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Cellular/Molecular

Glial BII Spectrin Contributes to Paranode Formation and
Maintenance
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Action potential conduction along myelinated axons depends on high densities of voltage-gated Na ™ channels at the nodes of Ranvier.
Flanking each node, paranodal junctions (paranodes) are formed between axons and Schwann cells in the peripheral nervous system
(PNS) or oligodendrocytes in the CNS. Paranodal junctions contribute to both node assembly and maintenance. Despite their importance,
the molecular mechanisms responsible for paranode assembly and maintenance remain poorly understood. BII spectrin is expressed in
diverse cells and is an essential part of the submembranous cytoskeleton. Here, we show that Schwann cell BII spectrin is highly enriched
at paranodes. To elucidate the roles of glial BII spectrin, we generated mutant mice lacking BII spectrin in myelinating glial cells by
crossing mice with a floxed allele of Sptbnl with Cnp-Cre mice, and analyzed both male and female mice. Juvenile (4 weeks) and
middle-aged (60 weeks) mutant mice showed reduced grip strength and sciatic nerve conduction slowing, whereas no phenotype was
observed between 8 and 24 weeks of age. Consistent with these findings, immunofluorescence microscopy revealed disorganized paran-
odesin the PNS and CNS of both postnatal day 13 and middle-aged mutant mice, but not in young adult mutant mice. Electron microscopy
confirmed partial loss of transverse bands at the paranodal axoglial junction in the middle-aged mutant mice in both the PNS and CNS.
These findings demonstrate that a spectrin-based cytoskeleton in myelinating glia contributes to formation and maintenance of paran-
odal junctions.
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Myelinating glia form paranodal axoglial junctions that flank both sides of the nodes of Ranvier. These junctions contribute to
node formation and maintenance and are essential for proper nervous system function. We found that a submembranous spectrin
cytoskeleton is highly enriched at paranodes in Schwann cells. Ablation of BII spectrin in myelinating glial cells disrupted the
paranodal cell adhesion complex in both peripheral and CNSs, resulting in muscle weakness and sciatic nerve conduction slowing
in juvenile and middle-aged mice. Our data show that a spectrin-based submembranous cytoskeleton in myelinating glia plays
important roles in paranode formation and maintenance. j

ignificance Statement

clustered at regularly spaced sites called nodes of Ranvier (Ras-
band and Peles, 2015). Nodal Nav channels dramatically increase
the speed and significantly reduce the metabolic demands of ac-
tion potential propagation along myelinated axons. Formation of
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nodal Nav channel clusters requires intimate interactions be-
tween axons and myelinating glial cells: Schwann cells in the
peripheral nervous system (PNS) and oligodendrocytes in the
CNS. At paranodes flanking both sides of the node, these glial
cells form junctions with the axon via a cell adhesion complex
consisting of glial neurofascin (NF) 155 and axonal contactin-
associated protein (Caspr) and contactin (Bhat et al., 2001; Boyle
et al.,, 2001; Pillai et al., 2009). Paranodes restrict the mobility of
nodal proteins, thereby contributing to assembly and long-term
maintenance of the nodal Nav channel complex (Rasband et al.,
1999; Zonta et al., 2008; Feinberg et al., 2010; Susuki et al., 2013;
Desmazieres et al., 2014; Amor et al., 2017; Taylor et al., 2017).
Furthermore, paranodes restrict voltage-gated K™ channels to
juxtaparanodes beneath the myelin sheath (Bhat et al., 2001;
Boyle et al., 2001; Pillai et al., 2009). Thus, paranodes are critical
regulators of the distributions of ion channels along myelinated
axons. However, the molecular mechanisms that form and main-
tain these junctions remain poorly understood.

Recent studies showed that spectrins and ankyrins are impor-
tant for node formation (for review, see Susuki et al., 2016;
Nelson and Jenkins, 2017). Spectrins are submembranous cyto-
skeletal proteins consisting of & and 8 subunits. 8 Spectrins bind
to actin and stabilize membrane proteins through scaffolding
proteins including ankyrins and 4.1 proteins. The cytoskeletal
proteins oIl spectrin, BII spectrin (Garcia-Fresco et al., 2006;
Ogawa et al., 2006), and protein 4.1B (Ohara et al., 2000; Brivio et
al., 2017) are enriched at paranodes of myelinated axons. Two all
spectrins and two BII spectrins interact to form a tetramer,
whereas protein 4.1B links BII spectrin to Caspr (Ogawa et al.,
2006; Brivio et al., 2017). Axonal olI spectrin and BII spectrin are
required for paranode-mediated clustering of nodal Nav chan-
nels and juxtaparanodal clustering of K™ channels (Zhang et al.,
2013; Amor et al., 2017; Brivio et al., 2017; Huang et al., 2017).
These studies show axonal spectrin-based cytoskeletons regulate
formation and maintenance of specialized domains along my-
elinated axons.

