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a b s t r a c t

In neurons, voltage-gated sodium (Nav) channels underlie the generation and propagation of the action
potential. The proper targeting and concentration of Nav channels at the axon initial segment (AIS) and
at the nodes of Ranvier are therefore vital for neuronal function. In AIS and nodes, Nav channels are part
of specific supra-molecular complexes that include accessory proteins, adhesion proteins and cytoskele-
eywords:
oltage-gated sodium channels
av
xon initial segment
odes of Ranvier
rafficking

tal adaptors. Multiple approaches, from biochemical characterization of protein–protein interactions to
functional studies using mutant mice, have addressed the mechanisms of Nav channel targeting to AIS
and nodes. This review summarizes our current knowledge of both the intrinsic determinants and the
role of partner proteins in Nav targeting. A few fundamental trafficking mechanisms, such as selective
endocytosis and diffusion/retention, have been characterized. However, a lot of exciting questions are still
open, such as the mechanism of differentiated Nav subtype localization and targeting, and the possible
argeting interplay between electrogenesis properties and Nav concentration at the AIS and the nodes.
© 2010 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

In neurons, action potentials (APs) are generated at the axonal
nitial segment (AIS), and their saltatory conduction occurs via

of numerous partners, such as adhesion proteins and cytoskeletal
adaptors. This review aims to summarize the different partners of
Nav channels at the AIS and nodes, and recapitulate their roles in
Nav targeting to these compartments. The basic mechanisms of the
specific targeting of Nav channels have been unravelled using a
he nodes of Ranvier in myelinated axons [15,46]. These pro-

esses require a precise distribution of voltage-gated sodium (Nav)
hannels, which accumulate at high density in these two highly spe-
ialized axonal sub-domains. This concentration of Nav channels
esults from the assembly of supra-molecular complexes composed

∗ Corresponding author at: Faculté de Médecine Secteur-Nord, Neurobiologie des
anaux ioniques, Université de la Méditerranée CS80011, Bd Pierre Dramard, 13344
arseille Cedex 15, France. Tel.: +33 4 91 69 88 59; fax: +33 4 91 09 05 06.

E-mail address: benedicte.dargent@univmed.fr (B. Dargent).

304-3940/$ – see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.neulet.2010.08.079
combination of biochemical, cellular and functional studies. How-
ever, many more questions need to be answered to fully explain Nav
targeting and its importance for neuronal transmission in normal
and pathological contexts.
2. Structure, function and localization of the Nav channels

Mammalian Nav channels are composed of a highly glycosylated
260 kDa � subunit, the pore forming protein, linked via disulfide
bonds to �2/�4 subunits and non-covalently with �1/�3 subunits

dx.doi.org/10.1016/j.neulet.2010.08.079
http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
mailto:benedicte.dargent@univmed.fr
dx.doi.org/10.1016/j.neulet.2010.08.079
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11]. Nine Nav1 � subunit genes (SCN1A–SCN9A) have been iden-
ified in mammals, constituting the Nav1 gene subfamily. The Nav
ubunits (Nav1.1–9) contain the ion-selective pore and are com-
osed of 4 homologous membrane domains (I–IV) containing 6
ransmembrane � helices (S1–S6). S5 and S6 segments from the
our domains form the Na+ selective pore, and the S4 helix acts as
voltage sensor whose movement within the membrane induces

n pore opening [11].
� subunits (�1–4) are encoded by four different genes

SCN1B–SCN4B). The � subunits share a similar topology, and their
tructure–function has been reviewed by Patino and Isom in this
pecial issue [63]. � subunits regulate the surface density of Nav1
nd modulate the biophysical properties of the channel in complex
nd opposite ways [67]. In addition, the � subunits exhibit CAM
roperties, being involved in multiple interactions through either
omophilic or heterophilic interactions with members of the L1
AM family [56], and recognizing molecules in the extracellular
atrix (ECM, [80]). Finally, the �1 subunit promotes neurite out-

rowth in cerebellar granule cells (GCs) via a lipid raft mechanism
nd Fyn kinase signaling [7,8,20].

With the exception of Nav1.4, all Nav1 subunits are expressed
n the nervous system. Nav1.1, Nav1.2 and Nav1.6 are abundant
n the central nervous system (CNS), whereas Nav1.3 is mostly
resent during embryonic development. Nav1.7, Nav1.8 and Nav1.9
re predominant in the peripheral nervous system (PNS) [11]. �1,
2 and �4 are the main � subunits expressed in the mammalian
rain [63]. Both the expression of the four predominant Nav1 sub-
ypes and the four � subunits are developmentally and spatially
egulated in the CNS (for a review see [84]). At the cellular level,
av1.1 is predominantly found not only in soma and dendrites but
lso at the AIS and nodes of Ranvier [23,33,90]. Nav1.2 is local-
zed along unmyelinated axons and accumulates at the AIS and in
mmature nodes [4,5,33,53,90]. Nav1.6 is concentrated in the AIS,
odes of Ranvier and in proximal dendrites in many types of neu-
ons [10,53]. In contrast, little information is available on � subunit
ocalization at the cellular level, although �2 may be concentrated
t the nodes of Ranvier [13] and �1 has been detected at the AIS in
erebellar GCs [7].

