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ABSTRACT
Myelinated axons are organized into a series of specialized
domains with distinct molecular compositions and func-
tions. These domains, which include the node of Ranvier,
the flanking paranodal junctions, the juxtaparanodes, and
the internode, form as the result of interactions with myeli-
nating Schwann cells. This domain organization is essential
for action potential propagation by saltatory conduction and
for the overall function and integrity of the axon. VVC 2008

Wiley-Liss, Inc.

INTRODUCTION

Myelinated axons in both the central and peripheral
nervous system (PNS) are organized in a series of dis-
tinct subdomains, centered around the node of Ranvier.
This organization is critical to the ability of these my-
elinated fibers to conduct impulses via saltatory conduc-
tion (Hille, 2001). Specifically, action potentials gener-
ated at the axon initial segment (AIS) regenerate at
nodes of Ranvier, resulting in a much more rapid and
energy efficient mechanism of impulse propagation than
observed in nonmyelinated fibers (Salzer, 1997). More-
over, the extent of myelination, and the length of myelin
internodes (Court et al., 2004), modulate conduction ve-
locity and thus provide a mechanism to synchronize the
presynaptic input to afferent targets (Waxman, 1997).

Along with these critical advantages, there are impor-
tant vulnerabilities associated with myelination. Axon
function, and its integrity, is dependent on this domain
organization. Indeed, axon pathology and disrupted do-
main organization lead to conduction block and axonal
degeneration—an important source of morbidity in dis-
orders of myelination (see Scherer and Wrabetz, 2008,
this issue) and may contribute to age-related changes in
axon conduction (Hinman et al., 2006). Elucidation of
the organization and function of the domains of myelin-
ated axons and the mechanisms that govern their as-
sembly therefore have significant clinical implications.
In this review, we discuss our current understanding of
the organization and mechanisms of assembly of the
domains of myelinated axons in the PNS and potential
implications for disorders of myelinated fibers. Other

reviews (Poliak and Peles, 2003; Salzer, 2003; Susuki
and Rasband, 2008) may be consulted for a discussion of
the earlier literature and a comparison of the organiza-
tion of CNS and PNS-myelinated fibers.

OVERVIEW OF THE DOMAIN ORGANIZATION
OF MYELINATED FIBERS

Myelinating Schwann cells exhibit a striking radial
and longitudinal polarity (Poliak and Peles, 2003; Salzer,
2003; Sherman and Brophy, 2005). This radial polarity
is underscored and dictated by the fact that it has two
distinct plasma membrane surfaces: an inner membrane
in contact with the axon and an outer membrane in con-
tact with the basal lamina (see Chernousov et al., 2008,
this issue). The inner Schwann cell (adaxonal) mem-
brane and the underlying axolemma are further organ-
ized into a series of distinct domains: node, paranode,
juxtaparanode, and internode. Indeed, the entire axon,
including its cytoskeleton, organelle content, and trans-
port machinery, are differentially organized at these
sites (Salzer, 2003). We focus here on the organization of
the specialized membrane domains of myelinated fibers
(see Fig. 1).

At the center of the function of myelinated axons are
the nodes of Ranvier. Nodes are the gaps between myeli-
nating Schwann cells. They are �1 lm long and repre-
sent sites where the axon is exposed to and communi-
cates with the extracellular environment. In the PNS,
nodes are contacted by interdigitating microvilli that
project from the end of the Schwann cell to closely
appose the nodal axolemma. The microvilli, which are
enriched in ERMs (ezrin, radixin, and moesin), express
a unique perinodal matrix important in node formation
and function (see below). The nodes are enormously
enriched in voltage-gated sodium channels (�1500/sq
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micron, a density 25-fold higher than that along the
internode), providing a site for the regeneration of the
action potential (Hille, 2001).

Nodes are flanked, in turn, by specialized axo-glial
junctions at the paranodes. The junctions are the site of
closest apposition (3–5 nm) between the myelinating

Schwann cell and the axonal membranes. In longitudi-
nal sections, these junctions have the appearance of a
series of loops that closely appose and physically invagi-
nate the axolemma; a series of transverse bands that
arise from the outer axolemma leaflet are a characteris-
tic feature of the axo-glial junctions (Peters et al., 1991).

Fig. 1. Organization and composition of domains of myelinated PNS
fibers. Longitudinal cross section through a myelinated axon in the
PNS is schematically illustrated; the axon, with intracellular organelles
concentrated in the nodal region, is in red and myelinating Schwann
cells are in blue. The node of Ranvier, demarcated in purple, is con-
tacted by numerous microvillar processes arising from the outer collar
of the Schwann cells; the nodal gap substance and basal lamina are not

shown. The paranodal junctions (green) flank either side of the node.
The location of the juxtaparanodes (orange) and internode (red) are
also shown. Major constituents of these different domains of the
Schwann cell including nodal matrix components synthesized by the
Schwann cell (top row) and axonal components including cell adhesion
molecules (CAMs), cytoskeletal proteins, and ion channels are listed.
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These junctions promote adhesion between the axon and
glial cell (see below) and are thought to provide a partial
barrier to the diffusion of ions between the node and
internode during action potential conduction (Rose-
nbluth, 1995). The paranodal junctions are the func-
tional and molecular orthologues of invertebrate septate
junctions (Banerjee et al., 2006). The axon is further
organized into the juxtaparanodes, which lie just under
the compact myelin sheath and are enriched in Shaker-
type potassium channels, that is, Kv1.1 and 1.2. The
precise function of these channels remains unknown
although they have been thought to promote repolariza-
tion during action potential propagation.

The internode is the remaining and by far largest do-
main of the myelinated fibers, corresponding to the por-
tion of the axon located under the compact myelin
sheath. Along the length of the internode, the inner
membrane of the Schwann cell is uniformly separated
from the underlying axon by a periaxonal space of
15 nm. The internode can reach 1 mm in length or more
in large fibers in the adult PNS (Abe et al., 2004). Thus,
both the Schwann cell and axon maintain an enormous
amount of closely apposed membranes in this domain.
This separation persists following osmotic changes or in
various pathologic states (Hirano, 1983). Conversely, the
periaxonal space as well as the attachment of the myelin
sheath to the axon is disrupted by the action of pro-
teases (Yu and Bunge, 1975). These results indicate that
the interactions between the glial and axonal mem-
branes are actively maintained by cell surface proteins.
Interestingly, the axon internodal membrane in contact
with Schwann cell incisures and the inner mesaxon con-
tains protein complexes characteristic of the paranodes
and juxtaparanodes (Peles and Salzer, 2000).

COMPOSITION OF AXONAL DOMAINS

We review here the composition of the nodes, parano-
des, juxtaparanodes, and internodes. A recurrent theme
is that each domain contains unique sets of interacting
adhesion molecules on the Schwann cell and axon mem-
branes. These adhesion molecules are linked, in turn, to
a submembranous cytoskeletal complex (Susuki and
Rasband, 2008), which contributes to the stability of the
complex and, in the case of the node, tethers voltage-
gated ion channels.

