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Abstract
Multiple Sclerosis (MS) is a CNS disease that includes demyelination and axonal degeneration.
Voltage-gated Na+ channels are abnormally expressed and distributed in MS and its animal model,
Experimental Allergic Encephalomyelitis (EAE). Up-regulation of Na+ channels along demyelinated
axons is proposed to lead to axonal loss in MS/EAE. We hypothesized that Na+ channel β2 subunits
(encoded by Scn2b) are involved in MS/EAE pathogenesis, as β2 is responsible for regulating levels
of channel cell surface expression in neurons. We induced non-relapsing EAE in Scn2b+/+ and
Scn2b−/− mice on the C57BL/6 background. Scn2b−/− mice display a dramatic reduction in EAE
symptom severity and lethality as compared to wildtype, with significant decreases in axonal
degeneration and axonal loss. Scn2b−/− mice show normal peripheral immune cell populations, T
cell proliferation, cytokine release, and immune cell infiltration into the CNS in response to EAE,
suggesting that Scn2b inactivation does not compromise immune function. Our data suggest that loss
of β2 is neuroprotective in EAE by prevention of Na+ channel up-regulation in response to
demyelination.

INTRODUCTION
Multiple Sclerosis (MS) is an autoimmune, inflammatory CNS disease characterized by
demyelination and axonal degeneration (Dutta and Trapp, 2007). Patients experience multiple
symptoms including muscle weakness or paralysis, impaired motor coordination, optic neuritis,
and cognitive dysfunction. Following demyelination in MS, action potential conduction is
significantly impaired or lost. A population of axons then recovers the ability to conduct action
potentials in spite of myelin loss, contributing to clinical remission. In contrast, another
population of axons degenerates in response to demyelination and this process has been
implicated as the primary cause of permanent disability (reviewed in (Bechtold and Smith,
2005; Waxman, 2006)). Neuroprotection is a critical goal in the development of MS therapies;
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if axons are spared, strategies for the promotion of remyelination and restoration of saltatory
conduction can then be initiated.

Evidence is accumulating that intra-axonal accumulation of Na+ leading to Ca2+ overload plays
a major role in neurodegenerative disease (reviewed in (Bechtold and Smith, 2005; Coleman,
2005; Frohman et al., 2005; Smith, 2007; Stys, 2005; Waxman, 2006)). Up-regulation and
diffuse distribution of Nav1.2 along demyelinated axons is proposed to have beneficial effects,
resulting in recovery from conduction block and clinical remission. However, up-regulation
and diffuse distribution of Nav1.6 along demyelinated axons is proposed to lead to Na+ influx
mediated by persistent Na+ current (Burbidge et al., 2002; Herzog et al., 2003; Rush et al.,
2005; Smith et al., 1998), accumulation of intra-axonal Na+, activation of reverse Na+-Ca2+

exchange, accumulation of intra-axonal Ca2+, and activation of damaging injury cascades
(Craner et al., 2004b; Waxman, 2008a, b; Waxman et al., 2004). Consistent with this,
reductions in plasma membrane calcium ATPase isoform 2 (PMCA2) levels of activity lead to
delays in neuronal Ca2+ clearance, neuronal damage, and axonal loss in spinal cord neuronal
cultures (Kurnellas et al., 2005). In contrast, but also in agreement with this hypothesis,
cyclophilin D null mice are neuroprotective in EAE because their mitochondria are able to
more effectively handle elevated Ca2+ (Forte et al., 2007).

Other observations support the hypothesis that Na+ influx through voltage-gated Na+ channels
plays a role in neurodegeneration. Nitric oxide, which is increased in MS lesions, increases the
probability of Na+ channel opening and thus increases the amplitude of persistent Na+ current
in neurons (Bielefeldt et al., 1999; Hammarstrom and Gage, 1999; Li et al., 1998; Rush et al.,
2005). Low doses of Na+ channel blocking agents such as phenytoin and flecanide are
neuroprotective in EAE and MS (Bechtold et al., 2005; Besancon et al., 2008; Dave et al.,
2001; Fern et al., 1993; Hains et al., 2004; Hemmings, 2004; Hewitt et al., 2001; Kapoor,
2008; Kaptanoglu et al., 2005; Lo et al., 2002; Lo et al., 2003; Sareen, 2002; Schwartz and
Fehlings, 2001; Waxman, 2005, 2008b). In addition, pharmacological blockade of Na+

channels reduces secondary injury and increases recovery from trauma following experimental
spinal cord injury (Kaptanoglu et al., 2005), results in protection of retinal ganglion cells and
optic nerve axons in an experimental model of glaucoma (Hains and Waxman, 2005), and
provides a neuroprotective effect in an animal model of hypoxic-ischemic encephalopathy
(Papazisis et al., 2008), suggesting that blockade of persistent Na+ current may be a general
mechanism of neuroprotection.

Neuronal Na+ channel up-regulation and/or redistribution following nerve injury or
demyelination may have both beneficial and detrimental effects, leading not only to recovery
from conduction block, but also to intra-axonal accumulation of Na+ and the initiation of a
cascade of signaling events that ultimately result in axonal degeneration and permanent
disability (England et al., 1991; England et al., 1990; Moll et al., 1991; Westenbroek et al.,
1992). These observations demonstrate that the regulation of cell surface expression and
function of Na+ channels in injured or demyelinated neurons is critical to neuronal survival
and recovery in disease. A complete understanding of these processes is essential for the
development of novel and more effective neuroprotective agents.

We showed previously that deletion of the Na+ channel β2 subunit (encoded by Scn2b) in mice
results in reduced Na+ channel cell surface expression with a corresponding decrease in Na+

current density in both CNS and PNS neurons (Chen et al., 2002; Lopez-Santiago et al.,
2006). In the present study we sought to test the hypothesis that β2 subunits play a role in
axonal degeneration in demyelinating disease via control of Na+ channel expression. We show
that Scn2b−/− mice have attenuated symptoms and reduced axonal degeneration in an animal
model of MS, Experimental Allergic Encephalomyelitis (EAE). Scn2b−/− mice have normal
inflammatory and immune responses in EAE, suggesting that the mechanism of
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neuroprotection in these animals is not immunomodulatory but is a direct effect on axons.
Finally, we show that, while Nav1.2 and Nav1.6 are distributed similarly along demyelinated
axons in wildtype and null mice, Nav1.6 protein expression, which is normally up-regulated
in brain in EAE, is attenuated in Scn2b−/− mice, suggesting that the level of Nav1.6 mediated
current in the demyelinated regions of axons may be reduced compared to wildtype. We
conclude that Scn2b plays a critical role in neurodegeneration and propose that Na+ channel
β2 subunits may provide a novel target for future drug development in neuroprotection.

