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Abstract
Neuron-glia interactions at paranodal junctions play important roles in action potential
propagation. Among their many functions, they contribute to the passive electrical properties of
myelinated nerve fibers and actively regulate the polarized distribution of ion channels along
axons. Despite their importance, relatively little is known about the molecules responsible for
paranode formation and function. Paranodal junction formation apparently depends on interactions
among three cell adhesion molecules: caspr and contactin on the axon, and neurofascin 155
(NF-155) on the glial membrane. Using Caspr-null paranodal mutant mice we demonstrate that
loss of paranodal junctions causes failure of NF-155 to partition into lipid rafts, indicating that
proteins located at paranodal junctions have biochemical characteristics of lipid raft associated
proteins. Based on this property of paranodal junctions, we used mass-spectrometry of lipid rafts
isolated from a pure white matter tract (optic nerve) to search for new paranodal proteins. Since
we used a relatively crude biochemical preparation, we identified several hundred different
proteins. Among these, we found all previously described paranodal proteins. Further analysis
based on antibody staining of central and peripheral nerves revealed β-adducin, septin 2, and
sh3p8 as putative paranodal proteins. We describe the localization of these proteins in relation to
other markers of nodes, paranodes, and juxtaparanodes in adult and developing nerve fibers.
Finally, we describe their distribution in dysmyelinating TremblerJ mice, a model for the
peripheral neuropathy Charcot-Marie-Tooth disease.
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Introduction
Myelinated axons are segregated into distinct domains that include the node of Ranvier, its
flanking paranodal and juxtaparanodal regions, and the internode. Each domain is enriched
in a unique set of ion channels, cell adhesion molecules (CAMs), and cytoskeletal and
scaffolding proteins (Susuki and Rasband, 2008). The identification of proteins unique to
each of these domains has shed considerable light on the mechanisms whereby they form
and are regulated. For example, it is now clear that formation of all three domains depends
on neuron-glia interactions initiated through CAMs (Poliak and Peles, 2003; Salzer, 2003;
Schafer and Rasband, 2006). These CAMs in turn bind to cytoskeletal and scaffolding
proteins such as ankyrins, spectrins, 4.1 proteins, and MAGUKs. Finally, these cytoskeletal
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proteins and scaffolds function to recruit and/or stabilize the ion channels necessary for
action potential conduction.

Among these polarized axonal domains, only the paranode regulates the organization of the
other domains. For example, mice lacking the cell adhesion molecules caspr or contactin fail
to form proper paranodal junctions resulting in broadened Na+ channel clusters and
juxtaparanodal proteins invading into paranodal zones (Bhat et al., 2001; Boyle et al., 2001;
Poliak et al., 2001; Rasband et al., 2003; Rios et al., 2003). In the CNS, some evidence
suggests that paranodal junctions initiate the clustering of Na+ channels (Rasband et al.,
1999), and regulate the types of Na+ channels located in myelinated axons (Boiko et al.,
2001). Indeed, one recent report by Zonta et al. (Zonta et al., 2008) demonstrated that
paranodal junctions in the CNS were sufficient to initiate clustering of Na+ channels even in
the absence of nodal neurofascin-186 (NF-186). Despite the importance of these structures,
very little is known about their molecular organization. The CAM neurofascin-155 (NF-155)
located on the paranodal glial membrane participates in trans interactions with the axonal
CAMs caspr and contactin. These proteins are essential for paranode formation and
maintenance since their ablation results in paranodal loops that do not attach to the axon and
can even face away from the axonal membrane (Bhat et al., 2001; Boyle et al., 2001;
Sherman et al., 2005). Paranodal CAMs appear to be stabilized at the paranodal junctions
through interactions with 4.1 proteins. On the axonal side, protein 4.1B binds to caspr
(Denisenko-Nehrbass et al., 2003), while on the glial side protein 4.1G has been reported at
paranodes (Ohno et al., 2006). The binding partner of 4.1G has not been described although
it may be NF-155. 4.1 proteins link to the actin-based cytoskeleton through spectrins and
ankyrins. Recently, we used a biochemical fractionation strategy followed by mass-
spectrometry to identify a specialized paranodal cytoskeleton consisting of αII spectrin, βII
spectrin, and ankyrinB (Ogawa et al., 2006). Taken together, these observations indicate that
despite their important roles in myelinated axons, little is known about the molecular
organization of paranodal junctions.

