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1 | INTRODUCTION

Abstract

Glycoprotein M6B and the closely related proteolipid protein regulate oligodendrocyte myelination
in the central nervous system, but their role in the peripheral nervous system is less clear. Here we
report that MéB is located at nodes of Ranvier in peripheral nerves where it stabilizes the nodal
axolemma. We show that MéB is co-localized and associates with gliomedin at Schwann cell
microvilli that are attached to the nodes. Developmental analysis of sciatic nerves, as well as of
myelinating Schwann cells/dorsal root ganglion neurons cultures, revealed that MéB is already
present at heminodes, which are considered the precursors of mature nodes of Ranvier. However,
in contrast to gliomedin, which accumulates at heminodes with or prior to Na* channels, we often
detected Na* channel clusters at heminodes without any associated MéB, indicating that it is not
required for initial channel clustering. Consistently, nodal cell adhesion molecules (NF186, NrCAM),
ion channels (Nav1.2 and Kv7.2), cytoskeletal proteins (AnkG and BIV spectrin), and microvilli com-
ponents (pERM, syndecan3, gliomedin), are all present at both heminodes and mature nodes of
Ranvier in Gpméb null mice. Using transmission electron microscopy, we show that the absence of
M6B results in progressive appearance of nodal protrusions of the nodal axolemma, that are often
accompanied by the presence of enlarged mitochondria. Our results reveal that MéB is a Schwann
cell microvilli component that preserves the structural integrity of peripheral nodes of Ranvier.
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heminodal clustering of Na* channels at both sides of the myelin

internodes (Vabnick, Novakovic, Levinson, Schachner, & Shrager, 1996;

The nodes of Ranvier contain a high density of voltage-gated Na™
channels that drive the propagation of action potentials along the axon.
Clustering of these channels on the axolemma is directed by the overly-
ing myelinating oligodendrocyte or Schwann cells through the action of
cell adhesion molecules present at both the nodes of Ranvier and the
paranodal junctions flanking each node of Ranvier (Eshed-Eisenbach &
Peles, 2013; Rasband & Peles, 2015). While nodes in the central nerv-
ous system (CNS) are contacted by astrocytes and oligodendrocyte pre-
cursor cells, in the peripheral nervous system (PNS), the nodal
axolemma is contacted by microvilli emanating from the outer aspect of
Schwann cells that myelinate the adjacent internodes.

The initial contact between Schwann cell microvilli processes and

the axon during development of myelinated nerves induces the

Ching, Zanazzi, Levinson, & Salzer, 1999). Axoglial contact and hemino-
dal channel clustering is mediated by the binding of glial gliomedin and
NrCAM to axonal neurofascin 186 (NF186; Feinberg et al., 2010; Lab-
asque, Devaux, Leveque, & Faivre-Sarrailh, 2011). The latter functions
as an attachment site for the scaffolding proteins ankyrin-G (AnkG) and
BIV Spectrin, that further recruit Na* channels (Rasband & Peles,
2015). Clustering of the nodal complex by gliomedin is enabled by its
ability to self-aggregate and bind heparan sulfate proteoglycans
(HSPGs; Eshed, Feinberg, Carey, & Peles, 2007; Han & Kursula, 2015).
The continuous interaction between gliomedin, NrCAM and NF186
not only mediate the initial clustering of Na® channels, but is also
required for their long-term maintenance at the nodes of Ranvier
(Amor et al., 2014; Desmazieres et al., 2014). Consistent with these
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observations, autoantibodies to NF186 and gliomedin were reported in Mé6B  ACACCAGTGACCATGCCTTTCC and GACATCCACACA-

patients with multifocal motor neuropathy, Guillain-Barre syndrome,
and chronic inflammatory demyelinating polyneuropathy (Stathopoulos,
Alexopoulos, & Dalakas, 2015; Delmont et al., 2017). Similarly, muta-
tions that impair the ability of gliomedin to bind NF186 results in
arthrogryposis multiplex congenita, a congenital joint contracture
caused by decreased fetal movement in utero (Maluenda et al., 2016).

Within the nodal gap, the microvilli are embedded in a dense
extracellular matrix (ECM; termed “cementing disc of Ranvier”)
enriched in proteoglycans (Melendez-Vasquez et al., 2005; Colombelli
et al., 2015). Several cytoplasmic and transmembrane proteins were
identified in Schwann cell microvilli: the cytoskeletal ERM proteins
(ezrin, radixin, and moesin; Melendez-Vasquez et al., 2001; Scherer, Xu,
Crino, Arroyo, & Gutmann, 2001), Rho-A GTPase (Melendez-Vasquez,
Einheber, & Salzer, 2004), the 116-kD dystrophin (Dp116; Occhi et al.,
2005), and dystroglycan (a-DG and B-DG; Saito et al., 2003). The latter
recruits perlecan, an HSPG that binds gliomedin and assists in its incor-
poration into the nodal gap ECM (Colombelli et al., 2015).