. Neuronal Nav channels form a supra-molecular complex
t the AIS and the nodes of Ranvier

In neurons, Nav channels concentrate at the AIS and nodes
f Ranvier as part of well-described multi-molecular complexes
35] (Fig. 1A). In addition to Nav channels, potassium chan-
els Kv7.2/Kv7.3 [21,62] and cell adhesion molecules NF-186 and
rCAM [2,19,24,36] accumulate at the AIS and the nodes of Ranvier
here the cytoskeletal adaptor complex ankyrin G (ankG)/�4-

pectrin is segregated [98] (for reviews see [3,75], Fig. 1B). The AIS
nd the nodes of Ranvier are also enriched in other proteins, such
s protein kinase casein kinase 2 (CK2) which regulates ion channel
nteraction with ankG [9], SCHIP-1 isoforms [55], FHF2 and FHF4,
wo members of the fibroblast growth factor homologous factors
FHFs, [32]) and members of the NF�B signaling pathway [66,77].
astly, in certain neuronal types, members of the Kv1 voltage-gated
otassium channel family are restricted to the distal part of the AIS
39,52].

These supra-molecular complexes at the AIS and nodes are
he result of multiple, redundant protein–protein interactions,
av channels being a core component in this interaction net-

ork (Fig. 1C). A key partner of Nav channels is ankG. A
ell-characterized ankyrin-binding motif is located in the cyto-
lasmic linker II–III of the pore forming Nav1 protein [26,31,51] (see
elow). It is possible that �1, but not �3, provides an additional link
etween Nav channel complex and ankG since homophilic �1 sub-
etters 486 (2010) 92–100 93

unit interaction induces ankG recruitment [7,54]. In addition, �1
subunits interact heterophilically with NF-186 and NF-155, NrCAM
[56] and contactin/F3, a CAM protein concentrated in the nodal and
paranodal regions of CNS nodes [44]. Nav1 and �1 subunits asso-
ciate with the receptor protein tyrosine phosphatase �, a partner of
contactin/F3 [69]. The �2 subunit binds to tenascin-C and tenascin-
R [80,93], two ECM molecules that associate with brevican [58].
Finally, studies have shown that several members of the FHF fam-
ily interact and differentially modulate the functional properties of
Nav1 [92]. Furthermore, some of FHF members are enriched at the
AIS and influence Nav channel clustering [32,49].

4. Complex Nav expression in the nodes of Ranvier and
along the AIS

Initial studies of Nav1 subunit localization in mammalian brain
showed that Nav1.2 is preferentially expressed along unmyelinated
fibers [33,90] while Nav1.6 is localized at nodes of Ranvier [10].
Boiko et al. [4] confirmed the differential localization of Nav1.2 and
Nav1.6 in retinal ganglion cells (RGCs) that form axons with well
defined unmyelinated and myelinated segments. During develop-
ment, a switch between Nav1.2 and Nav1.6 expression occurs in
RGCs axons; Nav1.2 is first concentrated at the immature nodes of
Ranvier and is replaced by Nav1.6 as the nodes mature [4]. Com-
plemented by others studies [72], Nav1.6 channels have thus been
considered predominant in mature nodes of Ranvier (for a review
see [84]). However, at present, the situation appears to be more
complex. Indeed, Nav1.6 is expressed alone or together with Nav1.1
in CNS and PNS nodes of Ranvier [23]. Moreover, nodes of Ran-
vier expressing Nav1.1, but not Nav1.6 have been described [23].
The developmental expression of Nav1.1, Nav1.2 and Nav1.6 at
the nodes of spinal cord neurons indicates that these three chan-
nels can coexist at certain stages of nodal maturation [23]. Finally,
Nav1.8, a subtype preferentially expressed in sensory neurons [11],
were observed at nodes of Ranvier in physiopathological situations
[1,22].

Studies also provide evidence for a complex and cell specific sub-
domain organization of Nav1 types along the AIS, with spatially and
temporally defined co-expression of Nav1.6, Nav1.1 and Nav1.2.
Firstly, Nav1.6 is exclusively and uniformly distributed along the
AIS of Purkinje cells [52,85]. Nav1.6 is expressed together with
Nav1.1 in the AIS in cortical and cerebellar interneurons, in RGCs
and in spinal cord neurons [23,52,60,87]. In these cells, Nav1.1 and
Nav1.6 showed a complementary localization along the AIS: Nav1.1
displays a proximo-distal gradient along the AIS, whereas Nav1.6
accumulates in a distal-to-proximal gradient [5,23,86]. In contrast,
Nav1.1 and Nav1.6 are uniformly co-distributed along the AIS of
main olfactory bulb short axon cells [52]. Nav1.2 is co-expressed
with Nav1.6 in layer 5 pyramidal cells of the neocortex with a com-
plementary gradient of Nav1.2-Nav1.6 concentration along the AIS
[38]. Importantly, Nav1.6 accumulation at the distal AIS determines
the lowest threshold for AP initiation whereas a proximal Nav1.2
gradient promotes AP back propagation to the soma [38]. Nav1.2
and Nav1.6 are also co-expressed along the AIS of cerebellar GCs
[61].

