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The clustering of Kv1.1/Kv1.2 channels at the axon initial segment and juxtaparanodes is based on interactions with cell

adhesion molecules and cytoskeletal linkers. 
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1. Introduction

The precise distribution of K  channels at the axon initial segment (AIS) and the nodes of Ranvier is critical to ensure the

appropriate initiation and faithful propagation of action potentials (APs) along myelinated axons. The AIS and nodes of

Ranvier are fascinating structures to examine the mechanisms involved in neuronal polarity and subcellular patterning of

axonal functional domains . Membrane subdomains are distinctly segregated at the nodes of Ranvier with the node

itself highly concentrated in voltage-gated Na  (Nav) channels and the juxtaparanodes enriched in voltage-gated K  (Kv)

channels. These two domains are separated by the paranodal junctions anchoring the myelin terminal loops on both sides

of the nodal gap. The mechanisms underlying the segregation of Nav1 channels at the AIS and nodes of Ranvier have

been thoroughly examined in the PNS and CNS . However, it is still unclear how the Kv1 channels are

anchored at the AIS and juxtaparanodes. This review will focus on the dynamic processes that are involved in the

subcellular targeting of the Kv1.1/Kv1.2 channels associated in complex with cell adhesion molecules and cytoskeleton

linkers, including axonal transport, membrane diffusion and trapping, or internalization. A comprehensive view of the

functional role of the diverse axonal K  channels begins to emerge, taking into consideration the neuronal cell-type

specificity. In pathological conditions such as demyelinating diseases in the PNS or CNS, disturbance of the nodes of

Ranvier is associated with alteration of paranodal junctions and exposure of juxtaparanodal Kv1 channels that may

contribute to neurological disorders.

2. Diversity of K  Channels at the Axon Initial Segment and Nodes of
Ranvier

The initiation and propagation of APs in myelinated axons depends on the high concentration of voltage-gated Na

channels at the AIS and the nodes of Ranvier, respectively. A variety of K  channels have been identified with precise

axonal distribution to modulate neuronal excitability and the shape and frequency of APs. A common feature for

myelinated axons both in the CNS and PNS is the presence of voltage-gated K  channels including Kv1.1/Kv1.2 channels

localized at the juxtaparanodes under the myelin sheath  and Kv7.2/Kv7.3 (also named KCNQ2/3) that are present at

the node itself . Kv1 and Kv7 family members are also found at the AIS regulating excitability at the site where APs

are generated . Moreover, other subtypes of axonal K  channels are found along myelinated axons, with the voltage-

gated Kv3.1b segregated at the nodal gap in a subset of CNS large myelinated axons . The nodal K 3.1 channels

activated by an activity-dependent influx of Ca , have been shown to secure continuous spike propagation in Purkinje

cells . The BK/K 1.1 channels, also activated by changes in membrane potential and intracellular Ca  concentration,

localize to the paranodes solely in axons of cerebellar Purkinje cells to support the high-fidelity of AP firing at high

frequency . Recently, the two-pore-domain K  channels TREK-1 and TRAAK, displaying thermal and mechanical

sensitivity, have been identified at the nodes of Ranvier both in the CNS and PNS, and are not found at the AIS .

The K2P channels generate high-leak K  current at the node, hyperpolarizing the membrane resting potential, thereby

increasing Na  channel availability for AP propagation . As shown using pressure-patch-clamp recording at the nodes

of Ranvier of trigeminal nerves, TREK-1 and TRAAK, most likely forming heteromers, drive rapid AP repolarization at the

nodes and permit high speed and high-frequency AP conduction along myelinated axons . In contrast, AP

repolarization is not modified by TEA, a blocker of Kv1 and Kv7 channels, at the nodes of Ranvier of sensory nerves.

Thus, AP repolarization may not mainly depend on voltage-gated K  channels at the nodes of Ranvier as it occurs at the

neuronal cell bodies.
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The role of nodal Kv7.2/7.3 channels mediating a slow K  current could be to finely modulate the excitability at the nodal

region . Moreover, voltage-gated K  channels may finely tune excitability and secure axonal conduction at transition

zones, including at branch points or in the region distal to the last myelinated segment near the nerve terminal . The

safety factor is altered at these sites because of impedance mismatch. Strikingly, recent reports indicate that myelination

can be discontinuous in the cortical pyramidal neurons mostly in the superficial layers . Non-uniform myelination is also

found in parvalbumin GABAergic neurons in the cortex and hippocampus, which show irregular myelinated segments

along with their branched axonal trees . Transition zone excitability may have profound implications for signal

integration in axonal trees. The precise distribution and function of the diverse K  channels at these transition zones

deserve further investigation.