Here, we report the identification of membrane glycoprotein Mé6B
(official gene name Gpméb) as a novel component of the nodal
Schwann cell microvilli. M6B is a four-transmembrane protein belong-
ing to the proteolipid protein family which mediates intercellular con-
tact, and regulates membrane growth, composition and targeting
(Mobius, Patzig, Nave, & Werner, 2008; Fjorback, Muller, & Wiborg,
2009; Werner et al., 2013; Formoso, Garcia, Frasch, & Scorticati, 2016;
Patzig et al., 2016; Honda et al., 2017). In the CNS, M6B is expressed
by neurons, oligodendrocytes, and astrocytes (Yan, Lagenaur, & Nar-
ayanan, 1993; Zhang et al., 2014). MéB has been shown to cooperate
with its paralogs proteolipid protein (PLP) and neuronal membrane gly-
coprotein M6A in regulating membrane growth of oligodendrocytes
(Werner et al., 2013) and neurons (Mita et al., 2014), respectively. Out-
side the nervous system, M6B plays a role in osteoblast differentiation
by regulating actin cytoskeleton, ECM remodeling and cell adhesion
(Drabek, van de Peppel, Eijken, & van Leeuwen, 2011).

2 | MATERIALS AND METHODS

2.1 | Mice

Mice lacking Gpméb (M6B™") were previously described (Werner et al.,
2013). All experiments were performed in compliance with the relevant
laws and institutional guidelines, and were approved by the Weizmann

Institute’s Animal Care and Use Committee.

2.2 | Real time polymerase chain reaction (RT-PCR)

Total RNA was isolated from mixed dorsal root ganglion (DRG) cultures,
DRG neurons, or Schwann cells using TRI-reagent (Sigma, Rehovot,
Israel). Sciatic nerve RNA was obtained from freshly dissected P1-P7
wild type rat sciatic nerves. cDNA was synthesized using SuperScript Il
(Invitrogen, Life Technologies, Paisley, UK). PCR amplification of M6B
and gliomedin was done using the following primers: gliomedin,
GGGAGCAGCGCGAGGACAG and CTTGGT CACCTTTGGCACCTG;

GATCTGCTCCA; actin  GAGCACCCTGTGCTGCTCACCGAGG  and
GTGGTGGTGAAGCTGTAGCCACGCT.

2.3 | Antibodies

The following antibodies were used: Rabbit antibodies to gliomedin (720;
Eshed et al., 2007), M6B (8547; Werner et al., 2013), BIV Spectrin
(C9831; Yang, Lacas-Gervais, Morest, Solimena, & Rasband, 2004),
NF186 (MNF2; Tait et al., 2000); Rat antibody to Caspr (h190CT; Feinberg
et al., 2010); mouse antibodies to gliomedin (94; Eshed et al., 2005) and
Caspr (275; Poliak et al., 1999). Anti-Syndecan 3 (ab63932), anti-NrCAM
(ab24344), and anti-B-catenin (ab22656) were purchased from abcam,
Cambridge, UK, anti-Pan Na™ channel (K58/35) and anti-ezrin (3c12) from
Sigma Aldrich, anti-Ankyrin G (N106/65) and anti-Necl4 (N244/5) from
NeuroMab, anti-pERM (3141) from Cell Signaling Technology, Danvers,
MA, anti-Nav1.6 (ASC_009) from Alomone Lab, Jerusalem, Israel, and
anti-Pan neurofascin (AF3235) from R&D systems, Minneapolis, MN.

2.4 | Tissue culture methods

Dissociated spinal cord cells were prepared from mice embryos at day
13.5 of gestation as described previously (Golan et al., 2008). Cells
were grown for two weeks in medium (DMEM with 4.5 mg/ml glucose,
10 ng/ml biotin, 50 nM hydrocortisone, 5 pg/ml apotransferrin,
100 pM putrescine, 20 nM progesterone, 30 nM selenium) containing
10 pg/ml insulin, and then for 2-3 weeks in the absence of insulin to
induce myelination. Dissociated DRG myelinating cultures were pre-
pared as described previously (Eshed et al., 2005; Amor et al., 2017).
Cultures of purified mouse DRG neurons were prepared by growing
dissociated DRGs in medium supplemented with 10 uM uridine/10 uM
5'-Fluoro 2'-deoxyuridine (FUDR; Sigma) to eliminate fibroblasts and
Schwann cells as described previously (Eshed et al., 2005). Cultures of
rat Schwann cells grown alone or with purified mouse DRG neurons
were prepared as described previously (Feinberg et al., 2010). For clus-
tering experiments, COS7 transfected with expression plasmids con-
taining mouse Mé6B (splice isoform aTMDw; Werner et al., 2013), or
Necl4-myc/his (Spiegel et al., 2007) either alone or with gliomedin.
Media containing 0.5-1 pg/ml of the NF186Fc or human Fc
together with Cy3-conjugated anti-human-Fc antibody (Jackson
Laboratories, West Grove, PA), were incubated with the transfected
cells for 30 min at room temperature. Unbound proteins were
removed by three washes with phosphate buffered saline (PBS) and
the cells were fixed with 4% paraformaldehyde (PFA) and used for
immunolabeling (see below). Production of Fc fusion proteins con-
taining the extracellular domain of gliomedin (Gliomedin-Fc; residues
49-543), its collagen like domain (COL-Fc; residues 49-294), or the
olfactomedin domain (OLF-Fc; residues 288-543) was done as
described previously (Eshed et al., 2007).

