1s. Rather than being broadly distributed
in the membrane, KV2.1s form clusters in neocortical
and hippocampal pyramidal cell initial segments.
These clusters colocalize with sites of GABAergic
input and with the GABAA receptor scaffold gephyrin
(170). Furthermore, they appear at sites where intracel-
lular calcium cisternae are in close proximity to the
membrane, reminiscent of studies of KV2 clusters in
the soma that appear to not conduct potassium but
instead serve as scaffolds for intracellular calcium
stores (171). The KV2 clusters in the AISmay be similarly
nonconducting, as the application of KV2-specific
channel antagonists has no effect on AP waveform, at
least as measured from the soma (162). Thus these
channels may bemore important for AIS structure than
electrogenesis, helping to carve out space in the AIS
membrane for GABAergic input. Consistent with this

idea, cell classes that lack AIS GABAergic input have
no KV2 immunostaining in their initial segments (172).
KV7.2 and 7.3 channels, also known as KCNQ2 and

KCNQ3, are also expressed at high densities in the AIS,
especially the distal AIS (173–175). In contrast to KV1s
that open quickly in response to depolarization, KV7s
have slow kinetics and their activity can be regulated by
calcium through calmodulin-dependent signaling (176).
They therefore act to temper sustained firing, with KV7
antagonists promoting high-frequency burst firing (173,
177, 178). Furthermore, a small fraction of KV7s are active
at hyperpolarized potentials, helping set the AIS resting
membrane potential (173, 178).
In addition to voltage-dependent potassium channels,

some cells also appear to express calcium-activated po-
tassium channels in the AIS. Small-conductance channels
(SK, KCa2) havebeen localized to theAISof culturedhippo-
campal pyramidal cells, where their density is regulated in
a PKA-dependent manner (179). Big-conductance chan-
nels (BK, KCa1) may contribute to AP repolarization in py-
ramidal cell initial segments, likely through interactions
with CaV2 channels (Ref. 180, but see Ref. 181). In addition,
most recently, the stretch-sensitive leak potassium chan-
nel TRAAK was identified in the AIS (182, 183). What role it
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has in AIS membrane excitability is unclear, but similar
channels localized to nodes of Ranvier appear critical for
membrane repolarization during anAP (184).

1.3.3. Calcium channels.

AP-evoked calcium influx in the AIS was first observed in
the early days of calcium imaging in ex vivo slice prepara-
tions (185, 186), but the source of this influxwas not investi-
gated for some time. Initial studies in auditory brainstem
cartwheel cells found that calcium influx was mediated by
CaV2.3 and CaV3.2 in these cells and provided some evi-
dence through application of the CaV3.2-preferring antag-
onist nickel that similar channel types were also present in
neocortical pyramidal cells and cerebellar Purkinje cells
(187–189). Similarly, in the hippocampus, immunoelectron
microscopy and calcium imaging paired with pharmacol-
ogy have shown that CaV3 channels are localized to den-
tate granule cell initial segments (190, 191). Direct whole
cell recordings from the axon initial segment confirmed
thepresenceofCaV3 inpyramidal cells (146).

CaV3s support multiple roles in the AIS. These chan-
nels activate at subthreshold membrane potentials and
contribute to localmembrane depolarization. They inacti-
vate slowly compared to NaVs, remaining active over the
course of several APs. Thus they both make it easier to
generate an AP and sustain AP activity in high-frequency
bursts in multiple cell classes (187–190, 192). In some
cells, CaV3s interact with AIS-localized potassium chan-
nels, regulating their activity (191).
More recent studies showed that additional calcium

sources contribute to AIS calcium signaling to varying
degrees, depending on cell class. Proximity biotinyla-
tion approaches suggest that CaV2.1 and 2.2 are pres-
ent in developing cultured hippocampal pyramidal
cells (193). CaV2.1, and CaV2.2 channels are also pres-
ent and support the bulk of AP-evoked calcium influx in
mouse and ferret prefrontal cortex pyramidal neurons
(108, 180, 192). Interestingly, CaV2s appear to be dif-
fusely distributed along the AIS membrane, whereas
CaV3s appear localized to hotspots that may corre-
spond to sites of GABAergic input and KV2.1 localiza-
tion described above (108). Here, CaV3s couple to
ryanodine-sensitive intracellular calcium stores, sug-
gesting an interplay between GABA, calcium influx,
and store-based signaling. In some somatosensory
cortical layer 5 pyramidal cells, intracellular stores
occupy a considerable portion of AIS cytosol (194), con-
tributing up to half of the total AP-evoked calcium sig-
nal as measured by calcium-sensitive fluorophores
(195). The reason for this diversity and overall function
of intracellular signaling at the AIS remains unresolved
but could relate to a range of activity-dependent regu-
latory processes, including calcium-dependent kinase

signaling, synapses onto the AIS, and some aspects of
AIS structural plasticity (196–199). Unraveling this may
be best done in the somatosensory cortex, since layer
5 pyramidal cells containing giant cisternal organelles
are interdigitated here with other cells that lack organ-
elles (194).
More recently, some reports have challenged the idea

that CaVs and stores are the sole source of calcium signal-
ing in the AIS, suggesting that NaV1.2 channels are an
additional source (181, 195). This was put forth in part due
to an inability to block AP-evoked AIS calcium influx com-
pletely with CaV antagonists. However, considerations to-
ward CaV antagonist mechanism of action may explain
these results. Traditional divalent blockers like cobalt and
cadmium (but not nickel) transiently block channel pores
but then permeate into the cytosol where they bind cal-
cium indicators and eliminate their sensitivity to calcium
entry (200, 201). This leaves peptide toxins and other
smallmolecules,which each interactwithCaVs differently.
Some antagonists, such as x-agatoxin IV, act as gating
modifiers, shifting voltage-dependent activation by more
than150mV (202). Thus, if an AP is used to probe for cal-
cium influx, CaV2.1 may be transiently unblocked, as an
AP is associated with changes in membrane potential
exceeding 80mV. Other CaV antagonists, like x-cono-
toxin MVIIC (CTx), exhibit voltage-independent binding to
a pore domain of CaV2.1 and 2.2 but exhibit differential off
rates from these two channel isoforms. Notably, CTx
exhibits a relatively fast off rate fromCaV2.2 (203), making
experiments where toxins are applied transiently difficult
to interpret. Finally, some compounds that interact with
CaV3 channels appear highly lipophilic and have a bind-
ing that is strongly affected by membrane potential,
requiring careful consideration of experimental time
course anddesign (204, 205).