Here, we report the results of a proteomic analysis of membrane fractions highly enriched in
paranodal proteins. We describe three new paranodal proteins, their localization during
developmental myelination, and their localization in the dysmyelinating mutant mouse
TremblerJ.

Materials and Methods
Animals

Rat and mouse tissues were collected by rapidly dissecting out the tissue after killing
animals with halothane. Caspr-null mice have been described previously (Gollan et al.,
2003) and were kindly provided by Dr. Elior Peles (Weizmann Institute, Israel). TremblerJ
mice were obtained from The Jackson Laboratories. All experiments were performed in
accordance with the National Institutes of Health guidelines for the humane treatment of
animals.

Antibodies
The mouse monoclonal Na+ channel, PanNF, caspr, Kv1.2, and βII spectrin antibodies have
been described previously (Bekele-Arcuri et al., 1996; Rasband et al., 1999; Schafer et al.,
2004; Ogawa et al., 2006). Rabbit anti-ZO-1 was purchased from Invitrogen. Mouse
anti-2′3′ cyclic nucleotide phosphodiesterase (CNPase) was purchased from Sigma. Rabbit
polyclonal β-adducin antibodies have been described (Gilligan et al., 1999) and were kindly
provided by Dr. Diana M. Gilligan (University of Washington School of Medicine). Rabbit
polyclonal anti-septin 2 antibodies were kindly provided by Dr. Shu-Chan Hsu (Rutgers
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University). Rabbit polyclonal and mouse monoclonal anti-sh3p8 antibodies were kindly
provided by Dr. James Trimmer (UC Davis) and purchased from Neuromab
(www.neuromab.org), respectively.

Immunostaining
Immunostaining of optic and sciatic nerves was performed as described by Schafer et al.
(Schafer et al., 2004). The myelin retraction experiment was performed as previously
described (Ogawa et al., 2006).

Isolation of lipid raft and mass-spectrometry
Biochemical analysis of NF-155 solubility and association with lipid rafts was performed as
described (Schafer et al., 2004). We pooled mouse brain membrane homogenates from two
WT mouse and 2 Caspr-null mouse brains for the analysis of NF-155 solubility. For the
preparation of lipid rafts to be analyzed by mass-spectrometry we used ∼80 rat optic nerves.
Mass-spectrometry was performed at the University of Connecticut Health Center as
described (Ogawa et al., 2006).

Results
Lipid rafts are enriched in paranodal proteins

Paranodal neuron-glia interactions are mediated by three different cell adhesion molecules
(CAMs) including axonal caspr and contactin, and the glial 155 kD form of neurofascin
(NF-155). Previous studies have demonstrated that these three proteins are associated with
detergent insoluble protein complexes that float at low densities on sucrose gradients (i.e.
lipid rafts; Schaeren-Wiemers et al., 2004; Schafer et al., 2004). Schafer et al., (2004)
showed that NF-155 acquires these biochemical properties concomitant with the assembly of
the paranodal junction. If an intact paranodal junction is required for recruitment of NF-155
into the lipid raft, then paranodal mutant mice should lack NF-155 in lipid rafts isolated
from their brain membranes. To test this hypothesis, we prepared crude brain membranes
from adult caspr-null (caspr KO) and wild-type (WT) littermate mice. Although these
animals have similar amounts of NF-155 and NF-186 (Fig. 1A), in contrast to WT mice
NF-155 from caspr-null mice was soluble in 1% TX-100 at 4°C (compare insoluble pellet
(P) fractions in Fig. 1A). Furthermore, NF-155 was almost completely eliminated from lipid
raft fractions isolated on sucrose gradients (Fig. 1B). Thus, loss of caspr-dependent
paranodal neuron-glia interactions blocks the recruitment of NF-155 into lipid rafts.