2.5 | Pulldown and Western blot analysis

For pull-down experiments, HEK293 expressing M6B were lysed using
a buffer containing 50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EGTA,
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10% glycerol, and 1% Triton X-100 (Tx100), supplemented with a pro-
tease inhibitors mixture (Sigma-Aldrich). Cleared lysates were incubated
with Fc-fusion proteins bound to protein Sepharose-A beads for 12 hr
at 4°C. Beads were subsequently washed twice with ice cold PBS con-
taining 0.1% Tx100 and once with PBS. Proteins were eluted from the
beads using sodium dodecyl sulfate (SDS) sample buffer in 40°C for
1 hr. Samples were resolved by SDS-PAGE on 12% polyacrylamide SDS
gels and transferred to a polyvinylidene fluoride membrane. Western

blot analysis was performed as described previously (Amor et al., 2014).

2.6 | Immunofluorescence and electron microscopy

Teased sciatic nerves and frozen optic nerve sections were prepared as
described previously (Amor et al., 2017). Slides (either tissues or cul-
tured cells) were post fixed with cold methanol, washed with PBS and
incubated with blocking solution (5% fish skin gelatin or normal goat
serum and 0.1% Triton X-100, in PBS) for 1 hr at room temperature.
Samples were incubated at 4°C with the mixture of primary antibodies
diluted in blocking solution for 12 hr, washed with PBS, incubated for
45 min at ambient temperature with fluorophore-coupled secondary
antibodies (Jackson Laboratories, West Grove, PA and Molecular
Probes, Life Technologies, Paisley, UK), and then washed with PBS and
mounted with Elvanol. Fluorescence images were obtained either using
Nikon eclipse E1000 microscope with a Hamamatsu ORCA-ER CCD
camera, or using a Zeiss LSM700 confocal microscope. Images were
acquired and processed using the Zen2012 software (Carl Zeiss). For
electron microscopy, sciatic nerves were exposed and fixed with 4%
PFA, 2.5% glutaraldehyde, and 0.1M sodium cacodylate pH 7.4 in PBS
for 40 min. Nerves were then removed and incubated over-night in the
same fixative. Samples processing was carried out as previously
described (Novak et al., 2011). Sections were imaged using a Philips

CM-12 transmission electron microscope.

2.7 | Experimental design and statistical analysis

MéB-positive NaCh clusters in P2, P5, and P7 sciatic nerve were quan-
tified from confocal microscope images. A total of 423, 560, and 329
nodes from P2, P5, and P7, respectively, were counted (3 mice per
age). Quantification of nodal protrusion was carried out using longitudi-
nal electron microscopy images in a double-blinded manner by two
separate persons. Total of 90 mutant and 60 wild type nodes were ana-
lyzed at P15, and 81 mutant and 59 wild type nodes were analyzed at
P75. The percent of nodal protrusions was calculated from the average
percentage of three P15 or six P75 animals from each genotype. Statis-
tical significance was determined using the student’s two-tailed t test,
or 2-way ANOVA.

3 | RESULTS
3.1 | Glycoprotein Mé6B is present at PNS nodes of
ranvier

We have recently identified MéB in a screen for proteins that are pres-

ent in non-myelinated neuronal membrane domains (Redmond et al.,
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FIGURE 1 M6B is localized at the nodes of Ranvier. (a-c) Teased
rat sciatic nerves immunolabeled with antibodies to M6B and myelin
associated glycoprotein (MAG) (a), gliomedin (Gldn) (b), and Caspr (c).
Insets show magnification of the indicated node in each panel. (d-e)
Teased rat sciatic nerves immunolabeled with antibodies to Mé6B and
Na™ channels (NaCh). The single and merged channels are shown in
d. Pulling of the nerves during teasing (e) results in separation
between the NaCh-labeled nodal axolemma (arrows) and the glial
microvilli (arrowhead). (f-h) Teased sciatic nerves isolated from adult
rat (f), wild type mice (mWT) (g), or mice lacking Gpméb (mKO) (h)
immunolabeled with antibodies to MéB and Caspr. Asterisks mark
non-specific immunoreactivity of M6B at the paranodes. Scale bars:
5 um [Color figure can be viewed at wileyonlinelibrary.com]

