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Abstract

Voltage-gated K+ (Kv) channels regulate diverse neuronal properties including action potential
threshold, amplitude, and duration, frequency of firing, neurotransmitter release, and resting
membrane potential. In axons, Kv channels are clustered at a variety of functionally important
sites including axon initial segments, juxtaparanodes of myelinated axons, nodes of Ranvier, and
cerebellar basket cell terminals. These channels are part of larger protein complexes that include
cell adhesion molecules and scaffolding proteins. These interacting proteins play important roles
in recruiting K+ channels to distinct axonal domains. Here, | review the composition, functions,
and mechanism of localization of these K+ channel complexes in axons.
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INTRODUCTION

Neurons are morphologically complex cells with two major structural and functional
domains: the somatodendritic and axonal domains. The somatodendritic domain receives
and integrates synaptic input, while the axonal domain is responsible for initiation and
propagation of the action potential. The excitable properties of each of these domains
depends not only on the kinds of ion channels expressed in the plasma membrane, but also
on the location of the channels and receptors distributed throughout the plasma membrane.
For example, ligand-gated ion channels are strategically located and enriched in membrane
domains opposite the presynaptic terminal where neurotransmitter is released. Among the
many different voltage-gated ion channels expressed in the nervous system, the voltage-
gated K+ (Kv) channels have been a favorite of neurobiologists due to their highly restricted
locations in axons, their important contributions to neuronal excitability, their diverse
mechanisms of clustering, and their experimental tractability as compared to much larger
axonal ion channels (e.g. Na+ and Ca2+ channels). Furthermore, the importance of these
channels is reflected in the fact that mutations or diseases that disrupt clustering,
localization, or composition of axonal Kv channel complexes compromises nervous system
function, leading to conduction block, episodic ataxia, and/or epilepsies [11,14,29,31,32].
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In axons, four main Kv channel protein complexes have been described. These consist of
Kvl (Kv1.1, Kv1.2, and Kv1.4), Kv2 (Kv2.1 and Kv2.2), Kv3.1b, or Kv7 (Kv7.2 and
Kv7.3, but also referred to as KCNQ2 and KCNQ3, respectively (in this review | will refer
to these channels as KCNQ2 and KCNQ3)) channel subunits [52]. Here, I will discuss what
we know about the locations, functions, molecular compositions, and mechanisms of
clustering for each of these different Kv channel complexes in axons.

KCNQZ2/3 K+ channels

KCNQ K+ channels are broadly expressed, and mutations in these channels lead to a variety
of channelopathies including epilepsy, deafness, and disrupted cardiac function[23]. In
neurons, KCNQ2 and KCNQ3 channels have been reported at axon initial segments (AlS;
Fig. 1A) and nodes of Ranvier (Fig. 1B) [8,36]. Physiologically, these channels underlie the
so-called M-current, and play essential roles in regulating neuronal and axonal excitability
through their actions at nodes and initial segments [3,47]. Mutations in KCNQ2 and KCNQ3
lead to neonatal epilepsies, including benign neonatal familial convulsions (BNFC).

In axons, the only known binding partner for KCNQ2 and KCNQ3 is the large cytoskeletal
scaffolding protein ankyrinG (ankG) [36], and KCNQ2/3 colocalizes with ankG at both the
AIS and nodes. AnkG is highly enriched at nodes of Ranvier and AIS and plays essential
roles in both the initial assembly of the AIS and long-term maintenance of neuronal polarity,
i.e. the distinction between axonal and somatodendritic domains. However, the mechanism
responsible for clustering ankG at the AIS remain unknown (Fig. 2). AnkG binds directly to
a variety of Na+ channels (including Nav1.1, Nav1.2 and Nav1.6) which underlie the
initiation of the action potential, cell adhesion molecules (NfCAM and Neurofascin-186),
and other cytoskeletal and scaffolding proteins (BIV spectrin) enriched at the AIS [35].
Indeed, experiments to silence expression of ankG demonstrate that its loss results in failure
to recruit all other AIS proteins, including KCNQ2 and KCNQ3 [22,36].