The clear association of NF-155, caspr, and contactin with lipid rafts suggested that isolating
lipid rafts from pure white matter tracts might be an effective method to purify the protein
components associated with paranodes. To this end we collected rat optic nerves, made a
crude membrane homogenate, then isolated the lipid rafts on a sucrose gradient. We pooled
fractions 3-5 (Fig. 1C) and size fractionated the proteins by 1-dimensional SDS-PAGE. The
proteins were then excised from the gel and identified using liquid chromatography/tandem
mass-spectrometry. This analysis resulted in the identification of several hundred different
proteins (table 1 and supplemental table 1). Among these were known paranodal proteins
including caspr, contactin, neurofascin, and protein 4.1B (Supplemental Table 1). We also
identified ankyrinB, αII spectrin, and βII spectrin, consistent with our previous description
of a specialized paranodal cytoskeleton (Ogawa et al., 2006).

In addition to known paranodal proteins, we found myelin proteins (e.g. myelin basic
protein (MBP), myelin associated glycoprotein (MAG), etc.), juxtaparanodal proteins (e.g.
Kv1.1 and TAG-1), and many other proteins with unknown functions in myelinated nerves
(Table 1). The heterogeneity of proteins identified was not surprising since we also purified

Ogawa and Rasband Page 3

J Neurosci Res. Author manuscript; available in PMC 2010 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.neuromab.org


lipid rafts not associated with paranodal junctions, but derived from oligodendrocytes,
astrocytes, NG2 glia, and axons.

Identification of new paranodal proteins
To identify proteins enriched at paranodes, we next obtained antibodies against proteins
identified by mass-spectrometry. We used these antibodies to immunolabel optic and sciatic
nerves. Among the many antibodies we screened (data not shown) we found β-adducin,
septin2, and sh3p8 as putative paranodal proteins (Table S1). We describe
immunolocalization experiments for each of these proteins below. Evaluation of the many
additional proteins identified by mass-spectrometry will require additional experiments since
not all proteins have readily available antibodies and some antibodies were not of sufficient
quality to determine the distribution of its target antigen.

β-adducin
Adducins facilitate the association of spectrins with actin and are thought to participate in
recruiting diverse proteins to actin filament ends (Bennett et al., 1988; Bennett and Baines,
2001). This function is consistent with the recent identification of a paranodal cytoskeleton
enriched in both αII and βII spectrin (Ogawa et al., 2006). In adult myelinated optic nerve
axons β-adducin staining flanked nodes of Ranvier in paranodal and juxtaparanodal regions.
This distribution is very similar to that observed for βII spectrin (Fig. 2A) and protein 4.1B
(Ogawa et al., 2006). A similar distribution for β-adducin was found in adult sciatic nerve,
with significant colocalization between β-adducin and βII spectrin (Fig. 2B). The paranodal
localization of β-adducin was much more prominent during developmental myelination in
the PNS. β-adducin was clearly enriched at forming paranodal junctions where it colocalized
with Caspr and Kv1 channels (Fig. 2C). At postnatal day 2 (P2), β-adducin was not
detectable, consistent with the fact that in the PNS paranodal junctions mature after Na+
channel clustering (Schafer et al., 2006). However, by P4, clear paranodal β-adducin could
be detected. At P8 and P15 β-adducin was clearly enriched at paranodal junctions where it
colocalized with caspr immunoreactivity. In many fibers, this immunoreactivity extended
into juxtaparanodal domains where it colocalized with Kv1.2 (Fig. 2C).

To begin to identify the function of β-adducin we obtained nervous system tissues from β-
adducin knockout mice (Rabenstein et al., 2005). However, immunostaining of these
animals failed to reveal any paranodal abnormalities (YO and MNR unpublished results).
One possible explanation for this may be compensation by other adducins including α- or γ-
adducin.