1.3.4. Hyperpolarization-activated cyclic
nucleotide-gated cation channels.

Hyperpolarization-activated cyclic nucleotide-gated
cation (HCN) channels, as their name implies, are volt-
age-dependent channels that are open when cells are
hyperpolarized, close with marked depolarization, and
permeate cations in proportion to their regulation by
cyclic adenosine monophosphate (cAMP) (206). These
features, in addition to their slow kinetics for opening
and closing, imbue cells with interesting membrane
properties, including the ability to fluctuate voltage
more strongly at certain frequencies. In many cell
types, this membrane resonance depends on dendritic
HCN expression. Indeed, differential dendritic HCN
expression can be used to classify different neocortical
pyramidal cell classes (207). While HCN is expressed at
high levels in neocortical pyramidal cell dendrites, it
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appears absent in the AIS (146). By contrast, other cell
types have marked AIS and axonal HCN expression,
even when these same cells lack HCN expression in
somatodendritic domains (208). To date, AIS HCN
function has been examined in three cell classes: hip-
pocampal granule and basket cells and medial supe-
rior olivary neurons in the auditory brainstem (208–
210). In basket cells, HCN channels, presumably local-
ized to the AIS, help stabilize the AP threshold during
high-frequency, repetitive firing. The mechanism for
this effect is unclear but is not due simply to the inward
current contributed by HCN (208). In granule cells, AIS
HCN can support persistent firing independent of syn-
aptic inputs. Here, increased HCN activity, mediated in
part through neuromodulatory control of HCN itself,
depolarizes the AIS sufficiently to evoke APs over long
periods (209). In olivary neurons, HCN appears to
depolarize AIS local resting potential and decrease the
likelihood of initiating an AP, an effect ascribed to
reduced NaV channel availability. Of note, serotonergic
signaling strongly shifted the voltage dependence of
these AIS-localized HCN channels, leading to an increase
in AP initiation probability (210). Taken together, these
data suggest that HCN can exert cell-type specific actions
on the AIS that may depend on the types of computations
performedwithin each cell class.

1.4. GABAergic Synapses at the AIS

The AIS ofmost neurons lacks direct synaptic input; how-
ever, there are special cases where the AIS is inhibited.
AIS inhibition is most commonly focused on principal
cells within a circuit, including neocortical, hippocampal,
and amygdalar pyramidal cells, and cerebellar Purkinje
cells. In somecases, like inPurkinje cells, theAIS receives
somewhat diffuse input from the same cells that synapse
onto the soma (167). In others, like neocortex, hippocam-
pus, and amygdala, specialized interneurons synapse
exclusively onto the AIS. These cells, termed chandelier
cells, are more commonly found in associative regions
than sensory regions and, interestingly, are more numer-
ous in primate cortex than murine species (211). Their de-
velopment and plasticity have been detailed in recent
reviews (212–214); here,webriefly describe their function
at theAIS.
Initial studies into chandelier cell-mediated GABA sig-

naling made a surprising discovery. GABAA synapses
typically hyperpolarize the membrane potential, with
chloride flowing into cells, following their normal electro-
chemical gradient. Chandelier inputs, when first studied,
were instead found to depolarize the AIS of neocortical
pyramidal cells (215), raising thepossibility that these synap-
ses function toexcite postsynaptic neurons. This alignswith
observations more distal in the axon, where GABAergic

synapses near transmitter release sites are consistently
found todepolarize themembrane relative to resting condi-
tions (216–218). However, studies of putative chandelier
inputs in hippocampal pyramidal cells found the oppo-
site: GABAergic signaling was inhibitory on all somato-
dendritic and initial segment targets onto hippocampal
pyramidal cells (219). These discrepancies were not a
result of the circuit being studied but rather its develop-
mental stage. Subsequent studies that measured chlo-
ride electrochemical gradients in the AIS versus the
proximal dendrites found that synapses in dendritic
regions were inhibitory by the start of the second post-
natal week in the mouse. At this developmental time
point, identical to that studied originally, AIS-targeted
synapses instead depolarized the local membrane. It
was only after several more weeks of development in
the mouse that synapses onto the AIS matured to in-
hibit the AIS (220). Thus chandelier cells are unique in
that they depolarize the AIS from resting potentials
at later stages in development than more typically
found for GABAergic synapses onto dendritic regions.
However, ultimately, they do develop to inhibit the AIS
(221–225). This inhibition is critical for regulating over-
all network function. In the hippocampus, for example,
chandelier inputs have been shown to actively sup-
press pyramidal cell output. When chandelier cells are
silenced, pyramidal cells begin to form inappropriate rep-
resentations of an animal’s space, forming place fields
when they otherwise would not (221). This delayed devel-
opment of inhibition in the AIS has consequences for
circuits that continue to mature into periadolescence.
Chandelier synapses undergo a period of elaboration just
before adolescence and experimentally induced changes
in network activity can regulate their density. If network ac-
tivity is increased, chandelier synapse density decreases.
This same manipulation, if done after adolescence, leads
to an increase in chandelier synapse density (226). These
changes make sense if considered in a homeostatic
framework. In preadolescence, a system aiming for a cer-
tain overall firing rate may suppress the formation of
another “excitatory” input if network activity is already ele-
vated. By contrast, more chandelier input would help tem-
per excess network activity when these synapses mature
to inhibit the AIS. Remarkably, this regulation is bidirec-
tional also on the postsynaptic side. If chandelier inputs
are silenced or excised, the AIS adapts to retune its excit-
ability in light of this lost inhibitory input (225).

2. MODULATION OF AIS FUNCTION AND
STRUCTURE

The way in which changes in chandelier cell input shape
the function of the AIS is part of a much larger conceptual

JENKINS AND BENDER

780 Physiol Rev �VOL 105 � APRIL 2025 � www.prv.org

Downloaded from journals.physiology.org/journal/physrev at Univ of Michigan (141.211.004.224) on February 18, 2025.

http://www.prv.org


framework that has emerged in the last decade. Studies
of short- and long-term modulation and plasticity have
primarily focused on synapses (227–230), but it is now
clear that AIS function and structure are similarly modu-
lated to tune overall neuronal excitability. This includes
neuromodulatory and traffickingmechanisms that retune
the biophysics or density of individual ion channels or
changes in AIS structure that alter the way in which syn-
aptic inputs are converted into APoutput.