During development, Nav1.2 accumulation precedes Nav1.6
concentration in RGCs and in GCs [5,61]. Mice lacking Nav1.6
(Scn8amedJ mice) exhibit distinct compensatory change in other
Nav1 types. Both Nav1.1 and Nav1.2 compensate the lack of Nav1.6
at the AIS of RGCs while only Nav1.1 replaces Nav1.6 at the AIS

of cerebellar Purkinje cells [85], but no compensatory expression
between Nav1.6 and Nav1.1 was observed at the AIS in GCs-specific
Nav1.6-null mouse [61]. Such a complex organization and regula-
tion of Nav1 types at the AIS is expected to endow neurons with
variable excitability properties, which can influence the genera-
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Fig. 1. Nav channel partners at the AIS. (A) Nav channels are highly concentrated at the AIS of hippocampal neurons in culture (red). The AIS is labeled using an anti-ankyrin
G antibody (green) and the somatodendritic compartment is labeled using an anti-MAP2 antibody (blue). Scale bar, 10 �m. (B) Concentration of Nav channels at the AIS of
cortical neurons in vivo (red). Nav colocalizes at the AIS with ankG (green). Nuclei are labeled using Hoechst 33258 (blue). Scale bar, 10 �m. (C) Summary of Nav channel
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artners at the AIS. � subunits 2 and 4 (dark blue) are covalently linked to the Nav �
nd NF-186 in light blue), possibly ankG (orange) and proteins of the ECM (black).
K2 phosphorylation (red bar and circle). AnkG also binds �IV-spectrin (green) and
irect partners; grey arrows represent interaction between Nav1 partners.

ion and the backpropagation of APs [15,38]. Further studies are
equired for a better understanding of mechanisms accounting for
uch complex nodal expression and of the respective physiological
elevance of each expression pattern.

. Mechanisms of Nav concentration at the AIS

The AIS is intrinsically specified, being able to assemble in cul-
ured neurons in the absence of glial cells [91,97]. In vivo and in

itro analyses all converge on a crucial role of ankG as the cen-
ral organizer for AIS assembly and maintenance [36,40,98]. ankG
s the first component detected at the AIS by immunohistochem-
stry [40]. In vivo, mutant mice lacking ankG in Purkinje cells fail
o cluster any other AIS component [40,98], and electroporation of
it (yellow) by disulfide bonds. � subunits directly bind adhesion molecules (NrCAM
subunit directly interacts with ankG (orange), this interaction being regulated by
ion molecules. Black arrows symbolize interactions between Nav1 channel and its

cortical neurons with shRNA against ankG blocks AIS assembly [36].
In cultured hippocampal neurons, knockdown of ankG impedes AIS
formation while knockdowns of CAMs, Nav channels or �4-spectrin
have little impact [36]. ankG is an essential organizer of the AIS as
Nav, Kv7.2/7.3 channels, CAMs and �4-spectrin all rely on binding
to ankG for their localization [31,51,62,96].

A role for Nav channels in AIS formation and maintenance is,
however, not excluded. In cultured motor neurons, Xu and Shrager
demonstrated that the decrease of Nav channel expression affects
AIS assembly, suggesting that a complementary mechanism might

exist in this cell type [94]. In vivo confirmation of the possible role
of Nav in AIS assembly may prove difficult, because of the perinatal
lethality of the Nav1.2 knockout mouse [64] and the compensa-
tion for Nav1.6 loss by Nav1.2 and Nav1.1 in the Scn8amedJ mouse
[85].
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The role of Nav � subunits in Nav channel targeting to the
euronal membrane is not fully understood. Tagged � subunits
xpressed in cultured hippocampal neurons are uniformly dis-
ributed [30], indicating that Nav � rather than � subunits may
ontain information for the sorting and clustering of Nav channel
omplexes at the AIS. However, cerebellar neurons lacking �1 show
decreased concentration of Nav 1.6 at the AIS [7]. Therefore, sim-

larly to �4-spectrin [45,48], � subunits could be necessary for the
aintenance of Nav channel complexes at the AIS rather than for

heir initial concentration at this site.
The key interaction for AIS assembly and function, that is, the

inding of Nav channels to ankG, was discovered more than twenty
ears ago [81]. However, the molecular details of this interac-

ion and its role in Nav channel concentration at the AIS were
nly recently unravelled [9,26,31,37,51]. To assess whether any of
he intracellular loops of Nav1.2 contained sufficient information
or its sorting to the AIS, our laboratory developed an approach

ig. 2. The ankyrin-binding-motif of Nav 1.2 directs its segregation at the AIS of hippoc
av1.1–3 and Nav1.6. Interaction with ankG critically depends on a highly conserved glut
124 and 1126 for Nav1.2, black boxes). (B) Cell surface distribution of CD4-Nav1.2 (II–II
y an anti-CD4 antibody is restricted at the AIS (green). The somatodendritic compartme
otif of Nav1.2 is able to target the somatodendritic voltage-gated channel Kv2.1 to the A

n anti-myc antibody (green) and the somatodendritic compartment is identified by MAP
rom the Journal of Cell Biology; doi:10.1083/jcb.200805169. (D) and (E) Endogenous CK
anvier along the sciatic nerve (E). CK2� immunoreactivity (green) is expressed at the A
y MAP2 (red, D) and ankG labels nodes (red, E). Scale bars, 30 �m (D); 23.2 �m (E, top);
rom the Journal of Cell Biology; doi:10.1083/jcb.200805169.
etters 486 (2010) 92–100 95

based on chimeric protein expression in cultured hippocampal
neurons [29]. Using this approach, we showed that the cytoplas-
mic loop linking the domains II and III (L2) contained a motif
responsible for the compartmentalization of Nav channels at the
AIS (Fig. 2B and C) [31]. L2 was sufficient to either segregate a
chimera of the CD4 protein (CD4-Nav1.2) at the AIS, or redirect the
somatodendritic potassium channel Kv2.1 (Kv2.1-Nav1.2). This tar-
geting was abolished upon truncation of a sequence of 27 residues
within L2 (1102-1128) that was thus called the AIS motif (Fig. 2A)
[31]. Another study independently confirmed that the PIALGESD
sequence located within the AIS motif directly interacts with the
Membrane Binding Domain (MBD) of ankG [51].