In contrast to axons, much less is known about the composi-
tion and function of cytoskeletal proteins in glia. We previously
showed that oIl spectrin and BII spectrin are expressed in myeli-
nating Schwann cells where they contribute to myelination (Voas
etal., 2007; Susuki et al., 2011). Because myelin is a highly polar-
ized structure with specialized membrane domains, we reasoned
that glial spectrins may also contribute to the functions of myeli-
nating glia. To test this idea, we generated mice lacking BII spec-
trin in myelinating glia.

Materials and Methods

Animals. Generation of Sptbnlf/f mice (Galiano et al., 2012) and Advil-
lin©re/+ (Avil—Cre);Sptbnlf/f (Zhang et al., 2013) were previously de-
scribed. The mice expressing Cre recombinase under the control of the
2', 3'-cyclic nucleotide phosphodiesterase (Cnp) promoter Crnp“™*
(Cnp-Cre) were a generous gift from Dr. Klaus Nave (Max Planck Insti-
tute of Experimental Medicine, Department of Neurogenetics, Gottin-
gen, Germany;Lappe-Siefke et al., 2003). Animals were housed at the
Center for Laboratory Animal Care at Baylor College of Medicine and
Laboratory Animal Resources at Wright State University. Toe grip
strength was measured as previously described (Zhang et al., 2013). We
analyzed both male and female mice. All animal procedures were ap-
proved by the Institutional Animal Care and Use Committee at Baylor
College of Medicine and Wright State University Laboratory Animal
Care and Use Committee, and conform to the United States Public
Health Service Policy on Humane Care and Use of Laboratory Animals.

Oligodendrocyte culture. Primary oligodendrocyte cultures were estab-
lished following the protocol previously described (Galiano et al., 2004).
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Briefly, cerebral hemispheres from newborn rats were dissected out, dis-
sociated in culture medium, and cells were plated in Petri dishes pre-
coated with poly-L-lysine 100 pg/ml. The cells were maintained in
DMEM-Glutamax media (Invitrogen) supplemented with 10% fetal calf
serum (FCS; Invitrogen) for 10 d. Then, the progenitor glial cells were
detached from the dish and seeded into a new Petri dish that was incu-
bated at 37°C in a 5% CO, for 20 min to allow the attachment of mainly
microglial cells, whereas the oligodendrocyte precursor cells (OPCs) re-
mained in the suspension. This suspension was centrifuged, and the
OPCs were suspended in DMEM supplemented with 10% FCS, and
seeded in new Petri dishes. Four hours later, the media was replaced by a
chemically defined media [DMEM:F-12, 1:1 mixture plus 25 pg/ml in-
sulin, 50 pwg/ml transferrin, 30 nm sodium selenite, 4 mg/ml glucose, and
penicillin (100 IU/ml), and streptomycin (100 pg/ml)].

Antibodies. The following primary antibodies were used: mouse
monoclonal antibodies against BII spectrin (BD Biosciences; RRID:
AB_399853), all spectrin (Millipore; MAB1622; RRID:AB_94295),
AnkyrinG (AnkG; UC Davis/NIH NeuroMab Facility, N106/36; RRID:
AB_10673030), Ankyrin B (NeuroMab, N105/17; RRID:AB_10674432),
Kv1.2 (NeuroMab, K14/16; RRID:AB_2296313), pan-Nav channel
(K58/35; RRID:AB_477552), myelin basic protein (MBP; BioLegend,
SMI99; RRID:AB_2564741), rabbit polyclonal antibodies against BII
spectrin or oI spectrin (kindly provided by Dr. Michael C. Stankewich,
Department of Pathology, Yale University, New Haven, CT), Caspr
(RRID:AB_2572297), BIV spectrin (RRID:AB_2315634), gliomedin
(kindly provided by Dr. Elior Peles, Weizmann Institute of Science, Re-
hovot, Israel), dystrophin-related protein 2 (DRP2; kindly provided by
Dr. Peter J. Brophy, Centre for Neuroscience Research, University of
Edinburgh, Edinburgh, UK); chicken antibodies to NF (R&D Systems,
AF3235; RRID:AB_10890736). Secondary antibodies were from Jackson
ImmunoResearch Laboratories.