2016). To examine the localization of MéB in peripheral nerve, we
double-labeled teased rat sciatic nerve using antibodies to MéB and
myelin-associated glycoprotein (MAG; to mark non-compact myelin),
gliomedin (to mark the glial aspect of the nodes), Caspr (to mark the
paranodal junction), or to Na* channels (to mark the nodal axolemma;
Figure 1a-d). In these nerves, M6B immunoreactivity was concentrated
and colocalized with gliomedin at the nodes of Ranvier. Labeling of
pulled nerve preparations using antibodies to Na™ channels and MéB
revealed that MéB is present at the glial, but not the axonal aspect of
the nodes (Figure 1e). In contrast to rat tissue, M6B immunoreactivity
in teased mouse sciatic nerve was detected in both the nodes of Ranv-
ier and sometimes at the paranodal Schwann cell loops (Figure 1f-g).
However, the latter was still present in nerves isolated from mice lack-
ing M6B, indicating that it should be considered as a non-specific back-
ground of the antibody (Figure 1h).

To examine whether Mé6B is also present at nodes in the CNS, we
co-labeled cryosections of spinal cord containing the attached spinal

roots using antibodies to Mé6B, gliomedin and pan-neurofascin (the
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FIGURE 2 M6éB is specific to PNS nodes. (a) Sections of rat spinal cord with attached nerve roots were immunolabeled with antibodies to
MéB, gliomedin (Gldn) and pan-Neurofascin (Nfasc). A stippled line marks the boundary between the nerve root (N) and the spinal cord
(SC). Higher magnification of the boxed areas is shown on the right of each panel. Arrowheads mark the location of the nodes. (b) Optic
nerve sections immunolabeled with antibodies to M6B, Na* channels (NaCh), and Caspr. The nodes are marked by arrowheads. (c and d)
Myelinating mouse spinal cord (c) and mixed DRG cultures (d) immunolabeled with antibodies to MéB, Caspr and myelin basic protein
(MBP). Mé6B is absent from nodes (arrowheads) and heminodes (asterisks) in CNS cultures, but is present at the nodes (arrows) in PNS cul-
tures. Scale bars: a, 10 um; b-d, 5 um [Color figure can be viewed at wileyonlinelibrary.com]

latter labels both nodes and paranodal junction; Figure 2a). Immunolab-
eling of gliomedin was used to distinguish PNS from CNS tissue, since
gliomedin is only present at PNS nodes (Eshed et al., 2005). MéB co-
localized with gliomedin at nodes of Ranvier in the spinal nerve roots
but was detected neither in the spinal cord (Figure 2a) nor in the optic
nerve (Figure 2b). Similarly, nodal MéB immunoreactivity was detected
in myelinated cultures prepared from DRG, but not from spinal cord
(Figure 2c,d). These results demonstrate that while in the CNS M6B is
part of the compact myelin (Werner et al., 2013), in peripheral nerves it

is a major component of the nodes of Ranvier.

3.2 | M6B is a Schwann cell component of the node

To determine the cellular origin of M6B in PNS nodes, we immunola-

beled cultured Schwann cells using antibodies to MéB and B-catenin

(Figure 3a) or ezrin (Figure 3b,c). M6B was enriched in B-catenin-
labeled membrane protrusions that often bridge two adjacent Schwann
cells. M6B was present along the entire length of these cellular pro-
trusions including their distal tip, an area that extended beyond the
proximal part that contained ezrin (Figure 3c). RT-PCR analysis
revealed that M6B transcript is expressed by cultured Schwann cells,
but not by DRG neurons (Figure 3d). To further examine whether
the nodal MéB is of Schwann cell origin, we prepared myelinating
cultures using different combinations of DRG neuron and Schwann
cells isolated from wild type and Gpméb null mice (Figure 3e). M6B
was present at the nodes of Ranvier in cultures containing Gpméb
null neurons and wild type Schwann cells, similarly to the ones com-
posed of both wild type neurons and Schwann cells. Altogether,
these findings suggest that MéB is a glial component of the PNS
nodes.
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FIGURE 3 M6éB is a glial component of the node. (a-c) M6B is present in Schwann cell protrusions. Cultures of rat Schwann cells labeled
with antibodies to MéB and B-catenin (a), or ezrin (b and c). Schwann cells nuclei are labeled with Dapi. Higher magnifications of the boxed
areas are shown in the inset in each panel. (c) Higher magnification of the dotted area in b. Arrowheads mark the presence of MéB at the
edge of ezrin-labeled cell processes. (b) RT-PCR analysis of mRNA isolated from mixed rat (rDRG) or mouse (MDRG) DRG cultures, isolated
rat DRG neurons (rNeu) or Schwann cells (rSC) using primers for M6B, gliomedin (Gldn) or actin. The location of size markers (in bp) is
shown on the right. (c) Myelinating cultures prepared from wild type DRG neurons (WTneu) and rat Schwann cells (WTrSC) (upper panels),
Gpméb null DRG neurons (KOneu) and Gpméb null Schwann cells (KOSC) (middle panels), or Gpméb null DRG neurons (KOneu) and wild type
rat Schwann cells (WTrSC). Cultures were immunolabeled with antibodies to M6éB, Caspr and MBP. Scale bars: a and b, 10 um; c, e, 5 um