Septin 2
Septin 2 is a member of the septin family of cytoskeletal GTP-binding proteins. They have
been reported to participate in many cellular functions including cell division, trafficking of
organelles, and regulation of actin filaments (Kinoshita et al., 2002). Previous proteomic
studies on myelin revealed Septin 7 as a putative paranodal protein (Roth et al., 2006), and
septins 2, 6, and 7 are thought to co-assemble (Kinoshita et al., 2002). We used antibodies
against septin 2 to immunostain adult and developing sciatic nerve. In adult nerves we found
septin 2 enriched at paranodal junctions flanking nodal Na+ channels (Fig. 3A) and
colocalized with paranodal neurofascin (Fig. 3B). Septin 2 immunostaining was restricted to
the paranodal junctions and did not colocalize with juxtaparanodal Kv1 channels (Fig. 3D).
Importantly, we also found high levels of actin enriched at paranodal junctions, consistent
with the reported role of septin 2 in regulating actin filaments (Fig. 3D). A developmental
analysis of septin 2 localization during myelination revealed prominent immunofluorescence
staining at developing paranodal junctions, with the highest levels of septin 2
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immunoreactivity detected at P4 (Fig. 3E). The septin 2 immunoreactivity flanked nodal Na
+ channels, and colocalized with the paranodal proteins caspr and ZO-1.

sh3p8
Sh3p8 (also known as endophilin 2 and sh3gl1) is a protein thought to be involved in vesicle
recycling and endocytosis, and forms complexes with synaptojanin and dynamin I (Ringstad
et al., 1997); dynamin I, clathrin, epsin2, and other vesicular trafficking proteins were also
identified in our screen - see Table S1). Immunostaining of sciatic nerve using antibodies
against sh3p8 revealed a clear paranodal distribution for the protein (Fig. 4A). We
confirmed that two different rabbit polyclonal and mouse monoclonal antibodies against
sh3P8 could label paranodes (data not shown). However, in contrast to septin 2 and β-
adducin, the immunoreactivity was often located on the outer aspect of the Schwann cell
membrane and not just at the paranodal junction (although in many instances the
immunoreactivity colocalized with markers of the paranodal junction e.g. Fig 4A),
suggesting that sh3p8 is found in the Schwann cell. We used antibodies against ZO-1 to
label the paranodal autotypic tight junctions and compared this to the staining pattern for
sh3p8 (compare Figs. 4A and 4B). To confirm the localization of sh3p8 to the Schwann cell
membrane we treated unfixed, teased sciatic nerve fibers using sequential rounds of hyper-
and hypotonic sucrose solutions, to loosen paranodal junctions, followed by enzymatic
digestion by collagenase. This resulted in the retraction of the Scwhann cell membranes
away from the node of Ranvier. Immunostaining demonstrated that the sh3p8
immunoreactivity was displaced from the paranodes after retraction of the Schwann cell
membranes, confirming that sh3p8 is located in the Schwann cell (Fig. 4C). We performed a
developmental analysis of sh3p8 in the sciatic nerve and found that it was restricted to
paranodal regions of myelinating Schwann cells where it flanked Na+ channels or
overlapped (but did not precisely colocalize) with markers of the paranodal junction
including caspr, ZO-1, and 2′,3′-cyclic nucleotide phosphodiesterase (CNPase) (Fig. 4D).
For example, at P4, sh3p8 immunoreactivity did not precisely colocalize with caspr staining
and instead appeared in a more internodal distribution reminiscent of juxtaparanodal
staining. The significance of this redistribution is unknown, but is similar to the
developmental changes in distribution observed for the paranodal cytoskeletal protein ankB
(Ogawa et al., 2006).