The clustering of Na+ channels at the AIS was shown to depend on an AlS targeting motif
found in the I1-111 linker of Na+ channels[13,27]. Pan et al. [36], noticed that a similar motif
is located near the C-terminus of KCNQ2 and KCNQ3 channels. They then demonstrated
that this sequence does in fact mediate the channel’s interaction with ankG. In a remarkable
follow-up paper, Hill et al. [17], further analyzed this AIS targeting sequence in both Na+
and KCNQ channels and found that the sequence evolved first in basal chordates to permit
Na+ channel clustering and retention at the AIS. They then demonstrated that it wasn’t until
much later in evolution (about the time myelin evolved), that the KCNQ2/3 channels
acquired the AlS targeting motif. They were able to show that this sequence evolved
independently, providing the first known example of convergent molecular evolution.
Furthermore, their results strongly suggested that nodes of Ranvier are evolutionary
derivatives of the AlS, and the requirements of Na+ channel clustering in axons likely drove
the evolution of KCNQ2/3 K+ channel clustering. Mutation of the ankG-interacting motif in
KCNQ2 and KCNQ3 blocks the ability of these subunits to become restricted to the AIS
[43].

Intriguingly, one recent paper demonstrated that the binding of Nav channels to ankG is
strongly facitiliated by Casein Kinase 2 (CK2) — dependent phosphorylation of serine
residues within the AIS targeting motif[2] (Fig. 2). Since KCNQ K+ channels have a similar
maotif, it will be interesting to determine if localization of these channels can also be
regulated by CK2.

At the AIS, the initial events responsible for ankG clustering remain unknown. However, at
nodes of Ranvier it appears that two different kinds of neuron-glia interactions can initiate
clustering of ankG (Fig. 2B). In the peripheral nervous system, Schwann cells secrete a
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protein called gliomedin that is incorporated into the extracellular matrix and binds to the
axonal cell adhesion molecule neurofascin (NF) -186[10]. NF-186, in turn, is a binding
partner for ankG and functions as a nucleation site for the recruitment of ankG and the
subsequent clustering of Na+ and KCNQ2/3 K+ channels[4,9]. Intriguingly, experiments
also indicate that a second, overlapping mechanism exists to facilitate node of Ranvier
assembly, one which depends on interactions between the myelin sheath and the axon at
paranodal junctions (Fig. 1B) [12,42,58]. These interactions create a barrier that limits the
lateral diffusion of ion channels and other nodal proteins. Although the molecular details for
how this happens are lacking, ankG appears to be critical in both situations. However, the
importance of ankG for KCNQZ2/3 channel clustering at nodes has only been inferred from
in vitro experiments examining Na+ channel clustering; loss of ankG from neurons in
myelinating co-cultures blocks the clustering of Na+ channels[9]. Since the interaction of Na
+ channels and KCNQ2/3 K+ channels with ankG depends on the same AIS targeting motif,
it is likely that nodal localization of KCNQZ2/3 channels is also mediated by ankG.

Kv3.1b channels

Kv3 channels contribute to the rapid spiking behavior of many neurons[44]. Among the Kv3
channels, Kv3.1b, a unique splice variant of the Kv3.1 gene, has been reported at a subset of
CNS and PNS nodes of Ranvier [5] with greater extent of expression in the CNS.
Intriguingly, although biochemical analyses showed that it can be co-immunopreciptated
with ankG, Kv3.1b was not detected at the AlS. Indeed, Kv3.1b is the only known nodal ion
channel that is not also found at the AIS (in direct contrast, Kv1 channels are detected at the
AIS, but not nodes; see below). The reasons for this disparity are unknown. Subsequent
studies to investigate the mechanism of Kv3.1b trafficking to axons showed that axonal
targeting depends on a motif in the C-terminus of the channel that cooperates both with the
T1-domain of the channel and ankG[56], which is consistent with the earlier biochemical
studies. Nevertheless, the function of Kv3.1b at nodes of Ranvier remains unknown.

