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Molecular mechanisms of node of Ranvier formation
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Summary

Action potential propagation along myelinated nerve fibers requires high-density protein complexes
that include voltage-gated Na* channels at the nodes of Ranvier. Several complementary mechanisms
may be involved in node assembly including: 1) interaction of nodal cell adhesion molecules with
the extracellular matrix; 2) restriction of membrane protein mobility by paranodal junctions; and 3)
stabilization of ion channel clusters by axonal cytoskeletal scaffolds. In the peripheral nervous
system, a secreted glial protein at the nodal extracellular matrix interacts with axonal cell adhesion
molecules to initiate node formation. In the central nervous system, both glial soluble factors and
paranodal axoglial junctions may function in a complementary manner to contribute to node
formation.

Introduction

In vertebrate nervous systems, a highly integrated network of neurons and glial cells works
together to transmit information throughout the entire body. One characteristic structure of
neurons is their long process called the axon. The axon transmits information as an electrical
impulse and transports cytoplasmic materials. Axons are often ensheathed along their entire
length by myelin, a multilamellar lipid rich structure that is produced by Schwann cells in the
peripheral nervous system (PNS) and oligodendrocytes in the central nervous system (CNS)
[1]. Myelin increases membrane resistance and decreases membrane capacitance, thereby
conserving ionic charge as the axolemma is depolarized during action potential propagation.
Voltage-gated Na* (Nav) channels are highly accumulated at the axon initial segment (AIS),
an approximately 20-40 um long segment devoid of myelin and adjacent to the cell soma
(Figs. 1A and 1C) [2]. These channels are required for action potential generation. Clusters of
Nav channels are also located at the nodes of Ranvier: ~1 uym long gaps between two adjacent
myelin segments (Figs. 1A and 1B) [3,4]. Nodes regenerate the action potential as it is
conducted along the axon. Thus, the myelinated nerve fibers enable rapid and efficient action
potential propagation over long distances from neuronal cell soma to target cells and tissues.

How do neurons and glia interact to establish such a complicated structure? Recent data
demonstrate that in the PNS, 1) interactions between nodal axonal cell adhesion molecules
(CAMs) and the glial-derived extracellular matrix (ECM) mediates initial Nav channel
clustering; then the Nav channel clusters are further stabilized by 2) restriction of their lateral
mobility by paranodal junctions; and 3) links to the axonal cytoskeletal scaffolds (Fig. 2A). In
the CNS, however, much less is known about how node formation is initiated. Similar to the
PNS, glial-derived soluble factors may promote node formation in the CNS, but recent studies
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indicate that paranodal junctions may also be able to initiate CNS node formation. In this
review, we highlight complementary mechanisms mediated by CAMs and their ECM ligands
that can initiate node formation.

Myelinated nerve fibers have distinct domains

Myelinated axons are divided into AlIS, nodes, paranodes, juxtaparanodes, and internodes (Fig.
1). The AIS and the nodes have a similar molecular composition. In addition to Nav channels,
molecular components at these sites include voltage-gated K* (Kv) channels, and the CAMs
neurofascin (NF)-186 and neuron glia-related CAM (NrCAM) [3,4]. At the paranodes flanking
both sides of the nodes, the axonal contactin-associated protein (Caspr) and contactin, and the
glial 155 kDa isoform of NF forms a tripartite CAM complex, and mediates formation of the
septate-like junctions between myelin and the axon [3,4]. The juxtaparanodes begin at the
innermost axo-glial junction of the paranodes and extend for 5-15 um. Juxtaparanodes have
high densities of Kv channels and the CAMs Caspr2 and Tag1 [3,4]. In addition to ion channels
and CAMs, several classes of scaffolding and cytoskeletal proteins including ankyrins,
spectrins, 4.1 proteins, and PDZ-domain containing proteins are highly enriched at the AlS,
nodes, paranodes, and juxtaparanodes and interact with CAMs or ion channels [5]. For
example, nodes are highly enriched in ankyrinG and IV spectrin, paranodes enriched in
ankyrinB, Bl spectrin and protein 4.1B, and juxtaparanodes enriched in PSD-95 and protein
4.1B. Finally, internodes are the intervening fiber segments between two juxtaparanodes under
asingle compact myelin sheath. At the internodes, the axolemma is closely apposed to the glial
adaxonal membrane. Two recent studies [6,7] demonstrate that the nectin-like (Necl) CAMs
Necll (axon) and Necl4 (Schwann cell) at the internodes, mediate a specific axon-glial
interaction to initiate PNS myelination.