[Color figure can be viewed at wileyonlinelibrary.com]

3.3 | M6B appears at heminodes during development

The assembly of PNS nodes involves initial clustering of the nodal com-
plex at heminodes followed by a convergence of two heminodes and
the formation of mature nodes (Feinberg et al., 2010). In myelinating
cultures M6B was present at both heminodes and mature nodes that
were flanked by two Caspr-labeled paranodes (Figure 4a). To better
understand the role of M6B in peripheral nerves, we examined its
expression and distribution during the development of peripheral
nerves. M6B transcript was detected in the sciatic nerve by RT-PCR
already at P1 before nodes are formed, and continued to be expressed
after mature nodes are formed at P7 (data not shown). However,
immunolabeling of sciatic nerves using antibodies to MéB and Na*
channels revealed that while MéB is present in the majority (95%) of
nodes at P7, only 59% and 71% of the nodal clusters contained M6B

at P2 and P5 respectively (Figure 4b,c). These results demonstrate that
while M6B could be detected at heminodes, it appears after the initial

nodal complex has been assembled.

3.4 | Nodes of Ranvier are assembled in the absence
of M6B

The late appearance of M6B at nodes suggests that it may not be
required for the initial clustering of the nodal complex. To examine
whether this is the case, as well as whether M6B is required to main-
tain nodal clusters once they are formed, we examined the distribution
of various nodal components in sciatic nerves of Gpméb~’~ mice
(Werner et al., 2013). As depicted in Figure 5a, the localization of nodal
transmembrane proteins (NF186, NrCAM, and Nav1.6), intracellular
cytoskeletal adapter proteins (Ankyrin G and BIV Spectrin), or glial
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FIGURE 4 M6B is present at developing nodes. (a) Images of myelinated mouse DRG neurons/Schwann cell cultures immunolabeled with
antibodies to Mé6B, Caspr and MBP. M6B is present at both mature nodes (upper panels), as well as at heminodes (bottom panels). (b and c)
Immunofluorescence labeling (c) and quantification (b) of 2-, 5-, and 7-day-old rat sciatic nerve with antibodies to MéB and Na™ channels
(NaCh). Arrowheads mark the location of Na™ channels-containing nodes lacking M6B. The number of Na* channels clusters containing
M6B increased with age (P2 = 423, P5 = 560, P7 = 329 nodes from three animals; *P < .05, ***P < .0001). Error bars indicate SEM. Scale

bars: 10 um [Color figure can be viewed at wileyonlinelibrary.com]

proteins (phosphorylated ERM and gliomedin) was similar to wild type
nerves. Furthermore, we did not register any significant difference in
the nodal gap length between Gpméb ™/~ and wild type mice (Data not
shown). Since node formation depends on both heminodal clustering
and paranodal restriction mechanisms (Feinberg et al., 2010; Labasque
et al, 2011), the apparent normal nodes observed in sciatic nerves
from Gpméb™’~ mice could eventually form in spite of a potential
abnormal clustering of heminodes similar to what was observed after
genetic deletion of gliomedin, NrCAM (Feinberg et al., 2010), or 3-DG
(Colombelli et al., 2015). To examine this possibility, we made use of
myelinating cultures, which allow better analysis of the early steps in
node formation. Immunolabeling of mixed myelinating cultures of
embryonic DRGs isolated from Gpméb ™/~ and wild type mice revealed
that all the examined components (i.e., NF186, NrCAM, NaCh, AnkG,
BIV Spectrin, pERM, and gliomedin) were present at heminodes in both
genotypes (Figure 5b). These results indicate that MéB is not essential

for the clustering of Na™ channels at the nodes of Ranvier.