Kv2 channels

Kv2 channels are delayed rectifiers thought to mainly regulate membrane excitability in
somatodendritic domains. However, recent studies have shown that Kv2 channels can also
be enriched at the AIS through as yet unknown mechanisms, although Kv2 channels have
not been described at nodes or any other axonal subdomain. In particular, Kv2.1 was
reported at the AIS of both cultured hippocampal neurons and cortical neurons in vivo[46],
and Kv2.2 was described at the AIS of neurons found in the medial nucleus of the trapezoid
body (MNTB) where it supports high action potential firing frequencies [24]. Measurements
of Kv2.1 diffusion rates showed that it is highly mobile in the AlIS, a result that is contrary
to other studies showing that both lipids and proteins have reduced diffusion rates and can
be stable over days and even weeks at the A1S[16,55]. This observation suggests that Kv2
channel accumulation may not depend directly on ankG, or that other more dynamic
mechanisms exist for its high degree of mobility in the AlS.

Kv1l K+ channels

High-density clusters of Kv1 channels in axons were first shown at the juxtaparanodes of
myelinated axons and the basket cell terminals (BCTSs) of cerebellar pinceau (Figs. 1B and
1C, respectively) [54]. More recently, Kv1 channel complexes have also been shown to be
enriched at a third site in axons, the AIS [15, 21, 26, 33]. In each of these different domains,
axonal Kv1 channels form macromolecular protein complexes with a variety of cell
adhesion molecules and cytoskeletal scaffolding proteins.

Neurosci Lett. Author manuscript; available in PMC 2011 December 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 4

Basket cell terminals

The subunits Kv1.1 and Kv1.2 have been shown to be highly enriched at BCTs [54]. Here,
they form a specialized contact site with the AIS of the Purkinje neuron (Fig. 1C) and
regulate GABAergic inhibition of the Purkinje neuron efferent axon[57]. BCT Kv1.1/1.2
channels associate with many proteins (Table 1), including their accessory B-subunit Kvp2,
which has been shown to promote surface expression of the channel[48]. The membrane
associated guanylate kinase (MAGUK) PSD-95 is also highly enriched at BCTs. PSD-95
consists of 3 PDZ domains, each of which can interact with the C-terminal PDZ binding
motif found in Kv1 channels[25]. The interaction with PSD-95 was originally thought to be
a mechanism for clustering of these channels at BCTs and juxtaparanodes, but subsequent
studies of mice lacking PSD-95 at these sites showed that Kv1 channels could still be
clustered[41]. Finally, one other Kv1 channel interacting partner was recently reported to be
present at BCTs: ADAM22 (a disintegrin and metalloprotease 22)[34]. ADAM22 was
originally identified as a Kv1 channel binding partner by analyzing Kv1.2-subunit brain
immunoprecipitations using mass-spectrometry. ADAM22 was then demonstrated at BCTs
and other axonal sites where Kv1 channels are clustered. ADAMZ22 is a transmembrane
protein that belongs to a large family of proteases, although ADAM22 itself has no catalytic
activity. Intriguingly, ADAMZ22 also harbors a PDZ binding motif that results in strong
binding to PSD-95. In contrast to K+ channels, loss of PSD-95 from BCTs completely
eliminates the clustering of ADAM22 at these sites. Nevertheless, the function of ADAM22
at BCTs is unknown since ADAM22 knockout mice die at P12, before the assembly of the
BCT[34,45].

Juxtaparanodes

The Kv1 channel subunits Kv1.1, Kv1.2, and Kv1.4 have all been reported at
juxtaparanodes of myelinated axons where they are thought to modulate action potential
propagation and dampen repetitive firing of injured and developing myelinated axons[40].
Indeed, the location of these channels beneath the myelin sheath, where they are apparently
electrically isolated, has caused no small degree of controversy surrounding their functions
in normal, mature myelinated fibers. However, their “isolation’ has been called into
questions since in some small diameter myelinated axons of the central nervous system,
these channels can modulate action potential properties such that pharmacological block of
these channels results in dramatic prolongation of the action potential[6,7].

Like the BCT, juxtaparanodal K+ channels are part of a larger protein complex (Table I). In
addition to KvB-subunits, juxtaparanodes are also enriched in the cell adhesion molecules
(CAMs) Caspr2, TAG-1, and ADAM22, the MAGUKSs PSD-93 and PSD-95, and the
cytoskeletal scaffold 4.1B[19,37,38,50]. Studies of knockout mice for each of these different
proteins has revealed important information about the roles each protein plays in assembling
juxtaparanodal Kv1 channel complexes.

