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Membrane domain organization of myelinated

axons requires Bll spectrin
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he precise and remarkable subdivision of myelin-
ated axons into molecularly and functionally distinct
membrane domains depends on axoglial junctions
that function as barriers. However, the molecular basis of
these barriers remains poorly understood. Here, we re-
port that genetic ablation and loss of axonal BlI spectrin
eradicated the paranodal barrier that normally separates
juxtaparanodal K* channel protein complexes located
beneath the myelin sheath from Na* channels located at

Introduction

Many cell types are divided into polarized membrane domains
with distinct functions. For example, epithelial cells have apical
and basal domains with unique protein compositions that facili-
tate directional transport of molecules. Similarly, neurons are
divided into somatodendritic and axonal domains that support
directional propagation of action potentials. An even more re-
markable example is found in myelinated axons that are further
subdivided into functionally and molecularly distinct polarized
domains including: (1) nodes of Ranvier characterized by high
densities of Na* channels, (2) the flanking paranodal junctions
where myelin attaches to the axon, and (3) the adjacent jux-
taparanodes beneath myelin that are enriched with Kv1 K* chan-
nels (Poliak and Peles, 2003; Salzer, 2003).

The precise domain organization of myelinated axons
depends on neuron—glia interactions. For example, mice with
disrupted paranodal junctions have broadened nodal Na* channel
clusters, Kv1 channels that are located at paranodes rather than
beneath the myelin sheath at juxtaparanodes, ataxia, and im-
paired nerve conduction (Dupree et al., 1999; Bhat et al., 2001;
Boyle et al., 2001; Poliak et al., 2001; Rasband et al., 2003;
Rios et al., 2003; Pillai et al., 2009). Paranodes function as bar-
riers that exclude Kv1 channels (Pedraza et al., 2001; Rasband,
2004) and are also one of several mechanisms contributing to
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nodes of Ranvier. Surprisingly, the K* channels and their
associated proteins redistributed into paranodes where
they colocalized with intact Caspr-labeled axoglial junc-
tions. Furthermore, electron microscopic analysis of the
junctions showed intact paranodal septate-like junctions.
Thus, the paranodal spectrin-based submembranous cyto-
skeleton comprises the paranodal barriers required for
myelinated axon domain organization.

nodal Na* channel clustering during development (Zonta et al.,
2008; Feinberg et al., 2010; Susuki et al., 2013).

Despite their importance, how paranodes function as
barriers remains unknown. In axons, a submembranous cyto-
skeleton comprised of ankyrinB, oIl spectrin, and BII spectrin
can function as a boundary, or barrier, to restrict ankyrinG, the
scaffolding protein thought to be responsible for Na* channel
clustering, to the axon initial segment, a membrane domain
that is functionally and molecularly similar to nodes (Garrido
et al., 2003; Rasband, 2010; Galiano et al., 2012; Gasser et al.,
2012). Intriguingly, paranodes of myelinated axons also have
ankyrinB, all spectrin, and BII spectrin (Ogawa et al., 2006),
and these cytoskeletal proteins could function as a cytoskeletal
barrier that restricts Na* and KvI channels to nodes and jux-
taparanodes, respectively.