RESULTS
Scn2b−/− mice display attenuated EAE symptom severity and lethality

We induced EAE in Scn2b+/+ and Scn2b−/− mice using myelin oligodendrocyte glycoprotein
(MOG)35–55 peptide, an induction protocol that produces a chronic, non-remitting disease
course in mice bred on the C57BL/6 genetic background (Chabas et al., 2001; McQualter et
al., 2001). Scn2b+/+ mice (Fig. 1A, filled squares) displayed a disease course in which
symptoms began to present between days 10 to 15 post-injection and rapidly progressed beyond
clinical stage 3 (corresponding to full hind limb paralysis), as assessed by daily scoring of
clinical symptoms using a five-point grading system. In contrast, Scn2b−/− mice (Fig. 1A, open
squares) displayed a significantly less severe disease course, with symptoms also first
appearing between days 10 to 15 post-injection, but with the disease course rarely progressing
past clinical stage 2 (corresponding to hind limb weakness). Control animals of both genotypes,
which received all parts of the EAE induction protocol with the exception of the MOG35–55
peptide, did not display clinical symptoms at any time during the experimental time course, up
to 70 days post-injection (data not shown).

To account for the possibility that differences in observed clinical symptoms were due to
alterations in the timing of symptom onset, rather than to an amelioration of symptom severity,
data were also plotted as mean clinical score assessed at each day post-onset of symptoms (Fig.
1B). Scn2b−/− mice (open squares) displayed a consistent and significant reduction in disease
severity compared to Scn2b+/+ mice (filled squares), consistent with observations made post-
injection (Fig. 1A). Thus, a significant improvement in clinical symptom severity was observed
in the absence of β2, with no observable changes in the time of onset of the disease.

Scn2b−/− mice displayed a significant reduction in EAE-induced lethality. We determined the
percentage of mice able to develop at least stage 1 clinical symptoms (corresponding to a limp
tail) and used this as an indication of the ability of Scn2b−/− mice to develop EAE (Fig. 1C).
Both genotypes were equally susceptible to the onset of EAE; nearly every mouse treated with
the MOG35–55 peptide successfully reached at least clinical stage 1 (96.9% Scn2b+/+ vs. 93.1%
Scn2b−/−). We then determined the percentage of mice reaching end stage during the
experimental time course, with end stage defined as a moribund or dead animal. Only 16.7%
of Scn2b−/− mice reached end stage compared to 53.6% of Scn2b+/+ mice, representing a 31%
decrease in EAE-induced lethality in the absence of β2. This decrease in lethality was also
apparent when survival data were plotted (Fig. 1D), showing a marked decrease in survival of
Scn2b+/+ mice compared to Scn2b−/− mice over time.

Scn2b−/− mice display decreased axonal degeneration in EAE
Axonal loss is a characteristic component of EAE and underlies the development of clinical
symptoms (Bjartmar et al., 2003; Stys et al., 1992; Waxman, 2006). We used transmission
electron microscopy (TEM) to evaluate the extent of axonal degeneration and axonal loss in
Scn2b+/+ and Scn2b−/− mice during EAE. We examined ultrathin cross-sections of optic nerve
from all experimental groups (peptide and control) at 19 days post-injection (dpi) of the
MOG35–55 peptide. At this time point, both genotypes displayed similar clinical symptoms
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(see Fig. 1A). A representative set of electron micrographs is shown (Fig. 2, A–D). To assess
the extent of axonal loss, we quantified the total number of axons per field of view (FOV) in
optic nerve cross-sections from each genotype (Fig. 2E). In control tissues of both genotypes,
optic nerve sections showed normally myelinated, large, medium, and small axons (Stys et al.,
1991). In EAE optic nerve, both genotypes exhibited axonal loss. Scn2b+/+ optic nerves
displayed a 24.0% decrease in total axon number/FOV during EAE (at 19 dpi) compared to
control tissue at the same time point (p < 0.0001). In contrast, Scn2b−/− EAE tissue displayed
only a 6.2% decrease in axon number compared to control at this time point (p = 0.0003). When
total axon numbers/FOV in Scn2b+/+ and Scn2b−/− optic nerves after EAE induction were
compared, a significant difference was also observed, with 24.75% fewer axons in Scn2b+/+

mice than Scn2b−/− (p < 0.0001). There was a small but significant increase in total axon
number/FOV in control tissue for Scn2b−/− optic nerves compared to Scn2b+/+ (p = 0.0002),
suggesting that absence of β2 may decrease normal axonal loss during brain development.

We next quantified the number of axons that were in the process of degeneration for each
genotype using the same set of TEM images (Fig. 2G). Control tissue contained few, if any,
degenerating axons. In contrast, after EAE induction, nerves displayed axonal degeneration,
as well as degeneration of the myelin sheath, characteristic of the disease. As expected, for
both genotypes, there was a significant increase in the extent of degeneration in EAE tissue
compared to control: a 456% increase in Scn2b+/+ and a 274% increase in Scn2b−/− (p < 0.0001
for both). Scn2b+/+ optic nerve during EAE showed an average of 9.3 degenerating axons/
FOV, compared to 5.8 degenerating axons/FOV in Scn2b−/− tissue, representing a 1.6-fold
difference (p < 0.0001). We thus observed a greater extent of pathology in Scn2b+/+ tissue
compared to Scn2b−/−, in spite of similar symptom severity in these mice at this time point (19
dpi). No differences were observed between groups of control nerves, showing that loss of β2
does not induce axonal degeneration in the absence of disease.

We calculated the extent of axonal degeneration as a percentage of total axon number (Fig.
2H); this value was obtained for each image independently and values were then averaged
together for each genotype and condition. This measurement confirmed that observed
differences in degeneration between genotypes were not due simply to the changes in total
axon numbers in Scn2b+/+ vs. Scn2b−/− mice post-EAE induction. Consistent with the results
presented in Fig. 2B, we observed a significant difference in the percentage of axonal
degeneration between genotypes at 19 dpi during EAE. 12.15% of Scn2b+/+ nerves were
determined to be undergoing degeneration, compared to 5.34% of Scn2b−/− nerves; this
represents a 228% difference (p < 0.0001). There was also a significant increase in the level
of degenerating axons after EAE induction in each genotype as compared to control: 623% for
Scn2b+/+ and 286% for Scn2b−/− (p < 0.0001 for both). No differences were observed between
control groups.

Finally, we calculated the percent of axons that were demyelinated or thinly myelinated
(defined by zero, one, or two myelin wraps) in optic nerves of Scn2b+/+ vs. Scn2b−/− mice at
19 dpi (Fig. 2F). We observed an increase in the percentage of demyelinated or thinly
myelinated axons in both genotypes following EAE induction compared to control conditions
(p < 0.0001 for both genotypes). Comparing genotypes, we observed a difference in the
percentage of demyelinated or thinly myelinated axons in EAE: 5.8% of Scn2b+/+ vs. 3.9% of
Scn2b−/− axons (p < 0.0001).