Knockout of Kvp2-subunits, the main Kvf subunit reported at juxtaparanodes, does not
affect the clustering of juxtaparanodal Kv1 channels[30]. Similarly, the MAGUKSs PSD-93
and PSD-95 are both dispensible for Kv1 channel clustering. Even double-knockouts,
lacking both PSD-93 and PSD-95 still have clustered channels, indicating that in single
knock-outs these MAGUKS do not compensate for one another [19]. Knockout of ADAM22
has no effect on clustering of Kv1 channels at juxtaparanodes, but in contrast to BCTs
completely blocks the recruitment of the MAGUKSs PSD-93 and PSD-95[34] (Fig. 2C).
Thus, ADAM22 is responsible for MAGUK clustering at juxtaparanodes, but not for Kv1
channel clustering.
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Instead, knock-outs of the cell-adhesion molecules Caspr2 and TAG-1 dramatically impair
juxtaparanodal clustering of Kv1 channel protein complexes[39,51]. Caspr2 and TAG-1 are
thought to form a heterodimer in the axolemma that interacts in trans with TAG-1 expressed
on the inner surface of the myelin sheath (Fig. 2C). While loss of Caspr2 and TAG-1 disrupt
Kv1 channel clustering in peripheral axons, about one-third of juxtparanodes in the CNS of
Caspr2-null mice still have detectable juxtaparanodal Kv1 channels[34], suggesting that
additional mechanisms exist that can also facilitate channel clustering. Loss of Caspr2 or
TAG-1 also impairs the clustering of MAGUKSs and ADAM22[19,34], but not protein
4.1B[18], suggesting that 4.1B may also contribute to either the clustering or retention of
Kv1 channel complexes. Consistent with this idea, Caspr2 has a 4.1B binding-domain,
which is necessary for its accumulation at juxtaparanodes [18]. The importance of the
interaction with 4.1B for Caspr2 clustering was explicitly demonstrated in Caspr2-null mice
that expressed a transgene containing the extracellular domain of Caspr2, but lacking the
4.1B binding domain. In these mice, the Caspr2 transgene, Kv1 channels, and TAG-1 all
failed to cluster at juxtaparanodes. Consistent with these results, loss of 4.1B also impairs
assembly of the Kv1 channel-containing complexes at juxtaparanodes. It will be of
particular interest to determine if the loss of 4.1B affects the initial recruitment of the
channel complex, or if its function is primarily to stabilize the protein complex and retain it
at juxtaparanodes.

Axon initial segments

As described above, in myelinated axons Kv1 channels are excluded from nodal regions that
instead are enriched in Na+ channels and KCNQ2/3 K+ channels. Intriguingly, Kv1
channels, Caspr2, TAG-1, ADAM22, and PSD-93 are also found colocalized with AIS ion
channels, but only in the distal part of the AIS where Nav1.6 Na+ channels are prominently
found [20,28,34,53]. In contrast to both juxtaparanodes and BCTs, AlIS Kv1 channel
clustering was reported to depend on PSD-93 rather than CAMs [33] (Fig. 2A). This result
was based on the use of ShRNA knockdown of PSD-93 in cultured hippocampal neurons, a
rarefied culture model that has been used to study the molecular mechanisms underlying
many neuronal properties. However, in more recent experiments, new antigen-retrieval
methods for visualizing Kv1 channels in brain [28] prompted a re-examination AlS Kv1
channels in PSD-93 deficient mouse cortex. In contrast to the in vitro results, loss of PSD-93
did not impair clustering of Kv1 channels at the AIS[34]. This discrepancy between in vitro
and in vivo results may reflect real differences between acute knockdown of PSD-93 versus
chronic loss of the protein in PSD-93 deficient mice which could permit compensation by
other unknown mechanisms. Alternatively, this difference may also underscore the point
that in vitro culture models may be much more sensitive to experimental manipulation than
in vivo, where other compensatory mechanisms may exist for channel clustering. It is
interesting to note that mutations in the Kv1 channel interacting protein Caspr2 leads to a
variety of CNS abnormalities including epilepsy, mental retardation, Tourette syndrome, and
Autism Spectrum Disorder [1,49,59]. Whether these diseases are a consequences of
disrupted Caspr2 at the AlS, or other axonal locations remains unknown.