The Glial ECM molecule gliomedin mediates initial NF186 clustering in PNS

How are Nav channel complexes assembled at nodes? Recent studies [8,9¢¢] suggest that
interactions between an ECM molecule produced by glial cells and axonal CAMs provide a
critical mechanism for initiation of node formation. In the PNS, the nodal axolemma is
contacted by microvilli that project from the outer collar of myelinating Schwann cells. The
microvilli are embedded in a specialized ECM around nodes containing proteoglycans
syndecan-3 [10], V1 isoform of versican [10], and NG2 [11]. Dystroglycan is also abundantly
expressed at PNS nodes, and its specific ablation in Schwann cells results in the disorganization
of the microvilli and a marked reduction in nodal Nav channels [12]. A glial ligand for NF and
NrCAM was recently identified and termed gliomedin [8]. Gliomedin is expressed by
myelinating Schwann cells and accumulates at the Schwann cell microvilli and surrounding
nodal ECM (Fig. 1E). At the perinodal space, the majority of gliomedin exists as a secreted
protein that is cleaved from the cell surface by a furin protease [9+¢,13]. After cleavage,
gliomedin assembles into high-molecular weight multimers, and is incorporated into the
Schwann cell ECM by binding to heparan sulfate proteoglycans. The olfactomedin domain of
gliomedin mediates its interaction with NF186 and NrCAM.

The ability of gliomedin to promote nodal molecule clustering was clearly demonstrated by
knockdown and clustering experiments using myelinated Schwann cell-dorsal root ganglion
(DRG) co-cultures. By adding a soluble extracellular domain of NF186 to myelinating cultures,
gliomedin was aberrantly distributed along the internodes and node formation was inhibited
[8,14]. Similarly, silencing gliomedin expression by RNA interference disturbed Nav channel
and NF186 clustering at the axolemma. Furthermore, a soluble olfactomedin domain of
gliomedin induced NF186 clustering and assembled node-like clusters containing Nav
channels, ankyrinG, and BIV spectrin in the absence of Schwann cells. In agreement, the
ectodomain of NF186 (immunoglobulin domain) is necessary for its localization to the PNS
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node [15e¢]. These results suggest that gliomedin first positions NF186, then NF186 recruits
Nav channels and other nodal molecules.

NF186 assembles the nodal complex by recruiting ankyrinG

How does NF186 promote node formation? NF is a member of the L1 subgroup of the
immunoglobulin superfamily. NF has six immunoglobulin domains, several fibronectin type
I11 repeats, a single transmembrane region and a cytoplasmic domain. There are two
alternatively spliced products of the NF gene, NF186 at the nodal axon and NF155 at the
paranodal glia. The mature neuronal form NF186 is dramatically upregulated in E16 as axons
are ensheathed, whereas NF155 expression in the Schwann cells coincides with the onset of
PNS myelination [16¢]. NF186 binds the nodal Nav channel binding and scaffolding protein
ankyrinG via its cytoplasmic FIGQY motif [17] (see below). NF186 may also interact with
Nav channel 8 subunits [18].

The essential role of NF186 for node assembly was demonstrated by production of NF mutant
mice [19,20e¢]. NF-null mice express neither NF186 nor NF155, resulting in loss of both nodal
interactions with gliomedin and the disruption of paranodal axo-glial junctions (Fig. 2B).
Consequently, the mutant mice fail to accumulate both nodal and paranodal molecules. The
role of individual NF isoforms was further examined through a transgenic approach. The
expression of transgenic NF186 on a NF-null background (i.e. no paranodal NF155 but
preserved nodal NF186) rescued clustering of nodal components, but did not reconstitute the
paranodal junctions (Fig. 2C). Furthermore, Nav channels were not clustered at PNS nodes by
transgenic expression of NF155 on a NF-null background (i.e. no nodal NF186 but preserved
paranodal NF155), despite rescue of the paranodal junction (Fig. 2D). In contrast, in the absence
of NrCAM, Nav channels can still cluster at PNS nodes despite a significant delay [21],
suggesting that NF186 has more critical roles than NrCAM for PNS node assembly. Consistent
with this idea, ankyrinG and Nav channels failed to cluster at the nodes in NF186 shRNA-
treated DRG neurons in myelinating cultures [15¢]. Furthermore, knockdown of NF186
combined with expression of NF186 without its ankyrin-binding domain also disrupted nodal
assembly in myelinating cultures. Thus, NF186 is critical for node assembly and recruits
ankyrinG, which in turn is required for accumulation of the nodal protein complex including
Nav channels.