Localization of new paranodal proteins in TremblerJ dysmyelinated nerve fibers
TremblerJ (TrJ) mice have been used as a model to study the effects of peripheral nerve
dysmyelination on the organization of ion channels within axonal membrane domains
(Devaux and Scherer, 2005). These mice undergo repeated bouts of demyelination and
remyelination, resulting in Kv1 channels, normally restricted to juxtaparanodes, that can be
found in paranodal regions, suggesting disrupted or improperly formed paranodal junctions
(Devaux and Scherer, 2005). To evaluate the consequence of dysmyelination and paranode
disruption on the localization of β-adducin, septin 2, and sh3p8, we immunostained sciatic
nerves from TrJ mice (Fig. 5). As described, β-adducin was found in both paranodal and
juxtaparanodal domains of WT littermates (Figs. 5A, 5B), whereas septin 2 (Fig. 5C, 5D)
and sh3p8 (Fig. 5E, 5F) were restricted to paranodal regions. In TrJ mice β-adducin could be
found all along the axon, occasionally dramatic enrichment at paranodal or juxtaparanodal
regions could be seen (Fig. 5A). The most pronounced feature of the β-adducin staining was
a clear gap in immunoreactivity at the nodes of Ranvier (Fig. 5B). This gap likely represents
the high density of Na+ channels and its associated cytoskeleton consisting of ankyrinG and
βIV spectrin. Septin 2 staining in TrJ mice revealed that even in paranodal junctions that
were clearly disrupted based on their disorganized caspr immunoreactivity, septin 2
colocalized with caspr. This result suggests that septin 2 strongly interacts with the caspr-
containing paranodal protein complex. Even when Kv1 channels were not detected, septin 2
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could be identified (Fig. 5D). Sh3p8 immunostaining in TrJ mice did not always correlate
well with the detection of paranodal junctions. In many cases, although caspr could be
detected flanking both sides of the node of Ranvier, sh3p8 immunoreactivity was found only
on one side of the node (Fig. 5E, 5F). In some instances, sh3p8 immunoreactivity appeared
in more internodal and juxtaparanodal regions as opposed to paranodal zones, similar to
what was observed during developmental myelination (Fig. 4D).

Discussion
Biochemical fractionation and proteomic analysis of myelinated nerve fibers has been used
successfully to determine the molecular composition of myelin (Taylor et al., 2004; Huang
et al., 2005; Roth et al., 2006). The purpose of the work reported here was to further
fractionate myelinated axons into paranodal and non-paranodal fractions, based on the fact
that paranodal proteins co-fractionate with lipid rafts (Schafer et al., 2004), then use mass-
spectrometry to identify proteins associated with the paranodal junction. We previously used
this strategy successfully to elucidate the existence of a paranodal cytoskeleton consisting of
αII spectrin, βII spectrin, and ankyrinB (Ogawa et al., 2006). We used the rat optic nerve, a
pure white matter tract, as starting material in order to eliminate contamination of our
paranodal lipid raft fractions by post-synaptic densities (PSDs), which also have
biochemical characteristics of lipid rafts (Hering et al., 2003). Despite the absence of PSDs,
we still identified many proteins that are unlikely to be components of paranodal junctions.
This is probably due to isolation of rafts from other cell types and locations in the optic
nerve such as astrocytes and axonal internodes, respectively. Nevertheless, the strategy was
successful since we identified nearly every previously described paranodal junction protein,
as well as three new components: β-adducin, septin 2, and sh3p8. Additional experiments
will be needed to test the many other potential candidate proteins listed in supplementary
table 1 to determine if they are bona fide paranodal proteins.

Among the many proteins we identified, relatively few membrane proteins were represented.
Whether this is a limitation of the methodology, or an accurate picture of the lipid rafts
found in optic nerve is not known. The majority of paranodal junction proteins that have
been described are located in the axon. Very few proteins have been shown to be located on
the glial side of the paranodal junction; to the best of our knowledge, only Neurofascin-155,
protein 4.1G, and stathmin, a microtubule destabilizing protein, have been reported at the
paranodal junction (Tait et al., 2000; Southwood et al., 2004; Ohno et al., 2006), although
several other proteins have been described at the paranodal loops and/or autotypic tight
junctions of oligodendrocytes and/or Schwann cells (Gow et al., 1999; Poliak et al., 2002;
Nie et al., 2003; Southwood et al., 2007); for a review see (Spiegel and Peles, 2002).