2.1. Short-Term Neuromodulation of AIS
Excitability

A host of ion channel classes present in the AIS appear
subject to neuromodulation by G-protein coupled recep-
tor signaling pathways. Gi-coupled D2 and D3 dopamine
receptors regulate different aspects of CaV3.2 biophysi-
cal properties to suppress AP output. Activation of D2
receptors expressed by entorhinal cortex stellate cells
increases the AP threshold by depolarizing CaV3 volt-
age dependence of activation without altering inactiva-
tion properties. This effect was mimicked by blocking
protein kinase A (PKA), suggesting that D2 receptors act
to suppress constitutive PKA signaling, presumably
allowing for dephosphorylation of CaV3.2 via phospha-
tases. Consistent with this concept, the experiments
appeared to require an intact cytosolic milieu, as all volt-
age-clamp measurements were done in a perforated-
patch configuration that limits the degree to which the
intracellular solution is disturbed (231). What particular
phosphorylation site, or sites, on CaV3.2 are the target
of such modulation in stellate cells remains unclear.
Prior work in heterologous expression systems noted
that alteration of phosphorylation states of several resi-
dues can produce similar effects to voltage-dependent
activation but not in isolation; voltage-dependent inacti-
vation properties are also altered (232).
The modulatory pathway identified in entorhinal stel-

late cells appeared to affect CaV3 function across the
cell, as changes in biophysical properties were evident
from somatic voltage-clamp recording (231). Therefore,
the relative contribution of AIS versus dendritic CaV3s
modulation remains unclear in this cell class. By con-
trast, D3 receptors have been shown to modulate AIS
CaV3.2 selectively in auditory brainstem cartwheel
cells, D3-expressing prefrontal pyramidal cells, and
hippocampal pyramidal cells (187, 189, 192, 233, 234).
Whole cell CaV3 current, dominated by channels local-
ized to the dendrite, is not altered by D3 receptor sig-
naling. Simultaneous calcium imaging through the AIS
and dendrite showed that AIS signals are suppressed
with no change in dendritic regions in either cell class
(192, 233). This appeared to be due to associations
between D3 and CaV3.2 being somehow restricted to

the AIS membrane, as the signaling pathway could be
reconstituted and studied biophysically in heterologous
expression systems. There, the dominant effect observed
was a D3-dependent hyperpolarization in steady-state
voltage-dependent inactivation. This shift reduces the
number of channels available to be recruited by depolariz-
ing synaptic input, effectively reducing the total CaV3 cur-
rent. The net effect of this modulation was a reduction in
AP output, especially when such activity occurred in high-
frequencybursts (189, 192, 233).
Similar to the D2 receptor function described above,

D3 receptor signaling appears to be dynamically regu-
lated by membrane-scaffolded kinases and, presumably,
diffusible phosphatases. Evidence for this comes from
different recording configurations: in whole cell record-
ings, induction of D3 receptor CaV3.2 modulation is irre-
versible, presumably because phosphatases that could
reverse channel phosphorylation have been dialyzed
from the cytosol (233). By contrast, changes in AP burst-
ing activity could be reversed in cell-attached recordings
of APs that did not alter the intracellular milieu (189), simi-
lar to perforated-patch approaches used in studies in
D2-dependent pathways. D3-dependent modulation
was found to require PKC activation, which was puz-
zling, as Gi-coupled receptors like D3 receptors do not
signal via PKC. Subsequent experiments revealed that
this PKC dependence was only part of the puzzle. D3
receptors are a class of receptors that must be phos-
phorylated by PKC to recruit effectors downstream of
arrestin, a component of the receptor internalization and
degradation pathway that also drives its own signaling in-
dependent ofGa-subunits (235, 236). Consistentwith this
signaling scheme, AIS D3 receptors could not regulate
CaV3.2 in the absence of arrestin (187, 234). This is inter-
esting, since G-protein receptors can engage G-protein
and arrestin differentially depending on the ligand
bound to the receptor. For D3 signaling, this has impli-
cations for the treatment of neuropsychiatric disease.
Here, different classes of second-generation antipsy-
chotic medications, all thought to act as antagonists of
D2 and D3 receptor G-protein signaling, differentially
engaged D3 receptors at the AIS, with some acting as
agonists for D3-arrestin signaling (234). Thus the reg-
ulation of AIS calcium, and the regulation of AP burst
activity, may be an important consideration in antipsy-
chotic efficacy.
AIS potassium channels can also be regulated down-

stream of CaV3. In hippocampal granule cells, choliner-
gic signaling leads to a hyperpolarization of the voltage
dependence of CaV3.2 activation. This allowed CaV3 to
flux calcium at resting membrane potential, which damp-
ened calcium-dependent KV7 activity (191). As described
below, the overall potassium channel density in the AIS
can be regulated by activity on even longer time scales.
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While CaV3s are a primary target of neuromodulatory
signaling in the AIS, sodium channels are also subject to
regulation. Serotonin regulates NaVs in neocortical py-
ramidal cells, suppressing the current density of NaV1.2
with apparent alterations in backpropagation efficacy
(237). Similarly, serotonin can suppress total NaV current
in spinal cord motorneurons from turtles, which could
account for motor fatigue known to be due to serotoner-
gic signaling (238).
Beyond these observations, there are additional ways

in which AIS channels can be modified. NaVs are targets
for posttranslationalmodifications (PTMs), including phos-
phorylation, ubiquitination, palmitoylation, nitrosylation,
glycosylation, and SUMOylation, as detailed in recent
reviews (239–241). Generally, these PTMs have been
studied in the context of channel trafficking or biophysical
properties, but there are hints to suggest that PTMs may
play an important role in the modulation of AIS plasticity.
Among the PTMs, phosphorylation has beenmost heavily
studied (reviewed in Ref. 241), and there is clear evidence
that phosphorylation modulates NaV binding to ankyrin
and thus AIS localization. NaVs bind to ankyrin using the
large intracellular loop between the second and third set
of transmembrane domains (II-III loop) (242, 243), and
CK2-mediated phosphorylation of key serine residues
within this loop is necessary for high affinity binding to
ankyrin-G (244). One of the major players in AIS plasticity
is the serine and threonine phosphatase calcineurin,
which is necessary for activity-dependent modulation of
AIS position downstream of calcium influx through CaVs
(245). While the inhibition of calcineurin blocks activity-de-
pendent AIS repositioning, the exact molecular targets of
calcineurin remain unknown. While ankyrin-G is reposi-
tioned during AIS plasticity, suggesting that cytoskeletal
rearrangement could be sufficient to explainAISplasticity, it
remains possible that modulation of NaV binding to ankyrin
could also play an important role in this process. For exam-
ple, direct dephosphorylation of the II-III loop of NaVswould
be expected to weaken affinity for ankyrin and could help
driveNaVendocytosis necessary forAISplasticity (100).
Phosphorylation-dependent regulation of AIS NaVs