Nodes of Ranvier

The unique molecular composition of the node was the
first domain to be characterized. Nodes are highly
enriched in various voltage-gated ion channels, notably
sodium channels; the predominant a subunit at the
node is Nav1.6 (Caldwell et al., 2000; Tzoumaka et al.,
2000). Nav1.6 exhibits user-dependent potentiation,
which may be particularly useful during the high-
frequency firing characteristic of nodes of Ranvier (Zhou
and Goldin, 2004). Sodium channels interact with addi-

tional proteins, which modulate their gating properties,
notably b subunits (Qu et al., 2001; Yu et al., 2003).
Although the exact stoichiometry and composition of the
sodium channel/b subunit complex at the node is not yet
known, both b1 and b2 are localized at this site (Chen
et al., 2004). In addition, voltage-gated potassium chan-
nels are also expressed at many nodes, in particular,
KCNQ2 and KCNQ3 (Devaux et al., 2004; Pan et al.,
2006), which may be important in the control of repeti-
tive discharges (Cooper and Jan, 2003). Kv3.1b is also
present at a subset of nodes (Devaux et al., 2003).

Two neural cell adhesion molecules, NrCAM and the
186 kDa isoform of neurofascin (NF186), which are
members of the L1 CAM family, are also concentrated at
the node (Davis et al., 1996). These CAMs provide bridg-
ing interactions by binding to Schwann cell components
and the axon cytoskeleton. In particular, both NrCAM
and NF186 bind to gliomedin, a glial matrix protein syn-
thesized by Schwann cells that promotes PNS node for-
mation (Eshed et al., 2005). Gliomedin can be cleaved
from a transmembrane precursor and interacts with
heparin sulfate proteoglycans (HSPGs) (Eshed et al.,
2007). Several HSPGs are present at PNS nodes includ-
ing syndecans and versican (Melendez-Vasquez et al.,
2005; Oohashi et al., 2002). Also enriched in the nodal
matrix are specific laminin isoforms (Occhi et al., 2005)
and collagen V (Melendez-Vasquez et al., 2005).

NrCAM and NF186 bind, in turn, to the axonal cyto-
skeletal protein ankyrin G, one of the three vertebrate
ankyrins. These multivalent cytoskeletal proteins pro-
vide a scaffold that targets and stabilizes a diverse set
of proteins at specialized membrane domains in many
cell types (Bennett and Baines, 2001). The major
ankyrin G isoforms at the node of Ranvier and initial
segments are 270 and 480 kDa (Kordeli et al., 1995).
The 480 kDa isoform contains a long coiled region and
may extend as much as 0.6 lm across (Mohler and
Bennett, 2005), nearly the length of the node.

Ankyrin G has an essential role in organizing and sta-
bilizing the nodal, axonal complex (Dzhashiashvili et al.,
2007) akin to its role at the AIS (Zhou et al., 1998). The
voltage-gated sodium channels (Garrido et al., 2003;
Lemaillet et al., 2003) and potassium channels at the
node, that is, KCNQs (Pan et al., 2006) have a conserved
sequence that mediates their binding to ankyrin G.
Some investigators (Malhotra et al., 2002), but not
others (Bouzidi et al., 2002; Lemaillet et al., 2003), have
also reported that sodium channel b subunits bind to
ankyrin G. NF186 and NrCAM have a distinct ankyrin-
binding sequence, which is conserved among the L1
CAMs (Zhang et al., 1998). The sites on ankyrin G
where these CAMs and ion channels bind, and the stoi-
chiometry of the complex, are not yet known. Ankyrin G
also binds to bIV spectrin, a cytoskeletal protein highly
enriched at nodes and initial segments (Berghs et al.,
2000). bIV spectrin contributes to the overall organiza-
tion of the nodal complex and physically stabilizes the
nodal axolemma. Mice deficient in bIV spectrin exhibit
enlarged axon diameters and aberrant protrusions of the
axon membrane at the node (Yang et al., 2004).
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Other proteins have recently been identified as
enriched at nodes including IKK (I j kinase) (Politi
et al., 2008), the sodium calcium sensor (Averill et al.,
2004), an isoform of schwannomin-interacting protein-1
(IQCJ-SCHIP-1) (Martin et al., 2008), and the FGF
homologous factors FHF2 (Wittmack et al., 2004). The
FHF family has recently been implicated in modulating
the activity of sodium channels (Goldfarb et al., 2007).
The roles of IKK, SCHIP-1, and the calcium sensor at
this site are not yet known.

The Paranodal Junctions

The paranodal, axo-glial junctions are composed of a
complex of contactin and the contactin-associated protein
(Caspr, also known as paranodin and NCP1) on the axon
and the 155 kDa isoform of neurofascin (NF155) on the
glial, paranodal loops (Charles et al., 2002; Collinson
et al., 1998; Einheber et al., 1997; Menegoz et al., 1997;
Peles et al., 1997; Rios et al., 2000; Tait et al., 2000).
Caspr and contactin form a tight cis complex required for
the expression of Caspr at the cell surface and for the
localization of contactin at the paranode (Bhat et al.,
2001; Bonnon et al., 2007; Boyle et al., 2001; Faivre-
Sarrailh et al., 2000; Gollan et al., 2003; Peles et al.,
1997; Rios et al., 2000). This complex has been proposed
to bind to NF155 directly (Charles et al., 2002) although
the precise nature of this interaction remains unclear
and may involve additional proteins (Gollan et al., 2003).

Knockout mice of each of these proteins have been
generated and exhibit major defects of the paranodes
confirming that they are integral junctional components
(Bhat et al., 2001; Boyle et al., 2001; Sherman et al.,
2005). A characteristic feature of these mutants is the
absence of the transverse bands suggesting that Caspr
and contactin are components of the transverse bands.
In addition, the Schwann cell paranodal loops are less
tightly apposed to the axon in these mutants, although
many loops remained attached suggesting other adhe-
sion complexes may substitute. Of note, abnormalities of
the paranodes were more severe in the CNS with fre-
quent paranodal loop eversion. The relative preservation
of the overall paranode organization in the PNS sug-
gests that interactions mediated by the nodal microvilli
and with the basal lamina may contribute to paranodal
stability.

The Caspr-contactin complex binds, in turn, to the
axonal cytoskeletal protein 4.1B via a FERM (4.1, ezrin,
radixin, and moesin)-binding motif in the cytoplasmic
segment of Caspr (Denisenko-Nehrbass et al., 2003);
this interaction is required for stable membrane expres-
sion of Caspr at the paranodes (Gollan et al., 2002). The
axonal cytoskeleton at the paranodes also contains
ankyrin B and aII and bII spectrins (Ogawa et al., 2006;
Voas et al., 2007), further distinguishing it from the
nodes. In Zebrafish, aII spectrin is also transiently
expressed at and promotes proper node formation (Voas
et al., 2007).