Based on the immunofluorescence staining shown here, β-adducin, septin 2, and sh3p8 all
appeared to be present at the paranodal junction, although sh3p8 had a more prominent
distribution consistent with a localization to the autotypic tight junctions of Schwann cells.
A definitive description of their localization will require the availability of more robust
antibodies whose antigens survive the harsh fixation conditions necessary for
immunoelectron microscopy.

In this report we focused primarily on the description of new paranodal proteins and their
localization in mature, developing, and remyelinating nerve fibers. To determine the
function of β-adducin we examined CNS and PNS myelinated nerve fibers from mice
lacking β-adducin (Rabenstein et al., 2005), however we did not observe any paranodal
abnormalities (YO and MNR unpublished results). It is possible that compensation occurs at
the paranodal junction since other adducins are present in the nervous system, and adducins
form heteromers of α- and β- or α- and γ-subunits (Hughes and Bennett, 1995). Recently,
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mice deficient in α-adducin were shown to lack β- and γ-adducin in red blood cells, leading
to hemolytic anemia due to spherocytosis (Robledo et al., 2008). These animals also had
profound CNS abnormalities including hydrocephalus. It will be important to evaluate these
animals for paranode disruption, and to generate mice deficient in both α and β-adducins.
Moreover, adducins are required for membrane stailization in epithelial cells through
spectrin interactions (Abdi and Bennett, 2008). Thus an alternative role for β-adducin might
be to stabilize the paranodal junction. In this case, paranodal phenotypes might only appear
in aged β-adducin null mice.

Septin 2 is thought to be an important regulator of actin dynamics and the cytoskeleton.
Consistent with this idea we showed that paranodal regions of myelinated nerve fibers are
also enriched in actin, which in turn is linked to paranodal membrane proteins through αII/
βII spectrin tetramers and the scaffolding proteins ankB and protein 4.1B (Ogawa et al.,
2006). Mice that fail to form proper paranodal neuron-glia interactions have a disrupted
paranodal cytoskeleton and undergo axon degeneration (Garcia-Fresco et al., 2006). Since
our experiments cannot resolve whether septin 2 is axonal or glial, it is possible that septin 2
contributes to cytoskeleton organization in the paranodal loops of myelinating glia.
However, silencing of septin 2 expression in cultured Schwann cells did not affect cell
morphology. Similarly transfection of myelinating Schwann cells with a nonfunctional form
of septin 2 did not affect the paranodal cytoskeleton (YO and MNR unpublished results).
Future experiments to determine the function of septin 2 will require silencing septin 2
expression during development in axons and separately in Schwann cells.

The enrichment of sh3p8 at paranodal regions of Schwann cells is intriguing since this
protein is thought to be involved in vesicle recycling and endocytosis. However, paranodal
and autotypic tight junctions have not been previously reported to be sites of active vesicle
recycling. Besides the paranodes, we found high levels of sh3p8 and its binding partners in
Schmitt-Lantermann (SL) incisures (YO and MNR unpublished results). Like paranodes, SL
incisures are sites of autotypic tight junctions and cytoplasmic channels that traverse
between adaxonal and abaxonal compartments of the schwann cell. Although it is unclear
whether endocytosis regulates myelin membrane stability, we speculate that the localization
of sh3p8 to paranodes and SL incisures indicates that these may be sites of active membrane
turnover.