Scn2b−/− mice exhibit normal inflammatory and immune responses to MOG35–55 peptide
To develop symptoms of EAE, animals must be able to successfully mount an inflammatory
immune response to the presence of MOG antigen. Critical mediators of this response include
pro-inflammatory cytokines and activated T cells. A possible explanation for the decreased
EAE pathology observed in Scn2b−/− animals is that Scn2b deletion results in an impaired
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immune response. To test this possibility, we performed experiments to assess the ability of
Scn2b−/− animals to mount an inflammatory immune response to the MOG35–55 peptide.

Fluorescence-activated cell sorting techniques were used to assess populations of peripheral
immune cells in naïve mice and mice induced with the EAE protocol for both genotypes (Fig.
3). Animals were sacrificed at 12 dpi and splenocytes isolated for immediate analysis. In EAE
animals, spleens from both wildtype and null animals were significantly enlarged, as assessed
by visual observation, compared to spleens from animals not exposed to the MOG35–55 peptide
(data not shown). We used cell surface markers to quantify populations of dendritic cells
(CD11c), B cells (CD19) and T cells (CD4 and CD8a). Cells obtained from naïve animals
showed similar population distributions of each of these cell types for both genotypes (Fig.
3A), indicating that resting numbers of peripheral immune cells in the absence of antigen are
not altered as a result of Scn2b deletion. Importantly, cells obtained after EAE induction also
showed similar distributions between wildtype and null mice (Fig. 3B). Finally, we used
Western blot analysis to determine whether splenocytes express Na+ channel α or β2 proteins,
either under naïve conditions or after EAE induction. As shown in Fig. 3C and Fig. 3D, no
immunoreactive β2 or Na+ channel bands (Nav1.1, Nav1.2, or Nav1.6), respectively, were
detected in splenocyte lysates, in contrast to brain membranes. Thus, loss of β2 does not
measurably affect peripheral immune cell populations, either under control conditions or in
the presence of antigen during an inflammatory immune response.

The inflammatory response to MOG in vivo may be modulated by cytokine release. We
therefore examined the ability of splenocytes from Scn2b+/+ and Scn2b−/− animals induced
with EAE to release cytokines in vitro in response to the presence of MOG35–55 peptide. We
used ELISA to quantify levels of cytokine release (Fig. 3E). We monitored IFN-γ to assess
levels of pro-inflammatory/Th1-type cytokines, IL-4 to assess levels of anti-inflammatory/
Th2-type cytokines, and IL-10 to assess levels of regulatory cytokines. In all cases, we found
no significant differences between splenocytes isolated from Scn2b+/+ and Scn2b−/− mice.
These data indicate that the Scn2b null mutation does not result in impairment of the release
of inflammatory mediators in response to antigen.

T cells are critical mediators of the inflammatory process during EAE pathogenesis. EAE is
considered to be a T cell-mediated autoimmune disease model (Kuchroo et al., 2002) and there
is some evidence suggesting a role for Na+ channels in T cells (Khan and Poisson, 1999; Lai
et al., 2000). Abnormal activation of T cells is thus another possible explanation for the milder
symptoms of EAE observed in the null mice. We evaluated the ability of T cells from
Scn2b+/+ and Scn2b−/− mice to respond to the presence of the MOG35–55 peptide in vitro during
EAE induction (Fig. 4). We obtained splenocytes from naïve and EAE-induced Scn2b+/+ and
Scn2b−/− mice at 13 dpi and cultured them with increasing concentrations of MOG35–55
peptide. After 72 h in culture, proliferation was quantified by [3H]-thymidine incorporation
over a 24-hour period. As expected, T cells from naïve animals of either genotype that had not
been previously exposed to the peptide did not display any significant proliferative response.
In contrast, cells from EAE animals (both Scn2b+/+ and Scn2b−/−) exhibited a robust
proliferative response at all concentrations of peptide. The magnitudes of these responses were
similar for wildtype and null cells. Thus, Scn2b deletion does not compromise the ability of T
cells to proliferate in response to antigen and does not result in defects in antigen presentation
or cytokine production that would influence the induction of MOG-specific T cell recall
responses in vitro.

Another critical component of the immune response during EAE is the successful invasion of
immune effector cells into the CNS. We labeled cross sections of spinal cord to visualize the
infiltration of cells into the white matter during EAE (Fig. 5). Microglia are present in the CNS
and can function as macrophages in brain. During EAE, activation of microglia occurs in
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response to injury and/or inflammation and contributes to disease pathogenesis. Na+ channels
have been shown to contribute to microglial activation in MS and EAE and phenytoin reduces
spinal cord infiltrates in mice with EAE by 75% (Craner et al., 2005), thus their diminished
activation in Scn2b−/− mice is a possible explanation for the attenuated symptoms of EAE. The
OX-42 antibody recognizes a shared CD11b/CD11c epitope, the CR3 (C3bi) complement
receptor and thereby labels microglia, macrophages, monocytes and granulocytes. Cells
labeled in the CNS are predominantly microglia (Robinson et al., 1986). In naïve tissue, OX-42
labeling was undetectable in both Scn2b+/+ (Fig. 5A) and Scn2b−/− (Fig. 5B) spinal cord.
During EAE, OX-42 positive cells invaded the white matter in both wildtype (Fig. 5C) and
null (Fig. 5D) tissue. Higher magnification views of individual cells (inset, Fig. 5C and 5D)
show OX-42-positive cells with a characteristic activated morphology, having a rounded cell
body and few or no processes.

T cells are important mediators during EAE; we have already shown that T cell proliferation
in vitro in response to the MOG35–55 peptide is similar in cells isolated from Scn2b+/+ and
Scn2b−/− animals (Fig. 4). Anti-CD3 antibody recognizes the T cell receptor-associated CD3
molecular complex and serves as a marker for T cells (Miescher et al., 1989). Using anti-CD3,
we show that activated T cells are not detectable in naïve white matter isolated from either
Scn2b+/+ (Fig. 5E) or Scn2b−/− (Fig. 5F) mice. During EAE, activated T cells infiltrate into
the spinal cord in both genotypes with similar patterns (Fig. 5G, 5H; higher magnification
views of CD3-positive cells, inset, Fig. 5G and 5H).

Coincident with the first appearance of inflammation and clinical deficits in mice with MOG-
EAE, glial fibrillary acidic protein (GFAP)-positive adult radial glia in spinal cord white matter
undergo mitosis and phenotypic transformation to hypertrophic, stellate astroglia (Bannerman
et al., 2007; Holley et al., 2003; Lee et al., 1990; Tani et al., 1996). These reactive astrocytes
accumulate within and at the margins of EAE/MS lesions and function as antigen presenting
cells, as well as contribute to the synthesis of pro-inflammatory cytokines (Bannerman et al.,
2007; Holley et al., 2003; Lee et al., 1990; Tani et al., 1996). Anti-GFAP staining in
Scn2b+/+ and Scn2b−/− spinal cord is similar under control conditions and in EAE. GFAP-
positive cells in Scn2b+/+ (Fig. 5I) and Scn2b−/− (Fig. 5J) control mice are elongated with
radially oriented processes. In contrast, GFAP-positive cells in Scn2b+/+ (Fig. 5K) and
Scn2b−/− (Fig. 5L) mice in EAE display similar patterns, appearing to have lost their radial
orientation and taken on an enlarged, stellate morphology.