Immunofluorescence studies. Immunostaining of the nerve sections,
teased sciatic nerves, or oligodendrocytes in vitro was performed as de-
scribed previously (Galiano et al., 2004; Schafer et al., 2004; Griggs et al.,
2018) with minor modifications. Briefly, sciatic and optic nerves were
rapidly dissected and immediately fixed in ice-cold 4% paraformalde-
hyde for 30 min, cryoprotected in 20% sucrose overnight at 4°C, cryo-
sectioned, and mounted on coverslips. For teased fiber preparations,
sciatic nerves were teased apart gently and spread on gelatin-coated cov-
erslips, and air-dried. At different times of differentiation, the oligoden-
drocyte cultures were fixed using 4% paraformaldehyde, pH 7.2, for 20
min. Tissues or cells were blocked in 0.1 M phosphate buffer, pH 7.4,
containing 0.3% Triton X-100 and 10% goat serum (PBTGS), then pri-
mary antibodies were added overnight at 4°C. Tissues or cells were
washed with PBTGS, then secondary antibodies were added for 1 h at
room temperature. The coverslips were then washed, air-dried, and
mounted. Images were captured with a fluorescence microscope (Axio
Observer Z1 with Apotome 2 fitted with AxioCam Mrm CCD camera;
Carl Zeiss). Image analyses were performed using ZEN software from
Carl Zeiss.

Western blotting. Protein extracts were collected at different times of
differentiation in the oligodendrocyte cultures. Western blot analysis for
spectrin expression was performed as previously described (Galiano et
al., 2004) with minor modifications.

Electrophysiology. Motor nerve conduction studies in sciatic nerves
were performed under general anesthesia with 2% isoflurane inhalation
as described previously (Otani et al., 2017). In brief, sciatic nerve and its
tibial branch were stimulated by needle electrodes inserted close to the
nerve at ankle and sciatic notch. Supramaximal stimulations were used,
and the evoked compound muscle action potentials were recorded from
the plantar muscles through needle electrodes placed transversely over
the muscle bellies in the sole of the foot. Motor nerve conduction velocity
was measured between the ankle and the sciatic notch. Compound action
potential recordings in optic nerves were performed as described previ-
ously (Zhang et al., 2013). In brief, optic nerves were dissected, placed in
oxygenated Locke’s solution containing 1 mg/ml glucose, and drawn into
suction electrodes. Increasing current was applied until a supramaximal
threshold was reached, and compound action potentials were recorded.
Conduction velocities were calculated by dividing nerve length by com-
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pound action potential latency (the difference between stimulus onset
and the time of maximal peak).

Morphological analyses. Sciatic nerves, optic nerves, and cervical spinal
cords were prepared for analysis by transmission electron microscopy
(TEM) as described previously (Marcus et al., 2006). In brief, mice were
deeply anesthetized by intraperitoneal injection of ketamine (80 mg/kg)
and xylazine (16 mg/kg), and transcardially perfused with 0.1 M Millonig
buffer containing 4% paraformaldehyde and 5% glutaraldehyde, pH 7.4.
Following 2 weeks of postfixation in the same fixative, sciatic nerves,
optic nerves, and cervical spinal cords were harvested and thoroughly
rinsed in 0.1 M cacodylate buffer. The samples were postfixed in 2%
osmium tetroxide solution in 0.1 M cacodylate buffer, pH 7.4, for 2 h.
After washing in 0.1 M cacodylate buffer, nerves were dehydrated through
a graded ethanol series embedded in PolyBed 812 resin (PolySciences),
and 90 nm sections were stained with uranyl acetate and lead citrate.
Ultrathin sections were imaged using either JEOL JEM 1230 transmission
electron microscope equipped with a Gatan Orius SC 1000 CCD camera
or a JEOL JEM 1400 plus transmission electron microscope equipped
with a Gatan One View 4K CCD camera. Quantification of myelin thick-
ness by g-ratio (axon diameter/fiber diameter) measurement was per-
formed as previously described (Marcus et al., 2006). The electron
microscopy was performed in the Department of Anatomy and Neuro-
biology Microscopy Facility at Virginia Commonwealth University.

Experimental design and statistical analyses. Details of the experimental
design are described in the Results or the figure legends along with the
number of independent experiments or animals. Statistical analyses were
performed using GraphPad Prism software. Student’s ¢ test was used for
comparison of two groups. For comparison of three groups, statistical
significance was determined using a one-way ANOVA test followed by a
Tukey’s test as a post hoc analysis. Differences are considered significant
at p < 0.05. In graphs, results are given as mean * SEM.