In summary, the experiments described here demonstrate that paranodal proteins can be
enriched and identified from lipid raft fractions of myelinated nerve fibers using proteomic
tools like mass-spectrometry. Furthermore, lipid raft domains are thought to be important
sites for signal transduction cascades and cellular signaling events. Our results reveal three
new proteins that may be involved in these paranodal neuron-glia signaling interactions.
However, our experiments also revealed two important limitations of the approach: 1) many
proteins were identified that are not located at paranodes, and 2) when proteins are
confirmed as paranodal proteins, careful follow-up experiments are required to determine
their functions. While the first limitation can be overcome through adding steps to further
purify paranodal proteins (e.g. affinity chromatography or additional fractionation on
density gradients), determining the functions of paranodal proteins will require the concerted
efforts of many neuroscientists utilizing diverse genetic, molecular and cellular methods. To
this end the importance of these junctions for proper nervous system function should be
strong motivation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Paranodal proteins are enriched in lipid rafts. A, Immunoblot analysis of neurofascin
expression in wild-type (WT) and caspr-null (KO) mice. The differential solubility of
NF-155 and NF-186 in 1% TX-100 at 4°C and 37°C demonstrates that NF-155 is soluble in
brain membranes from KO mice. B, Sucrose gradients from caspr WT and caspr KO mouse
brain membranes assayed for NF-155 by immunoblot. NF-155 is absent from the raft
fraction in the Caspr-null rafts. For A and C, brain membrane homogenates from two WT
and two caspr-null mice were pooled, then used to perform the analysis of NF-155 solubility
and association with lipid rafts. C, Silver-stain of proteins found in rat optic nerve lipid rafts;
∼80 rat optic nerves were used to prepare the lipid rafts. Fractions 3-5 were pooled for
subsequent size fractionation by 1-D SDS-PAGE and subsequent analysis by mass-
spectrometry.
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Figure 2.
β-adducin is enriched in myelinated axons at paranodes and juxtaparanodes. A,
Immunostaining of rat optic (A) and sciatic nerves (B) for β-adducin and other node
associated proteins (Na+ channels, caspr, Kv1.2, and βII spectrin). C, Immunostaining of
developing rat sciatic nerve for β-adducin and the indicated node-associated proteins. Scale
bars, 10 μm; the scale bar in B also applies to the panels shown in C.

Ogawa and Rasband Page 12

J Neurosci Res. Author manuscript; available in PMC 2010 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Septin 2 is enriched in myelinated axons at paranodes. Immunostaining of rat sciatic for
septin 2 and Na+ channels to label nodes (A), PanNF to label nodes and paranodes (B), and
Kv1.2 to label juxtaparanodes (C). D, Consistent with septin 2′s reported role in regulating
actin dynamics, immunostaining for actin reveals clear colocalization of actin with caspr.
other node associated proteins (Na+ channels, caspr, Kv1.2, and βII spectrin). E,
Immunostaining of developing rat sciatic nerve for septin 2 and the indicated node-
associated proteins. Scale bars, 10 μm; the scale bar in A also applies to the panels shown in
B, and C.
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Figure 4.
Sh3p8 is enriched in Schwann cells at paranodes. A, Immunostaining of rat sciatic nerves for
sh3p8 and panNF. B, Immunostaining of rat sciatic nerves for ZO1 and panNF suggests
sh3p8 is not a component of autotypic tight junctions. C, Retraction of Schwann cell
membranes demonstrates paranodal sh3p8 is associated with Schwann cells rather than
axons. D, Immunostaining of developing rat sciatic nerve for sh3p8 and the indicated node-
associated proteins. Scale bars, 10 μm; the scale bar in A also applies to B.
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Figure 5.
β-adducin, septin 2, and sh3p8 localization is disrupted in TremblerJ (TrJ) dysmyelinating
mutant mice. A, B, Immunostaining of sciatic nerves in WT and TrJ mice using antibodies
against β-adducin and PanNF (A) or Kv1.2 (B). C, D, Immunostaining of sciatic nerves in
WT and TrJ mice using antibodies against septin 2 and caspr (C) or Kv1.2 (D). E, F,
Immunostaining of sciatic nerves in WT and TrJ mice using antibodies against sh3p8 and
caspr (E) or Kv1.2 (F). Scale bars, 10 μm; the scale bars in A, C, and E apply to B, D, and
F, respectively.
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Table 1

Putative functional classification of the 416 proteins identified by mass-spectrometry

Protein Classification # of proteins Percentage

cytoskeleton/scaffolds 69 16.6

membrane 40 9.6

ER/ribosomal 15 3.6

enzymes 106 25.5

anchor/adaptor 29 7.0

endo/exocytosis 38 9.1

extracellular matrix 7 1.7

motors 15 3.6

other or unknown 96 23.1
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