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Abstract

The axon initial segment (AIS) is a structurally and molecularly unique neuronal compartment of

the proximal axon that functions as both a physiological and physical bridge between the

somatodendritic and axonal domains. The AIS has two main functions: to initiate action potentials

and to maintain neuronal polarity. The cytoskeletal scaffold ankyrinG is responsible for these

functions and clusters ion channels at the AIS. Recent studies reveal how the AIS forms and

remarkable diversity in its structure, function, and composition that may be modulated by neuronal

activity and post-translational modifications of AIS proteins. Furthermore, AIS proteins have been

implicated in a variety of human diseases. Here, we discuss these findings and what they teach us

about the dynamic AIS.

Introduction

A mature neuron is structurally and functionally polarized, typically with a single long axon

and several dendrites. Neuronal polarity is essential for the directional flow of action

potentials from dendrites to axons. The axon initial segment (AIS) is a highly specialized

neuronal compartment in the proximal axon (Figure 1) [1–3] that has key roles as both a

‘gatekeeper’ separating the somatodendritic and axonal domains, and a spike initiation zone

where action potentials (APs) are generated. The AIS restricts membrane proteins and even

lipids to axons or dendrites [4,5], while simultaneously regulating vesicular trafficking by

excluding dendritic cargoes from axons [6–8]. Although all AIS have ion channels, cell

adhesion molecules, extracellular matrix molecules and cytoskeletal scaffolds, the defining

molecular component of the AIS is the cytoskeletal protein ankyrinG (AnkG) since it is

responsible for clustering Na+ channels and maintaining neuronal polarity; loss of AnkG
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blocks Na+ channel clustering and causes axons to acquire the characteristics of dendrites

[9,10]. While AnkG’s role as an ‘ion channel accumulator’ is fairly well understood, how

AnkG regulates neuronal polarity remains unknown. Recently, the first human mutations in

AnkG were reported and shown to be associated with severe intellectual disability, attention

deficit hyperactivity disorder, and autism[•11].

Studies of AIS physiology (reviewed in [12] and [13]) and advances in the characterization

and description of AIS protein components and their interactions (reviewed in [1] and [3])

reveal remarkable diversity in AIS structure and function. For example, AIS may have

unique compositions of ion channels, accessory proteins, and even modulatory synaptic

inputs, each reflecting the unique physiologies of different neuronal cell types and the

circuits to which they belong. Furthermore, although the AIS was once thought to be

uniform and static in nature, recent evidence shows that it may be dynamically modified to

control excitability [14,15] thereby expanding diversity even more and in response to

different states of excitability or disease. Here, we discuss recent advances in our

understanding of AIS diversity and how the AIS is assembled. We consider mechanisms,

both intrinsic and extrinsic, diseases, and injuries that can modulate AIS structure and

function.

AIS diversity

The AIS integrates somatodendritic inputs and generates the AP [12]. Different kinds of

voltage-gated channels and modulatory proteins found at the AIS underlie unique neuronal

and axonal physiologies. For example, different classes of neurons have distinct types,

distributions, and/or combinations of AIS Na+, K+, and Ca2+ channels. While most

excitatory neurons have Nav1.2 and Nav1.6 [16,17], some neurons, including cortical

inhibitory neurons, motor neurons, retinal ganglion cells, and some retinal bipolar cells,

have Nav1.1 [18–21]; loss-of-function mutations in Nav1.1 cause Dravet syndrome,

characterized by decreased excitability of cortical interneurons leading to seizures, epilepsy,

and cognitive dysfunction [22].

Different Na+ and K+ channels can occupy distinct subdomains of the AIS. In cortical

excitatory neurons, Nav1.2 and Nav1.6 are found in the proximal and distal regions of the

AIS, respectively [16]; Kv1.1, Kv1.2, and Kv1.4 K+ channels are enriched in the distal

segment of cortical neuron AIS and colocalize with Nav1.6 [19,23]. The Na+ channels

Nav1.1 and Nav1.6 occupy proximal and distal AIS domains, respectively, in retinal

ganglion cells and motor neurons [19,21]. Since neuronal Na+ channels all share a common

ankyrin-binding motif, it is unclear what molecular mechanisms regulate the differential

distribution of AIS Na+ channels. Furthermore, the genetic mechanisms controlling

expression of AIS ion channels are unknown.

The synaptic scaffolding protein PSD-93 is enriched at the AIS and clusters Kv1 channels

[24]. However, the mechanisms responsible for AIS recruitment of PSD-93 remain

unknown. It is interesting that the Kv1 channel and PSD-93 associated cell adhesion

molecule Caspr2 (CNTNAP2) is also enriched at the AIS [24] and is a major susceptibility
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gene for autism spectrum disorder, schizophrenia, major depression, epilepsy, and impaired

language development [25,26].