The Juxtaparanodes

The juxtaparanodes are enriched in the adhesion mol-
ecules Caspr2 and the GPI-anchored adhesion molecule
TAG-1 on the axon and TAG-1 on the glial paranodal
loops (Poliak et al., 2003; Traka et al., 2003). Adhesion
is thought to be mediated by homophilic trans interac-
tions of TAG-1. Unlike Caspr and contactin, TAG-1 and
Caspr2 do not comprise an obligate cis complex. Caspr 2
binds to 4.1B on the axon via its FERM domain (like
Caspr); it also has a PDZ-binding sequence at its C-ter-
minal domain (Poliak et al., 1999). This PDZ-binding
sequence links Caspr2 to a multi-PDZ domain scaffold-
ing protein, which, in turn, anchors Kv1.1 and 1.2 chan-
nels at the juxtaparanode. Two candidate scaffolding
proteins have been localized to the juxtaparanodes,
PSD-95 (Rasband et al., 2002) and PSD-93/chapsyn 110
(Horresh and Peles, unpublished). However, neither
PSD-93 nor PSD-95 is required for proper Kv1 channel
localization at the juxtaparanodes (Rasband et al., 2002;
Horresh and Peles, unpublished).

The Internode

A distinct set of adhesion molecules mediate axon-
Schwann cell interactions along the internode. These
include the nectin-like (Necl) cell adhesion molecules, a
family of immunoglobulin (Ig)-like CAMs also called the
cell adhesion molecules (Cadm), the TSLC1-like proteins
(Fukuhara et al., 2001) and the synaptic cell adhesion
molecules (SynCAMs) (Biederer et al., 2002). Necl-1 and
Necl-2 are expressed along the axon internode and are
directly apposed by Necl-4, and potentially Necl-2, on
the inner turn, that is, the periaxonal Schwann cell
membrane (Maurel et al., 2007; Spiegel et al., 2007). As
axonal Necl-1 and Schwann cell Necl-4 mediate robust
heterophilic binding, they are likely candidates to pro-
mote adhesion and to maintain the periaxonal space
along the internode. All three Necl proteins are also
expressed in the Schmidt-Lanterman incisures where
they may promote interactions between the noncom-
pacted Schwann cell membranes and other components
enriched in the incisures. The Necl proteins contain
a FERM-binding domain and a C-terminal-binding se-
quence for Class II PDZ domain; their cognate-binding
partners have not yet been reported. Candidates include
Par-3, a multi-PDZ domain protein expressed along the
Schwann cell internode (Chan et al., 2006) and clefts
(Poliak et al., 2002), and MUPP1, Pals1, MAGI-2, ZO-1,
and ZO-2, all of which have been localized to the inci-
sures (Poliak et al., 2002).

In addition to the Necls, myelin-associated glycopro-
tein (MAG), an Ig-like adhesion molecule is also highly
expressed by myelinating glia along the internode
(Trapp, 1990). MAG interacts with a number of axonal
components (Hannila et al., 2007). Like the Necls, and
other adhesion molecules (Fannon et al., 1995; Poliak
et al., 2002), MAG accumulates in the Schmidt-Lanterman
incisures with myelin sheath maturation (Trapp, 1990).
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As mice deficient in MAG myelinate appropriately and
exhibit only modest alterations in the periaxonal space
(Li et al., 1994; Montag et al., 1994), the precise role of
MAG in mediating these interactions remains uncertain.
MAG has been suggested to mediate interactions that
regulate axon diameter (Yin et al., 1998).

MECHANISM OF DOMAIN ASSEMBLY

The mechanisms that drive domain assembly, in par-
ticular of nodes and paranodes, have begun to emerge
recently. Important insights into how domains assemble
have been provided by the analysis of mice deficient in
key domain components. In general, loss of one key do-
main component results in the loss of the entire domain
complex indicating a mutual interdependence on domain
assembly and maintenance. In addition, although do-
mains assemble in progression, beginning with the node
and progressing to the paranodes and the juxtaparano-
des (Salzer, 2003), individual domains can be independ-
ently ablated based on analysis of the knockouts.
Finally, as will be discussed below, complementary
mechanisms cooperate to promote domain assembly.

Nodes of Ranvier

The node itself assembles in sequence. The earliest
event of PNS node formation is the accumulation of the
cell adhesion molecules NrCAM and NF186, followed by
ankyrin G and sodium channels (Lambert et al., 1997).
The accumulation of these CAMS is driven by contact-
dependent signals provided by Schwann cell processes
that overlay these early nodal intermediates (Ching
et al., 1999; Melendez-Vasquez et al., 2001; Tao-Cheng
and Rosenbluth, 1982). A key insight was the identifica-
tion of gliomedin as the Schwann cell signal that pro-
motes clustering of ankyrin-binding CAMs (Eshed et al.,
2005). Gliomedin is present at the earliest nodal inter-
mediates and binds to and clusters the axonal CAMs,
that is, NF186 and NrCAM, and with them ankyrin G
and sodium channels (Eshed et al., 2005). Recent studies
indicate that gliomedin is released as a soluble protein
by proteolytic cleavage and that it forms multimers by
binding to HSPGs at the nodal gap, thereby clustering
axonodal CAMs and sodium channels (Eshed et al.,
2007).

The critical role of both nodal CAMs, and of NF186, in
particular, in promoting node assembly has been con-
firmed by the analysis of the corresponding knockout
mice. Thus, pan-NF knockout mice exhibit severe
defects in node formation, with deficiency of all known
components (Sherman et al., 2005); reintroduction of
NF186 by transgenesis restores the nodal complex
(Zonta et al., 2008). In contrast, nodes form in the
NrCAM knockout mice, but do so with a significant
delay (Custer et al., 2003). The key role of NF186 in
driving node assembly was shown to reflect its critical
role in recruiting ankyrin G to the node (Dzhashiashvili

et al., 2007); ankyrin G coordinates and is required for
the assembly of the entire nodal complex (Dzhashiash-
vili et al., 2007). Thus, PNS nodes assemble from the
outside in, specified by Gliomedin on Schwann cell proc-
esses, which direct the NF186-dependent recruitment of
ankyrin G; this contrasts with AISs that are specified by
the intrinsic accumulation of ankyrin G via an inside-
out mechanism (Dzhashiashvili et al., 2007). NF186 has
also been reported to interact in cis with sodium channel
b subunits (Ratcliffe et al., 2001); the physiological rele-
vance of this interaction is not yet established but it
may serve to stabilize the nodal complex.

In addition to recruiting proteins to the node, other
mechanisms may further contribute to the distinctive
localization of proteins at this site including (i) clearance
of mistargeted proteins from extranodal sites, (ii) selec-
tive protein targeting, and (iii) formation of a lateral dif-
fusion barrier by the paranodal junctions. Studies of
NaV1.2 targeting to the AIS are consistent with a simi-
lar combination of mechanisms. Thus, expression of
NaV1.2 in axons results, at least in part, from its specific
endocytotic removal from the somatodendritic compart-
ment; its subsequent recruitment to the AIS is due to
interactions with ankyrin G at this site (Fache et al.,
2004). These findings suggest that endocytosis might
similarly reinforce the restricted expression of channels,
and other components, at the node. Myelination does
promote NF186 removal from the internodal region but,
unexpectedly, by a mechanism(s) requiring its extracel-
lular, not its intracellular sequences (Dzhashiashvili
et al., 2007). Whether this results from endocytosis, pro-
teolytic cleavage, or both is not yet known. In addition,
selective transport and fusion of nodal proteins might
also contribute to nodal localization. In potential sup-
port, zebrafish with mutations in the protein NSF, which
enhances vesicle fusion, exhibit impaired node formation
(Woods et al., 2006). These results suggest that node for-
mation relies on vesicle fusion, although it is not known
whether this occurs locally or remotely. Finally, there is
good evidence that after the nodal complex forms, the
paranodal junctions maintain the density of channels at
the node by limiting lateral diffusion of nodal compo-
nents (Rios et al., 2003; Rosenbluth et al., 2003). How-
ever, in neurofascin knockout mice, reconstitution of the
paranodal adhesion complex using transgenic NF155
cannot promote the assembly of the PNS nodal complex
in the absence of NF186 (Sherman et al., 2005). This is
in marked contrast to the CNS where paranodal junc-
tions, reformed by transgenesis with NF155 in neurofas-
cin-null mice, seem to be just as effective as NF186 in
rescuing the nodal complex (Zonta et al., 2008).