Results

Expression of BII spectrin in myelinating glia

BII and oIl spectrin are enriched in the Schwann cell cytoplasmic
Cajal bands located on the outer surface of the mature myelin
sheaths in teased fiber preparation of sciatic nerves from wild-
type (WT') mice (Fig. 1 A,B). To determine whether BII spectrin
is expressed in CNS myelin, we analyzed cultured oligodendro-
cytes. Immunofluorescence microscopy showed that BII spectrin
is localized in processes of cultured oligodendrocytes, and is ex-
cluded from MBP-labeled membrane sheets (Fig. 1C). Thislocal-
ization pattern of BII spectrin is similar to that in the cytoplasmic
bands of mature PNS myelin (Fig. 1A,B; Susuki et al., 2011).
Immunoblotting further confirmed the expression of BII spec-
trin in cultured oligodendrocytes (Fig. 1 D). These results are con-
sistent with previous studies showing expression of both BII and
all spectrins in myelinating Schwann cells (Patzig et al., 2011), in
myelin membranes isolated from human white matter and
mouse brain (Gopalakrishnan et al., 2013), and in oligodendro-
cyte precursor cells and myelinating oligodendrocytes (Zhang et
al., 2014). Previous coimmunoprecipitation data showed that BII
spectrin coimmunoprecipitates with all spectrin from cultured
rat Schwann cells (Susuki et al., 2011) and mouse brain homog-
enates (Ogawa et al., 2006). Together, these results demonstrate
that BII spectrin and odl spectrin form a complex and show a
polarized distribution in myelinating glial cells in both the PNS
and CNS.

To investigate the roles of glial spectrins in vivo, we generated
mutant mice lacking BII spectrin selectively in myelinating glial
cells, because constitutive knock-out of BII spectrin results in
gastrointestinal, liver, neural, and heart defects, and the homozy-
gous mutants die in utero (Tang et al., 2003), and because BII
spectrin is expressed in both axons (Ogawa et al., 2006; Zhang et
al., 2013) and myelin (Susuki et al., 2011; Fig. 1). We crossed
Sptbnlf/fmice (Galiano et al., 2012) with Cnp-Cre mice (Lappe-
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Siefke et al., 2003); Cnp-Cre mice are a well established Cre driver
line for conditional ablation of the target proteins in both myeli-
nating Schwann cells and oligodendrocytes (Pillai et al., 2009;
Chang et al.,, 2014). Hereafter, the conditional knock-out mice
lacking glial BII spectrin will be referred to as Crp-Cre;Sptbn1”
or cKO mice. As controls, we prepared Sptbn 1" mice (referred to
as WT) and Cnp—Cre;Sptbn1ﬂ+ (referred to as cHet). We con-
firmed loss of BII spectrin in myelinating Schwann cells in ¢KO
mouse sciatic nerves at 8 weeks of age (Fig. 1A). Immunostaining
for all spectrin and DRP2 in ¢KO mice showed that Cajal bands
were unaffected (Fig. 1A,B).

Juvenile and middle-aged mice lacking glial BII spectrin have
impaired peripheral nerve conduction

¢KO mice did not show dramatic neurological symptoms. How-
ever, grip strength measurement revealed reduced muscle power
in ¢KO mice compared with WT or cHet at 3 and 4 weeks after
birth (Fig. 2A), that eventually resolved such that between 6 and
24 weeks of age cKO mice did not show any weakness. Intrigu-
ingly, older cKO mice (38 and 60 weeks old) showed reduced grip
strength (Fig. 2A4). To more directly analyze the function of my-
elinated axons, we measured motor nerve conduction velocity
along sciatic nerves. Similar to the muscle weakness demon-
strated by decreased grip strength (Fig. 2A), we observed signifi-
cant nerve conduction slowing in cKO mice at 4 and 6 weeks (Fig.
2B). Conduction velocities were indistinguishable between WT
and cKO sciatic nerves from 8 to 24 weeks, but were significantly
slower in ¢cKO sciatic nerves at 38 and 60 weeks after birth. Two
cKO mice survived up to 2 years, and their nerve conduction
velocity was slower than controls. These findings demonstrate
that loss of glial BII spectrin causes mild muscle weakness and
PNS nerve conduction slowing during development (until 6
weeks of age) and in middle-aged mice (60 weeks); surprisingly,
young adult mice (8 —24 weeks of age) have normal function.

To determine whether the functional changes in cKO mice are
due to changes in myelin ultrastructure, we analyzed cross sec-
tions of resin-embedded sciatic nerves. TEM analyses and g-ratio
measurement showed compact myelin was mostly preserved in
cKO sciatic nerves at postnatal day (P)13, 14 weeks, and 60 weeks
of age (Fig. 3). Thus, it is unlikely that myelin defect alone is the
major cause of reduced grip strength and sciatic nerve conduc-
tion slowing in juvenile or middle-aged cKO mice.