Spectrins form a submembranous cytoskeleton that, to-
gether with ankyrins and 4.1 proteins, is thought to link mem-
brane proteins to actin (Bennett and Baines, 2001). Spectrins
are comprised of a- and (3-subunits that normally form antipar-
allel heterodimers. Two a- (al and «ll) and five B-subunits
(BI-BV) have been cloned in mammals. Increasing evidence
suggests spectrins are essential for proper nervous system func-
tion. For example, dominant-negative mutations in oIl spectrin
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Figure 1. Generation and characterization of
mice lacking Bl spectrin in sensory neurons. (A) Tar-
geting strategy to generate Cre-dependent loss
of Bl spectrin. (B) Photographs showing control
and Avil-Cre;SPNB2"" mice. Mutant mice show a
prominent hindlimb clasping phenotype. (C) Immu-
noblots of dorsal sensory roots from control (ctrl)
and Avil-Cre;SPNB2" (cKO) mice. (D) Immuno-
staining of cultured DRG axons from control and
Avil-Cre;SPNB2"" mice. Axons were stained using
antibodies against Neurofilament-M (green) and
Bll spectrin (red). Bar, 5 pm. (E) Immunostaining
of dorsal and ventral roots from control and Avil-
Cre;SPNB2"" mice using antibodies against Bll
spectrin and ankyrinG shows loss of paranodal
Bll spectrin. Bar, 5 pm. (F) Measurement of griP
strength at 2 and 4 mo of age. Avil-Cre;SPNB2"f
mice have significantly reduced grip strength
compared with control mice. n = 19 control, 19
cKO. KGF, kilogramforce. (G) Measurement of
latency to fall on an accelerating rotarod. Avil-
Cre;SPNB2" mice perform significantly worse
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in humans cause West syndrome with severe cerebral hypomy-
elination, spastic quadriplegia, and developmental delay (Saitsu
et al., 2010; Writzl et al., 2012). Similarly, mice lacking ol
or BII spectrin are embryonic lethal, emphasizing the impor-
tance of these cytoskeletal proteins (Tang et al., 2003; Stankewich
etal., 2011).

Here, we generated mice lacking B1I spectrin in peripheral
sensory axons to determine if the paranodal spectrin cytoskeleton
is the molecular basis of the paranodal barrier. We found that
although axoglial junctions remained intact, juxtaparanodal
Kv1 channel protein complexes were no longer excluded from
paranodes and nodes. Thus, the paranodal spectrin-based cyto-
skeleton functions as a barrier that restricts axonal membrane
proteins to distinct domains.

To determine if the paranodal cytoskeleton contributes to as-
sembly or function of the paranodal barrier in myelinated axons,

and to circumvent the embryonic lethality seen with whole-animal
spectrin knockouts, we generated a conditional null mutant
allele where exon 3 of the BII spectrin gene (SPNB?2) is flanked
by LoxP sites (SPNB2” mice) and thus can be deleted in the
presence of Cre recombinase (Fig. 1 A; Galiano et al., 2012).

We selectively eliminated BII spectrin in peripheral sensory
neurons by using Advillin®* (Avil-Cre) knock-in mice (Zhou
et al., 2010); homozygous conditional knockout mice are re-
ferred to as Avil-Cre;SPNB2” or cKO, and SPNB2” littermates
were used as control mice. The sensory neuron specific cKO
mice are an excellent model to study the effects of loss of BII
spectrin in axons because myelinated sensory and motor axons
from the same mouse can be analyzed by comparing dorsal and
ventral roots, respectively. cKO mice were viable, bred normally,
groomed well, and showed no difference in size, body weight,
or overall appearance compared with controls. However, starting
at two weeks of age, cKO mice exhibited significant hind leg
clasping (Fig. 1 B). Immunoblots of dorsal roots from control
and cKO mice showed only a small decrease in the levels of BII
spectrin and oI spectrin, reflecting the high levels of these cyto-
skeletal proteins expressed in Schwann cells (Fig. 1 C; Susuki
et al., 2011). We confirmed the specific deletion of BII spectrin



Figure 2. Lloss of BIl spectrin disrupts paranodal
membrane barriers. (A) Immunoblot analysis of dor-
sal roots using antibodies against nodal, paranodal,
and juxtaparanodal proteins. (B) Immunostaining of
5-mo-old dorsal and ventral roots from control and
Avil-Cre;SPNB2f mice using antibodies against Kv1.2
and BIV spectrin. Control axons have a pronounced
paranodal gap in immunoreactivity between Kv1.2
and BIV spectrin (arrows), but Bll spectrin-deficient
axons have paranodal Kv1.2 (arrowheads) that is

nodal line scan directly adjacent to nodal BIV spectrin staining.