ankG is segregated at the AIS, whereas the other neuronal

ankyrin, ankyrin B, is located along the distal axon in cultured
hippocampal neurons and in myelinated fibers [3]. These axonal
ankyrins share a highly conserved MBD, suggesting that an addi-
tional mechanism must ensure the specific interaction of Nav

ampal neurons. (A) Sequences of the ankyrin-binding-motif for CNS Nav channels
amate (E1111 for Nav1.2, in red) and on CK2-phosphorylable serines (S1112, 1123,
I) in transfected hippocampal neurons. Surface CD4-Nav1.2 (II–III) immunolabeled
nt is identified by MAP2 staining (red). Scale bar, 20 �m. (C) The ankyrin-binding

IS in transfected hippocampal neurons. Surface myc-Kv2.1-Nav1.2 is detected with
2 staining. Bar, 10 �m. Image is reproduced from Bréchet et al. [9] with permission
2� is concentrated at the AIS in cultured hippocampal neurons (D) and at nodes of
IS (arrows) and in the nucleus (arrowheads). Somatodendritic domain is identified
3 �m (E, bottom). Image (E) is reproduced from Bréchet et al. [9] with permission

http://dx.doi.org/10.1083/jcb.200805169
http://dx.doi.org/10.1083/jcb.200805169
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hannels with ankG. Recently, Bréchet et al. demonstrated that the
IS motif of neuronal Nav channels is phosphorylated in vitro by
K2, resulting in a 1000-fold increase in the binding affinity (from
icromolar to nanomolar) for the MBD of ankG [9]. Although CK2

hosphorylation equally enhanced the interaction with the MBD
f ankyrin B and G [9], they showed that CK2 appears to be exclu-
ively concentrated at the AIS and nodes along the axon (Fig. 2D
nd E). This suggests that local concentration of CK2, which phos-

horylates Nav channels, enhances their interaction with ankG,
nd thus contributes to their specific accumulation at the AIS.
ow it would be interesting to identify the phosphatase counter-
alancing CK2 phosphorylation that could fine-tune this regulation.

n addition to its pivotal role in Nav accumulation, ankG modu-

ig. 3. Trafficking pathways contributing to the compartmentalization of Nav channels. (
ndocytic pathways. Hippocampal neurons transfected with either CD4-Nav1.2 (CTer) (A
ssay, fixed, permeabilized, stained for CD4 (green) and for MAP2 (red). (A) CD4-Nav1.2
he soma (box) and axon (arrow heads). Some punctate staining appears to be concentr
arrido et al. [29] with permission from the EMBO Journal. (B) CD4-Nav1.2 (II–III) con
AP2 co-staining. Note the concentration of CD4-Nav1.2 (II–III) at the AIS (arrow). Scale

ournal of Cell Biology; doi:10.1083/jcb.200312155. (C) A proposed model for Nav1 segreg
omatodendritic compartment (blue arrows). An endocytic mechanism (red arrow) perm
rapped by ankG at the AIS after laterally diffusing (green double arrow). These two mech
hannels at the AIS.
etters 486 (2010) 92–100

lates the inactivation properties of Na+ current in heterologous
cells [79], but the electrophysiological consequences of a phos-
phodependant binding of ankG remains to be explored in neurons.
Another unresolved issue is that Nav1.1, Nav1.2 and Nav1.6 bear
CK2 phosphorylation sites at their AIS motif, but they are differen-
tially expressed during development at the AIS [5,61], and exhibit
distinct subdomain organization along the AIS in defined neu-
ronal types [38,52,87]. Additional mechanisms probably account

for this preferential organization. Nevertheless, the discovery of
a CK2-dependent Nav–ankG interaction suggests that CK2 can
dynamically alter Nav concentration at the AIS. Thus, CK2 could
play a role in the activity-driven AIS plasticity that was recently
described [34,47].

A) and (B) The C-terminus and cytoplasmic II–III loop of Nav 1.2 are recognized by
) or CD4-Nav1.2 (II–III) constructs (B) were processed for an immuno-endocytosis
(CTer) containing vesicles (green) are distributed throughout dendrites (arrows),
ated in the proximal axon (asterisk). Scale bar, 25 �m. Image is reproduced from
taining vesicles are distributed throughout the soma and dendrites identified by
bar, 25 �m. Image is reproduced from Fache et al. [26] with permission from the
ation at the AIS. The neo-synthesized channels are transported and inserted in the
its the selective elimination of Nav1 in soma and dendrites, whereas channels are
anisms, selective endocytosis and diffusion–trapping, lead to concentration of Nav

http://dx.doi.org/10.1083/jcb.200312155
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Beyond the interaction of Nav and ankG at the AIS, two general
odels may underlie the final compartmentalization of Nav chan-

els at the AIS: (i) the channels could be directly inserted in the AIS
lasma membrane from biosynthetic vesicles and/or (ii) the chan-
els could be initially transported and uniformly inserted in the
euronal membrane, subsequently retrieved from the dendrites,
oma and the distal axon by endocytosis, while being tethered by
nkG at the AIS (elimination/retention model). These two mod-
ls could coexist and their relative importance may vary with the
euronal developmental stage.