Taken together, these results demonstrate that immune cell infiltration into the CNS during
EAE occurs normally in Scn2b−/− mice, and that there are no significant alterations under
control conditions. Loss of Scn2b does not measurably compromise the ability of the immune
system to mount an appropriate inflammatory response to the presence of the MOG35–55
peptide. It is interesting that Scn2b−/− mice exhibit a lower percentage of demyelinated or thinly
myelinated axons in optic nerve under conditions of EAE compared to wildtype mice, in spite
of a normal immune response to the MOG35–55 peptide. Scn2b is expressed in oligodendrocyte
precursor cells (OPCs) as well as in neurons (Cahoy et al., 2008). Thus, similar to other cell
adhesion molecules expressed by OPCs or axons (Gallo and Armstrong, 2008), β2 may
participate in inhibition of remyelination. This will be the focus of future investigations.

Na+ channel expression levels are altered in EAE
Previous studies have reported changes in Na+ channel expression in EAE and MS; however,
these results were based on immunofluorescence rather than on biochemical methodologies
that measure protein levels and thus may have reflected channel redistribution rather than up-
regulation (Craner et al., 2004a; Craner et al., 2004b). To address this issue, we performed a
series of experiments to investigate changes in protein levels of Na+ channel α and β subunits
in brain and spinal cord under control conditions and in EAE. Fig. 6, upper panel, shows
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changes in Nav1.1, Nav1.2, and Nav1.6 expression in Scn2b+/+ and Scn2b−/− whole brain
homogenates under control conditions and under conditions of EAE. Western blots were then
stripped and reprobed with anti-α-tubulin as a loading control. Our results show that Nav1.6
expression is increased in EAE in Scn2b+/+ brains and that this up-regulation is attenuated in
Scn2b−/− brains (Fig. 6C). In contrast to predictions from previous immunofluorescent studies,
we did not observe increases in overall Nav1.2 expression in brain in EAE in either genotype
(Fig. 6B). We observed that Nav1.1 is increased in EAE in Scn2b−/− null brain but is unaffected
in Scn2b+/+ brain (Fig. 6A). This change in Nav1.1 expression in EAE has not been reported
previously. In Fig. 6, lower panel, we show that β subunit expression in whole brain is not
altered in either genotype under control conditions or in EAE (Fig. 6D–G). Overall, we did not
observe significant changes in any of the β subunits in brain, with the exception of the absence
of β2 in the Scn2b−/− animals.

We next performed Western blot experiments using spinal cord homogenates to determine
whether comparable changes in Na+ channel expression occurred in EAE as shown above (Fig.
7). In contrast to our results in brain, but in agreement with previous reports (Craner et al.,
2004a;Craner et al., 2004b), we observed increased Nav1.2 expression in Scn2b+/+ spinal cord
in EAE (Fig. 7B). Levels of Nav1.2 expression in Scn2b−/− spinal cord did not increase in
demyelinating disease, consistent with our hypothesis that the absence of β2 attenuates Na+

channel up-regulation in EAE. Similarly, we observed increased Nav1.6 expression under EAE
conditions for Scn2b+/+ but not for Scn2b−/− spinal cord, again consistent with our hypothesis
that β2 contributes to this up-regulation in neurons (Fig. 7C). In contrast to the changes in
Nav1.1 expression observed in brain, we observed comparable levels of this channel protein
in spinal cord when comparing control and EAE conditions for each genotype.

Axonal Na+ channel localization is altered similarly in EAE in Scn2b+/+ and Scn2b−/− mice
Diffuse Nav1.2 and Nav1.6 localization along demyelinated axons during EAE has been
reported previously (Craner et al., 2004a; Craner et al., 2004b). We performed
immunofluorescence confocal microscopy using longitudinal frozen sections of optic nerve
(Fig. 8) and spinal cord (Fig. 9) from EAE and control animals to determine whether the
Scn2b null mutation altered this localization pattern. In all panels of Fig. 8 and Fig. 9, anti-
Caspr antibody was used to mark the paranodal regions. In Fig. 8, panels A, E, and I, we show
that Nav1.1 and Nav1.2 are absent from optic nerve nodes of Ranvier in adult wildtype animals
under control conditions. As expected (Boiko et al., 2001; Caldwell et al., 2000; Kaplan et al.,
2001), Nav1.6 is the predominant Na+ channel clustered at the nodal gap. This expression
pattern is not altered by the Scn2b null mutation under control conditions (panels B, F, and J),
as previously demonstrated (Chen et al., 2002). In contrast to a previous report using Biozzi
mice (Craner et al., 2003), we observed the appearance of Nav1.1 at nodes in both genotypes
under conditions of EAE (panels C and D). In agreement with previous reports (Craner et al.,
2004a; Craner et al., 2004b), we observed Nav1.2 and Nav1.6 immunolocalization at nodes as
well as along demyelinated regions of wildtype optic nerve axons and this localization pattern
was similar for Scn2b−/− mice (panels G, H, K, and L). Thus, while the levels of Nav1.1 and
Nav1.6 protein expression are altered in Scn2b null brain compared to wildtype under
conditions of EAE, we did not observe differences in the localization patterns of these Na+

channels between genotypes in optic nerve under control or EAE conditions.

Fig. 9 demonstrates immunolocalization of Nav1.1, Nav1.2, and Nav1.6 in Scn2b null and
wildtype spinal cord under control conditions and in EAE. In both genotypes, under control
conditions, we observed nodal clustering of predominantly Nav1.1 (panels A and B) and
Nav1.6 (panels I and J), with Nav1.2 observed in a sub-population of nodes (panels E and F).
We observed Nav1.1 (panel C), Nav1.2 (panel G), and Nav1.6 (panel K) immunolocalization
at nodes as well as along demyelinated regions in Scn2b+/+ spinal cord in EAE. A similar
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pattern was observed for Scn2b−/− spinal cord in EAE (panels D, H, and L, respectively). Thus,
as observed for optic nerve, the Scn2b null mutation does not alter the pattern of Na+ channel
localization under control or EAE conditions. Taken together, our results suggest that the
absence of β2 alters Na+ channel protein expression levels but does not affect channel
localization in optic nerve or spinal cord axons under control conditions or in EAE.