Bar, 10 pm. (C) Immunostaining of 5-mo-old dorsal
and ventral roots shows overlap between caspr and
Kv1.2 in Avil-Cre;SPNB2"" dorsal roots. Line scans

of immunofluorescence intensity for the depicted
nodes are shown at the right. Kv1.2 is shown in red,
caspr in green, and BIV spectrin is shown in blue.

Bar, 10 pm. (D) Immunostaining of dorsal roots

shows juxtaparanodal Caspr2 (red) is excluded from
Casprlabeled paranodes (green) in control but not
Avil-Cre;SPNB2"f (cKO) mice. Bar, 5 pm. (E) Immuno-

staining of dorsal roots shows juxtaparanodal TAG-1
(red) is excluded from Casprlabeled paranodes
(green) in control but not cKO mice. Instead, TAG-1
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in sensory neurons by immunostaining cultured dorsal root gan-
glion (DRG) axons using antibodies against Neurofilament-M
and BII spectrin; BII spectrin protein was not detectable in cKO
DRG axons (Fig. 1 D). Immunostaining of dorsal and ventral roots
from cKO and control mice confirmed the specific elimination of
BII spectrin from cKO myelinated sensory axons (Fig. 1 E).

To evaluate the functional consequence of loss of BII spectrin
from sensory neurons, we measured dorsal root conduction ve-
locity in 5-wk-old and 1 yr-old mice. Surprisingly, we found
no difference between control and cKO mice (5 wk: WT, 7.9 +
1.3 m/s and cKO 9.5 + 0.5 m/s; 1 yr: WT, 13.1 + 1.1 m/s and
cKO 12.9 + 0.7 m/s). Nevertheless, when we performed a series
of tests to evaluate motor coordination, thermal nociception, and
muscle strength, we observed that at all ages the cKO mice had
significantly reduced grip strength (Fig. 1 F) and latency to fall
times on rotarod and wire-hang tests (Fig. 1, G and H, respec-
tively) compared with controls. However, we observed no dif-
ference in thermal nociception between cKO and control mice
using the hot-plate test (Fig. 1 I). Together, these results suggest
that thermal nociception, mediated largely by unmyelinated
sensory fibers, is not affected by loss of BII spectrin, but infor-
mation carried by myelinated sensory axons (e.g., propriocep-
tion) is significantly affected.

=1 I (B
Avil-Cre;SPNB2"

can be found at both paranodes and nodes. Bar,
5 pm. (F and G) Tolvidine blue-stained dorsal root
ganglia and dorsal roots from control (SPNB27) and
Avil-Cre;SPNB2"" mice show no signs of neurodegen-
eration. Bars, 20 pm.

Caspr/TAG-1

We next determined if loss of axonal BII spectrin affects the
amount or localization of nodal, paranodal, or juxtaparanodal
proteins. Immunoblots showed no difference in the amounts of
proteins between dorsal roots from control and cKO mice when
probed using antibodies against nodal (PanNav), paranodal
(Caspr), or juxtaparanodal (Kv1.2, Caspr2, and Tag-1) proteins
(Fig. 2 A). In ventral and control dorsal roots we observed a
prominent gap in immunoreactivity between Kv1 channels and
nodal BIV spectrin that corresponds to the paranode (Fig. 2 B,
arrows). In contrast, immunostaining of BII spectrin—deficient
axons showed that Kv1.2 channels, normally restricted to jux-
taparanodes, were located in paranodal regions adjacent to the
nodes of Ranvier (Fig. 2 B, arrowheads). Immunofluorescence
and line scans through ventral and control dorsal root nodes
of Ranvier showed sharp transitions in the distributions of
juxtaparanodal and paranodal proteins (Fig. 2 C, arrows).
Remarkably, dorsal root axons lacking BII spectrin had paranodal
Kv1.2 immunoreactivity despite intact Caspr staining (Fig. 2 C,
arrowheads). Similar to Kv1.2, other components of the jux-
taparanodal K* channel complex including Caspr2, TAG-1, and
protein 4.1B also redistributed into paranodal (Fig. 2, D and E;
protein 4.1B not depicted) and even nodal regions in cKO
axons (Fig. 2 E). Interestingly, although ankB is found at
paranodes and can bind to BII spectrin (Ogawa et al., 2006), its