The role of voltage-gated Kv1.1/Kv1.2 channels has been finely analyzed at the AIS where they are involved in the control

of neuronal excitability, spike shape, and frequency. The low-threshold fast-activated Kv1 channels play a highly localized

role in shaping the axonal AP at the AIS of cortical pyramidal neurons   or in dampening near-threshold excitability in

fast-spiking cortical GABAergic interneurons , likely depending on Kv1 subunit composition in the different neuronal cell

types. The slow inactivation of Kv1.2 enriched at the AIS of spinal motoneurons promotes the nonlinear spiking associated

with the rhythmic locomotor activity . However, their role at the nodes of Ranvier is a matter of speculation. The fast

Kv1.1/1.2 channels are sequestered along myelinated axons on both sides of the node of Ranvier at the juxtaparanodes

under the myelin sheath and do not normally influence AP repolarization. Kv1 channels are separated from the nodal gap

by septate-like paranodal junctions anchoring the terminal myelin loops to the axolemma. The transmembrane septate-

like junctions and the short paranodal width (3–5 nm instead of 10–20 nm at internode) are thought to reduce the current

flows between nodal and internodal extracellular spaces. An intriguing observation is that the juxtaparanodal Kv1

channels are forming rosette particles aligned with Connexin29 channels in apposed myelin membrane as observed in

freeze-fracture replica immunogold labeling of mouse sciatic nerves . This would support a leak K  conductance directly

from juxtaparanodal axoplasm into the myelin cytoplasm that would not be dependent on voltage-gating. In the CNS, the

inward-rectifying Kir4.1 channels are expressed by oligodendrocytes on the inner tongue of the myelin sheath facing the

internodal axonal membrane. These channels ensure that the K  released during neuronal firing is buffered by

oligodendrocytes  .

Kv channels are the most diverse family of voltage-gated ion channels in vertebrates of which a significant proportion

plays a critical role in controlling neuronal excitability and is of major relevance to neurological diseases. In particular,

mutations of genes encoding Kv1 and Kv7 subfamily channels have been associated with a range of epilepsies and

encephalopathies. Their pathogenic role is complex and partly defined by the axonal distribution of those channels 

. This review will particularly focus on the role of Kv1.1/1.2 channels in physiological conditions and de- or dys-

myelinating autoimmune diseases. The Shaker-related Kv1 subfamily comprises at least eight members (Kv1.1–Kv1.8).

The α-subunits from the same subfamily assemble to form functional homo- or hetero-tetrameric channels (Figure 1A).

The juxtaparanodes of myelinated axons contain generally heteromeric Kv1.1 and Kv1.2 channels associated with Kvß2

auxiliary subunits. The physiological role of these channels may be critical during development as their mature localization

pattern is not achieved at the onset of myelination. Kv1.1/ Kv1.2 are first present at the node and paranodes in immature

nerves when the axo-glial septate-like junctions are not fully established (Figure 1B) . This transient localization

may prevent aberrant excitations during the transition between continuous to saltatory conduction. Importantly, the

juxtaparanodal Kv1 channels may also play a critical function in pathological situations when the paranodal junctions are

altered and the myelin sheaths retracted.
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Figure 1. Distribution of the Kv1.1/1.2 channels in myelinated axons during development and misdistribution associated

with genetic or autoimmune diseases. (A) (Left) Transmembrane topology of one Kv1 channel α-subunit, with the voltage-

sensing module comprising transmembrane segments S1–S4 with the positive charges shown in S4, and the pore module

comprising S5–S6. The T1 tetramerization domain is located in the N-terminal tail and the C-terminus contains a binding

site for PDZ-proteins. The Kv1 α-subunit associates with an auxiliary Kvß2 subunit that is essential for regulation via its T1

linker. (Right) Juxtaparanodal Kv1 channels are composed of heterotetramers of Kv1.1 and Kv1.2 α-subunits forming the

pore of the channel co-assembled with four Kvß2 subunits. (B) The Kv1 channels are transiently present at the paranodes

in immature nerves when the axo-glial septate-like junctions are not fully established. In the PNS, the juxtaparanodes are

first assembled asymmetrically before being settled on both sides of the paranodes. (C) Kv1 channels are mislocalized at

the paranodes when the septate-like junctions are disrupted, as shown in mice deficient for the cell adhesion molecules,

Caspr, Contactin, or Neurofascin155. Ectopic internodal clusters of Kv1 channels are observed associated with the

alteration of myelin ganglioside in a mice model of X-adrenoleukodystrophy. (D) In autoimmune demyelinating neuropathy

(CIDP), a subset of patients produce anti-Contactin or anti-Neurofascin155 IgG4 that induce the selective loss of

paranodal transverse bands, but the distribution of Kv1 is unknown. In multiple sclerosis (MS) patients, early paranodal

alterations occur as observed at the border of MS lesions in periplaques and normal-appearing white matter (NAWM), with

the Kv1 channels abutting or even overlapping the nodal region.
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