Assembly and Function of the Paranodes

Accumulation of the Caspr/contactin complex at the
paranodes depends on the extracellular interactions of
this complex with myelinating Schwann cells (Rios
et al., 2000), likely involving NF155 on the glial loops
(Charles et al., 2002; Gollan et al., 2003). Stable reten-
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tion of the axonal complex is then promoted by interac-
tion with the cytoskeleton (Gollan et al., 2002). Interest-
ingly, defects associated with lipid rafts, and raft-associ-
ated proteins, all lead to significant paranodal defects.
Thus, loss of glycosphingolipids in both the CGT (cer-
amide galactosyl transferase) and CST (cerebroside sul-
fotransferase) mutants is associated with severe and rel-
atively specific defects in the paranode organization
(Dupree et al., 1999; Honke et al., 2002). Similar but
less severe defects are observed in mice with ganglioside
deficiency (Susuki et al., 2007a). These findings, and the
presence of paranodal components in lipid rafts (Schafer
et al., 2004), have suggested that transport of glial para-
nodal components, including NF155, and thus assembly
of the paranodes may depend on trafficking of compo-
nents in lipid rafts. Interestingly, paranodal defects are
also observed in mice deficient in two tetraspanin pro-
teins: CD9 with defects in PNS paranodes (Ishibashi
et al., 2004) and MAL (myelin and lymphocyte protein)
a tetraspan lipid raft-associated proteolipid, although
defects are only present in CNS paranodes (Schaeren-
Wiemers et al., 2004).

Mice deficient in key components of the paranodes
(i.e., contactin, Caspr, and NF) have very similar junc-
tional defects with loss of transverse bands and parano-
dal loops that do not tightly attach to the axon (Bhat
et al., 2001; Boyle et al., 2001; Sherman et al., 2005); de-
fective attachment may become more pronounced over
time. Defects of the paranodal junctions, in turn, result
in striking effects due to the loss of the diffusion barrier
provided by the paranodes. This is manifested by the
displacement of juxtaparanodal components into the
paranodal region, intrusion of microvillar processes
between the loops and the axon, and gradual widening
of the nodal complex. Additional findings include slow-
ing of nerve conduction, and accumulation of intracellu-
lar organelles in the paranodal/nodal compartment,
notably of mitochondria (Einheber et al., 2006); the lat-
ter findings suggest that normal axonal transport in my-
elinated axons depends on the integrity of the paranodal
junctions (Sousa and Bhat, 2007). In the CNS, these
transport changes may be responsible for neuronal
degeneration observed in junctional mutants (Garcia-
Fresco et al., 2006). In all cases, nodes form fairly nor-
mally in the PNS suggesting that the paranodes are not
required for node assembly. A potential difficulty in
interpreting the latter finding, however, is that even in
the absence of the transverse bands, attached paranodal
loops appear to retain some function as a diffusion
barrier (Rios et al., 2003; Rosenbluth et al., 2003).

Pathologic Implications

Myelinated fiber pathology results from insults to
either the Schwann cell or the axon. In the former
instance, disorders that result in demyelination lead to
acute conduction block, loss of temporal coherence
(Waxman et al., 1976), and frequently, loss of axon integ-
rity over time (Martini, 2001; Scherer and Wrabetz,

2008, this issue). These pathological changes reflect, in
part, the functional and structural dependence that
axons acquire with myelination due to their reorganiza-
tion into discrete domains. Thus, conduction block fol-
lowing acute PNS demyelination reflects disruption of
passive cable properties coupled with the persistence of
sodium channels at sites of former nodes despite the loss
of the myelin sheath (Rasband et al., 1998; Vabnick and
Shrager, 1998). During this time, there are inadequate
numbers of intervening channels in the formerly myelin-
ated internode. Conduction is restored when remyelinat-
ing Schwann cells initiate the clustering of sodium chan-
nels. The improvement in cable properties afforded by
the Schwann cell layer, combined with the shorter dis-
tance between clusters of channels, is sufficient to
restore conduction; however, the velocity remains low
until remyelination is more complete. In addition, Kv1
channels are transiently expressed at the node prior to
full remyelination, potentially impairing nerve conduc-
tion (Rasband et al., 1998). Misexpression of ion chan-
nels in the paranodes and nodes may also contribute to
the morbidity of myelinated nerves in peripheral neuro-
pathies (Devaux and Scherer, 2005).

Much of the morbidity resulting from myelin disorders
is secondary to the resultant loss of axons (Martini,
2001; Scherer and Wrabetz, 2008, this issue). Indeed,
loss of distal axons due to Schwann cell defects is a com-
mon feature of the hereditary neuropathies (Sahenk,
1999). The pathogenesis of axon loss in demyelinating
disorders remains to be elucidated although effects on
axonal transport in the paranodal region (discussed ear-
lier), alterations of the axonal cytoskeleton, and loss of
glial trophic support are likely to contribute (Nave and
Trapp, 2008). An important focus for future studies will
be to identify the signals that regulate axonal transport
and sustain axonal integrity, including whether such
signals are localized to specific domains.

Finally, components of domains described in this
review have begun to emerge as targets in autoimmune
neuropathies. Autoantibodies to GD1a, which bind pref-
erentially to the nodal region, are associated with acute
motor axonal neuropathy, a form of Guillain-Barre
(Gong et al., 2002). The nerve pathology depends, at
least in part, on the activation of the complement cas-
cade (Susuki et al., 2007b). Autoantibodies to another
nodal component, bIV spectrin, are associated with par-
aneoplastic motor neuron disease (Ferracci et al., 1999).
Whether the pathology in this latter case reflects the
effects of autoantibodies on nodes or initial segments is
not yet known. Antibodies to Kv1.1 and 1.2 result in a
potassium channelopathy associated with generalized
peripheral nerve hyperexcitability (Arimura et al., 2002;
Hart et al., 2002).

CONCLUSIONS

Substantial progress has been made in identifying key
molecules that mediate the domain-specific interactions
between the apposed axon and Schwann cell membranes

1537MOLECULAR DOMAINS OF MYELINATED AXONS

GLIA



in myelinated nerves. Future studies are certain to
expand the roster of proteins that are localized to and
contribute to the organization of these domains; likely
candidates include cytoskeletal scaffolds and potentially,
signaling pathway components that regulate domain as-
sembly and axo-glial interactions. Elucidation of the do-
main organization of myelinated nerves may thus yield
significant new insights into the axo-glial signals that
regulate myelination, promote axon function, and main-
tain axon integrity in myelinated fibers.