Function of the paranodal cytoskeleton
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Figure 3. Paranodal Kv1l K* channel staining increases with age in

Bl spectrin—deficient axons. (A-D) Nodes of Ranvier, paranodes, and
juxtaparanodes from control (ctrl) and Avil-Cre;SPNB2* (cKO) dorsal
roots immunostained using antibodies against BIV spectrin (blue), Caspr
(green), and Kv1.2 (red), respectively. Immunostaining was performed at
postnatal day P7 (A), P14 (B), P28 (C), and at 5 mo of age (D). Arrows
indicate aberrant localization of Kv1.2 in nodes (A and D) and paranodes
(B and C). Bars, 5 pm. (E) Quantification of the percentage of paranodes
with Kv1.2 immunoreactivity as a function of age. Error bars indicate +
SEM. *, P < 0.01.

localization was not affected by loss of axonal BII spectrin
(not depicted).

Previously, studies in C. elegans showed that loss of
B-spectrin causes axon degeneration (Hammarlund et al., 2007).
Furthermore, dysmyelination and demyelination can also dis-
rupt juxtaparanodal Kv1 channel localization in axons (Poliak
and Peles, 2003). To exclude the possibility that the defects
observed in cKO mice are caused by neuron or axon degenera-
tion, dysmyelination, or demyelination, we examined sections
of plastic embedded DRG neurons and roots. We found no signs
of neuronal or axonal degeneration, and no indication of dys-
or demyelination (Fig. 2, F and G). Together, these results sug-
gest that the molecular basis of the paranodal barrier is the
BII spectrin—dependent submembranous cytoskeleton.

The initial assembly of juxtaparanodal, paranodal, and nodal
domains in the PNS is thought to depend on interactions between
membrane-associated cell adhesion molecules (CAMs; Schafer
and Rasband, 2006). For example, juxtaparanodal clustering of

Kv1 channels requires trans-interactions between axonal Caspr2
and glial TAG-1, and genetic deletion of either CAM blocks
channel clustering (Poliak et al., 2003; Traka et al., 2003). At
paranodes, clustering of BII spectrin may depend on Caspr, be-
cause Caspr has a cytoplasmic protein 4.1 binding domain, pro-
tein 4.1B binds to BII spectrin, and all three proteins are found
at paranodes (Ogawa et al., 2006). To determine if paranodal
BII spectrin is required for the maintenance of axonal mem-
brane domains, we analyzed Kv1.2 localization in myelinated
axons throughout development and into adulthood. As pre-
viously reported (Vabnick etal., 1999), we found Kv1.2 immuno-
reactivity colocalized with paranodal Caspr during the first
postnatal week (unpublished data). However, as early as P7 we
found instances of aberrant localization of Kv1.2 in cKO my-
elinated dorsal root axons, including at nodes of Ranvier (Fig. 3 A,
arrow). By two weeks of age in control mice, fewer than 20%
of paranodes had detectable Kv1.2 immunoreactivity, and this
continued to decrease as mice matured (Fig. 3, B-E). In con-
trast, at two weeks nearly 40% of paranodes in cKO dorsal
root axons had detectable Kv1.2 (Fig. 3, B and E), and the fre-
quency of paranodal Kv1.2 continued to increase as cKO mice
aged; in 5 mo-old cKO mice nearly 80% of paranodes had de-
tectable Kv1.2 (Fig. 3, D and E). Furthermore, nodal Kv1.2
was often detected in adult cKO dorsal root axons, but was
never seen in control mice (Fig. 3 D, arrow). The consistent
increase in the number of paranodes with Kv1.2 immunoreac-
tivity with increasing age suggests that BII spectrin plays im-
portant rolefor the maintenance of myelinated axon membrane
domain organization.