likely goes beyond modulation of channel localization. For
example, NaV1.6 was shown to be a target of the serine
and threonine kinase Ca21/CaM-dependent protein ki-
nase II (CaMKII) (246). Inhibition of CaMKII in heterologous
cells causes a >70% decrease in NaV1.6 currents and a
5.8-mV rightward shift in the voltage dependence of acti-
vation. Consistent with these findings, inhibition of CaMKII
in acutely dissociated Purkinje neurons reduced sodium
currents by �90% (246). It is possible that the effects of
CaMKII inhibition are limited to modulation of channel bio-
physical properties, since the predicted phosphorylation
sites are found within the I-II loop and not the ankyrin-
binding II-III loop. However, it is also possible that other

phosphorylation sites were not represented due to tech-
nical limitations on peptide coverage of many of the
intracellular domains of NaV1.6 (246). Nevertheless,
phosphorylation of other intracellular domains of the
channel could contribute to alterations in channel local-
ization. For example, recent work demonstrated that the
I-II loop contributes to axonal trafficking of NaVs (138).
NaVs are also subject to regulation by palmitoylation,

which is the reversible covalent addition of the fatty acid
palmitate to cysteine residues in target proteins through
a labile thioester bond (42, 44). Palmitoylation is added
to target proteins through the activity of the zDHHC fam-
ily of palmitoylacyltransferases and removed by a grow-
ing list of protein thioesterases (42). In the case of NaVs,
the addition of palmitate occurs very early in the biosyn-
thesis of the channel (247), suggesting that this PTM
may be critical for normal channel function and/or local-
ization. NaV1.6 was shown to be palmitoylated on three
cysteine residues, one on the COOH-terminal tail and
two within the ankyrin-binding II-III loop (248). Global in-
hibition of palmitoylation with the broad palmitoylation
inhibitor 2-bromopalmitate decreased NaV1.6 current
density and caused a hyperpolarized shift in the voltage
dependence of inactivation in heterologous cells (248).
Stimulation of global palmitoylation using palmitic acid
caused an increase in NaV1.6 current density but no
change in channel inactivation (248). One of the chal-
lenges of global modulation of palmitoylation is that
many other NaV-interacting proteins that are necessary
for localization and function are also subject to palmi-
toylation, including NaV b-subunits (249) and ankyrins
(38, 39). Thus several key questions remain. Is channel
palmitoylation regulated by activity and does it play a
role in AIS plasticity as has been seen for synaptic plas-
ticity (250)? What are the palmitoylacyltransferases and
thioesterases involved in the regulation of NaV palmi-
toylation and do they participate in AIS plasticity? Do the
effects of NaV channel palmitoylation go beyond pro-
moting surface localization and modulating channel bio-
physical properties?
Other PTMs and interacting partners have been pro-

posed tomodulate channel properties, but work was ham-
pered by a relative paucity of tools for studying the effects
of these modifications on channel localization during AIS
plasticity. The development of tagged channel constructs
(33) or CRISPR-based tagging approaches (100, 138) that
allow normal developmental subcellular localization pat-
terns should help tease apart the contribution of these
PTMs to channel localization.

2.2. Long-TermModification of AIS Structure and
Excitability

AIS structure determines neuronal excitability; the lon-
ger the AIS, the more sodium channels present and the
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easier it is to initiate an AP. While it is generally accepted
that AIS structure varies across cell classes, the malle-
ability of AIS structure in single cells was first demon-
strated only recently in 2010 by two landmark studies.
This new form of plasticity appears to be homeostatic in
nature, acting to normalize AP output in response to
long-term changes in synaptic drive.
In cultured hippocampal neurons, increasing excit-

ability through chronic chemical depolarization shifted
the location of the AIS, moving it further from the
soma without altering its overall length (251). This
change in the AIS position was reversible, with the AIS
reverting to its original position upon return to base-
line excitability levels. Similar movements occurred
when optogenetically driving cells to fire in high-fre-
quency bursts. These manipulations both engaged
CaV1 channels necessary for structural plasticity (245).
Oddly, this is the only CaV isoform that has not been
functionally localized to the AIS, suggesting that the
structural plasticity rheostat is localized elsewhere,
perhaps in the Cav1-enriched somatic compartment
(252).
The first account of AIS structural plasticity in vivo was

in the auditory brainstem (253). Here, cells within the nu-
cleus magnocellularis (NM) were studied. These cells
are the first to receive input from the auditory nerve and
can fire APs at very high frequencies, tracking auditory
hair cell input (254). These excitatory inputs can be
silenced effectively by removing the cochlea, and mag-
nocellularis neurons were found to respond to this loss
of synaptic input by expanding the area of the initial seg-
ment. This occurred without any change in the AIS posi-
tion relative to the soma, although it should be noted
that the AIS already abuts the soma under normal excit-
ability levels. This expansion of the AIS area, despite
necessarily occurring on the distal end of the AIS,
increased overall neuronal excitability by increasing
total NaV current density and lowering the AP threshold
(253).
What is becoming clear is that the structural plasticity

at the AIS is occurring on shorter time scales than origi-
nally realized, with plasticity occurring in hours or even
minutes (255, 256). This plasticity appears driven by
overall neuronal activity, engaging calcium-dependent
signaling cascades that promote AIS reorganization.
The early stages of AIS plasticity involve calcium influx
through L-type CaV1 channels and downstream activa-
tion of the calcium-dependent serine/threonine phos-
phatase, calcineurin (245). The target of calcineurin
remains unknown, but inhibition of calcineurin blocks
repositioning of both ankyrin-G and NaV1.2 (100).
Clathrin-mediated endocytosis of NaV1.2 from the dis-
tal AIS plays a key role in AIS plasticity (100). In addi-
tion to repositioning of NaVs at the AIS, voltage-gated

potassium channels (KVs) are repositioned and the rel-
ative expression of specific KV subtypes is changed in
response to neuronal activity (257–259). AIS plastic-
ity, much like synaptic potentiation, also requires the
actin-based motor protein myosin II, although the
exact function for this motor protein in plasticity
remains elusive (260, 261). Induction of AIS plasticity
also increased the number of longitudinal actin fibers
within the AIS, and blockade of actin polymerization
prevented AIS plasticity (262). In addition to actin-
based mechanisms, microtubule-dependent pathways
contribute to AIS plasticity. For example, microtubule
reorganization at the AIS though cyclin-dependent ki-
nase 5 (CDK5), a widely expressed serine/threonine
kinase, is necessary for normal AIS plasticity (263).
While many of these mechanisms of AIS plasticity are
shared between different neurons, there are some
unique mechanisms to drive AIS relocalization. For
example, inhibition of M-current in cultured hippocam-
pal neurons drives repositioning of a complex of
FGF14, NaVs, and KV7 but not ankyrin-G, suggesting
that these processes involved in AIS plasticity may be
separable (264).
These first excitability manipulations used to evoke