ACKNOWLEDGMENT

Work in the lab of J.L.S. is supported by the NIH and
the National Multiple Sclerosis Society; work in the lab
of P.J.B. is supported by the Wellcome Trust, MRC and
the MS Society; and work in the lab of E.P. is supported
by the NIH, National Multiple Sclerosis Society, Israel
Academy of Sciences, and the Dr. Miriam and Sheldon
Adelson Medical Research Foundation. The authors
thank Peter Shrager for comments on the manuscript.

REFERENCES

Abe I, Ochiai N, Ichimura H, Tsujino A, Sun J, Hara Y. 2004. Interno-
des can nearly double in length with gradual elongation of the adult
rat sciatic nerve. J Orthop Res 22:571–577.

Arimura K, Sonoda Y, Watanabe O, Nagado T, Kurono A, Tomimitsu H,
Otsuka R, Kameyama M, Osame M. 2002. Isaacs’ syndrome as a potas-
sium channelopathy of the nerve. Muscle Nerve Suppl 11:S55–S58.

Averill S, Robson LG, Jeromin A, Priestley JV. 2004. Neuronal calcium
sensor-1 is expressed by dorsal root ganglion cells, is axonally trans-
ported to central and peripheral terminals, and is concentrated at
nodes. Neuroscience 123:419–427.

Banerjee S, Sousa AD, Bhat MA. 2006. Organization and function of
septate junctions: An evolutionary perspective. Cell Biochem Biophys
46:65–77.

Bennett V, Baines AJ. 2001. Spectrin and ankyrin-based pathways:
Metazoan inventions for integrating cells into tissues. Physiol Rev
81:1353–1392.

Berghs S, Aggujaro D, Dirkx R, Maksimova E, Stabach P, Hermel JM,
Zhang JP, Philbrick W, Slepnev V, Ort T, Solimena M. 2000. bIV
spectrin, a new spectrin localized at axon initial segments and nodes
of ranvier in the central and peripheral nervous system. J Cell Biol
151:985–1002.

Bhat MA, Rios JC, Lu Y, Garcia-Fresco GP, Ching W, St Martin M, Li
J, Einheber S, Chesler M, Rosenbluth J, Salzer JL, Bellen HJ. 2001.
Axon-glia interactions and the domain organization of myelinated
axons requires neurexin IV/Caspr/Paranodin. Neuron 30:369–383.

Biederer T, Sara Y, Mozhayeva M, Atasoy D, Liu X, Kavalali ET,
Sudhof TC. 2002. SynCAM, a synaptic adhesion molecule that drives
synapse assembly. Science 297:1525–1531.

Bonnon C, Bel C, Goutebroze L, Maigret B, Girault JA, Faivre-Sarrailh
C. 2007. PGY repeats and N-glycans govern the trafficking of parano-
din and its selective association with contactin and neurofascin-155.
Mol Biol Cell 18:229–241.

Bouzidi M, Tricaud N, Giraud P, Kordeli E, Caillol G, Deleuze C, Cou-
raud F, Alcaraz G. 2002. Interaction of the Nav1.2a subunit of the
voltage-dependent sodium channel with nodal ankyrinG. In vitro
mapping of the interacting domains and association in synaptosomes.
J Biol Chem 277:28996–29004.

Boyle ME, Berglund EO, Murai KK, Weber L, Peles E, Ranscht B.
2001. Contactin orchestrates assembly of the septate-like junctions at
the paranode in myelinated peripheral nerve. Neuron 30:385–397.

Caldwell JH, Schaller KL, Lasher RS, Peles E, Levinson SR. 2000. So-
dium channel Na(v)1.6 is localized at nodes of ranvier, dendrites, and
synapses. Proc Natl Acad Sci USA 97:5616–5620.

Chan JR, Jolicoeur C, Yamauchi J, Elliott J, Fawcett JP, Ng BK,
Cayouette M. 2006. The polarity protein Par-3 directly interacts with
p75NTR to regulate myelination. Science 314:832–836.

Charles P, Tait S, Faivre-Sarrailh C, Barbin G, Gunn-Moore F, Deni-
senko-Nehrbass N, Guennoc AM, Girault JA, Brophy PJ, Lubetzki C.

2002. Neurofascin is a glial receptor for the paranodin/Caspr-contac-
tin axonal complex at the axoglial junction. Curr Biol 12:217–220.

Chen C, Westenbroek RE, Xu X, Edwards CA, Sorenson DR, Chen Y,
McEwen DP, O’Malley HA, Bharucha V, Meadows LS, Knudsen GA,
Vilaythong A, Noebels JL, Saunders TL, Scheuer T, Shrager P, Cat-
terall WA, Isom LL. 2004. Mice lacking sodium channel b1 subunits
display defects in neuronal excitability, sodium channel expression,
and nodal architecture. J Neurosci 24:4030–4042.

Chernousov MA, Yu W-M, Chen Z-L, Carey DJ, Strickland S. 2008.
Regulation of schwann cell function by the extracellular matrix. Glia
56:1498–1507.

Ching W, Zanazzi G, Levinson SR, Salzer JL. 1999. Clustering of neuro-
nal sodium channels requires contact with myelinating Schwann
cells. J Neurocytol 28:295–301.

Collinson JM, Marshall D, Gillespie CS, Brophy PJ. 1998. Transient
expression of neurofascin by oligodendrocytes at the onset of myelino-
genesis: Implications for mechanisms of axon-glial interaction. Glia
23:11–23.

Cooper EC, Jan LY. 2003. M-channels: Neurological diseases, neuromo-
dulation, and drug development. Arch Neurol 60:496–500.

Court FA, Sherman DL, Pratt T, Garry EM, Ribchester RR, Cottrell
DF, Fleetwood-Walker SM, Brophy PJ. 2004. Restricted growth of
Schwann cells lacking Cajal bands slows conduction in myelinated
nerves. Nature 431:191–195.

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

Davis JQ, Lambert S, Bennett V. 1996. Molecular composition of the
node of Ranvier: Identification of ankyrin-binding cell adhesion mole-
cules neurofascin (mucin1/third FNIII domain-) and NrCAM at nodal
axon segments. J Cell Biol 135:1355–1367.

Denisenko-Nehrbass N, Oguievetskaia K, Goutebroze L, Galvez T,
Yamakawa H, Ohara O, Carnaud M, Girault JA. 2003. Protein 4.1B
associates with both Caspr/paranodin and Caspr2 at paranodes and
juxtaparanodes of myelinated fibres. Eur J Neurosci 17:411–416.

Devaux J, Alcaraz G, Grinspan J, Bennett V, Joho R, Crest M, Scherer
SS. 2003. Kv3.1b is a novel component of CNS nodes. J Neurosci 23:
4509–4518.

Devaux JJ, Kleopa KA, Cooper EC, Scherer SS. 2004. KCNQ2 is a
nodal K1 channel. J Neurosci 24:1236–1244.

Devaux JJ, Scherer SS. 2005. Altered ion channels in an animal model
of Charcot-Marie-Tooth disease type IA. J Neurosci 25:1470–1480.

Dupree JL, Girault JA, Popko B. 1999. Axo-glial interactions regulate
the localization of axonal paranodal proteins. J Cell Biol 147:1145–1152.