DISCUSSION
β2 subunits are critical modulators of neuronal Na+ channel cell surface expression and thus,
of excitability. Insertion of newly synthesized Na+ channels into the plasma membrane in
primary neurons is concomitant with α-β2 association (Schmidt et al., 1985; Schmidt and
Catterall, 1986). Scn2b null neurons show a ~50% reduction in the level of functional Na+

channels (Chen et al., 2002; Lopez-Santiago et al., 2006). In Scn2b null optic nerve, the integral
of the compound action potential is reduced and the threshold for action potential generation
is increased, consistent with a reduction in the level of functional cell surface Na+ channels at
nodes of Ranvier (Chen et al., 2002). The present study demonstrates that deletion of Scn2b is
neuroprotective in EAE in vivo. These results are consistent with the idea that axonal sparing
in Scn2b−/− mice is a result of attenuated Nav1.6 upregulation in response to demyelination.
In addition, these results are consistent with the possibility that, in the absence of Scn2b, there
is a reduction in persistent Na+ current produced by other Na+ channel gene products within
the lesions. Previous studies in a heterologous system have shown that the combination of β2
+ β3 increases the level of persistent Na+ current mediated by Nav1.2 expressed in tsA-201
cells while the combination of β1 + β2 has no effect on persistent current (Qu et al., 2001).
Thus, the specific combination of Na+ channel α and β subunits is likely critical to determining
the level of persistent Na+ current in demyelinated axons.

Similar to the mechanism put forth by Waxman and colleagues (Waxman, 2006), we propose
that in Scn2b wildtype and null mice Nav1.2 is diffusely expressed along demyelinated axons
in EAE where it supports recovery from conduction block. Nav1.6 becomes up-regulated along
some demyelinated axons in wildtype mice in EAE and contributes to axonal damage via
mediation of persistent Na+ current followed by accumulation of intra-axonal Na+, activation
of reverse Na+-Ca2+ exchange, and accumulation of intra-axonal Ca2+. We propose that
Scn2b−/− mice are protected from axonal damage during EAE due to attenuation of Nav1.6 up-
regulation along demyelinated axons, thus reducing the harmful effects of the predicted
persistent Na+ current. In addition, the absence of β2 may attenuate the level of persistent
Na+ current mediated by Na+ channels in demyelinated lesions. The observed appearance of
Nav1.1 at optic nerve nodes of Ranvier in EAE in both genotypes, as well as increased
expression of Nav1.1 protein in Scn2b−/− brain during EAE, compared to Scn2b+/+, provide
an intriguing avenue of investigation for future work, as the involvement of Nav1.1 in
demyelination has not been investigated. The level of persistent current generated by Nav1.1
in native optic nerve axons is not known (Lossin et al., 2003; Spampanato et al., 2004; Vanoye
et al., 2006), thus we are unable to predict whether an increase in Nav1.1 expression during
demyelination would lead to axonal degeneration similar to that proposed for Nav1.6. The
reduction in axonal loss observed in Scn2b−/− mice compared to Scn2b+/+ however, suggests
that Nav1.1-mediated Na+ current in the absence of β2 does not activate injury cascades, and
may instead promote recovery from conduction block, as predicted for Nav1.2. Thus, the role
of Na+ channels in demyelinating disease is complex, with relative expression levels of
different channel genes predicted to provide critical modulation of the eventual course of the
disease and extent of pathology. Importantly, our results demonstrate that Scn2b−/− mice have
normal inflammatory and immune responses in EAE, supporting our hypothesis that the
mechanism of neuroprotection in these mice is due to changes in the expression levels of axonal
Na+ channels rather than to immunomodulation. Intriguingly, it was shown previously that
Scn2b mRNA levels are down-regulated at advanced stages of monophasic EAE in rats (Nicot
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et al., 2003). This may represent a compensatory mechanism in neurons to attenuate the
damaging effects of Nav1.6 up-regulation in demyelinating disease and is consistent with the
present results in Scn2b null mice.

Our results suggest a molecular mechanism for the observed pharmacological effects of Na+

channel blocking agents in MS/EAE and may open a novel avenue for therapeutic intervention.
We propose that administration of drugs targeting Na+ channels effectively results in a similar
situation in neurons as loss of β2 – a significant reduction in the level of functional Na+

channels. Deletion of Na+ channel α subunits in mice is lethal (reviewed in (Meadows and
Isom, 2005)). Administration of Na+ channel pharmacological agents (e.g. anti-convulsants,
anti-arrhythmics, and local anesthetics), while effective in MS, can also result in serious
systemic side effects. For example, recent studies have shown that withdrawal of phenytoin
can exacerbate symptoms and result in lethality in the EAE model (Black et al., 2007). Our
approach, in contrast, is novel and opens the possibility that through targeting β2, the level of
cell surface Na+ channel expression can be incrementally and perhaps specifically modulated,
so that in the future safer and more effective therapies for protection against axonal loss
following neuronal injury and/or demyelination may be realized.

EXPERIMENTAL METHODS
Mice

Scn2b+/+ and Scn2b−/− mice were generated in our laboratory on the C57BL/6 genetic
background (Chen et al., 2002), and have been established as congenic strains through repeated
backcrossing to C57BL/6 mice for over 15 generations. All mice used in this study were female
Scn2b+/+ or Scn2b−/− mice bred from congenic Scn2b+/− littermates, between the ages of 12
and 24 weeks of age. All animal procedures were approved by the University of Michigan
Committee on the Use and Care of Animals and mice were housed in the University of
Michigan Unit for Laboratory Animal Medicine.

Induction of EAE
MOG35–55 peptide was synthesized and purified by the University of Michigan Protein
Structure Facility, Ann Arbor, MI or by Auspep, Parkville, Australia. Peptides were tested
between both facilities to ensure that disease progression was identical; individual lots from
each facility were also tested upon receipt. 150 μg of purified MOG35–55 peptide were
emulsified in sterile PBS and complete Freund’s adjuvant (CFA; Difco, Franklin Lakes, NJ),
and supplemented with 4 mg/ml