AIS plasticity were somewhat extreme. Subsequent
studies showed that similar plasticity can occur in
response to a wide array of conditions, including epilepsy
(265–267), focal stroke (268, 269), traumatic brain injury
(270), tauopathy (271, 272), inflammatory pain (273), and
amyotrophic lateral sclerosis (274). Combined, it is now
clear that AIS plasticity is a common mechanism engaged
in pathological conditions, but whether AIS plasticity is a
normal part of brain function has been harder to demon-
strate. A key approach to address this question is a
method to label and track AIS in living tissue, rather than
relying on post hoc immunofluorescent labeling of con-
stituent parts.

2.3. Methods for Live Labeling the AIS

Multiple methods have been utilized to attempt to live
image the AIS, with varying degrees of success. Most of
these approaches have relied on labeling native AIS
proteins with antibodies or (over) expressing tagged
members of the AIS protein complex. For example, anti-
bodies directed against the extracellular domain of the
cell adhesion molecule neurofascin or ectopic expres-
sion of neurofascin-green fluorescent protein (GFP)
have been used to label the AIS (FIGURE 10). While anti-
bodies directed against the extracellular side of neuro-
fascin label the AIS, these tagged neurofascins fail to
move with the AIS during structural plasticity (275). By
contrast, overexpressed neurofascin-GFP can spill into
domains beyond the AIS, including the soma and
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dendrites, rendering it ineffective for identifying the AIS
in living cells (275). Similar results were obtained with
overexpression of NaVb4-GFP or 270-kDa ankyrin-G-
GFP, where these constructs exhibit localization outside
of the AIS (275). This was observed with either overex-
pression of a 270-kDa ankyrin-G-GFP or even when
native ankyrin-G was knocked out and replaced by this
exogenous 270-kDa ankyrin-G-GFP. More biologically
appropriate localization was observed with the knockout
of endogenous ankyrin-G and rescue with a full-length
480-kDa ankyrin-G-GFP construct, rather than the 270-
kDa construct but only in a narrow expression window
(27). Even slight overexpression of this 480-kDa con-
struct, similar to the 270-kDa construct, results in spill-
over of ankyrin-G into compartments that normally do
not see 480-kDa ankyrin-G, like distal dendrites.
Other approaches for labeling the AIS have relied on

the expression of chimeric constructs that contain
ankyrin-G-binding domains from resident AIS proteins.
One promising candidate has been the II-III loop of
NaV1.2, identified in 2003 as the ankyrin-G binding site
of the channel (242, 243). This domain has been fused
to multiple proteins to label the AIS, including CD4 (242),

fluorescent proteins (242, 275), and Kv2.1 (242). In
particular, the YFP-NaV1.2 II-III loop showed promise in
live labeling the AIS where it specifically labeled the
AIS in living dentate granule cells (275) (FIGURE 10).
However, a few challenges remain with this construct.
First, although the construct does report on AIS plas-
ticity, it takes hours to catch up to the underlying
ankyrin-G cytoskeleton (275). Second, some studies
report changes in sodium currents that likely reflect a
dominant-negative effect of the II-III loop chimera out-
competing native sodium channels within the AIS
(242), although that effect is not seen in all cell types
or expression levels (275). Third, methods are still
needed to deliver this construct in vivo that may ulti-
mately disrupt the normal physiology of neurons,
especially under conditions of prolonged expression.
Thus the optimal tool for live labeling the AIS would

do so without disrupting localization and function of
other AIS proteins and would accurately reflect activ-
ity-dependent plasticity in real time. To generate this
tool, we recently created a Cre-dependent Ank3:GFP
mouse line that places a GFP tag on the COOH termi-
nus of the native Ank3 allele after Cre recombination

+

Ankyrin-G
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GFP/AB-
tagged
NF186

AB-targeted
fluorophore

NaVII-III loop
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GFP

GFP GFP

AIS live-labeling methodsA

NaVb4-GFP

B Layer 2/3 pyramidal cell Layer 5b pyramidal cellC

tdTomato GFP Ank-G–GFPAnk-G
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NaV1.6 Ank-G
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NF186 Ank-G
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FIGURE 10. Live imaging of axon initial segment (AIS) structure. A: representation of methods that have been used to live label the AIS. Overexpression
of green fluorescent protein (GFP)-tagged neurofascin-186, NaVb4-GFP, and 270-kDa ankyrin-G-GFP (not shown) fails to report the accurate position of
the AIS. Labeling of native neurofascin with antibodies directed against the extracellular domain accurately labels the AIS but fails to report AIS plasticity.
Overexpression of the II-III loop of NaV1.2 fused to YFP effectively reports the position of the AIS and reflects AIS plasticity but with some temporal delay.
Labeling of endogenous ankyrin-G with a Cre-dependent GFP tag reports the position of the AIS and allows detection of AIS plasticity in real time. B: rep-
resentative images of layer II/III somatosensory pyramidal neurons from Ank3:GFP x CamkII Cre mice. Intrinsic GFP was shown along with staining for
NaV1.6 (left), neurofascin-186 (middle), and TRIM46 (right). Bars ¼ 10 μm. Created with data from Dr. Maren Engelhardt; adapted from Ref. 256; used with
permission.C, left: isolated layer II/III somatosensory from Ank3:GFPmouse transduced with sparse synapsin-Cre-tdTomato AAV. Ankyrin-G-GFP is shown
in green, and TdTomato is shown in magenta. Bar ¼ 10 μm. C, right: ankyrin-G-GFP signal shown as greyscale demonstrating that ankyrin-G localizes to
the soma and dendrites of mature pyramidal neurons, in addition to identifying the position of the AIS. Created from unpublished data.
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(256) (FIGURE 10). By labeling the native Ank3 allele,
we avoided the problems associated with ankyrin-G
overexpression, while the Cre dependence allows
expression in genetically defined cell types, which is
critical since Ank3 is nearly ubiquitously expressed in
the body. To minimize problems with the GFP tag
interfering with protein function, we used the same
linker-GFP sequence that is used in the 480-kDa ankyrin-
G-GFP plasmid, which has been used in knockout-and-
rescue studies to rescue normal clustering of NaVs, neuro-
fascin, and bIV-spectrin (27), as well as the formation of
GABAergic synapses (40). The addition of the GFP tag to
the native Ank3 allele does not affect the AIS (ultra)struc-
ture, molecular composition of the AIS, or electrophysio-
logical properties of neurons (256). Importantly, this live
labeling approach allows the detection of activity-depend-
ent AIS plasticity in real time, with AIS repositioning occur-
ring in within 10minutes of application of 15mM KCl (256).
In addition, AISs (and nodes of Ranvier) can be imaged in
live animals over multiple weeks (256). Thus this tool will
allow the monitoring of AIS plasticity in real time and in
response to more physiologically relevant stimuli and to
be able to track the effects of these changes using elec-
trophysiology. Although the ankyrin-G-GFP mouse pro-
vides an excellent marker for the AIS, it is important to
note that ankyrin-G subcellular localization is developmen-
tally regulated, with accumulation on the soma and proxi-
mal dendrites of forebrain pyramidal neurons occurring in
mice after the first 2weeks of life (33, 40, 256). This
can be clearly seen in isolated ankyrin-G-GFP-
expressing neurons (FIGURE 10). Nevertheless, even
if neurons exhibit somatodendritic ankyrin-G, the AIS
can clearly be identified by its significantly higher con-
centration of ankyrin-G.