The formation of membrane domains along axons is thought
to depend on the septate-like junctions found at paranodes
(Rosenbluth, 2009). To determine if these axoglial junctions
are intact in axons lacking BII spectrin, we performed electron
microscopic analyses of longitudinal sections of myelinated
axons from control and cKO adult dorsal roots. We found that
in both genotypes the paranodal myelin loops and the nodal do-
mains were well preserved, despite a widened node in the cKO
(Fig. 4 A). Remarkably, close examination of the paranodes in
cKO roots also revealed transverse bands (Fig. 4 B, arrowheads),
a hallmark of intact septate-like, paranodal junctions (Mierzwa
et al., 2010). Thus, in BII spectrin cKO mice, Kv1 channels enter
into nodal and paranodal domains despite normal myelination
and intact paranodal junctions, including transverse bands.
Although paranodes formed properly and had intact trans-
verse bands, 5-mo-old mice lacking BII spectrin in sensory neu-
rons had, on average, nodal Na* channel clusters that were more
than twice the length of nodes from control mice and cKO ventral
roots (Fig. 4, C and D). Even at one year of age paranodal junc-
tions, defined by Caspr staining, in BII spectrin—deficient axons
remained intact and indistinguishable from ventral or control
dorsal root axons (Fig. 4 E), although nodes were still longer
(Fig. 4 F). The broadening of nodal Na* channels and redistribu-
tion of juxtaparanodal Kv1 channel complexes is remarkably
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(A and B) Electron microscopy of dorsal root nodes
of Ranvier from control and Avil-Cre;SPNB2/' mice.
Mutant mice have widened nodes (brackets), but in-
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(C) Immunostaining of control and Avil-Cre;SPNB2"f
dorsal and ventral roots using antibodies against
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similar to the alterations in axon domain organization ob-
served previously in mice with frank disruption of paranodal
axoglial junctions due to genetic deletion of Caspr, contactin, or
NF-155, the cell adhesion molecules that mediate paranodal
axoglial interactions (Bhat et al., 2001; Boyle et al., 2001;
Pillai et al., 2009).

The major observation in this study is that juxtaparanodal
proteins are mislocalized and found at paranodes in axons lack-
ing BII spectrin despite an intact paranodal junction. This ob-
servation leads to the important conclusion that spectrin-based
cytoskeletons participate in the assembly and maintenance of
polarized cellular domains, including myelinated axon domain
organization. Furthermore, the results reported here support the
notion that the BII spectrin—based cytoskeleton functions as a
repeating intra-axonal boundary that restricts membrane pro-
teins, including ion channels and cell adhesion molecules, to
juxtaparanodes and nodes, a characteristic of the axonal cyto-
skeleton that was recently shown to contribute to Na* channel
clustering at axon initial segments (Galiano et al., 2012).
Because nodes of Ranvier are thought to be evolutionarily derived
from axon initial segments (Hill et al., 2008), it is not surprising
that similar mechanisms of assembly would exist for each of
these important excitable domains. Nevertheless, there are also
important differences in how these barrier cytoskeletons are as-
sembled. For instance, the formation of the intra-axonal boundary

contributing to ankG clustering at the AIS requires neither my-
elination nor any other extrinsic factor or interaction. In contrast,
the clustering of nodal Na* channels and juxtaparanodal K*
channels requires myelination and neuron—glia interactions, in-
dicating that glial cells orchestrate the assembly of the paranodal
submembranous spectrin cytoskeleton.

The role of the paranode as a membrane barrier and con-
tributor to node formation is controversial (Thaxton et al.,
2011). For example, if paranodes and paranodal cytoskeletons
are so important to axon domain organization, why is there not
a more significant effect on nodal Na* channel clustering in
mutants that lack appropriate paranodal junctions (e.g., Caspr,
contactin, and NF-155 mutants)? Recent studies have answered
this question by showing that there exist multiple, overlapping
mechanisms contributing to Na* channel clustering in the PNS
and CNS so that loss of only one mechanism (i.e., the paranodal
barrier mechanism) does not inhibit node formation (Zonta
et al., 2008; Feinberg et al., 2010; Susuki et al., 2013).