Mycobacterium tuberculosis (Difco)
100 μl of emulsion, or emulsion lacking peptide (as a control), were injected subcutaneously
into each hind flank of the animal. All animals (peptide and control groups) were immediately
injected intravenously with 350 ng of inactivated pertussis toxin (List Biological Laboratories,
Campbell, CA) in sterile PBS and again after 48 hours. Animals were monitored daily for the
development of clinical symptoms following induction using a five-point clinical scale as
follows: 0: no visible impairment, 1: limp tail, 2: limp tail with hind limb weakness, 3: hind
limb paralysis, 4: ascending paralysis with hind limb paralysis, 5: moribund or death. Animals
in between two stages were given half scores. Animals reaching stage 5 were assigned a score
of 5 for the remainder of the experimental time course. Animals experiencing paralysis were
given water ad libitum, moist chow was placed on the cage floor twice daily, and animals were
hand-fed when necessary.
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Transmission Electron Microscopy
Scn2b+/+ and Scn2b−/− mice (MOG peptide and control groups), at time points post-injection
indicated in the figure legends, were anesthetized and perfused intracardially with 0.1M
Sorenson’s buffer (pH 7.4) followed by 2.5% glutaraldehyde in Sorenson’s buffer. Nerves were
carefully dissected and placed in fresh fixative for a minimum of 2 h, rinsed, and post-fixed in
1% osmium tetroxide. Samples were washed in several changes of buffer, dehydrated with
graded alcohols and embedded in Spurr’s epoxy resin. Semi-thin sections were stained with
1% toluidine blue for morphological examination and to establish orientation. Ultrathin (70
nm) transverse sections were then stained in uranyl acetate/lead citrate. For analysis, one
ultrathin section from each of three mice under control or EAE conditions was examined using
a Phillips CM-100 TEM located in the Microscopy and Image Analysis Laboratory (MIAL),
University of Michigan. A minimum of fifty non-overlapping fields of view (160.4 μm2 per
field of view) from each section were obtained at 7900x magnification. From each image, total
numbers of myelinated axons were counted manually (including both intact and degenerating
axons). In the same images, the number of degenerating axons was counted. The percentage
of degenerating axons was calculated per field of view and values for all fields of view in each
group of mice were averaged. A myelinated axon was defined as an axon wrapped by two or
more layers of myelin. A degenerating axon was defined as a collapsed or delaminated
myelinated axon containing membranous debris. Images were digitally recorded using a Kodak
1.6 Megaplus high-resolution digital camera system. All values are reported as mean ± SEM.
This assessment was first performed by the investigator who prepared the samples and then
was repeated by another investigator who was blind to genotype and experimental condition.
Both investigators calculated similar values.

Splenocyte Culture
Spleens were removed from control and peptide groups of Scn2b+/+ and Scn2b−/− mice at 12–
14 dpi. The spleens were mechanically separated, triturated, and washed to obtain a single-cell
suspension of splenocytes. Red blood cells were lysed and splenocytes washed in HBSS. Cells
were counted and cultured in RPMI supplemented with 5% fetal bovine serum (Invitrogen),
1% penicillin/streptomycin (Invitrogen), 200 mM L-glutamine (Invitrogen), 100 mM sodium
pyruvate (Invitrogen), 10mM non-essential amino acids (Invitrogen) and 50μM β-
mercaptoethanol (Sigma-Aldrich). MOG35–55 peptide was added to all culture wells at a
concentration of 20 μg/ml, with the exception of cultures used for T cell proliferation assays,
which were cultured with varying concentrations of peptide as indicated in the figure.

Fluorescence-activated cell sorting
For surface staining, spleen cells were washed and resuspended at a concentration of 107 cells/
ml in FA Buffer (Difco) + 0.1% NaN3. Fc receptors were blocked by the addition of anti-
CD16/32 (Fc block; BD Pharmingen). After Fc receptor blocking, 106 cells were stained in a
final volume of 120 μl in 12 × 75 polystyrene tubes for 30 min at 4°C. Leukocytes were stained
with the following monoclonal antibodies, according to the manufacturer’s instructions: CD4
(RM4-5), CD8a (53-6.7), CD3 (17A2), CD19 (ID3), CD11c (HL3) (all BD Pharmingen). Cells
were washed twice with FA buffer, resuspended in 100 μl buffer, and 200 μl of 4% formalin
was added to fix the cells. Cells were gated for live cells by forward scatter (FSC) and side
scatter (SSC) before analysis. A minimum of 20,000 events were acquired on a FACSCalibur
flow cytometer (BD Pharmingen) using CellQuest software (BD Pharmingen).

T cell proliferation/ELISA
To assess T cell proliferation, MOG35–55-sensitized spleen cells were isolated from Scn2b+/+

and Scn2b−/− mice as described above and cultured for 72 h in 96-well, round-bottom
microculture plates at a concentration of 5 × 106 cells/ml in 0.2 ml of RPMI-complete medium
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in the presence or absence of 5 – 80 μg/ml MOG35–55 peptide. For proliferation, [3H]-thymidine
(1 μCi/well, MP Biomedicals, Irvine, CA) was added at 72 h, and mean incorporation into
DNA was measured at 96 h by liquid scintillation counting. To measure the levels of Th1 and
Th2 cytokines, MOG35–55-immunized spleen cells (5 × 106/ml) were cultured in RPMI-
complete medium in 6-well plates in the presence or absence of 20 μg/ml MOG35–55 peptide.
After 72 h, cells were recultured in the presence of MOG35–55 peptide in 24-well plates at 1 ×
106/ml. After 24 h, the culture supernatants were collected and assessed for cytokine
production. The levels of Th1 (IFN-γ), Th2 (IL-4) and Th2/Treg (IL-10) cytokines in culture
supernatants were measured by the ELISA OPTEIA (IL-4 and IL-10; BD Pharmingen) or
DuoSet (IFNγ; R&D Systems, Minneapolis, MN) system according to the manufacturer’s
instructions.

Immunofluorescence Microscopy
Spinal cords or optic nerves were dissected from Scn2b+/+ and Scn2b−/− mice (MOG peptide
and control) at the time post-injection indicated in the figure legends. 10 μm cryosections were
generated. Sections were fixed with 4% paraformaldehyde, washed 3 times in 0.05 M
phosphate buffer (PB), and blocked for a minimum of 1 h in PBTGS (0.1M PB, 0.3% Triton
X-100, 10% normal goat serum). Sections were incubated overnight in primary antibody
diluted in PBTGS, followed by incubation in goat anti-mouse, anti-rabbit or anti-rat secondary
antibody as appropriate, coupled to either Alexa 488 (green) or Alexa 594 (red) (Molecular
Probes, Carlsbad, CA) and diluted in PBTGS. Sections were washed three times with 0.1 M
PB after each antibody step. Sections were air-dried and coverslipped using GelMount anti-
fade mounting medium (Biomeda, Foster City, CA). Digital images were collected using an
Olympus FluoView 500 confocal microscope with FluoView software located in the
Department of Pharmacology, University of Michigan, or an Olympus BX51 fluorescent
microscope located in the University of Michigan Microscopy and Image Analysis Laboratory.