2.4. AIS Plasticity under More Physiological
Conditions

Given these newmethods, we are now starting to appre-
ciate that AIS structural plasticity occurs not just in path-
ological conditions but as part of normal brain function.
For example, AIS length in the barrel cortex is plastic
during normal development. Starting from birth, AISs
within the barrel cortex continue to lengthen up until
postnatal day 13, the time when active whisking and ex-
ploration begin (276). After the onset of whisking behav-
ior, the AIS shortens in response to neuronal activity, a
process that can be blocked by sensory deprivation (i.e.,
whisker trimming) (276). Similar results are seen in the
visual cortex, where the AIS undergoes stimulus-de-
pendent plasticity (277). Disruption of the excitatory/in-
hibitory (E/I) balance with early-life NMDA receptor
blockade causes a shortening of the AIS in the prefron-
tal cortex, which can be blocked by environmental

enrichment (278). Induction of long-term potentiation
with high-frequency electrical stimulation results in a
rapid reduction in AIS length in dentate gyrus granule
cells (279). Even normal aging processes can impact AIS
plasticity. For example, layer II/III neurons in the visual
cortex show significant increases in neuronal activity in
aged rats, resulting in reductions in AIS length and den-
sity of NaV1.6, presumably an attempt to maintain home-
ostasis (280). Multiple neocortical areas showed similar
age-related changes in AIS length in marmosets, sug-
gesting that activity-dependent refinement of AIS length
is a common process in brain development and aging
(281). Interestingly, opposite effects on AIS plasticity are
seen in inhibitory interneurons. Olfactory bulb dopami-
nergic interneurons respond to hyperexcitability by
lengthening the AIS, an effect that is opposite what is
seen in excitatory neurons (282). This sets up a system
where an increase in the E/I balance causes opposite,
but complementary, effects on the AIS: shortening of the
AIS in excitatory neurons to increase their threshold and
lengthening of the AIS in inhibitory neuron to decrease
their threshold, resulting in restoration of E/I balance.
In many neurons, the AIS forms just distal to the axon

hillock where it serves to integrate dendritic inputs into
an action potential. In some cases, however, the AIS
arises from a basal dendrite where privileged input onto
this axon-carrying dendrite (AcD) elicits APs with a lower
threshold than other dendrites (283). The proportion of
AcD cells varies across brain regions and between
organisms, with rodents possessing more AcD cells
than primates or humans (284, 285). Interestingly, recent
work has shown that cells are able to modulate the posi-
tion of axon origin in response to neuronal activity within
a few days (286), adding a new layer of complexity to
our understanding of neuronal plasticity.

3. DYSFUNCTION OF THE AIS IN DISEASE

Given its role in determining neuronal excitability, it is
not surprising that dysfunction in the AIS is implicated
in disorders of excitability (287–289). What is perhaps
more surprising is how common AIS dysfunction is
observed across other neurological and neuropsychi-
atric disorders (290, 291). With a few notable excep-
tions, the latter observations have focused on AIS
structure and argue that AIS structural alterations are
common in disease. However, given how common
structural plasticity appears to be, it is now an open
question whether these structural changes are causal
to disease or instead an effort to compensate for
changes in cellular or network excitability that have
other origins. Disentangling these possibilities will
require considerable effort.
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3.1. Epilepsy

Dysfunction in AIS-localized ion channels has long
been implicated in epilepsy (292). Indeed, de novo
variation in ion channels is a major contributor to
genetic epilepsies. Early infantile epileptic encephal-
opathy (EIEE), seizures that begin within the first days
or weeks of life, are often linked to changes in the
genes SCN2A and KCNQ2. These genes encode the
sodium channel NaV1.2 and the potassium channel
KV7.2, two channels that increase expression early in
development and are the first to incorporate into the
AIS (293, 294). Different forms of genetic variation in
these genes give rise to EIEE. In SCN2A, missense
variants that enhance the activity of NaV1.2 channels,
so-called gain-of-function (GoF) variants, render devel-
oping neurons hyperexcitable. By contrast, variations
that dampen KV7.2 function, either through protein
truncation of KCNQ2 or missense variants that render
channels less excitable, produce a loss-of-function
(LoF) in this potassium channel. This, too, leads to
hyperexcitability, as one of the main channels respon-
sible for hyperpolarization is impaired.
Other AIS-localized channels are associated with later-

onset epilepsy, largely due to their delayed developmen-
tal expression. SCN8A expression increases during the
first postnatal year in humans, and seizures associated
with SCN8A GoF similarly tend to manifest, on average,
at 5months. Dravet syndrome, often associated with
SCN1A LoF, also tends to have seizures with onset after
the first few months of life. Because NaV1.1 channels are
preferentially expressed in inhibitory interneurons in the
neocortex, SCN1A LoF results in a disinhibition of net-
works. These seizures are often coincident with a fever,
as elevated temperature can exacerbate network dys-
function associated with alterations in excitability (295).
This is because sodium channels, like all ion channels,
have voltage-dependent properties that can be modu-
lated markedly by temperature.
Dysfunction in other classes of potassium channels,