We first showed that endogenous Nav channels could undergo
ctivity-dependent endocytosis in developing neurons [17,18].
arrido et al. [29] further demonstrated that chimeric proteins
earing the carboxy-terminal tail of Nav1.2 channels were concen-
rated at the axonal plasma membrane in dissociated hippocampal
eurons. This compartmentalization arises from the selective
ndocytosis of the chimera in the somatodendritic compartment
Fig. 3A), suggesting that Nav channels are addressed to the axon
ia an elimination/retention model. Finally, the determinants in L2
f Nav1.2 are sufficient to target a chimeric protein to the AIS by
n elimination/retention mechanism [26]. Sodium channel L2 actu-
lly contains two determinants, the AIS motif responsible for the
nkG tethering and an endocytic signal located more distally in the
oop. Fache et al. [26] showed that CD4-Nav1.2 is first inserted in
he somatodendritic compartment and distal axon, before being
ndocytosed from these sites and restricted to the AIS (Fig. 3B). In
iew of these findings, we propose that in developing neurons, Nav
hannels are first uniformly inserted in the neuronal plasma mem-
rane, including soma and dendrites. Channels would then diffuse

aterally until they are endocytosed or trapped by ankG when they
each the AIS (Fig. 3C). Consistent with this scenario, the presence of
conserved binding site for Nedd4 and Nedd4-2 ubiquitin ligases in

he C-terminus of several Nav1 subunits could target endocytosed
hannels to degradative pathways [28]. The key ankyrin-binding
nd endocytosis motifs are conserved between neuronal Nav sub-
nits (Nav1.1–3 and Nav1.6), and the known localization for these
ubunits includes AIS and nodes [84]. However, the fact that Nav 1.1
nd Nav 1.6 have also been detected in other compartments such as
oma, dendrites and synapses [84] suggest that other motifs and/or
artner proteins can overcome these mechanisms in some neuron
ypes.

The fact that Nav channels are able to concentrate at the AIS due
o their interaction with ankG implies that the AIS is a diffusion trap
or these proteins. A decreased diffusion of Nav channels-bound
oxins at the axon hillock has been described [59], and confirmed
y recent data obtained in our laboratory using single particle track-

ng of quantum-dot labeled ion channels [6]. Brachet et al. [6] show
hat the ion channel chimera Kv2.1-Nav1.2 diffuses slowly at the
IS membrane and that this immobilization depends on its ability

o bind ankG. Moreover, consistent with a role of phosphoryla-
ion increasing the binding affinity of Nav to ankG, inhibition of
K2 enhances Kv2.1-Nav1.2 diffusion and impacts Nav channels
ccumulation at the AIS. As CK2 can directly modulate ion chan-
el chimera mobility at the AIS, it would be very interesting to test

f activity-dependent Nav phosphorylation by CK2 can modulate
xcitability by altering Nav channels mobility and localization at
he AIS.

. Mechanisms of Nav concentration at the nodes of
anvier
The molecular architecture of the nodes of Ranvier is strikingly
imilar to that of the AIS, with a concentration of Nav channels
nd adhesion proteins tightly anchored to an ankG/�4-spectrin
ubmembrane cytoskeleton [75]. However, the presence of myeli-
etters 486 (2010) 92–100 97

nating cells (Schwann cells or oligodendrocytes) and their complex
relationship with nodal region organization leads to crucial differ-
ences in the mechanism of nodes formation and maintenance [82].
Additionally, nodes of Ranvier can be very far from the soma, and
trafficking mechanisms allowing for delivery and concentration of
Nav channels at such distal locations are yet to be unravelled.

In the PNS, the main steps of node formation have now been
delineated [76]. Immunocytochemistry studies have shown that
nodes are first formed, followed by delineation of paranodes and
juxtaparanodes [57,65]. At the node itself, initial results suggest an
extrinsic mechanism initiated by glial cells [14], with recruitment
of adhesion proteins occurring before ankG and Nav concentration
[50]. Later in vitro studies have detailed the sequence of events
leading to node formation. Schwann cells secrete gliomedin, an
oligomeric ligand that recruits NF-186 to nascent nodes [25]. NF-
186 is then recruits ankG to nodes, which in turn recruits Nav
channels [24] and �4-spectrin [96]. This sequence of events, and
the prominent role of NF-186 in node assembly, is confirmed by
the general absence of nodes in the PNS of NF-186 knockout mice
[78]. Mice deficient for nodal components not directly involved in
node assembly such as NrCAM [16] and �4-spectrin [45,48,95] also
exhibit altered nodes, demonstrating the interdependence of every
nodal component for long-term nodal maintenance.