BII spectrin is at Schwann cell paranodes

Because axonal BII spectrin contributes to the molecular organi-
zation of nodes, paranodes, and juxtaparanodes (Zhang et al.,
2013; Amor et al.,, 2017), we hypothesized that the Schwann cell
BII spectrin might also contribute to these structures. At first, we
examined the localization of Schwann cell BII spectrin at paran-
odes. Because spectrins are also expressed in axons including
paranodes (Ogawa et al., 2006), it is difficult to distinguish be-
tween axonal and Schwann cell BII spectrin at the axon-Schwann
cell interface in WT mice. Therefore, we took advantage of con-
ditional knock-out mice lacking BII spectrin in sensory axons
(Zhang et al., 2013). In dorsal roots from WT mice, immuno-
staining of BII spectrin was seen along the axolemma in paran-
odes, juxtaparanodes, and internodes as well as at the myelin
surface (Fig. 4). In dorsal roots from mutant mice lacking axonal
BII spectrin (Avil-Cre;Sptbn1™), we found immunostaining of
BII spectrin at paranodes, whereas labeling in juxtaparanodes
and internodes was completely abolished (Fig. 4). These results
indicate that BII spectrin is also highly enriched at paranodes in
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Schwann cells. These findings support the idea that Schwann cell
BII spectrin contributes to paranode organization and function.

BII spectrin-deficient Schwann cells cause disorganized nodes
and paranodes during early development

Next, we examined clustering of nodal and paranodal proteins in
sciatic nerves, because Schwann cell BII spectrin is enriched at
paranodes (Fig. 4), and paranodes play key roles for PNS node

formation (Feinberg et al., 2010; Susuki et al., 2013; Amor et al,,
2017). At P13, we occasionally found dispersed or reduced stain-
ing of Caspr and NF155 in cKO sciatic nerves (Fig. 5A), suggest-
ing disorganized paranodal architecture. Furthermore, clusters
of nodal molecules such as NF186, AnkG, BIV spectrin, or glio-
medin were also frequently disorganized (Fig. 5A—C). In the PNS,
glia-derived cell adhesion molecules such as gliomedin interact
with NF186 at the nodal axolemma providing mechanisms for
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node formation (Eshed et al., 2005) and maintenance (Amor et
al., 2014). The axonal scaffolding protein AnkG links NF186 to
the cytoskeletal protein BIV spectrin for stabilization of the nodal
protein complex (Ho et al., 2014). The paranodal and nodal ab-
normalities described here were significantly more frequent in
P13 ¢KO sciatic nerves compared with WT or cHet (Fig. 5D, E). At
4 weeks of age when ¢KO mice show both reduced grip strength
and nerve conduction slowing (Fig. 2), disorganized paranodes
were significantly more frequent in ¢KO mice (13.4 * 1.9%,
mean = SEM, n = 3 mice) compared with WT mice (6.2 = 0.3%,
mean * SEM, n = 3 mice; p = 0.0217, Student’s ¢ test). Disorga-
nized nodes tended to be more frequent in cKO mice (5.9 = 1.3%,
mean = SEM, n = 3 mice) compared with WT mice (1.7 = 0.9%,
mean + SEM, n = 3 mice) at 4 weeks of age, although the differ-
ence did not reach statistical significance (p = 0.0573, Student’s ¢
test). Consistent with normal grip strength and sciatic nerve con-
duction velocity in cKO mice at 8—24 weeks of age (Fig. 2), nodes
and paranodes appeared normal in 14-week-old KO sciatic
nerves (Fig. 5F,G). In addition to the nodal and paranodal dis-
organization observed at P13, we also found abnormal clustering
of BIV spectrin in internodal or paranodal regions of cKO sciatic
nerves (Fig. 5H). These aberrant BIV spectrin clusters also colo-
calized with NF staining. Remarkably, in 14 weeks or older mice,
these internodal BIV spectrin-containing clusters lacked NF
staining (Fig. 5H). It is unclear how these aberrant BIV spectrin
clusters are formed, and their physiological consequence is un-
known. Together, these results suggest that the loss of BII spectrin
in myelinating Schwann cells causes disorganized nodes and

paranodes leading to transient nerve conduction slowing during
early development.