NF155 is required for paranodal junction assembly and contributes to CNS
node formation

In the CNS, some data indicate that paranodal junctions are important in the initial clustering
of Nav channels [22,23]. In contrast, data from paranodal mutant mice suggested that these
junctions are dispensable for node assembly. For example, Nav channels accumulate at nodes
in NF-null mice rescued with transgenic NF186 (no reconstitution of the paranodal junctions)
[20e¢]. Similarly, in mutant mice without axonal Caspr [24,25] or contactin [26], Nav channels
still accumulated at nodes (Fig. 2C), emphasizing the importance of paranode independent Nav
channel clustering mechanisms. Finally, in UDP-galactose/ceramide galactosyltransferase
(CGT)-deficient mice, which also show disrupted paranodal axoglial junctions, Nav channels
can cluster at nodes but these become more diffuse and less concentrated with time [27].
Nevertheless, paranodes may function as a diffusion barrier to restrict the mobility of
membrane molecules that may be associated with stabilization of nodal Nav channels or CAMs
[25]. In addition, in support of a role for paranodal junctions in the assembly of CNS nodes,
Zonta et al., [20e¢] reconstituted paranodes by transgenic expression of glial NF155 on a NF-
null background. They found that this rescued the correct assembly of CNS nodes of Ranvier
inthe absence of NF186 [20+¢], but PNS nodes were not rescued [19] (Fig. 2D). Thus, paranodal
junctions can also facilitate the assembly of Nav channel clusters at CNS nodes. This study
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convincingly demonstrated that glial NF155 is essential for the assembly of the paranodal
axoglial junction [20ee]. The expression of transgenic NF186 on a NF-null background (i.e. no
paranodal NF155 but preserved nodal NF186) was not associated with recruitment of axonal
Caspr or contactin (Fig. 2C). Consistent with this, knockdown of NF155 in Schwann cells
inhibits Caspr clustering when co-cultured with DRG neurons [16¢]. In contrast, NF155 was
still expressed at glial paranodes in mutants of paranodal axonal CAMs, Caspr [24] or contactin
[26]. These results show that NF155 is required for paranodal junctions and that these junctions
can initiate CNS node formation.

AnkyrinG recruits BIV spectrin for further nodal stabilization

The organization of nodes depends on a specialized cytoskeleton consisting of two
submembranous cytoskeletal and scaffolding proteins, ankyrinG and BIV spectrin [5].
Ankyrins are large scaffolding proteins that link the spectrin-based membrane skeleton to
various membrane proteins including Nav channels and NF186. AnkyrinG is recruited to nodes
by NF186, and plays a central role in organizing the Nav channel complex [15¢¢]. Knockdown
of ankyrinG in DRG neurons eliminated the great majority of Nav channels, NF186, NrCAM,
and BIV spectrin at nodes in myelinating co-culture. Furthermore, neurons transfected with an
NF186 construct lacking the ankyrin-binding domain show accelerated protein turnover of the
introduced NF186. The interactions between ankyrinG and NF186 may promote their stable
and restricted localization at nodes. AnkyrinG recruits BIV spectrin to nodes, which in turn
provides further linkage to the axonal cytoskeleton [28+]. Localization of BIV spectrin to CNS
nodes depends on binding to ankyrinG via spectrin repeat 15. In BIV spectrin mutant mice,
Nav channel clusters are still present at the nodes, but the density is reduced and the shape of
clusters is changed [29-31] (Fig. 2E). Thus, the BIV spectrin and ankyrinG based axonal
cytoskeleton are important for further stabilization of nodal Nav channel complexes rather than
initiation of clustering.

NF186 assembles a specialized ECM at the AIS

Observations on the mechanism of AIS formation may provide some clues about how CNS
nodes form because of their similar molecular organization. However, compared to the nodes,
the AIS is intrinsically organized by neurons without the requirement of glial cells [2,15¢¢]. At
the AIS, NF186 and ankyrinG have different roles for protein complex assembly. Silencing
expression of each AIS protein in cultured hippocampal neuron by RNA interference revealed
that ankyrinG was required for Nav channel clustering and the molecular assembly of the AIS
[32¢]. In contrast, both NF186 and NrCAM were dispensible for ion channel clustering [15ee,
32¢]. Consistent with these data in culture, loss of ankyrinG, but not NF186, inhibits AIS
assembly in vivo [32¢,33]. Then, what is the function of NF186 at the AIS? NF186, but not
NrCAM, interacts with the chondroitin sulfate proteoglycan brevican that forms a specialized
ECM around the AIS [32¢]. Silencing NF186, but not NrCAM, resulted in loss of brevican
from the AIS in both culture and in vivo. In addition, NF186 overexpression caused ectopic
brevican clustering at neuronal cell soma and dendrites in culture. These results suggest that
NF186 assembles and links a specialized brevican-based ECM to the intracellular cytoskeleton
at the AlIS. Although the function of the brevican-based AIS ECM is unknown, it suggests that
a similar ECM may exist at CNS nodes, and that by analogy with gliomedin, brevican may
contribute to CNS node assembly.