The mechanism of node formation in the CNS is much less well
understood, in part because of the lack of practical in vitro mod-
els. As gliomedin is absent in the CNS, it has been proposed that a
redundant network of ECM proteins such as brevican, versican and
tenascin-R are responsible for the initiation of NF-186 recruitment
[82]. Notably, clustering of Nav channels can be induced in RGC cul-
tures by an unidentified soluble factor released by oligodendrocytes
[43]. However, the requirement for NF-186 is not as absolute as in
the PNS [99]. Other intriguing results have been reported relative
to node formation in the CNS: concentration of paranodal compo-
nents occurs before nodal ones [68], and ankG clusters can appear
before adhesion proteins at the optic nerve nodes [41]. This sug-
gests the presence of complementary or alternative mechanisms
directing the assembly of CNS nodes [82].

In contrast to the AIS, this mechanism places ankG and Nav chan-
nels as downstream participants in nodes formation. The effect of
ankG absence at nodes in vivo is unknown, as the cerebellar ankG
knockout model still exhibit ankG labeling at nodes of Ranvier
[40]. In myelinating DRG cultures however, knockdown of ankG
in neurons abolishes node formation, including NF-186 clustering,
indicating a central role for ankG in maintaining the integrity of the
nodal complex [24]. Although CK2 is concentrated at the nodes of
Ranvier in the CNS and PNS [9], whether it directly regulates the
ankyrin-Nav interaction at nodes has not been determined yet.

Nav � subunits are also present at the nodes [12,13,42,70], and
NF-186 and Nav � subunits can interact in cis [70], suggesting an
alternative mechanism for Nav channel recruitment to the nodes
through � subunits. In support to this, mice deficient for Nav �1
show defects in nodal architecture, and both �1 and �2 knockout
mice exhibit altered nerve conduction characteristic of a reduced
Nav channel density [12,13]. However, it is likely that � subunits are
involved primarily in Nav cluster maintenance rather than forma-
tion, as a NF-186 mutant deficient in ankyrin binding but capable
of binding � subunits fails to cluster Nav channels at nodes in vitro
[24]. Nav � subunits by themselves probably play a role in the node
maintenance, as Scn8amedJ mice lacking Nav1.6 exhibit elongated,
disorganized nodes [71], even if sustained expression of Nav1.2 and
Nav1.1 compensate for the lack of Nav1.6 [85,88]. Furthermore, the

effect of a knockdown of Nav channels at nodes by shRNA, in vitro
or in vivo, is still unknown.

It is likely that nodal membrane proteins are directly inserted
into the node, although this has not been demonstrated yet. A
critical role of paranodal junctions in limiting subsequent diffu-
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ion of nodal membrane proteins, in particular Nav channels, was
roposed thirty years ago [73]. Consistent with this hypothesis, dif-
erent mouse models with altered paranodal junctions have longer
nd more diluted clusters of Nav channels [72,74,83]. Restriction
f nodal components diffusion by paranodes has been proposed
s an additional mechanism of Nav channel clustering in the CNS
68,99] and in the PNS [27]. The internode region, where the axonal

embrane is apposed to glial cells, has long been thought to be
assive with respect to nodal component clustering, but recent
tudies have shown that it actively directs Nav channels toward
he nodes [89]. Direct studies of Nav channel diffusion by live-cell
maging techniques in myelinating cultures would be instrumental
o characterize the restriction of diffusion at nodes and the role of
aranodes.

Strikingly, paranodal junctions seem to have a prominent role
n the differential expression of Nav1.2 and Nav1.6 types at nodes
4,72]. Mice with altered paranodes exhibit incomplete replace-

ent of Nav1.2 by Nav1.6 in PNS nodes [72,83]. The fact that Nav1.2,
ut not Nav1.6, can cluster to form immature nodes in RGC cultures
reated with oligodendrocytes-conditioned medium [42] further
uggests that myelinating cells could direct the differential target-
ng of the two Nav � subunits at the nodes.

. Conclusion

In conclusion, interactions of Nav channels with their partner
roteins, such as ankG, are required for their proper concentration
t the AIS and nodes of Ranvier. A number of important ques-
ions remain to be answered, like the mechanism of the interplay
etween neuronal activity and Nav channel concentration [34,47],
nd the in vivo relevance for several assembly and targeting mech-
nisms demonstrated using in vitro models. Hopefully, answering
hese questions will provide new therapeutic targets for diseases
here misexpression and mislocalization of Nav channels cause

unctional impairments.

cknowledgments

We would like to thank Hélène Vacher and Adele Woodhouse
or discussions and critical reading of the manuscript.

eferences

[1] E.J. Arroyo, T. Xu, J. Grinspan, S. Lambert, S.R. Levinson, P.J. Brophy, E. Peles, S.S.
Scherer, Genetic dysmyelination alters the molecular architecture of the nodal
region, J. Neurosci. 22 (2002) 1726–1737.

[2] S. Basak, K. Raju, J. Babiarz, N. Kane-Goldsmith, D. Koticha, M. Grumet, Differ-
ential expression and functions of neuronal and glial neurofascin isoforms and
splice variants during PNS development, Dev. Biol. 311 (2007) 408–422.

[3] V. Bennett, J. Healy, Membrane domains based on ankyrin and spectrin asso-
ciated with cell–cell interactions, Cold Spring Harb. Perspect. Biol. 1 (2009)
a003012.