BII spectrin-deficient Schwann cells cause disorganized
paranodes in middle-aged mice

Next, we analyzed nodes and paranodes in sciatic nerves in
middle-aged cKO mice. We found that the clusters of paranodal
molecules, both axonal Caspr and Schwann cell NF155, were
disrupted in the sciatic nerves from cKO mice at 60 weeks of age
(Fig. 6A—D). Immunostaining of Caspr and NF155 was reduced
at regions of the paranodes near the node, whereas the staining
was preserved near juxtaparanodes. Even though the paranodal
junctions were apparently disrupted, nodal clusters of NF186 and
AnkG seemed to be intact, presumably due to preserved nodal
extracellular matrix including gliomedin (Fig. 6A, B). Further-
more, disrupted paranodal junctions did not alter axonal BII
spectrin at paranodes (Fig. 6D). Juxtaparanodal clusters includ-
ing Kv1.2 were also preserved in association with residual NF155
in regions of the paranodes next to juxtaparanodes (Fig. 6C).
Paranode disruption was significantly more frequent in cKO sci-
atic nerves compared with WT or cHet sciatic nerves (Fig. 6E).
This pattern of paranodal abnormalities was rarely observed at 14
weeks: 0 0f 400 (0%) in WT; 6 of 400 (1.5%) in cHet; and 3 of 400
(0.75%) in cKO (data were collected from 2 mice in each group).
TEM further confirmed the paranodal disruption shown by im-
munofluorescence. In cKO sciatic nerves at 60 weeks of age, we
found partial loss of the transverse bands (Fig. 6F); transverse
bands are a characteristic structural feature of paranodal axoglial
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Figure3. Il spectrin-deficient Schwann cell myelinated axons. 4, Cross sections of sciatic nerves from Control (W7, Sptbn1™); and cK0, Cnp-Cre;Sptbn 17 mice at P13, 14 weeks, and 60 weeks
ofage. Scale bars, 5 um. B, Scatter plots of g-ratio (y-axis) in relation to axon diameter (x-axis) of individual fiber in sciatic nerves. g-ratios: Control (0.6693 = 0.0617, mean = SD; n = 219 axons)
and cK0(0.7131 =% 0.0695, mean == SD; n = 316 axons) at P13; Control (0.697 == 0.0578, mean == SD; n = 203 axons) and cK0 (0.6871 = 0.0588, mean == SD; n = 187 axons) at 14 weeks of
age; and Control (0.6447 = 0.0653, mean = SD; n = 315 axons) and cK0 (0.6284 = 0.0698, mean == SD; n = 314 axons) at 60 weeks of age. Data were collected from two control (1 WTand 1
cHet) and three cKO mice at P13; two control (W) and two cKO mice at 14 weeks, and three control (WT) and three cKO mice at 60 weeks of age. Approximately 100 axons were analyzed per mouse.
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Figure4.  Schwann cell Bl spectrinis at paranodes. Dorsal roots from WT (Sptbn7”") or mutant mice lacking Il spectrin in sensory axons (axonal Il cK0, Avil-Cre;Sptbn17) were immunostained
using antibodies to Bl spectrin (green), NF (blue), and Kv1.2 (4, red), or antibodies to BII spectrin (green), AnkyrinB (AnkB; red), and NF (B, blue). Arrowheads indicate the boundary between
paranodes and juxtaparanodes. Scale bars, 10 m.
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(Cnp-Cre;Sptbn1”) mice at P13. Data were collected from three mice in each group. In each mouse, two sciatic nerve sections were analyzed, and ~ 100 paranodes and nodes were observed in each
section. F, G, Sciatic nerve sections from W/Tand cKO mice at 14 weeks of age immunostained for AnkG (red), Caspr (green), and NF (F, blue), or BIV spectrin (3IV; green) and NF (G, red). Scale bars,
10 wm. H, Sciatic nerve sections immunostained using antibodies against B3IV spectrin (green) and NF (red). Ectopic IV spectrin clusters are observed at paranodes (arrows) or at internodes

(arrowheads) in both P13 (left column) and 14 weeks (right column) cKO sciatic nerves. Asterisk indicates a node. Scale bars, 10 m.

junctions. These results demonstrate that Schwann cell BII spec-
trin helps maintain paranodal axoglial junctions in the PNS.