including those in the KV1, KV3, and KV4 classes, also
results in epilepsy (296). Many of these can be due to
changes in AIS excitability, but KV expression and interac-
tions with other ion channels in non-AIS compartments
can also contribute to hyperexcitability. For example, the
loss of NaV1.2 in mature neocortical pyramidal cell den-
drites, after NaV1.2 is displaced from the AIS by NaV1.6,
fails to fully depolarize dendrites and recruit voltage-
dependent potassium channels. This leads to hyper-
excitability because the AIS cannot properly repolar-
ize between APs (53). This consideration for other
neuronal compartments is likely even more important
for calcium and HCN channels. While both can be
expressed in the AIS to varying degrees, they are

better thought of as modulators of excitability, in con-
trast to sodium and potassium channels, which are
true drivers of AP firing. Instead, their expression in
other compartments in particular cell classes may be
more critical. One clear example is in thalamic neu-
rons, where CaV3 channels expressed at high levels in
dendrites contribute markedly to burst spiking pheno-
types (297).
Ion channel auxiliary subunits can also contribute to

disease. The sodium channel b1-subunit, a product of
SCN1B, has a particularly strong association with epi-
lepsy. Monoallelic SCN1B variants have been found in
patients with Generalized Epilepsy with Febrile Seizures
plus (GEFS1) (298, 299). Biallelic recessive variants in
SCN1B cause Dravet syndrome, a severe and intractable
pediatric epileptic encephalopathy (300–302). The b1-
dysfunction likely causes epilepsy via dysregulation of
NaV a-subunits, ultimately leading to changes in neuronal
firing and network desynchronization (303). However,
given the myriad effects of b1 dysfunction, it is possible
that other non-AIS defects are contributing to disease,
like alterations in neuronal structure (304).
Another family of NaV-modulating proteins that are

associated with epilepsy is the fibroblast growth factor
homologous factor (FGF/FHF) family. FGF/FHFs bind to
the COOH-terminal tail of NaVs to modulate channel gat-
ing and current density (305). FGF12 is tightly coupled to
NaV1.2 and clustered within the AIS (305). De novo mis-
sense variants and copy number variation in FGF12, also
known as FHF1, have been found in developmental and
epileptic encephalopathy patients (306, 307). These
GoF variants cause a strong depolarizing shift in the volt-
age dependence of inactivation of NaV1.6 (306).
Given the strong association of NaV a- and b-subunits

with epilepsy and their dependence on ankyrin-G for
AIS localization, it is perhaps unsurprising that seizure
disorders are seen in patients with ANK3 variants. A
recent study of 27 patients with ANK3 variants found
that 50% of patients with biallelic variants and 25% of
patients with monoallelic variants exhibit epilepsy, as
well as many other comorbid conditions (308). Among
three patients homozygous for a frame-shift variant that
is predicted to disrupt the 480-kDa isoform of ankyrin-G,
one developed severe seizures at age 12 (309). This has
been modeled effectively in mice. Genetic deletion of
Ank3 exon 1b, which deletes ankyrin-G from the cerebel-
lum and from parvalbumin-expressing GABAergic neu-
rons in the forebrain, causes loss of the AIS from
parvalbumin neurons resulting in disinhibition, seizures,
and sudden death (310).
Temporal lobe epilepsy has been linked to changes in

AIS structure. Here, initial segments of adult-born den-
tate granule cells were both shorter in length and farther
from the soma (267). Similarly, a mouse model of
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absence epilepsy exhibited an increase in distance
between the AIS and soma with no change in overall
length (266). These effects are often linked to reduc-
tions in excitability, suggesting that these types of AIS
structural refinement are compensatory in nature.

3.2. Intellectual Disability and Autism Spectrum
Disorder

Disruption of the ANK3 gene is strongly associated with
the development of intellectual disability (ID) and autism
spectrum disorder (ASD). Among patients with biallelic
ANK3 variants, 91% (10/11) exhibited ID and 100% showed
language delay (308). The three patients described above
with biallelic frameshift in ANK3 exhibited moderate ID
(309). This phenotype does seem to show gene dose de-
pendence, as patients with monoallelic variants were less
likely to exhibit ID (69%) or languagedelay (87.5%) (308).
LoF variants in both of the predominant NaVs in pyrami-

dal neurons, NaV1.2 and NaV1.6, are associated with ASD
and ID (148, 289, 311–313). These cases largely stem from
de novo protein truncating variation in SCN2A and
SCN8A, butmissense variants have also beenassociated
with ASD/ID. Typically, these variants dampen channel
activity, but at times they introduce completely new bio-
physical properties. In one child, a variant affected an
amino acid localized to the NaV1.2 pore selectivity filter
(314). This variant switched the polarity of an amino acid
localized to the selectivity filter, replacing a lysine with a
glutamic acid (K1422E). Evolutionarily, this imparts a re-
version of the selectivity filter to that found in CaV3 chan-
nels from which NaVs evolved (315). K1422E channels
thus switch from channels selective for sodium into chan-
nels with mixed selectivity for multiple cations, including
calcium (137, 316, 317). Consistent with these changes in
permeability, a mouse model carrying this variant exhib-
ited changes in calcium dynamics at the AIS of neocorti-
cal pyramidal cells. AP-evoked calcium influx occurred
during both the depolarizing and repolarizing phases of
the AP in the proximal AIS, an area enriched with NaV1.2
(47), whereas, in normal conditions, calcium influx was
only observed during AP repolarization (137). Similarly,
direct recordings of channel currents in heterologous
expression systems showed pronounced calcium cur-
rents from K1422E-containing NaV1.2 channels whereas
wild-type channels exhibited none (137, 316).
While the AIS is clearly affected in these disorders, it is

also important to consider non-AIS functions of proteins
in ASD and ID. For example, the dendritic localization of
NaV1.2 in neocortical pyramidal cellsmaybe themost crit-
ical aspect of its function in relation to ASD and ID (128,
318). Understanding diverse roles in different neuronal
compartments, as well as understanding why particular
missense variants that change channel biophysics in

uniqueways are associatedwith a particular set of comor-
bid phenotypes, will be critical questions to address in the
coming years (e.g., Ref. 319).