[4] T. Boiko, M.N. Rasband, S.R. Levinson, J.H. Caldwell, G. Mandel, J.S. Trimmer, G.
Matthews, Compact myelin dictates the differential targeting of two sodium
channel isoforms in the same axon, Neuron 30 (2001) 91–104.

[5] T. Boiko, A. Van Wart, J.H. Caldwell, S.R. Levinson, J.S. Trimmer, G. Matthews,
Functional specialization of the axon initial segment by isoform-specific
sodium channel targeting, J. Neurosci. 23 (2003) 2306–2313.

[6] A. Brachet, C. Leterrier, M. Irondelle, M. Fache, V. Racine, J. Sibarita, D. Choquet,
B. Dargent, Ankyrin G and protein kinase CK2 restrict sodium channel diffusion
at the axonal initial segment before the establishment of the diffusion barrier,
J. Cell Biol., in press.

[7] W.J. Brackenbury, J.D. Calhoun, C. Chen, H. Miyazaki, N. Nukina, F. Oyama, B.
Ranscht, L.L. Isom, Functional reciprocity between Na+ channel Nav1.6 and
beta1 subunits in the coordinated regulation of excitability and neurite out-
growth, Proc. Natl. Acad. Sci. U.S.A. 107 (2010) 2283–2288.
[8] W.J. Brackenbury, T.H. Davis, C. Chen, E.A. Slat, M.J. Detrow, T.L. Dickendesher, B.
Ranscht, L.L. Isom, Voltage-gated Na+ channel beta1 subunit-mediated neurite
outgrowth requires Fyn kinase and contributes to postnatal CNS development
in vivo, J. Neurosci. 28 (2008) 3246–3256.

[9] A. Bréchet, M. Fache, A. Brachet, G. Ferracci, A. Baude, M. Irondelle, S. Pereira,
C. Leterrier, B. Dargent, Protein kinase CK2 contributes to the organization of

[

[

etters 486 (2010) 92–100

sodium channels in axonal membranes by regulating their interactions with
ankyrin G, J. Cell Biol. 183 (2008) 1101–1114.

10] J.H. Caldwell, K.L. Schaller, R.S. Lasher, E. Peles, S.R. Levinson, Sodium channel
Na(v)1.6 is localized at nodes of ranvier, dendrites, and synapses, Proc. Natl.
Acad. Sci. U.S.A. 97 (2000) 5616–5620.

11] W.A. Catterall, A.L. Goldin, S.G. Waxman, International Union of Pharmacology.
XLVII. Nomenclature and structure–function relationships of voltage-gated
sodium channels, Pharmacol. Rev. 57 (2005) 397–409.

12] C. Chen, V. Bharucha, Y. Chen, R.E. Westenbroek, A. Brown, J.D. Malhotra, D.
Jones, C. Avery, P.J. Gillespie, K.A. Kazen-Gillespie, K. Kazarinova-Noyes, P.
Shrager, T.L. Saunders, R.L. Macdonald, B.R. Ransom, T. Scheuer, W.A. Catter-
all, L.L. Isom, Reduced sodium channel density, altered voltage dependence of
inactivation, and increased susceptibility to seizures in mice lacking sodium
channel beta 2-subunits, Proc. Natl. Acad. Sci. U.S.A. 99 (2002) 17072–17077.

13] C. Chen, R.E. Westenbroek, X. Xu, C.A. Edwards, D.R. Sorenson, Y. Chen,
D.P. McEwen, H.A. O’Malley, V. Bharucha, L.S. Meadows, G.A. Knudsen, A.
Vilaythong, J.L. Noebels, T.L. Saunders, T. Scheuer, P. Shrager, W.A. Catterall, L.L.
Isom, Mice lacking sodium channel beta1 subunits display defects in neuronal
excitability, sodium channel expression, and nodal architecture, J. Neurosci. 24
(2004) 4030–4042.

14] W. Ching, G. Zanazzi, S.R. Levinson, J.L. Salzer, Clustering of neuronal sodium
channels requires contact with myelinating Schwann cells, J. Neurocytol. 28
(1999) 295–301.

15] B.D. Clark, E.M. Goldberg, B. Rudy., Electrogenic tuning of the axon initial seg-
ment, Neuroscientist 15 (2009) 651–668.

16] A.W. Custer, K. Kazarinova-Noyes, T. Sakurai, X. Xu, W. Simon, M. Grumet, P.
Shrager, The role of the ankyrin-binding protein NrCAM in node of Ranvier
formation, J. Neurosci. 23 (2003) 10032–10039.

17] B. Dargent, F. Couraud, Down-regulation of voltage-dependent sodium chan-
nels initiated by sodium influx in developing neurons, Proc. Natl. Acad. Sci.
U.S.A. 87 (1990) 5907–5911.

18] B. Dargent, C. Paillart, E. Carlier, G. Alcaraz, M.F. Martin-Eauclaire, F. Couraud,
Sodium channel internalization in developing neurons, Neuron 13 (1994)
683–690.

19] J.Q. Davis, S. Lambert, V. Bennett, Molecular composition of the node of Ran-
vier: identification of ankyrin-binding cell adhesion molecules neurofascin
(mucin+/third FNIII domain−) and NrCAM at nodal axon segments, J. Cell Biol.
135 (1996) 1355–1367.