Oligodendrocyte BII spectrin is required for timely assembly
and continued maintenance of CNS paranodes

To determine whether BII spectrin in myelinating oligodendro-
cytes contributes to the normal function of CNS myelinated ax-
ons, we measured conduction velocities of compound action
potential propagation along CNS axons using an ex vivo prepa-
ration of the optic nerves. We found no significant difference in
conduction velocities between cKO and WT optic nerves at P17
or 23 weeks of age, whereas conduction velocity was significantly
slower in middle-aged (60 weeks) cKO mice compared with cHet
mice (Fig. 7A). TEM analyses and g-ratio measurement showed
compact myelin in optic nerves or spinal cords was indistinguish-

able between control and cKO mice at P13, 14 weeks, and 60
weeks of age (Fig. 7 B, C). We occasionally found axons associated
with thick myelin in 60 weeks cKO optic nerves (Fig. 7B, asterisk),
although myelin and axon integrity in most of fibers was compa-
rable with control optic nerves. Thus, it is unlikely that optic
nerve conduction slowing in middle-aged ¢KO mice is caused by
the defect of compact myelin alone.

Despite preserved nerve conduction velocity at P17 (Fig. 7A),
when we analyzed nodal Nav channel clustering and the forma-
tion of paranodal junctions in P13 optic nerves, we found that
Nav channel clusters were already formed in cKO and WT mice,
but Caspr labeling at paranodes was often dispersed or frag-
mented (Fig. 84). Furthermore, we found Nav channel clusters
without flanking Caspr labeling (Fig. 8A, arrowhead) were signif-
icantly more frequent in cKO optic nerves compared with cHet
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Figure6. Paranodaljunctions are disrupted in middle-aged sciatic nerves lacking Schwann cell 31l spectrin. A—D, Nodes of Ranvier from WT (Sptbn 7% or ck0 (Crp-Cre;Sptbn 77%) mice at 60 weeks of age are
immunostained as indicated. Inmunostaining of Caspr (green) and NF155 (blue) at paranodes is reduced in cK0 nerves (A—D). Nodal clusters of AnkG (4, B, red), gliomedin (Gldn; B, green), and NF186
(NF; A-D, blue) are preserved. Juxtaparanodal Kv1.2 (green) is also preserved (C). The arrowheads in D indicate Schwann cell Bl spectrinimmunostaining near the outer surface of myelin sheath in WTnerve,
but this Schwann cell BIl spectrin staining is completely abolished in ¢k0 nerve. Scale bars, 10 um. E, Frequency of reduced paranodal Caspr and NF staining in sciatic nerves from WT (Sptbn 179, cHet (Cnp-Cre;
Sptbn1”*), and ckO (Cnp-Cre;Sptbn ") mice at 60 weeks of age. N = 3 mice in each group. Paranodes were judged as disrupted when significant gap (longer than 1 um) was observed between paranodal
Caspr/NF155 clusters and nodal AnkG/NF186 clusters (A). In each mouse, two sciatic nerve sections were analyzed, and ~100 paranodes were observed in each section. F, TEM images of paranodes in
60-week-old T and kO sciatic nerves. Arrows indicate transverse bands. The insets show enlarged images of axon-glial interface of paranodal lateral loops (asterisks). Scale bars, 0.2 pum.

optic nerves (Fig. 8B). Consistent with this observation, the fre-  8B). At 14 weeks of age, nodes and paranodes in cKO optic nerves
quency of mature nodes and paranodes (a Nav channel cluster ~ were mostly normal (Fig. 8C). These findings suggest that loss of
flanked by Caspr staining on both sides) was significantlylowerin ~ BII spectrin from myelinating oligodendrocytes delays paranode
cKO optic nerves compared with WT or cHet optic nerves (Fig. ~ formation during early myelination, although the delay is not



Susuki et al.  Glial Spectrin and Paranodes J. Neurosci., July 4, 2018 - 38(27):6063— 6075 « 6071

A Optic nerve conduction velocity
m/s m/s m/s -
2; 8 8 o WT
.Ll L pﬂ3 A cHet
1.5; ° 61 o 6 e cKO
P E s
(o] [o]
i d o0
1#F 42 ei 42T
o
0.5 2{ 5% 21 ¢
ns ns
0 0 0
P17 23 weeks 60 weeks
Control _ C Optic nerve g-ratio
: 31 & ‘ 101 . P13
0.8 o o
2 061 o
s
> 0.4-
0.2- o Control
e cKO
0.0

0.0 05 1.0 15 2.0 25
Axon Diameter (um)

14W
o ©
4 *" o °
L 06+
-~
g
o 041
024 o Control
e cKO
0.0 T T T T )
0 1 2 3 4 5

Axon Diameter (um)

60W

o._°
0.8+ o
e O

[e) 4 L)
2 06 o
i
o 041

0.2 o Control

e cKO
0.0 T T T T 1
0 1 2 3 4 5

Axon Diameter (um)