Western blot
Scn2b+/+ and Scn2b−/− mice were sacrificed and brains and spinal cords were immediately
removed and stored in ice-cold homogenization buffer. Membranes were prepared as described
previously (Isom et al., 1995). For splenocyte preparations, cells were isolated as described
above and lysed with RIPA buffer. ‘Complete’ protease inhibitor tablets (Roche Diagnostics,
Indianapolis, IN) were included in all solutions at twice the recommended concentration to
prevent Na+ channel degradation. Western blot analysis was then performed as described
(Malhotra et al., 2000; Malhotra et al., 2004) to detect Na+ channel α and β subunit
polypeptides, as described in the figure legends. Briefly, samples were solubilized in SDS-
PAGE sample buffer containing 1% SDS and 500 mM β-mercaptoethanol, heated for 5 min
at 80°C, and separated on 4–15% acrylamide SDS-PAGE gradient gels for α subunit detection
or 10% acrylamide SDS-PAGE gels for β subunit detection. Proteins were transferred to
nitrocellulose and probed with specific antibodies followed by secondary antibodies
conjugated to horseradish peroxidase and visualized using the West Dura or West Femto
enhanced chemiluminescence detection system (Pierce, Rockford, IL). Blots which were re-
incubated with a second primary antibody against α-tubulin (as a loading control) were first
stripped with ReBlot Plus Antibody Stripping Solution (Chemicon, Temecula, CA) according
to manufacturer’s instructions. For quantification of Western blots, densitometric analysis of
bands was performed using NIH ImageJ software. Band density was normalized to α-tubulin
signal for comparison.

Antibodies
Primary antibodies for Western blotting and immunocytochemistry were used as follows: anti-
CD3 (dilution 1:250, BD Pharmingen, San Jose, CA), OX-42 (1:100, BD Pharmingen), anti-
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GFAP (1:500, Molecular Probes, Carlsbad, CA), anti-Nav1.1 (1:100-1:250, NeuroMab, Davis,
CA), anti-Nav1.2 (1:100-1:250, NeuroMab), anti-Nav1.6 (either 1:200 (polyclonal, Western
blotting, Sigma-Aldrich) or 1:200 (monoclonal, immunofluorescence, NeuroMab)), anti-Caspr
(either 1:1500 (polyclonal, Dr. Elior Peles) or 1:500 (monoclonal, NeuroMab)), anti-β1 (anti-
scn1ba1 (Fein et al., 2007)), anti-β2ec (a resynthesis of anti-β2ec antibody previously
characterized in (Chen et al., 2002)), anti-β3 (Chen et al., 2004), anti-β4 (a polyclonal antibody
to β4 was generated against the peptide sequence KKLITFILKKTREKKKECLV used in
(Grieco et al., 2005)), and anti-α-tubulin (1:5000, Cedarlane Laboratories, Hornby, ON).