3.5 | M6B interacts with gliomedin

The nodal axonal complex containing ion channels and cell adhesion

molecules interacts with a network of transmembrane glial proteins

and ECM components that is thought to stabilize it and ensure salta-
tory conduction (Eshed-Eisenbach & Peles, 2013; Rasband & Peles,
2015). Given the precise co-localization of MéB and gliomedin, we set
out to investigate whether they physically interact. A soluble protein
containing the extracellular domain (ECD) of gliomedin fused to human
Fc, but not the Fc alone pulled down MéB from transfected HEK-293
cells (Figure 6a,b). To further map the protein module in gliomedin that
interacts with MéB, we used Fc-fusion proteins containing its olfacto-
medin domain (OLF), which binds NF186 and NrCAM (Eshed et al.,
2005; Eshed et al., 2007; Labasque et al., 2011), or its collagen-like
domain (COL) which mediates its interaction with Schwann cell ECM
(Eshed et al., 2005; Eshed et al., 2007; Labasque et al., 2011). MéB was
pulled down with gliomedin ECD and OLF domains, but not with the
COL domain (Figure 6c,d), indicating that gliomedin interacts with MéB
through its olfactomedin domain. Interestingly, the soluble extracellular
domain of gliomedin did not bind to cells expressing MéB (data not
shown), suggesting that the interaction between these two proteins
occurs when both are present on the same membrane (i.e., in cis). In
accordance, a soluble Fc-fusion protein containing the extracellular
domain of NF186 (NF186-Fc) clustered Mé6B, but not Necl4 in COS7
cells co-expressing gliomedin (Figure 6ée,f). In contrast, M6B was not

co-clustered upon aggregation of Necl4 with a soluble Necl1-Fc (Figure
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FIGURE 5 Nodes of Ranvier and heminodes are formed in the absence of MéB. Teased sciatic nerves (left panels) or mixed myelinated
DRG cultures (right panels) prepared from wild type (WT) or Gpméb null (M6B~/~) mice were immunolabeled using antibodies to Caspr (to
mark the paranodes), MBP (to mark compact myelin), and to various nodal proteins as indicated; phosphorylated ERM (pERM), gliomedin
(Gldn), neurofascin 186 (NF186), NrCAM, Na* channels (NaCh), ankyrin-G (AnkG), and BIV-Spectrin (bSpec). Scale bars: 5 um [Color figure

can be viewed at wileyonlinelibrary.com]

6g). NF186-Fc did not bind M6B expressing cells (data not shown),
indicating that clustering of MéB (Figure 6e) is mediated by its binding
to gliomedin. Taken together, these results suggest that MéB interacts
with gliomedin at the microvilli, and that the M6B/gliomedin complex
further contributes to the formation of the multi-protein nodal network
by binding both glial NrCAM and axonal NF186.

3.6 | M6B KO mice exhibit an increased number of
nodal protrusions

The localization of M6B in Schwann cell microvilli has prompted us to
examine the morphology of the nodes of Ranvier in Gpméb™’~ mice by
transmission electron microscopy. Longitudinal (Figure 7a,c) and cross
(Figure 7b,d) sections of sciatic nerve revealed that the nodal axolemma
was contacted by Schwann cell microvilli in both genotypes. However,
compared with wild type nerves, Goméb~’~ nodes exhibited a signifi-
cant frequency of axonal protrusions that often contained vesicles and
enlarged mitochondria (Figure 7c,d). These nodal protrusions were of
different widths, ranging from wide membrane bulges that encom-
passed the entire nodal gap (Figure 7g,h) to thin finger-like protrusions

(Figure 7ij). The number of nodes showing membrane abnormalities in

Gpméb /" mice range from 30%-40% compared with 10% abnormal-
ities that were observed in wild type mice (Figure 7e,f). There was no
statistically-significant increase in the number of nodal protrusion
detected with age. The pronounced expansion of the nodal axolemma
in Goméb~/~ mice suggests that the presence of M6B at the Schwann
cell microvilli preserves the structural integrity of peripheral nodes of

Ranvier.

4 | DISCUSSION

The nodes of Ranvier in peripheral nerves are contacted by microvilli
arising from the outer collar of the Schwann cells that myelinate the
flanking internodes (Hildebrand, 1971; Ichimura & Ellisman, 1991).
These microvilli develop from early glial processes that contacts the
nodal axolemma, and hence were suggested to mediate axon-glia inter-
actions necessary for the clustering of Na* channels and the assembly
of the nodes of Ranvier (Melendez-Vasquez et al., 2001). In agreement,
disruption of Schwann cell microvilli impairs heminodal clustering of
these channels (Feinberg et al., 2010; Colombelli et al., 2015). In addi-
tion to their role in the initial clustering of Na™ channels, a continuous

axoglial interaction mediated by binding of microvillar gliomedin and
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FIGURE 6 M6B interacts with gliomedin. (a) Pulldown of M6B by the extracellular domain of gliomedin. Lysates of HEK-293 cells express-
ing M6B were incubated with a fusion protein containing the extracellular domain of gliomedin fused to human Fc (ECD), or the Fc protein
alone (Fc). Bound proteins were resolved by SDS-gel and subjected to Western blot analysis using an antibody to MéB. (b) Western blot
analysis using protein A-HRP showing the presence of the Fc-fusion proteins used for pulldown. (c) A similar pulldown experiment using Fc-
fusion proteins containing the entire extracellular domain of gliomedin (ECD), its olfactomedin domain (OLF), or its amino terminal region
containing the coiled-coil and the collagen domains (COL). (d) Western blot analysis using protein A-HRP showing the presence of the Fc-
fusion proteins used for pulldown. (e-g) Clustering of gliomedin by NF186-Fc induces aggregation of M6B. COS7 cells expressing gliomedin
and M6B (e), gliomedin and Necl-4 (f), or M6B and Necl4 (g) were incubated with Cy3-coupled NF186-Fc (e and f) or Necl1-Fc (g) before
fixation and immunolabeling with antibodies to Mé6B or Necl4 as indicated. Dapi was used to label the nuclei. Note that gliomedin clustering
by NF186-Fc induced co-clustering of Mé6B but not of Necl4. Higher magnifications of the boxed areas are shown in the inset in each panel.
Scale bar: 10 um [Color figure can be viewed at wileyonlinelibrary.com]