Model for PNS node formation

Node of Ranvier formation requires extrinsic interactions supplied by myelinating glia [2,

15¢¢]. Development of PNS nodes as well as myelin is better understood than in the CNS (Fig.
3A), because the system is much more tractable and in vitro models such as myelinating DRG
neuron co-cultures allow a dissection of the molecular mechanisms. In developing rat sciatic
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nerves, clusters of Nav channels and gliomedin appear at the edge of elongating Schwann cells
[8,34,35]. Clustering of NF and NrCAM precedes that of ankyrinG and Nav channels in the
myelinating sciatic nerve [36]. At these sites, binding of gliomedin to NF186 and NrCAM
causes their initial clustering. In contrast, NF186 is cleared from the internode by interactions
between its ectodomain and myelinating Schwann cells [15¢¢]. NF186 is thought to act as
pioneer molecule, serving as a nucleation site for recruitment of ankyrinG [2,15¢,37]. Nav
channels bind to ankyrinG and mediate the currents necessaryfor action potential propagation.
Caspr accumulates at the paranodes shortly after gliomedin, ankyrinG, and Nav channels
cluster at the nodes [8]. Similarly, clustering of nodal NF186 precedes accumulation of NF155
at paranodes [35]. Paranodal junctions act as a diffusion barrier to restrict mobility of the
complex for further stabilization. Finally, BIV spectrin is recruited to the initial clusters by
ankyrinG, and links them to axon cytoskeleton [28e].

Models for CNS node formation

CNS node formation is poorly understood because of the lack of well-developed in vitro models
for the CNS nodes and because of the relatively few proteins identified at these sites. As
described above, CNS paranodal junctions may play more important roles for node assembly
than in the PNS (Fig. 3B). In particular, in the CNS, paranodal proteins appear to cluster before
localization of nodal proteins [23,38]. The reconstitution of paranodal complexes in NF-null
mice could initiate the correct assembly of nodal Nav channel clusters in the CNS [20e¢], but
not in the PNS [19] (Fig 2D). How paranodal junctions promote nodal clustering remains
unclear. Paranodal junctions may restrict the NF186 or some unknown CAM, or Nav channels,
and then ankyrinG may be recruited. Alternatively, the spectrin-based cytoskeleton at
paranodes [5] may restrict the localization of ankyrinG, which recruits Nav channels.
Nevertheless, even without paranodal junctions, nodal molecules can still cluster at CNS nodes
(Fig 2C). Thus, other compensatory mechanisms must also exist in the CNS.

It has been reported that, similar to gliomedin in the PNS [8], yet to be identified soluble factors
secreted by oligodendrocytes promote Nav channel clustering in CNS axons in culture in the
absence of axoglial contact [39]. Thus, soluble glial factors may be able to promote CNS node
formation, although gliomedin is not present at CNS nodes [8]. One possibility is that a
specialized ECM surrounding CNS nodes including brevican may function in a similar wayto
gliomedin in the PNS to initiate CNS node formation. Indeed, brevican is found in the ECM
surrounding CNS nodes as well as at the AlS, and interacts with NF186 [32¢] (Fig 1C and 1D).
In addition, there are several other ECM molecules at CNS nodes including tenascin-R [40],
oligodendrocyte-myelin glycoprotein (OMgp) [41,42], V2 isoform of versican [10], and a
brain-specific hyaluronan-binding protein, Brall [43]. However, the mutant mice lacking
brevican [44] or tenascin-R [40] show no apparent neurological phenotype. At CNS nodes
from tenascin-R-deficient mice, there was no apparent change in expression or distribution of
Nav channels [40]. OMgp-null mice did not exhibit obvious behavioral abnormalities, although
CNS nodes were abnormally elongated [41]. Other OMgp mutant mice demonstrated that Nav
channels still cluster at CNS nodes, despite hypo-myelination and disorganized nodal and
paranodal architectures [42]. The presence of multiple different ECM proteins at CNS nodes
suggests that it may be necessary to generate knockouts for multiple nodal ECM proteins to
determine if they contribute to CNS node formation. Otherwise, nodal ECM in the CNS may
act to stabilize Nav channel complexes rather than initiate their assembly. In developing optic
nerves, OMgp staining appears after Nav channel clustering [42]. Alternatively, collateral
axonal sprouting at nodes was observed in OMgp-null mice, suggesting that nodal ECM in the
CNS may stabilize the node and prevent axonal sprouting [41].