How might the paranodal cytoskeleton function as a bar-
rier? We speculate that the paranodal spectrin-based cytoskele-
ton functions as a general membrane barrier, limiting the lateral
diffusion of all axolemmal membrane proteins to distinct do-
mains. However, the effectiveness of this barrier may depend on
the size and/or composition of the entire protein complex rather
than just a single membrane protein. For example, juxtaparanodal

Function of the paranodal cytoskeleton ¢ Zhang et al.
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Kv1 channels are part of a larger protein complex that also in-
cludes Caspr2, ADAM22, PSD-93/95, and protein 4.1B. Together,
these cytoplasmic scaffolds and membrane proteins are unable
to bypass the paranodal cytoskeleton. Additional specification for
location in the axonal membrane depends on neuron—glia inter-
actions. Thus, the cytoskeletal membrane boundary and neuron—
glia interactions normally work together to organize distinct
membrane domains along myelinated axons.

Surprisingly, despite paranodal Kv1 channels, compound
action potentials in the BII spectrin cKO mice were indistinguish-
able from control mice and showed no difference in conduction
velocity. In contrast, paranodal mutant mice (e.g., Caspr, contac-
tin, and NF-155 knockouts) lacking axon—glia interactions and
transverse bands have significant slowing of nerve conduction
(Bhat et al., 2001; Boyle et al., 2001; Pillai et al., 2009). This dif-
ference emphasizes the role of the paranodal junction itself for
normal nerve conduction and supports the idea that paranodal
junctions also limit the activity of the Kv1 channels located be-
neath the overlying myelinating Schwann cell. The results re-
ported here support the conclusion that paranodes function as
membrane barriers, and demonstrate a surprising molecular mech-
anism that depends on the spectrin-based paranodal cytoskeleton
rather than exclusive interactions between axonal and glial cell
adhesion molecules.

Materials and methods

Mice

Generation of conditional alleles for Spnb2 was achieved by flanking
exon3 with loxP sites. Upon Cre-mediated recombination the reading
frame is disrupted, resulting in a truncated transcript (Galiano et al., 2012).
The Spnb2 floxed mice were maintained on a mixed C57BL/6 and 129/
Sv background. Avil-Cre mice were provided by F. Wang (Duke University,
Durham, NC). All experiments were performed in compliance with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Baylor College of Medicine Institutional
Animal Care and Use Committee.

Antibodies

The mouse pan anti-Na* channel (pan Nav; Sigma-Aldrich) and Rabbit anti-
Kv1.2 (generated against the peptide GYNNSNEDFREENLKTAN found in the
C+erminal cytoplasmic domain), anti-Caspr (generated against a GST fusion
protein containing the cytoplasmic domain of Caspr), anti-4.1B (generated
against a fusion protein containing amino acids 778-968 of human 4.1B),
and antiBlV spectrin (generated against the peptide sequence DRAEEL-
PRRRRPERQE found in the C+erminal “specific domain”) antibodies have been
described previously (Schafer et al., 2004; Ogawa et al., 2006, 2008).
Rabbit polyclonal antibodies against neurofilament M and mouse monoclonal
actin (clone C4) antibody were purchased from EMD Millipore. Mouse mono-
clonal antibodies against ankyrinB (N105/17) and ankyrinG (N106/36)
were purchased from the UC Davis/NIH NeuroMab Facility (Davis, CA).
Mouse monoclonal antibodies against Bll spectrin were purchased from BD.
Rabbit polyclonal antibodies specific for Caspr2 were purchased from Abcam
and anti—contactin-2/TAG1 was purchased from R&D Systems. Alexa Fluor
350, 488, and 594 secondary antibodies were purchased from Invitrogen.