3.3. Migraine

Migraine is characterized by recurrent headache, often
with aura and difficulty processing sensory information.
Alterations in several genes have been implicated, includ-
ing CACNA1A (CaV2.1) and subclasses of purinoreceptors
(320, 321). Several missense variants in SCN1A are associ-
atedwith familial hemiplegicmigraine, although it is unclear
whether dysfunction of NaV1.1 in the AIS is causative. All
known variants aremissense, in contrast to protein truncat-
ing variants often observed in Dravet syndrome (322, 323).
For example, the first variant discovered to be associated
with migraines, G1489K, speeds NaV1.1 recovery from fast
inactivation (324). However, it should be noted that the
variant was studied in SCN5A, not SCN1A, due to
issues associated with generating stable NaV1.1 protein
in heterologous systems. The root cause of this expres-
sion issue, which is common to many sodium channels,
was recently identified. Sodium channel genes contain
nucleotide sequences that resemble cryptic prokary-
otic promoters that lead to the expression of mRNA
toxic to bacteria (325). Codon optimization approaches
that eliminate these cryptic promoters allow for more
stable expression, likely allowing for higher throughput
studies of how different NaV variants contribute to
diverse neurodevelopmental disorders.

3.4. Neuropsychiatric Conditions

The ANK3 locus on chromosome 10 has been impli-
cated as a significant risk locus for bipolar disorder,
and possibly schizophrenia, with some of the highest
significance and largest effect sizes (odds ratios of up
to 1.4) in a genome-wide association study (326–333).
In addition, patients who are homozygous for an ANK3
variant that results in a frameshift and a premature
stop codon specifically in the 480-kDa isoform exhibit
a severe neurological phenotype that includes intel-
lectual disability (IQ<50), hypotonia, and spasticity,
highlighting the critical importance of ANK3 in normal
brain function (309). Ank3 LoF mice exhibit multiple
behaviors consistent with psychiatric disease, includ-
ing increased hyperactivity, decreased anxiety-like
behavior, and sleep dysfunction (334–337). A subset
of these behaviors is modulated by the frontline bipo-
lar disorder therapeutics lithium and valproate (335–
337). Alterations in AIS length are seen in rodent mod-
els with drug-induced ADHD-like behaviors, although
it is not clear if these changes are causal or a result of
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activity-induced plasticity in response to altered net-
work activity (338).

3.5. Neurodegenerative Conditions

Multiple neurodegenerative mechanisms appear to affect
neuronal excitability by alteringAIS structure. Amyloid pre-
cursor protein (APP), implicated in Alzheimer’s disease,
regulates AIS position via its nonpathological functions,
interacting directly with ankyrin-G and bIV spectrin.
Increasing glutamate concentration in cultures activates
APPproduction and leads to a shorteninganddistalmove-
ment of the AIS. Similar effects are observed with APP
overexpression. This suggests that its function is sufficient
to drive AIS plasticity, but whether APP is necessary
remains unclear (339). Similar effects are observed within
mouse models where the tau protein, which interacts with
microtubules, is subject to excess phosphorylation, as
seen in Alzheimer’s disease and frontotemporal dementia
(340). Hippocampal pyramidal cells in these mouse mod-
els have dampened excitability, in part due to a distal
movement of theAIS (271). The addition of toxic extracellu-
lar tau oligomers to cultured hippocampal neurons causes
a partial disruption of the AIS structure that is dependent
on intracellular tau (341). Increased expression of the
microRNA miR-342-5p is seen in mouse models of
Alzheimer’s disease and causes decreases in ankyrin-G
expression and subsequent disruptions in AIS functions
(342, 343).
In amyotrophic lateral sclerosis (ALS), apparent non-

homeostatic changes in AIS structure are observed. In
human-derived motor neuron models of ALS, the AIS
was longer than normal and motor neurons were hyper-
excitable. The AIS from these motor neurons was insen-
sitive to activity manipulations that normally drive
structural plasticity, suggesting that impairments in plas-
ticity may be central to ALS etiology (274). Similarly, long
initial segments were observed in a mouse model of
ALS (344), and in post mortem human tissue, the AIS has
been found to be larger in diameter via electron micros-
copy imaging that likely could not quantify overall length
(345). In multiple sclerosis, by contrast, AIS length
increases were observed only in layer 5/6 neocortical
pyramidal cells associated with myelin loss (346).

3.6. Traumatic Brain Injury

Blunt force trauma leads to circuit restructuring, with
effects on initial segments. Several observations sug-
gest that these are apparent neuroprotective effects to
compensate for aberrant hyperexcitability, at least with
mild cases, but that neurodegenerative issues can arise
with more severe trauma. For example, blast force trauma
experienced by an animal within a tube decreases AIS

length in neocortical and hippocampal pyramidal cells in
rats. These animals also exhibited deficits in novel object
recognition following trauma (347). Focused “mild” con-
cussive events, delivereddirectly to the exposed neocorti-
cal dura in mouse, also reduce AIS length, with a
corresponding reduction in the AIS component of the AP
waveform (270). Molecularly, traumatic events that dam-
age cells and axons appear to do so via activation of
calpain. Calpain targets major AIS scaffolds, including
ankyrin-G and bIV spectrin, and can, at times, lead to
the complete elimination of the AIS (348). With increas-
ing trauma, other issues arise, including axotomy that
is preceded by an accumulation of APP (349–351) and
the recruitment of microglia that normally never target
the AIS (352). This suggests that similar cellular mech-
anisms are shared across trauma and degeneration.

3.7. Concluding Thoughts on the AIS in Disease

It is becoming increasingly clear that the AIS is altered in
a growing number of human diseases, but it remains a
major challenge to disentangle causation from plasticity-
induced changes. Variants in resident AIS proteins also
tend to cause complicated and variable phenotypes with
multiple comorbidities. For example, biallelic variants in
the AIS organizing protein ankyrin-G cause a broad spec-
trum of phenotypes, including ID, language delay, motor
delay, psychiatric disorders, epilepsy, sleep dysfunction,
hypotonia, ataxia, and autism spectrum disorder (308,
309). Additionally, ankyrin-G has multiple functions in
neurons beyond the AIS, including scaffolding channels
in proximal dendrites, stabilizing GABAergic synapses,
and modulating excitatory synapses in dendritic spines.
Similar complexities in function exist for other AIS pro-
teins, including NaVs, neurofascin, a-spectrin, and others.
Continued efforts to fully understand the AIS and its
unique function in neuronal excitability, polarity, and cel-
lular signaling will not only help illuminate its role in
health but also in a range of disease states.
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