Even in NF-null mice (i.e. no interaction of NF186 with ECM and paranodal junctions), small
numbers of Nav channel clusters were still observed at nodes [20e¢] (Fig 2B). This suggests
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that there are additional unknown mechanisms involved in CNS node formation that are not
associated with NF. These may be related to soluble factors secreted by oligodendrocytes. Are
there still unknown CAMSs in CNS nodes that can promote Nav channel clustering in response
to soluble factors? Can soluble factors directly recruit Nav channels, which in turn recruit
ankyrinG and cytoskeletal proteins? Many questions still remain regarding the mechanisms
underlying formation of these critical domains in CNS myelinated nerve fibers.

Conclusions

Recent progress demonstrates that CAMs and their ligands within the ECM play instructive
roles for formation of PNS nodes of Ranvier. Ongoing experiments will determine if the ECM
at CNS nodes has similar or compensatory functions. One surprising conclusion from the recent
work described here is that despite their similar molecular and structural features, the
mechanisms for node formation are likely different between the PNS and CNS. Future studies
on neuron-glial interactions will no doubt provide important clues about these differences.
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Figure 1.

(A) Cartoon illustrating the structures of the myelinated nerve fiber and the specific
subdomains: AlIS, nodes of Ranvier, and paranodes.

(B) Schematic presentation showing molecular organization at nodes and paranodes. At nodes,
gliomedin (PNS) and brevican (CNS) are present at the ECM, and interact with NF186 at the
nodal axolemma. A scaffolding protein ankyrinG interacts with NF186, Nav channels, and the
cytoskeletal protein BIV spectrin. At paranodes, axonal Caspr and contactin, and glial NF155
form a tripartite CAM complex, and mediate assembly of the septate-like junctions between
the myelin sheath and the axon.

(C) NF (red) and brevican (green) are highly accumulated at the AIS in cultured rat
hippocampal neurons. The somatodentritic domain is characterized by the staining of
microtubule-associated protein 2 (MAP2; blue). Scale bar = 10 pum.
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(D) Pan NF antibody (red) labels both node and paranode in rat optic nerve. Brevican (green)
is localized at and around nodes of Ranvier in the ECM. Nodes are shown in blue by anti-gIV
spectrin antibody. Scale bar = 10 um.

(E) Nodal and paranodal components in the PNS. Left column shows rat sciatic nerve stained
by antibodies to NF186 (red), gliomedin (green), and Caspr (blue). The short gap between two
Caspr clusters is filled with nodal NF186 staining. Note that the gliomedin staining extends
outside of the nodal NF186 staining. The right column shows mouse ventral root stained by
antibodies to NF155 (red) and Kv channels (green). Note the nodal gap between the two
paranodal NF155 clusters. Scale bars = 10 um.
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Figure 2. Schematic representation of nodal or paranodal disruption in mutant animals

(A) Three mechanisms, interaction between the nodal ECM, a paranodal diffusion barrier, and
the axonal cytoskeleton, are proposed to be involved in formation or maintenance of nodal Nav
channel complexes under normal conditions.

(B) By disruption of NF gene, nodal and paranodal molecules are absent [20+]. However,
small numbers (16%) of CNS nodal Nav channel clusters persist.

(C) Paranodal junctions do not assemble without glial NF155 [20e¢], or axonal Caspr [24,25]
or contactin [26]. Nodal proteins still cluster in both PNS and CNS.

(D) Paranodal junctions are reconstituted in NF-null mice with transgenic NF155 [20e¢]. Nodal
components are rescued in the CNS, but not in the PNS.
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(E) Interactions with the axonal cytoskeleton are disrupted in BIV spectrin mutant animals
[29-31]. Nav channel clusters are still present, despite reduced numbers or a change in shape.
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Figure 3.

(A) Current model for formation of PNS nodes. Schwann cell derived gliomedin is incorporated
into the nodal ECM, and initiates NF186 clustering. NF186 recruits ankyrinG. Then, Nav
channels bind to ankyrinG. BIV spectrin is recruited to nodes by binding to ankyrinG, and links
the complex to the axon cytoskeleton. Nodal complexes are further stabilized by paranodal
junctions formed by glial NF155 and axonal Caspr and contactin.

(B) Two possible mechanisms for initiation of CNS node formation. Soluble factors secreted
by oligodendrocytes may initiate nodal assembly. A possible candidate is brevican in the ECM
since it can interact with NF186. Paranodal junctions may also be able to initiate CNS node
formation. It remains unclear which molecule, CAM, Nav channels, or ankyrinG, is directly
restricted by paranodes.
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