Future directions

Although work on axonal Kv channels has revealed tremendous insights into the
mechanisms of channel function and recruitment to distinct axonal domains, much remains
unknown. In the case of Kv1 channels, we do not fully understand the function of these
channels at juxtaparanodes. In addition, experiments to determine mechanisms of targeting
have shown that other, Caspr2- or PSD-93-independent mechanisms of targeting to
juxtaparanodes and AlS, respectively, must exist. These remain to be identified.
Furthermore, the function of the MAGUKSs PSD-93 and PSD-95 at juxtaparanodes and
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BCTs is completely unknown, although we can exclude a role in Kv1 channel complex
assembly. Similarly, many questions remain about the functions and protein complexes that
include Kv2 channels, Kv3.1b, and KCNQ2/3 K+ channels. For example, although we
assume KCNQ?2/3 channel targeting to nodes is ankG dependent, this remains to be formally
demonstrated. Furthermore, the functional properties of these channels can be highly
modified by phosphorylation, phospholipids, and interacting accessory subunits. It will be
important to determine if AIS or nodal KCNQZ2/3 channels are modulated in any of these
ways. Similarly, it is not clear why Kv3.1b bypasses the AIS and is clustered only at nodes
of Ranvier, especially if this localization depends directly on ankG. In contrast, it will be
interesting to determine if Kv2 channel localization at the AIS depends on ankG, and if so,
how it retains its high degree of mobility in the AIS membrane. Finally, it will be important
to determine the functions of the many different Kv1 channel interacting proteins like
ADAM22, Caspr2, TAG-1 and MAGUKSs. It is not difficult to imagine that they may
directly modulate channel properties depending on the cellular context and location, and in
ways that we have not yet imagined. Given the many questions that have yet to be answered,
Kv channels will remain excellent models to uncover the mechanisms for how ion channel
complexes contribute to axonal physiology, and how they are assembled, trafficked to,
clustered, and retained at distinct cellular locations.
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Figure 1. Kv channels are clustered at a many different axonal locations

A, KCNQ2 K+ channels (red) are clustered at axon initial segments where they colocalize
with the AlS-restricted cytoskeletal scaffolding protein BIV spectrin (gree). The microtubule
associated protein 2 (MAP2) defines the somatodendritic domain. B, Kv1 channels (red) are
clustered at juxtaparanodes beneath the myelin sheath and on each side of nodes of Ranvier.
Kv1 channels are excluded from paranodal regions labeled by Caspr (green), and nodes of
Ranvier labeled by ankG (blue) and BIV spectrin (magenta). C, Basket cell terminals in the
cerebellum are highly enriched in Kv1.2 (green) and ADAM22 (red), and envelope the AIS
(labeled by BIV spectrin, blue). The location of the Purkinje neuron cell body (P) is
indicated by the dotted line. Scale bars: A, 20 um; B, C, 10 pm.
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Figure 2. Mechanisms of channel localization in axons
A, The scaffolds ankyrinG and PSD-93 are recruited to the AIS through unknown
mechanisms. They subsequently recruit cell adhesion molecules and ion channels. Whether
phosphorylation promotes the interaction between ankG and KCNQ channels is unknown.
The link between Caspr2 and the Kv1 channel protein complex is also unknown. B, Axonal
cell adhesion molecules are restricted to nodes of Ranvier through clustering by Schwann
cell-derived gliomedin, and by restriction between a paranodal barrier. AnkG then attaches
to these cell adhesion molecules, and functions as at the AIS to recruit ion channels. Thus, at
nodes, myelinating glia direct the clustering of channels. C, At the juxtaparanode the cell
adhesion molecules Caspr2 and TAG-1 are thought to initiate the assembly of the Kv1
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channel protein complex. However, the interactions between Caspr2 and Kv1 channels

remain unknown. ADAM22 recruits PSD-95 and PSD-93. A paranodal barrier also restricts
the lateral diffusion of Kv1 channels in the axonal membrane.
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Kv channel protein complexes and the sites where they are clustered. e= detected, o = not detected.
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