Some interneurons have AIS T-type Ca2+ channels. These channels are modulated by

dopamine, and control spontaneous burst generation [27]. Although the physiological

evidence for these channels at the AIS of cartwheel neurons is very strong, direct

immunostaining has not been observed. It is not known if Ca2+ channels are found at all

AIS, and the molecular mechanisms regulating their AIS clustering are unknown.

Nav channel function is modulated by accessory Na+ channel β-subunits. For example,

Navβ4, thought to underlie resurgent current and open channel block, is found at the AIS of

fast-spiking interneurons, cerebellar Purkinje neurons, dorsal root ganglia, and motor

neurons [28]; one common feature of these cell types is their ability to sustain high AP firing

rates. Interestingly, AIS clustering of Navβ4 occurs through a covalent disulfide bond with

the Nav1α subunit rather than binding AnkG like most other AIS proteins. We speculate that

other modulatory AIS proteins will be discovered, and their AIS clustering will occur

through interactions with ‘core’ AIS proteins whose activity they modulate.

Besides differences in ion channel composition, many cortical pyramidal neuron AIS

receive GABAergic synaptic input by chandelier neurons [29]. Chandelier neurons are fast-

spiking cortical interneurons that modulate AIS excitability. Some studies suggest they play

an excitatory role [30], and others suggest that altered AIS synaptic input may contribute to

schizophrenia [31]. Recent advances in genetic methods to manipulate chandelier neurons

provide much needed tools to elucidate the functions of these enigmatic cells and the

molecular mechanisms underlying their AIS interactions [•32].

Neuronal polarity and axon initial segment assembly

The AIS is first detected around three to four days in cultured hippocampal neurons, a well-

established model used to study neuronal polarity (Figure 1b) [33]. As they mature, these

neurons undergo dramatic changes in morphology. Banker and colleagues described this

process and divided the morphological events into five stages [34]. Shortly after attachment

to the substratum, a neuron displays intense lamellipodial and filopodial protrusive activity

(stage 1). These protrusions then develop into several short immature neurites (stage 2). At

this stage, neurons still appear unpolarized. All neurites alternate phases of elongation and

retraction and are approximately equal in length. Next, one of the immature neurites rapidly

grows into a long neurite, which soon acquires axonal characteristics (stage 3). A few days

after the formation of the axon, the remaining neurites slowly elongate to become dendrites

(stage 4). The AIS, defined by AnkG clustering, is first observed between stages 3 and 4,

indicating that axon specification occurs independently of AnkG clustering. This is

consistent with in vivo studies demonstrating axon specification by cortical neurons in the

absence of AnkG [••35]. Axons and dendrites continue to mature until neurons harboring

dendritic spines form synaptic contacts and establish a neuronal network (stage 5). The AIS

distinguishes the axon from the rest of the neuron and functions to maintain neuronal

polarity.
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While many of the molecular events regulating axon specification and these early

morphological changes have been described [33], the mechanisms regulating AnkG

clustering at the AIS have remained elusive. The earliest efforts to identify AnkG’s AIS

clustering mechanism assumed that some motif, or protein module, in AnkG was

responsible for its active recruitment to the proximal axon. However, deletion studies failed

to reveal any single critical motif [36]. Instead, it was concluded that AnkG’s AIS

localization depends on the cooperative action of multiple protein modules that work

together for AnkG clustering. More recently, we showed the mechanism for AnkG

clustering is a surprising example of domain assembly by exclusion rather than recruitment

(Figure 2a) [••35]. After neurons break symmetry (stage 2/3, Figure 1b), neurons assemble

an axonal cytoskeleton, comprised of ankyrinB (AnkB), αII-spectrin, and βII-spectrin. This

cytoskeleton progressively fills the axon from its distal growing end back towards the cell

body, and defines a boundary limiting AnkG to the remaining proximal axon that will

become the AIS. Suppression of AnkB, αII-spectrin, or βII-spectrin expression in cultured

neurons disrupts the intra-axonal boundary and permits AnkG to be found in the distal axon

(Figure 2c). Furthermore, AnkG clustering is impaired and the AIS is disrupted in the cortex

and hippocampus of αII-spectrin- and βII-spectrin-deficient mice [••35]. In further support

of the concept of intra-axonal boundaries, we recently showed that βII-spectrin-deficient

myelinated dorsal root ganglion axons fail to establish the paranodal, lateral diffusion

barriers that normally restrict Kv1 channels to the juxtaparanodes flanking nodes of Ranvier

[•37]. In control axons, βII-spectrin is highly enriched at paranodes [38]. Together, these

results suggest a model where intra-axonal boundaries are established by submembranous

spectrin-based cytoskeletons, and these boundaries function to establish and maintain

specialized membrane domains like AIS, juxtaparanodes, and nodes of Ranvier.