Statistical Analysis
Data were calculated as mean +/− SEM, compared using the Student’s t-test, and plotted using
GraphPad Prism statistical software. Significant differences were defined as p < 0.05.
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Fig. 1. Scn2b−/− mice exhibit reduced symptom severity and lethality in EAE
Mean EAE clinical score post-injection of MOG35–55 peptide (A) and post-onset of clinical
symptoms (B). Scn2b+/+ (filled squares), Scn2b−/− (open squares). For post-onset data, day 0
represents the first day on which an individual animal displayed clinical symptoms. For (A)
and (B), data points represent the average of clinical scores observed on that day for all animals
(± standard error). Mice reaching end stage were assigned a score of 5 for the remainder of the
experimental time course and included in calculations. (C) Percent of mice reaching stage 1
clinical symptoms and end stage EAE (moribund or death). (D) Survival curve post-injection.
Scn2b+/+ (dotted line), Scn2b−/− (solid line). Data represent combined observations from 5
independent experiments. * : P < 0.005, ** : P < 0.05. For A, C (stage 1) : (n = 32 for
Scn2b+/+, n = 29 for Scn2b−/−). For B, C (stage 2) : (n = 31 for Scn2b+/+, n = 27 for
Scn2b−/−).
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Fig. 2. Scn2b−/− mice display decreased axonal loss, axonal degeneration, and demyelination in
optic nerve in EAE
EAE was induced in Scn2b+/+ and Scn2b−/− mice and optic nerve axons were isolated at 19
dpi. (A–D) Representative transmission electron micrographs of optic nerve cross-sections
from control and EAE mice. (A) Scn2b+/+ and (B) Scn2b−/− control tissue showing numerous,
normally myelinated axons. (C) Scn2b+/+ tissue after EAE induction, displaying extensive
axonal loss, grossly swollen and degenerating axons (arrows), and myelin debris (arrowhead).
Oligodendrocyte (O). (D) Scn2b−/− tissue after EAE induction, displaying degenerating axon
(arrow) and myelin debris (arrowhead) but a lesser extent of axonal loss. Scale bar = 2μM. All
micrographs at 7900x magnification. (E–H) Quantification of data obtained from micrographs.
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(E) Mean number of axons (intact + degenerating) per FOV. (F) Mean percentage of
demyelinated axons (relative to total axon number for each image) per FOV. Axons ensheathed
by zero, one, or two myelin wraps were counted. (G) Mean number of degenerating axons per
FOV. (H) Mean percentage of degenerating axons (relative to total axon number for each
image) per FOV. *: P<0.0001. n = 156 FOV Scn2b+/+ (EAE), n = 158 FOV Scn2b+/+ (control),
n = 162 FOV Scn2b−/− (EAE and control).
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Fig. 3. The Scn2b null mutation does not alter immune cell profiles or cytokine release under control
or EAE conditions
Scn2b+/+ and Scn2b−/− mice under control and EAE conditions display similar populations of
peripheral immune cells. (A) Flow cytometry, naïve animals. Naïve Scn2b+/+ (top) and
Scn2b−/− (bottom) mice display similar populations of immune cells. Representative dot plots
are shown; quadrants are labeled with mean percentages (n = 3). (I) CD11c (dendritic cell) and
CD19 (B cell) populations. (II) CD8a and CD4 T cell populations. (B) Flow cytometry, EAE
animals. Scn2b+/+ (top) and Scn2b−/− (bottom) mice display similar populations of immune
cells at 12 dpi. Cells were pooled from three spleens before single analysis. (I) CD11c (dendritic
cell) and CD19 (B cell) populations. (II) CD8a T cell populations. (III) CD4 T cell populations.
(C,D) Splenocytes do not express Na+ channel proteins. Splenocytes from Scn2b−/− and
Scn2b+/+ mice under naïve and EAE conditions were isolated. Equal aliquots of splenocyte
homogenates or rat brain membranes (as a control) were analyzed using Western blotting. Lane
1: Scn2b+/+ control splenocytes, Lane 2: Scn2b+/+ EAE splenocytes, Lane 3: Scn2b−/− control
splenocytes, Lane 4: Scn2b−/− EAE splenocytes. Molecular weight markers are shown in kdal.
(C) Probe: anti-β2 antibody. Arrow shows immunoreactive Scn2b band. (D) Probe: anti-
Nav1 antibodies against Pan-Na+ channel protein, Nav1.1, Nav1.2, or Nav1.6. (E) Cytokine
release is similar in Scn2b+/+ and Scn2b−/− splenocytes. Splenocytes from Scn2b+/+ and
Scn2b−/− mice at 13 days post-induction displayed similar levels of antigen-stimulated cytokine
release after 72h in vitro following stimulation with MOG35–55 peptide. I: IFN-γ. II: IL-4. III:
IL-10.
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Fig. 4. T cell proliferation in Scn2b+/+ and Scn2b−/− mice
T cells from Scn2b+/+ and Scn2b−/− mice at 13 dpi in EAE display similar levels of proliferation
in vitro in response to the presence of MOG35–55 peptide at varying concentrations. T cells
from naïve mice do not display significant proliferation in response to the presence of peptide.
No proliferation was observed in the absence of peptide in any group. n = 3 for EAE animals,
n = 1 for controls.
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Fig. 5. Cellular infiltration into Scn2b+/+ and Scn2b−/− spinal cord at 19 dpi in EAE. (A–D)
Scn2b+/+ and Scn2b−/− mice display similar extents of microglial infiltration after induction of
EAE and absence of infiltration in control tissue. A, B: Scn2b+/+ (A) and Scn2b−/− (B) control
spinal cord sections, showing an absence of OX-42 immunopositive staining. C, D:
Scn2b+/+ (C) and Scn2b−/− (D) spinal cord cross-sections after EAE induction, displaying
significant increases in microglial infiltration as observed by increased OX-42 (CD11b/c)
immunofluorescence. Inset (in C, D) shows OX-42-positive cells with an amoeboid, activated
morphology. Scale bar, 100μm; inset 20 μm. (E–H) Scn2b+/+ and Scn2b−/− mice display similar
extents of T cell infiltration after induction of EAE, and absence of infiltration in control tissue.
E, F: Scn2b+/+ (E) and Scn2b−/− (F) control spinal cord sections, showing an absence of CD3-
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positive staining. G, H: Scn2b+/+ (G) and Scn2b−/− (H) spinal cord cross-sections after EAE
induction, displaying significant increases in infiltration as observed by increased CD3
immunofluorescence. Inset (in G, H) shows CD3-positive cells. Scale bar, 200μm; inset
10μm. (I–L) Increases in reactive astrocyte numbers in both Scn2b+/+ and Scn2b−/− mice
following EAE induction as compared to controls. I, J: Scn2b+/+ (I) and Scn2b−/− (J) control
spinal cord sections, showing GFAP-positive astrocytes with radial processes around tissue
periphery. K, L: Scn2b+/+ (K) and Scn2b−/− (L) spinal cord cross-sections after EAE induction.
Increased numbers of GFAP-positive astrocytes with stellate morphology and astrocyte
invasion to white matter is visible. Scale bar, 100μm.
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Fig. 6. Expression levels of Na+ channel α and β subunits in Scn2b+/+ and Scn2b−/− brain
Western blots of mouse brain homogenates were probed with antibodies to Nav1.1, Nav1.2 or
Nav1.6, or to β1, β2, β3, or β4. Samples were collected 15 dpi in EAE. Lanes were loaded with
equal amounts of protein; blots were stripped and reprobed with anti-α-tubulin as a loading
control and this signal is shown at ~50 kDa in the bottom gel section in each panel. A: Anti-
Nav1.1. B: Anti-Nav1.2. C: Anti-Nav1.6. (D–G) Scn2b+/+ and Scn2b−/− mice display no
differences in expression levels of Na+ channel β subunits under control or EAE conditions.
β2 was absent in Scn2b−/− brains. No difference in expression of β2 was observed in
Scn2b+/+ tissue under control conditions vs. EAE conditions. D: Anti-β1. E: Anti-β2. F:
Anti-β3. G: Anti-β4.
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Fig. 7. Expression levels of Na+ channel α and β subunits in Scn2b+/+ and Scn2b−/− spinal cord
Western blots of mouse spinal cord homogenates were probed with antibodies to Nav1.1,
Nav1.2, Nav1.6, or β2. Blots were stripped and reprobed with anti-α-tubulin as a loading control
and this signal is shown at ~50 kDa in the bottom gel section in each panel. A: Anti-Nav1.1.
B: Anti-Nav1.2. C: Anti-Nav1.6. D: β2 was absent in Scn2b−/− tissues. No difference in
expression of β2 was observed in Scn2b+/+ tissue under control conditions vs. EAE conditions.
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Fig. 8. Localization of Na+ channel α subunits in optic nerve
Scn2b+/+ and Scn2b−/− mice display alterations in localization of Na+ channel α subunits after
induction of EAE as compared to controls in longitudinal sections of optic nerve. (A–D)
Nav1.1 immunolocalization. A, B: Scn2b+/+ (A) and Scn2b−/− (B) control optic nerves show
an absence of Nav1.1 at the nodal gap. C, D: Scn2b+/+ (C) and Scn2b−/− (D) nerves after EAE
induction display Nav1.1 immunofluorescence along axons as well as at some nodes of Ranvier.
Scale bar, 10μm. (E–H) Nav1.2 immunolocalization. E, F: Scn2b+/+ (E) and Scn2b−/− (F)
control optic nerves do not express Nav1.2. G, H: Scn2b+/+ (G) and Scn2b−/− (H) optic nerves
show diffuse immunofluorescence along demyelinated axons and at nodes. Scale bar, 20μm.
(I–L) Nav1.6 immunolocalization. I, J: Scn2b+/+ (I) and Scn2b−/− (J) control optic nerves
contain clustered Nav1.6. K, L: Scn2b+/+ (K) and Scn2b−/− (L) optic nerves after EAE
induction display Nav1.6 immunofluorescence at nodes of Ranvier as well as along
demyelinated axons. Scale bar, 10μm.
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Fig. 9. Localization of Na+ channel α subunits in spinal cord
Scn2b+/+ and Scn2b−/− mice display alterations in localization of Na+ channel α subunits after
induction of EAE as compared to controls in longitudinal sections of spinal cord. (A–D)
Nav1.1 immunolocalization. A, B: Scn2b+/+ (A) and Scn2b−/− (B) control spinal cords express
Nav1.1 at some nodes of Ranvier. C, D: Scn2b+/+ (C) and Scn2b−/− (D) spinal cords after EAE
induction display Nav1.1 immunofluorescence along axons as well as at some nodes of Ranvier.
Scale bar, 20 μm. (E–H) Nav1.2 immunolocalization. E, F: Scn2b+/+ (E) and Scn2b−/− (F)
control spinal cords express Nav1.2 at some nodes of Ranvier. Scale bar, 10μm. G, H:
Scn2b+/+ (G) and Scn2b−/− (H) spinal cords show diffuse immunofluorescence along
demyelinated axons and at nodes. Scale bar, 20μm. (I–L) Nav1.6 immunolocalization. I, J:
Scn2b+/+ (I) and Scn2b−/− (J) control spinal cords contain clustered Nav1.6. Scale bar, 20μm.
K, L: Scn2b+/+ (K) and Scn2b−/− (L) spinal cords after EAE induction display Nav1.6
immunofluorescence at nodes of Ranvier as well as along demyelinated axons. Scale bar,
10μm.
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