Immunofluorescence and electron microscopy

Immunostaining of spinal dorsal and ventral roots was performed as de-
scribed previously (Ogawa et al., 2006). In brief, roots were dissected, fixed
in 4% paraformaldehyde, cryoprotected in 20% sucrose, and then sectioned
and placed on coverslips. Sections were permeabilized using 0.3% Triton
X-100, and primary antibodies were added overnight. After washing the tis-
sue, secondary antibodies were added for 1 h. Sections were then washed
again, air dried, and mounted for visualization on a microscope. All images
were acquired using a fluorescence microscope (Imager Z1; Carl Zeiss) fit-
ted with a camera (AxioCam Mrm; Carl Zeiss). Microscope objectives used

in this study included 20x (0.8 NA) air, 40x (0.75 NA) air, and 63x (1.4 NA)
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oil objectives. Image analysis was performed using AxioVision software
(Carl Zeiss), and figures were cropped and assembled using Adobe Photo-
shop and Adobe lllustrator. For electron microscopy, tissues were prepared
and processed as described previously (Chang et al., 2010). In brief, mice
were anesthetized and then perfused with 2.5% glutaraldehyde and 2.0%
paraformaldehyde in 0.1 M cacodylate buffer, pH 7.4. Dorsal roots were
dissected and then postfixed for 3 h. Nerves were then dehydrated and em-
bedded in resin (Electron Microscopy Sciences). The tissues were stained
using saturated uranyl acetate plus 50% ethanol during dehydration.

Electrophysiology

CAP recordings of dorsal and ventral roots were performed as described
elsewhere (Rasband et al., 1999; Susuki et al., 2013). In brief, roots were
acutely dissected and placed in a continuously perfused recording cham-
ber. Each end of the root was drawn into a suction electrode and after
stimulation responses were recorded. Conduction velocities were calcu-
lated by measuring the length of the nerve and dividing this by the latency
from stimulation to the peak of the CAP.

DRG cultures

DRGs were isolated from newly born control and cKO mice. After dissociation
by trypsinization and frituration, cells were plated onto coverslips treated with
Matrigel and maintained in neurobasal medium supplement with 2% B27,
100 ng/ml NGF, and 1% glutamax. The medium was changed every other
day. To eliminate fibroblasts and Schwann cells, cells were treated with 10 yM
FUDR (fluorodeoxyuridine; Sigma-Aldrich) in medium for 2 d. Two cycles of
FUDR treatment (2 d with FUDR, 2 d without FUDR) were performed to obtain
neuron-only cultures. 2-wk-old cultures were fixed for immunostaining.

SDS-PAGE and immunoblotting

Nerve roots were dissected and immediately frozen on dry ice. Tissues
were extracted in reducing sample buffer by sonicating on ice, with four
on/off cycles of 1 min. Proteins were separated by SDS-PAGE and blotted
onto nitrocellulose membranes. Blots were probed with different antibodies
as described previously (Schafer et al., 2004).

Behavior analysis

Motor coordination and balance were tested on an accelerating rod (Ugo
Basile). In brief, mice were placed on a rotating rod (3-cm diameter) and the
time each animal was able to stay on the rod was measured. The rotarod’s
speed increased from 4 to 40 rpm over a 5-min period. Mice were pre-
trained for one trial on the accelerating rod before the test. We measured
neuromuscular function using a grip-strength meter (Columbus Instruments).
Mice were held by the tail, lowered toward the meter, allowed to grasp a
metal rod, and then pulled horizontally away from the rod. The force on the
bar when the grasp was released was recorded as the grip strength. As an-
other measure of strength and proprioception, mice were placed on top of
a metal screen and allowed to accommodate for 3-5 s before the mesh was
inverted and held at least 35 cm over a mouse cage containing 5-7 cm of
soft bedding. The latency to completely fall from the mesh was recorded; the
cutoff time was 60 s, after which mice were immediately returned to their
home cage. As a measure of thermal nociception, mice were placed on a
plate maintained at 55.0°C (Columbus Instruments). The latency to respond
to the heat stimulus was measured and recorded. Mice remained on the
plate until they performed one of the following behaviors regarded as indic-
ative of a nociceptive heat response: paw lick, paw shake, or jump. The cut-
off time was set at 30 s. In the absence of a reflex response within 30, the
mouse was removed from the hot plate fo avoid tissue damage.
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