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

Einheber S, Bhat MA, Salzer JL. 2006. Disrupted axo-glial junctions
result in accumulation of abnormal mtochondria at nodes of Ranvier.
Neuron Glia Biol 2:165–174.

Einheber S, Zanazzi G, Ching W, Scherer S, Milner TA, Peles E, Salzer
JL. 1997. The axonal membrane protein Caspr, a homologue of neu-
rexin IV, is a component of the septate-like paranodal junctions that
assemble during myelination. J Cell Biol 139:1495–1506.

Eshed Y, Feinberg K, Carey DJ, Peles E. 2007. Secreted gliomedin is a
perinodal matrix component of peripheral nerves. J Cell Biol
177:551–562.

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

Fache MP, Moussif A, Fernandes F, Giraud P, Garrido JJ, Dargent B.
2004. Endocytotic elimination and domain-selective tethering consti-
tute a potential mechanism of protein segregation at the axonal
initial segment. J Cell Biol 166:571–578.

Faivre-Sarrailh C, Gauthier F, Denisenko-Nehrbass N, Le Bivic A, Rou-
gon G, Girault JA. 2000. The glycosylphosphatidyl inositol-anchored
adhesion molecule F3/contactin is required for surface transport of par-
anodin/contactin-associated protein (caspr). J Cell Biol 149:491–502.

Fannon AM, Sherman DL, Ilyina-Gragerova G, Brophy PJ, Friedrich
VL Jr, Colman DR. 1995. Novel E-cadherin-mediated adhesion in pe-
ripheral nerve: Schwann cell architecture is stabilized by autotypic
adherens junctions. J Cell Biol 129:189–202.

Ferracci F, Fassetta G, Butler MH, Floyd S, Solimena M, De Camilli P.
1999. A novel antineuronal antibody in a motor neuron syndrome
associated with breast cancer. Neurology 53:852–855.

Fukuhara H, Kuramochi M, Nobukuni T, Fukami T, Saino M, Mar-
uyama T, Nomura S, Sekiya T, Murakami Y. 2001. Isolation of the
TSLL1 and TSLL2 genes, members of the tumor suppressor TSLC1
gene family encoding transmembrane proteins. Oncogene 20:5401–
5407.

1538 SALZER ET AL.

GLIA



Garcia-Fresco GP, Sousa AD, Pillai AM, Moy SS, Crawley JN, Tessar-
ollo L, Dupree JL, Bhat MA. 2006. Disruption of axo-glial junctions
causes cytoskeletal disorganization and degeneration of Purkinje
neuron axons. Proc Natl Acad Sci USA 103:5137–5142.

Garrido JJ, Giraud P, Carlier E, Fernandes F, Moussif A, Fache MP,
Debanne D, Dargent B. 2003. A targeting motif involved in sodium
channel clustering at the axonal initial segment. Science 300:2091–
2094.

Goldfarb M, Schoorlemmer J, Williams A, Diwakar S, Wang Q, Huang
X, Giza J, Tchetchik D, Kelley K, Vega A, Matthews G, Rossi P,
Ornitz DM, D’ Angelo E. 2007. Fibroblast growth factor homologous
factors control neuronal excitability through modulation of voltage-
gated sodium channels. Neuron 55:449–463.

Gollan L, Sabanay H, Poliak S, Berglund EO, Ranscht B, Peles E.
2002. Retention of a cell adhesion complex at the paranodal junction
requires the cytoplasmic region of Caspr. J Cell Biol 157:1247–1256.

Gollan L, Salomon D, Salzer JL, Peles E. 2003. Caspr regulates the
processing of contactin and inhibits its binding to neurofascin. J Cell
Biol 163:1213–1218.

Gong Y, Tagawa Y, Lunn MP, Laroy W, Heffer-Lauc M, Li CY, Griffin
JW, Schnaar RL, Sheikh KA. 2002. Localization of major gangliosides
in the PNS: Implications for immune neuropathies. Brain 125(Part
11):2491–2506.

Hannila SS, Siddiq MM, Filbin MT. 2007. Therapeutic approaches to
promoting axonal regeneration in the adult Mammalian spinal cord.
Int Rev Neurobiol 77:57–105.

Hart IK, Maddison P, Newsom-Davis J, Vincent A, Mills KR. 2002. Phe-
notypic variants of autoimmune peripheral nerve hyperexcitability.
Brain 125(Part 8):1887–1895.

Hille B. 2001. Ion channels of excitable membranes. Sunderland, MA:
Sinauer Associates. xviii, 814, [8] of plates p.

Hinman JD, Peters A, Cabral H, Rosene DL, Hollander W, Rasband
MN, Abraham CR. 2006. Age-related molecular reorganization at the
node of Ranvier. J Comp Neurol 495:351–362.

Hirano A. 1983. Reaction of the periaxonal space to some pathologic
processes. In: Zimmerman HM, editor. Progress in neuropathology.
New York: Raven. pp 99–112.

Honke K, Hirahara Y, Dupree J, Suzuki K, Popko B, Fukushima K,
Fukushima J, Nagasawa T, Yoshida N, Wada Y, Taniguchi N. 2002.
Paranodal junction formation and spermatogenesis require sulfogly-
colipids. Proc Natl Acad Sci USA 99:4227–4232.

Ishibashi T, Ding L, Ikenaka K, Inoue Y, Miyado K, Mekada E, Baba
H. 2004. Tetraspanin protein CD9 is a novel paranodal component
regulating paranodal junctional formation. J Neurosci 24:96–102.

Kordeli E, Lambert S, Bennett V. 1995. AnkyrinG. A new ankyrin gene
with neural-specific isoforms localized at the axonal initial segment
and node of Ranvier. J Biol Chem 270:2352–2359.

Lambert S, Davis JQ, Bennett V. 1997. Morphogenesis of the node of
Ranvier: Co-clusters of ankyrin and ankyrin-binding integral pro-
teins define early developmental intermediates. J Neurosci 17:
7025–7036.

Lemaillet G, Walker B, Lambert S. 2003. Identification of a conserved
ankyrin-binding motif in the family of sodium channel alpha sub-
units. J Biol Chem 278:27333–27339.

Li C, Tropak MB, Gerlai R, Clapoff S, Abramow-Newerly W, Trapp B,
Peterson A, Roder J. 1994. Myelination in the absence of myelin-asso-
ciated glycoprotein. Nature 369:747–750.

Malhotra JD, Koopmann MC, Kazen-Gillespie KA, Fettman N, Hortsch
M, Isom LL. 2002. Structural requirements for interaction of sodium
channel b1 subunits with ankyrin. J Biol Chem 277:26681–26688.

Martin PM, Carnaud M, Garcia del Cano G, Irondelle M, Irinopoulou
T, Girault JA, Dargent B, Goutebroze L. 2008. Schwannomin-inter-
acting protein-1 isoform IQCJ-SCHIP-1 is a late component of nodes
of Ranvier and axon initial segments. J Neurosci 28:6111–6117.

Martini R. 2001. The effect of myelinating Schwann cells on axons.
Muscle Nerve 24:456–466.

Maurel P, Einheber S, Galinska J, Thaker P, Lam I, Rubin MB, Scherer
SS, Murakami Y, Gutmann DH, Salzer JL. 2007. Nectin-like proteins
mediate axon Schwann cell interactions along the internode and are
essential for myelination. J Cell Biol 178:861–874.