Why is AnkG excluded from the αII-spectrin/βII-spectrin/AnkB- based cytoskeleton?

Recently, Xu et al. [•39] described the structure and organization of the distal cytoskeleton

using super-resolution microscopy. They described a cytoskeleton consisting of actin,

spectrin, and AnkB that forms a periodic network of ring-like structures that wrap around

the circumference of the axon and are evenly spaced along axonal shafts. We speculate that

this remarkably regular and periodic structure may exclude AnkG/βIV-spectrin complexes

from integrating into the network. Indeed, it is not clear that βIV-spectrin functions as a

canonical tetrameric spectrin comprised of two α- and two β-spectrins, since no α-spectrin

has been identified at the AIS, and the major splice variant of βIV-spectrin in mature

neurons lacks the actin-binding domain [40]. These observations argue that the intra-axonal

boundary is not a strict boundary in the sense that AnkG is excluded from entering the axon

(after all, AnkG is a major component of nodes), but rather the boundary reflects a

submembranous cytoskeleton from which AnkG is excluded. The only location where AnkG

participates in a submembranous cytoskeleton is where AnkB, αII-spectrin, and βII-spectrin

are not found.

AIS plasticity

The brain constantly changes by experience, age, and disease. Although plasticity of

synaptic connections between neurons has received the most attention, recent studies

demonstrate the AIS is also plastic and may change in response to activity and disease

Yoshimura and Rasband Page 4

Curr Opin Neurobiol. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(Figure 2b). For example, in avian nucleus magnocellularis neurons, auditory deprivation

caused by removal of the cochlea increases the length of the AIS, thereby augmenting

neuronal excitability [15]. Similar morphological changes have been reported in rodent

disease and injury models, and in manipulated cultured neurons. In a mouse model of

Angelman syndrome where the resting membrane potential is more hyperpolarized, the AIS

is longer [41], and these length changes can be reversed by restoring the membrane potential

[42]. In contrast, rats exposed to a single blast wave, designed to mimic blast-induced mild

traumatic brain injury, experienced memory impairment and had significant reductions in

AIS length in the cortex and hippocampus [43]. A computational model suggested that such

a reduction in length could result in increased interspike interval, reflecting decreased

neuronal excitability. Reductions in AIS length were also reported within peri-infarct cortex

after white matter stroke [44]. Alternatively, increasing the activity of cultured excitatory

(but not inhibitory) hippocampal neurons shifts the entire AIS to a more distal position in the

axon, resulting in decreased neuronal excitability [14]. These observations suggest increased

neuronal excitability (due to increased glutamate release after traumatic brain injury or

stroke) or decreased neuronal excitability (due to synaptic deprivation or hyperpolarizing

shifts in membrane potential) result in chronic homeostatic changes reflected by decreases

or increases in AIS length, respectively. It is unknown whether AIS length changes are

accompanied by changes in AIS channel density or composition.

What molecular mechanisms could account for a change in AIS length? In cultured

hippocampal neurons, overexpression of AnkG shifts the intra-axonal boundary away from

the cell body, resulting in a longer AIS [••35]. Conversely, overexpression of the distal

axonal cytoskeletal protein AnkB causes a proximal shift of the intra-axonal boundary and a

shorter AIS [••35]. Thus, the simplest means to change AIS length is to modify the position

of the intra-axonal boundary. This could happen by changes in expression level of AIS or

distal cytoskeletal proteins, or by dynamic modification of individual elements of the

cytoskeletal network such that a very small length change in a given protein can result in

large changes when summed throughout the axon.

Post-translational modifications of AIS proteins

Although no signaling pathways or posttranslational modifications have been described that

change the amount or length of AnkG or AnkB, the Ca2+- and calmodulin-dependent

protein phosphatase calcineurin was recently shown to mediate activity-dependent AIS

relocation [•45]. Interestingly, in mushroom body neurons of the Drosophila central brain,

cyclin dependent kinase 5 (Cdk5) regulates the length of an AIS-like compartment [46].

How calcineurin and Cdk5 regulate these changes is unknown.

Besides regulation of AIS position and size, post-translational modifications of AIS proteins

have been reported to modulate AIS structure and function (Figure 3). For example, AnkG

and Neurofascin-186 are palmitoylated (palmitoylation is a reversible modification that

promotes membrane association) and palmitoylation-deficient AnkG is unable to cluster at

the AIS [47,48]. Casein kinase 2 (CK2) is highly enriched at the AIS and phosphorylates Na

+ channels, increasing their affinity for AnkG [49]. Furthermore, CK2 inhibition impairs the

tethering of Na+ channels and AnkG in the AIS [50].
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Ca2+/calmodulin-dependent protein kinase II (CaMKII) has been reported at the AIS of

cerebellar Purkinje neurons, binds to βIV-spectrin, and regulates Na+ channel function by

direct phosphorylation of the channel itself [51]. The phosphorylation of the Kvβ2 subunit of

Kv1 channels by Cdk2 and Cdk5 negatively regulates Kvβ2–EB1 interaction, and Kvβ2

phosphorylation is critical for the AIS membrane insertion of Kv1 K+ channels [52].