20] T.H. Davis, C. Chen, L.L. Isom, Sodium channel beta1 subunits promote neu-
rite outgrowth in cerebellar granule neurons, J. Biol. Chem. 279 (2004)
51424–51432.

21] J.J. Devaux, K.A. Kleopa, E.C. Cooper, S.S. Scherer, KCNQ2 is a nodal K+ channel,
J. Neurosci. 24 (2004) 1236–1244.

22] J.J. Devaux, S.S. Scherer, Altered ion channels in an animal model of
Charcot–Marie-Tooth disease type IA, J. Neurosci. 25 (2005) 1470–1480.

23] A. Duflocq, B. Le Bras, E. Bullier, F. Couraud, M. Davenne, Nav1.1 is predom-
inantly expressed in nodes of Ranvier and axon initial segments, Mol. Cell.
Neurosci. 39 (2008) 180–192.

24] Y. Dzhashiashvili, Y. Zhang, J. Galinska, I. Lam, M. Grumet, J.L. Salzer, Nodes
of Ranvier and axon initial segments are ankyrin G-dependent domains that
assemble by distinct mechanisms, J. Cell Biol. 177 (2007) 857–870.

25] Y. Eshed, K. Feinberg, S. Poliak, H. Sabanay, O. Sarig-Nadir, I. Spiegel, J.R.
Bermingham, E. Peles, Gliomedin mediates Schwann cell–axon interaction
and the molecular assembly of the nodes of Ranvier, Neuron 47 (2005) 215–
229.

26] M. Fache, A. Moussif, F. Fernandes, P. Giraud, J.J. Garrido, B. Dargent, Endocytotic
elimination and domain-selective tethering constitute a potential mechanism
of protein segregation at the axonal initial segment, J. Cell Biol. 166 (2004)
571–578.

27] K. Feinberg, Y. Eshed-Eisenbach, S. Frechter, V. Amor, D. Salomon, H. Sabanay,
J.L. Dupree, M. Grumet, P.J. Brophy, P. Shrager, E. Peles, A glial signal consisting
of gliomedin and NrCAM clusters axonal Na+ channels during the formation of
nodes of Ranvier, Neuron 65 (2010) 490–502.

28] A.B. Fotia, J. Ekberg, D.J. Adams, D.I. Cook, P. Poronnik, S. Kumar, Regulation
of neuronal voltage-gated sodium channels by the ubiquitin-protein ligases
Nedd4 and Nedd4-2, J. Biol. Chem. 279 (2004) 28930–28935.

29] J.J. Garrido, F. Fernandes, P. Giraud, I. Mouret, E. Pasqualini, M.P. Fache, F. Jullien,
B. Dargent, Identification of an axonal determinant in the C-terminus of the
sodium channel Na(v)1.2, EMBO J. 20 (2001) 5950–5961.

30] J.J. Garrido, F. Fernandes, A. Moussif, M. Fache, P. Giraud, B. Dargent, Dynamic
compartmentalization of the voltage-gated sodium channels in axons, Biol. Cell
95 (2003) 437–445.

31] J.J. Garrido, P. Giraud, E. Carlier, F. Fernandes, A. Moussif, M. Fache, D. Debanne,
B. Dargent, A targeting motif involved in sodium channel clustering at the
axonal initial segment, Science 300 (2003) 2091–2094.

32] M. Goldfarb, J. Schoorlemmer, A. Williams, S. Diwakar, Q. Wang, X. Huang,
J. Giza, D. Tchetchik, K. Kelley, A. Vega, G. Matthews, P. Rossi, D.M. Ornitz,
E. D’Angelo, Fibroblast growth factor homologous factors control neuronal
excitability through modulation of voltage-gated sodium channels, Neuron 55
(2007) 449–463.
33] B. Gong, K.J. Rhodes, Z. Bekele-Arcuri, J.S. Trimmer, Type I and type II Na(+)
channel alpha-subunit polypeptides exhibit distinct spatial and temporal pat-
terning, and association with auxiliary subunits in rat brain, J. Comp. Neurol.
412 (1999) 342–352.

34] M.S. Grubb, J. Burrone, Activity-dependent relocation of the axon initial seg-
ment fine-tunes neuronal excitability, Nature 465 (2010) 1070–1074.



ience L

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

C. Leterrier et al. / Neurosc

35] K.L. Hedstrom, M.N. Rasband, Intrinsic and extrinsic determinants of ion chan-
nel localization in neurons, J. Neurochem. 98 (2006) 1345–1352.

36] K.L. Hedstrom, X. Xu, Y. Ogawa, R. Frischknecht, C.I. Seidenbecher, P. Shrager,
M.N. Rasband, Neurofascin assembles a specialized extracellular matrix at the
axon initial segment, J. Cell Biol. 178 (2007) 875–886.

37] A.S. Hill, A. Nishino, K. Nakajo, G. Zhang, J.R. Fineman, M.E. Selzer, Y. Okamura,
E.C. Cooper, Ion channel clustering at the axon initial segment and node of Ran-
vier evolved sequentially in early chordates, PLoS Genet. 4 (2008) e1000317.

38] W. Hu, C. Tian, T. Li, M. Yang, H. Hou, Y. Shu., Distinct contributions of Na(v)1.6
and Na(v)1.2 in action potential initiation and backpropagation, Nat. Neurosci.
12 (2009) 996–1002.
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