Melendez-Vasquez C, Carey DJ, Zanazzi G, Reizes O, Maurel P, Salzer
JL. 2005. Differential expression of proteoglycans at central and
peripheral nodes of Ranvier. Glia 52:301–308.

Melendez-Vasquez CV, Rios JC, Zanazzi G, Lambert S, Bretscher A,
Salzer JL. 2001. Nodes of Ranvier form in association with ezrin-radi-
xin-moesin (ERM)-positive Schwann cell processes. Proc Natl Acad
Sci USA 98:1235–1240.

Menegoz M, Gaspar P, Bert ML, Galvez T, Burgaya F, Palfrey C, Ezan
P, Arnos F, Girault J-A. 1997. Paranodin, a glycoprotein of neuronal
paranodal membranes. Neuron 19:319–331.

Mohler PJ, Bennett V. 2005. Defects in ankyrin-based cellular path-
ways in metazoan physiology. Front Biosci 10:2832–2840.

Montag D, Giese KP, Bartsch U, Martini R, Lang Y, Bl€uthmann H,
Karthigasan J, Kirschner DA, Wintergerst ES, Nave K-A, Zielasek J,
Toyka KV, Lipp HP, Schachner M. 1994. Mice deficient for the
myelin-associated glycoprotein show subtle abnormalities in myelin.
Neuron 13:229–246.

Nave KA, Trapp BD. 2008. Axon-glial signaling and the glial support of
axon function. Ann Rev Neurosci 31:535–561.

Occhi S, Zambroni D, Del Carro U, Amadio S, Sirkowski EE, Scherer
SS, Campbell KP, Moore SA, Chen ZL, Strickland S, Di Muzio A,
Uncini A, Wrabetz L, Feltri ML. 2005. Both laminin and Schwann
cell dystroglycan are necessary for proper clustering of sodium chan-
nels at nodes of Ranvier. J Neurosci 25:9418–9427.

Ogawa Y, Schafer DP, Horresh I, Bar V, Hales K, Yang Y, Susuki K,
Peles E, Stankewich MC, Rasband MN. 2006. Spectrins and ankyr-
inB constitute a specialized paranodal cytoskeleton. J Neurosci
26:5230–5239.

Oohashi T, Hirakawa S, Bekku Y, Rauch U, Zimmermann DR, Su WD,
Ohtsuka A, Murakami T, Ninomiya Y. 2002. Bral1, a brain-specific
link protein, colocalizing with the versican V2 isoform at the nodes of
Ranvier in developing and adult mouse central nervous systems. Mol
Cell Neurosci 19:43–57.

Pan Z, Kao T, Horvath Z, Lemos J, Sul JY, Cranstoun SD, Bennett V,
Scherer SS, Cooper EC. 2006. A common ankyrin-G-based mecha-
nism retains KCNQ and NaV channels at electrically active domains
of the axon. J Neurosci 26:2599–2613.

Peles E, Nativ M, Lustig M, Grumet M, Schilling J, Martinez R, Plow-
man GD, Schlessinger J. 1997. Identification of a novel contactin-
associated transmembrane receptor with multiple domains implicated
in protein-protein interactions. EMBO J 16:978–988.

Peles E, Salzer JL. 2000. Molecular domains of myelinated axons. Curr
Opin Neurobiol 10:558–565.

Peters A, Palay SL, Webster HD. 1991. The fine structure of the nerv-
ous system, New York: Oxford University Press. 494 p.

Poliak S, Gollan L, Martinez R, Custer A, Einheber S, Salzer JL, Trim-
mer JS, Shrager P, Peles E. 1999. Caspr2, a new member of the neu-
rexin superfamily, is localized at the juxtaparanodes of myelinated
axons and associates with K1 channels. Neuron 24:1037–1047.

Poliak S, Matlis S, Ullmer C, Scherer SS, Peles E. 2002. Distinct clau-
dins and associated PDZ proteins form different autotypic tight junc-
tions in myelinating Schwann cells. J Cell Biol 159:361–372.

Poliak S, Peles E. 2003. The local differentiation of myelinated axons at
nodes of Ranvier. Nat Rev Neurosci 4:968–980.

Poliak S, Salomon D, Elhanany H, Sabanay H, Kiernan B, Pevny L,
Stewart CL, Xu X, Chiu SY, Shrager P, Furley AJ, Peles E. 2003.
Juxtaparanodal clustering of Shaker-like K1 channels in myelinated
axons depends on Caspr2 and TAG-1. J Cell Biol 162:1149–1160.

Politi C, Del Turco D, Sie JM, Golinski PA, Tegeder I, Deller T, Schultz
C. 2008. Accumulation of phosphorylated I jB a and activated IKK
in nodes of Ranvier. Neuropathol Appl Neurobiol 34:357–365.

Qu Y, Curtis R, Lawson D, Gilbride K, Ge P, DiStefano PS, Silos-
Santiago I, Catterall WA, Scheuer T. 2001. Differential modulation of
sodium channel gating and persistent sodium currents by the b1, b2,
and b3 subunits. Mol Cell Neurosci 18:570–580.

Rasband MN, Park EW, Zhen D, Arbuckle MI, Poliak S, Peles E, Grant
SG, Trimmer JS. 2002. Clustering of neuronal potassium channels is
independent of their interaction with PSD-95. J Cell Biol 159:663–672.

Rasband MN, Trimmer JS, Schwarz TL, Levinson SR, Ellisman MH,
Schachner M, Shrager P. 1998. Potassium channel distribution, clus-
tering, and function in remyelinating rat axons. J Neurosci 18:36–47.

Ratcliffe CF, Westenbroek RE, Curtis R, Catterall WA. 2001. Sodium
channel b1 and b3 subunits associate with neurofascin through their
extracellular immunoglobulin-like domain. J Cell Biol 154:427–434.

Rios JC, Melendez-Vasquez CV, Einheber S, Lustig M, Grumet M,
Hemperly J, Peles E, Salzer JL. 2000. Contactin-associated protein
(Caspr) and contactin form a complex that is targeted to the parano-
dal junctions during myelination. J Neurosci 20:8354–8364.

Rios JC, Rubin M, St Martin M, Downey RT, Einheber S, Rosenbluth J,
Levinson SR, Bhat M, Salzer JL. 2003. Paranodal interactions regu-
late expression of sodium channel subtypes and provide a diffusion
barrier for the node of Ranvier. J Neurosci 23:7001–7011.

Rosenbluth J. 1995. Glial membranes and axoglial junctions. In:
Kettenmann H, Ransom BR, editors. Neuroglia. New York: Oxford
University Press. pp 613–633.

Rosenbluth J, Dupree JL, Popko B. 2003. Nodal sodium channel do-
main integrity depends on the conformation of the paranodal junc-
tion, not on the presence of transverse bands. Glia 41:318–325.

Sahenk Z. 1999. Abnormal Schwann cell-axon interactions in CMT neu-
ropathies. The effects of mutant Schwann cells on the axonal cyto-
skeleton and regeneration-associated myelination. Ann NY Acad Sci
883:415–426.

Salzer JL. 1997. Clustering sodium channels at the node of Ranvier:
Close encounters of the axon-glia kind. Neuron 18:843–846.