glial NrCAM to axonal NF186 is required for the long-term mainte-
nance of these channels at the nodes of Ranvier (Amor et al., 2014).

In the present study, we have identified glycoprotein MéB as a
Schwann cell microvilli component of peripheral nodes of Ranvier. This
conclusion is based on the following observations: (1) co-localization of
M6B with microvilli proteins such as gliomedin at both heminodes and
mature nodes, (2) the presence of M6B immunoreactivity in the glial
aspect of pulled sciatic nerve preparation, (3) its localization at ERM-
positive membrane processes and cell-cell contacts in cultured
Schwann cells, (4) the respective presence and absence of MéB tran-
script in isolated Schwann cells and sensory neurons, and (5) the
appearance of MéB at the nodes of Ranvier in cultures consisting of
wild type Schwann cells and Gpméb™~/~ neurons. M6B was detected at
nodes in sciatic nerve, as well as in sections of dorsal and ventral roots
(data not shown), demonstrating that it is present at nodes of Ranvier
in both sensory and motor nerves. In contrast, M6B was completely
absent from the nodes in the CNS (i.e., optic nerve and spinal cord).
While M6B is a constituent of compact myelin in the CNS (Werner
et al., 2013), in the PNS it is present in the Schwann cell microvilli,
which represent a unique compartment that is devoid of the proteins

of compact myelin. This may suggest the existence of mechanism that

sort Mé6B to the microvilli similar to other microvilli components such
as ERM and syndecan. Notably, such a mechanism is likely distinct
from the one employed by gliomedin, which requires the nodal
adhesion molecules NF186 and NrCAM (Feinberg et al., 2010). In
accordance, we found that MéB is still present at the nodal microvilli
in sciatic nerve of mice lacking gliomedin or NrCAM (data not
shown). The identification of MéB as a nodal component may also
be of clinical significance given the presence of autoantibodies to
nodal and paranodal proteins in Guillain-Barre syndrome and chronic
inflammatory demyelinating polyneuropathy (Stathopoulos et al.,
2015). One hypothesis based on our results is that autoantibodies to
M6B may cause an increase in the nodal axolemma surface and a
slower nerve conduction (Arancibia-Carcamo et al.,, 2017; Delmont
et al., 2017).

Previous observations in both peripheral and central nodes demon-
strated the existence of compensatory and functionally overlapping
nodal gap components (Feinberg et al, 2010; Susuki et al., 2013;
Colombelli et al., 2015). At the nodal gap, MéB localizes with several
cell adhesion molecules, proteoglycans and ECM components. These
proteins are engaged in multiple interactions that regulate the forma-

tion and maintenance of the nodes of Ranvier (Feinberg et al., 2010;
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FIGURE 7 Absence of MéB results in abnormal nodal morphology. (a-d) EM images of longitudinal (a and c) and cross-sections (b and d)
of sciatic nerves of 2.5-month-old wild type (WT; a and b) and Gpméb null (M6B~/~) showing nodes of Ranvier. (e and f) The number of
nodal protrusions was significantly higher in Gpméb null (M6B~/") than in wild type (WT) at P15 (e) and P75 (f) (E: WT = 90 nodes, M6B~/
~ = 60 nodes from three mice of each genotype; f: WT = 59 nodes, M6B~/~ = 81 nodes from six mice of each genotype; *P < .05,

***P < ,0001). Error bars indicate SEM. Using two-way ANOVA, revealed that the increase in nodal protrusion with age is not statistical
significant. (g-j) Additional images showing nodal protrusions observed in sciatic nerves of M6B~/~ mice. Inset in j shows a higher magnifi-
cation of the dotted box. The presence of mitochondria is marked by asterisks. Scale bars: a-d, 1 pm; g-j, 0.5 um; j inset, 0.25 um [Color

figure can be viewed at wileyonlinelibrary.com]