However, not all modifications promote interactions among AIS proteins. For example, the

tyrosine phosphorylation of neurofascin and NrCAM abolishes their ankyrin-binding

activity [53]. Together, these observations suggest the AIS may be a ‘hotspot’ for protein

phosphorylation. Indeed, many phospho-antibodies have been shown to bind non-

specifically to the AIS [54].

Glycogen synthase kinase-3 (GSK-3) is also found at the AIS, and although it is not

exclusive or even enriched here, it is emerging as a key regulator of AIS structure and

function. GSK-3 phosphorylates AIS β-catenin, which in turn functions to maintain high

levels of Na+ channels at the AIS [•55]. Furthermore, GSK-3 also regulates the interaction

between AIS Na+ channels and fibroblast growth factor 14 (FGF14) [56] and the histone

deacetylase 6 (HDAC6) which can function as a tubulin deacetylase [57]. Remarkably,

inhibition of HDAC6 interferes with AIS development [58]. These results suggest that

GSK-3 may regulate AIS development through modification of microtubules by HDAC6.

Microtubule-AnkG interactions have been reported through the microtubule end-binding

proteins EB1 and EB3 [•59]. Interestingly, GSK-3β is also critical for axon formation

through the phosphorylation of collapsin response mediator protein-2 (CRMP-2) [60]. In

Caenorhabditis elegans, UNC-44 (ankyrin) was reported to direct UNC-33 (CRMP) to

axons, and these proteins organize microtubules and localize kinesins to regulate polarized

axon-dendrite sorting [61]. Thus, the molecular mechanisms involved in axon formation

may also be used at later stages in AIS development and function.

Conclusions

Although the AIS’s importance for action potential initiation has long been appreciated, AIS

diversity, its role in polarity and disease, and its plasticity have only recently been

recognized. AIS size, location, and molecular composition can change in response to

developmental programs and injury. It remains to be seen if similar dynamic modifications

to the AIS occur in the course of normal learning and behavior.
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Highlights

1. The axon initial segment (AIS) maintains neuronal polarity and regulates action

potential initiation.

2. AIS have diverse compositions.

3. The distal axonal cytoskeleton is crucial for AIS formation.

4. Neuronal activity affects AIS structure and function.

5. Post-translational modification of AIS proteins may modulate AIS structure and

function.
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Figure 1.
The axon initial segment (AIS) in the most proximal part of the axon. (a) Schema of a

neuron with a myelinated axon. Specific types of ion channels, receptors, adhesion

molecules and molecular scaffolds are enriched in both the AIS and nodes of Ranvier. (b)

Establishment of neuronal polarity in cultured hippocampal neurons. Cultured pyramidal

neurons from a rodent hippocampus acquire their characteristic polarized morphology in

five successive stages. The first step in neuronal polarization is initial axon formation in the
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transition from stage 2 to stage 3. The AIS is formed from stage 3 to stage 4. The AIS

maintains neuronal polarity and regulates action potential initiation.
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Figure 2.
The formation and plasticity of the AIS. (a) After the axon specification, an AnkB/αII-

spectrin/βII-spectrin-based distal cytoskeleton is assembled in the distal axon and

progressively fills the axon toward the cell body. Later expression of AnkG and exclusion

from the distal axonal cytoskeleton results in the accumulation of AnkG in the remaining

proximal axon that becomes the AIS. (b) The AIS is a new target of intrinsic plasticity. In

neurons from the nucleus magnocellularis of chicks, auditory deprivation leads to an

increase in AIS length and increased neuronal excitability (i). The AIS is longer in a mouse
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model of Angelman syndrome (ii). Overexpression of AnkG induces a longer AIS in

cultured neurons (iii). Exposure to a single blast wave decreases AIS length in rats (iv). AIS

length is decreased within the peri-infarct cortex after white matter stroke in mice (v).

Overexpression of AnkB induces a shorter AIS in cultured neurons (vi). Increased neuronal

activity shifts AIS location and leads to reduced neuronal excitability (vii). (c) Loss of the

intra-axonal boundary by disruption of the distal axonal cytoskeleton blocks AIS assembly

and permits AnkG to be found in the distal axon.
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Figure 3.
Dynamic regulation of AIS proteins. Neuronal activity can ‘tune’ AIS structure, and vice

versa. Post-translational modifications (e.g. phosphorylation) of AIS proteins may play key

roles to modulate AIS assembly, structure and function.
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