1539MOLECULAR DOMAINS OF MYELINATED AXONS

GLIA



Salzer JL. 2003. Polarized domains of myelinated axons. Neuron
40:297–318.

Schaeren-Wiemers N, Bonnet A, Erb M, Erne B, Bartsch U, Kern F,
Mantei N, Sherman D, Suter U. 2004. The raft-associated protein
MAL is required for maintenance of proper axon—Glia interactions
in the central nervous system. J Cell Biol 166:731–742.

Schafer DP, Bansal R, Hedstrom KL, Pfeiffer SE, Rasband MN. 2004.
Does paranode formation and maintenance require partitioning of
neurofascin 155 into lipid rafts? J Neurosci 24:3176–3185.

Scherer SS, Wrabetz L. 2008. Molecular mechanisms of inherited
demyelinating neuropathies. Glia 1578–1589.

Sherman DL, Brophy PJ. 2005. Mechanisms of axon ensheathment and
myelin growth. Nat Rev Neurosci 6:683–690.

Sherman DL, Tait S, Melrose S, Johnson R, Zonta B, Court FA,
Macklin WB, Meek S, Smith AJ, Cottrell DF, Brophy PJ. 2005.
Neurofascins are required to establish axonal domains for saltatory
conduction. Neuron 48:737–742.

Sousa AD, Bhat MA. 2007. Cytoskeletal transition at the paranodes:
The Achilles’ heel of myelinated axons. Neuron Glia Biol 3:169–
178.

Spiegel I, Adamsky K, Eshed Y, Milo R, Sabanay H, Sarig-Nadir O,
Horresh I, Scherer SS, Rasband MN, Peles E. 2007. A central role for
Necl4 (SynCAM4) in Schwann cell-axon interaction and myelination.
Nat Neurosci 10:861–869.

Susuki K, Baba H, Tohyama K, Kanai K, Kuwabara S, Hirata K, Furu-
kawa K, Furukawa K, Rasband MN, Yuki N. 2007a. Gangliosides
contribute to stability of paranodal junctions and ion channel clusters
in myelinated nerve fibers. Glia 55:746–757.

Susuki K, Rasband MN. 2008. Spectrin and ankyrin-based cytoskele-
tons at polarized domains in myelinated axons. Exp Biol Med (May-
wood) 233:394–400.

Susuki K, Rasband MN, Tohyama K, Koibuchi K, Okamoto S, Funa-
koshi K, Hirata K, Baba H, Yuki N. 2007b. Anti-GM1 antibodies
cause complement-mediated disruption of sodium channel clusters in
peripheral motor nerve fibers. J Neurosci 27:3956–3967.

Tait S, Gunn-Moore F, Collinson JM, Huang J, Lubetzki C, Pedraza L,
Sherman DL, Colman DR, Brophy PJ. 2000. An oligodendrocyte cell
adhesion molecule at the site of assembly of the paranodal axo-glial
junction. J Cell Biol 150:657–666.

Tao-Cheng JH, Rosenbluth J. 1982. Development of nodal and parano-
dal membrane specializations in amphibian peripheral nerves. Brain
Res 255:577–594.

Traka M, Goutebroze L, Denisenko N, Nifli A, Havaki S, Iwakura Y,
Fukamauchi F, Watanabe K, Soliven B, Girault JA, Karagoges D.
2003. Association of TAG-1 with Caspr2 is essential for the molecular
organization of juxtaparanodal regions of myelinated fibers. J Cell
Biol 162:1161–1172.

Trapp BD. 1990. The myelin-associated glycoprotein: location and
potential functions. In: Colman D, Duncan I, Skoff R, editors. Myeli-

nation and dysmyelination. New York: The New York Academy of
Sciences. pp 29–43.

Tzoumaka E, Tischler AC, Sangameswaran L, Eglen RM, Hunter JC,
Novakovic SD. 2000. Differential distribution of the tetrodotoxin-sen-
sitive rPN4/NaCh6/Scn8a sodium channel in the nervous system.
J Neurosci Res 60:37–44.

Vabnick I, Shrager P. 1998. Ion channel redistribution and function
during development of the myelinated axon. J Neurobiol 37:80–96.

Voas MG, Lyons DA, Naylor SG, Arana N, Rasband MN, Talbot WS.
2007. aII-spectrin is essential for assembly of the nodes of Ranvier in
myelinated axons. Curr Biol 17:562–568.

Waxman SG. 1997. Axon-glia interactions: Building a smart nerve fiber.
Curr Biol 7:R406–R410.

Waxman SG, Brill MH, Geschwind N, Sabin TD, Lettvin JY. 1976. Proba-
bility of conduction deficit as related to fiber length in random-distribu-
tion models of peripheral neuropathies. J Neurol Sci 29:39–53.

Wittmack EK, Rush AM, Craner MJ, Goldfarb M, Waxman SG, Dib-
Hajj SD. 2004. Fibroblast growth factor homologous factor 2B: Associ-
ation with Nav1.6 and selective colocalization at nodes of Ranvier of
dorsal root axons. J Neurosci 24:6765–6775.

Woods IG, Lyons DA, Voas MG, Pogoda HM, Talbot WS. 2006. nsf is
essential for organization of myelinated axons in zebrafish. Curr Biol
16:636–648.

Yang Y, Lacas-Gervais S, Morest DK, Solimena M, Rasband MN. 2004.
bIV spectrins are essential for membrane stability and the molecular
organization of nodes of Ranvier. J Neurosci 24:7230–7240.

Yin X, Crawford TO, Griffin JW, Tu P, Lee VM, Li C, Roder J, Trapp
BD. 1998. Myelin-associated glycoprotein is a myelin signal that mod-
ulates the caliber of myelinated axons. J Neurosci 18:1953–1962.

Yu FH, Westenbroek RE, Silos-Santiago I, McCormick KA, Lawson D,
Ge P, Ferriera H, Lilly J, DiStefano PS, Catterall WA, Scheuer T,
Curtis R. 2003. Sodium channel b4, a new disulfide-linked auxiliary
aubunit with similarity to b2. J Neurosci 23:7577–7585.

Yu RC, Bunge RP. 1975. Damage and repair of the peripheral myelin
sheath and node of Ranvier after treatment with trypsin. J Cell Biol
64:1–14.

Zhang X, Davis JQ, Carpenter S, Bennett V. 1998. Structural require-
ments for association of neurofascin with ankyrin. J Biol Chem
273:30785–30794.

Zhou D, Lambert S, Malen PL, Carpenter S, Boland LM, Bennett V.
1998. AnkyrinG is required for clustering of voltage-gated Na chan-
nels at axon initial segments and for normal action potential firing.
J Cell Biol 143:1295–1304.

Zhou W, Goldin AL. 2004. Use-dependent potentiation of the Nav1.6
sodium channel. Biophys J 87:3862–3872.

Zonta B, Tait S, Melrose S, Anderson H, Harroch S, Higginson J, Sher-
man DL, Brophy PJ. In press. Glial and neuronal isoforms of Neuro-
fascin have distinct roles in the assembly of nodes of Ranvier in the
CNS. J Cell Biol 181:1169–1177.

1540 SALZER ET AL.

GLIA