Colombelli et al., 2015). M6B is a novel part of this interaction network
by binding the olfactomedin domain of gliomedin, which also mediates
the interaction of the latter with both NF186 and NrCAM (Eshed
et al.,, 2005). Interestingly, disruptive mutations in this domain results
in Arthrogryposis multiplex congenita in humans (Maluenda et al.,
2016). Furthermore, M6B may serve as a link between a microvilli
adhesion complex that consists of gliomedin, NrCAM, dystroglycan
and perlecan to the cytoskeleton by binding to ERM proteins (Coffey
et al., 2009) that are present in the Schwann cell microvilli (Melen-
dez-Vasquez et al., 2001; Scherer et al., 2001). Our data suggest that
the interaction between M6B and gliomedin occurs in a cis manner,
i.e., with both proteins present on the same membrane. This is remi-
niscent of the mode of interaction between gliomedin and NrCAM
on the Schwann cell microvillar membrane (Feinberg et al., 2010).
However, while the expression of NrCAM at the Schwann cell micro-
villi is a prerequisite for the accumulation of gliomedin (Feinberg
et al., 2010), the interaction between M6B and gliomedin is not nec-
essary for the localization of the latter at the axoglial interface. This

conclusion is also supported by the observation that Mé6B appeared

at heminodes after gliomedin and Na® channels. Similarly, and in
contrast to gliomedin, which is required for the clustering of Na*
channels (Feinberg et al., 2010; Amor et al., 2014), M6B is neither
necessary for the initial clustering of these channels at heminodes
nor for their presence at mature nodes of Ranvier.

Although Mé6B does not play a predominant role in the assembly
of the axonodal complex (i.e., NF186, AnkG, BIV spectrin and Na*
channels), it is critical for preserving the morphological integrity of
the nodal axolemma. Electron microscopy analysis of longitudinal
sections of sciatic nerves of mice lacking MéB revealed that 30%-
40% of the nodes exhibit membrane protrusions, which varied in
shape and size. These were not distributed symmetrically on the
axonal circumference and were often detected only on one side of
the axon perimeter. Our results suggest that the presence of MéB at
the Schwann cell microvilli is required for the maintenance of the
nodal axolemma. Variation in nodal surface area could result in
increased nodal capacitance and the intracellular axial resistance,
which are expected to result in reduced conduction speed (Aranci-

bia-Carcamo et al., 2017). However, despite the morphological
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abnormality detected, sciatic nerves isolated from mice lacking M6B
showed no significant changes in conduction velocity, amplitude,
duration, and refractory period (data not shown). The lack of
changes in nerve conduction in these animals may be due to the fact
that a large number of nodes appeared normal (60%), as well as the
observation that the nodal protrusions often did not encompass the
entire axolemma. In this regard, it should also be noted that although
pronounced nodal abnormalities were detected by EM, no increase
in the length of the nodes was detected by immunofluorescence
microscopy. Interestingly, nodal protrusions without an overall
change in the length of the nodes were also found in sciatic nerves
of mice lacking dystroglycan, another constituent of the microvilli
adhesion complex which indirectly associates with gliomedin
through perlecan (Colombelli et al., 2015).

How does the presence of M6B on the Schwann cell microvilli
affect the structure of the underlying axonal membrane? Tetraspa-
nin proteins are involved in the formation of various tubular cell
membrane structures including microvilli (Singethan & Schneider-
Schaulies, 2008; Bari et al., 2011). They regulate cell morphogenesis
by altering the membrane curvature, as well as by mediating
membrane-dependent cytoskeletal reorganization. Despite the
absence of sequence homology between members of the proteolipid
family (i.e., PLP, M6A, and M6B) and the tetraspanin family, the
structural similarity is striking, in particular when considering the tet-
raspanin subgroup with two disulfide bridges in the second extracel-
lular loop (Fuchsova, Fernandez, Alfonso, & Frasch, 2009). One of
the most distinctive functional features of proteolopids and tetra-
spanins is their ability to interact with multiple proteins and to form
lateral associations with each other, as well as with other transmem-
brane proteins including cell adhesion molecules, growth factors,
and integrins (Gudz, Schneider, Haas, & Macklin, 2002; Hemler,
2005). The latter is of particular interest as tetraspanins were shown
to regulate integrin-mediated adhesion strengthening, a process
whereby cells become increasingly resistant to detachment after
binding a ligand. Furthermore, M6B could also regulate the forma-
tion of membrane complexes by controlling cellular trafficking as
recently suggested for the serotonin transporter, SERT (Fjorback
et al., 2009). Hence, one possibility to consider is the involvement of
Mé6B in generation of a cell surface complex mediating Schwann
cell-axon signaling that controls membrane structure in axons. Such
a signaling mechanism is likely to affect the underlying submem-
brane axonal cytoskeleton at the nodes. This idea is supported by
the observations showing that mutations in spectrins results in the
formation of membrane protrusions similar to those we detected
here after the depletion of M6B (Lacas-Gervais et al., 2004; Yang
et al., 2004). The possibility that MéB in the glia may affect cytos-
keletal organization within the axon is intriguing and will be the topic
of future research.
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