Figure 7.  Nerve conduction and myelin morphology in optic nerves lacking oligodendrocyte Bl spectrin. A, Velocity of compound action potential propagation along optic nerves in ex vivo
preparation. WT, Sptbn1”' mice; cHet, Cnp-Cre;Sptbn 1/ mice; and cKO, Cnp-Cre;Sptbn 7" mice. N = 6-9 nerves in each group. Difference between cHet and ck0 is shown in P17. B, Cross sections
of optic nerves from Control (WT); and cKO mice at P13, 14 weeks, and 60 weeks of age. Asterisk indicates the axon associated with thick myelin. Scale bars, 2 m. C, Scatter plots of g-ratio (y-axis)
in relation to axon diameter (x-axis) of individual fiber in optic nerves. g-ratios: Control (0.7792 % 0.0526, mean == SD, n = 220 axons) and cK0 (0.7973 = 0.0462, mean == SD, n = 310 axons)
atP13; Control (0.7906 == 0.0399, mean == SD, n = 210axons) and cK0 (0.8038 = 0.0498, mean == SD,n = 214 axons) at 14 weeks of age; Control (0.8113 == 0.0474, mean = SD,n = 214 axons)
and K0 (0.7878 == 0.0535, mean == SD, n = 217 axons) at 60 weeks of age. Data were collected from two control (1 WTand 1 cHet) and two ckO mice at P13; two control (WT) and two cKO mice
at 14 weeks, and two control (1 WTand 1 cHet) and two cKO mice at 60 weeks of age. Approximately 100 axons were analyzed per mouse.

severe enough to affect nerve conduction. Similar to PNS devel- 60 weeks of age, we found that paranodes were disorganized and
opmental myelination (Fig. 5), normal paranodes and nodes  Kvl.2 staining frequently overlapped with paranodal Caspr and
eventually form in the CNS despite the lack of glial BII spectrin. ~ NF155 immunoreactivity (Fig. 9A). This observation revealed a

Next, we analyzed nodal and paranodal protein clusters in  compromised paranodal diffusion barrier due to loss of BII spectrin.
middle-aged cKO mouse optic nerves by immunofluorescence. At~ Furthermore, nodal gaps were abnormally elongated in ¢KO optic
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(NS node assembly is delayed in mice lacking oligodendrocyte BII spectrin. A, Optic nerve sections immunostained for Nav channels (red) or Caspr (Green) in P13 WT and ckO optic

nerves. Arrowhead indicates the Nav channel cluster without flanking Caspr labeling. Scale bars, 10 m. B, Quantification of the sites labeled for Nav channels and Caspr in optic nerves from WT,
Sptbn1™ mice; cHet, Cnp-Cre;Sptbn ™/ mice; and cKO, Cnp-Cre;Sptbn1”* mice at P13. N = 3 mice in each group. In each mouse, two optic nerve sections were analyzed, and ~100 sites were
observed in each section. C, Optic nerve sections immunostained for Nav channels (red) or Caspr (Green) in 14-week-old WT and ckO optic nerves. Scale bars, 10 pem.

nerves compared with WT or cHet (Fig. 9A, C). At 14 weeks of age,
no significant difference of nodal gap length was observed between
WT (0.76 = 0.09 wm) and cKO (0.95 % 0.06 wm) mice (Student’s ¢
test, p = 0.1503; n = 3 mice in each group; 60—77 nodal gaps were
measured in each mouse). The elongation of gaps between two
Caspr clusters was associated with the elongation of nodal protein
clusters (Fig. 9B). In middle-aged mice, many nodal Nav channel/
BIV spectrin-labeled nodes were significantly longer (>2 um
length) in cKO optic nerves than in WT or cHet mice (Fig. 9B, D).
For comparison, at 14 weeks of age, long nodal Nav channel clusters
(>2 wm length) were rare, but were more frequently observed in

cKO optic nerves (4.49 = 0.23%) than in WT optic nerves (2.05 *
0.37%; mean = SEM, p = 0.0051, Student’s t test; » = 3 mice in each
group; 5 fields-of-view were analyzed in each mouse, and 219-588
nodes were observed in each field of view). An analysis of paranodal
junctions in the CNS using TEM confirmed their disorganization.
Specifically, we found a partial loss of paranodal transverse bands
and disorganized paranodal loops in optic nerves and spinal cords
from cKO mice at 60 weeks of age (Fig. 9E). Finally, despite the
disorganization of paranodes in middle-aged ¢KO CNS, the density
of nodes (i.e., nodes/field-of-view, 142.10 X 106.48 wm) was com-
parable in the optic nerves at 60 weeks: 157 * 6.1 in WT, 166 * 8.0
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(NS nodes and paranodes are disrupted in middle-aged mutant mice lacking oligodendrocyte Bll spectrin. 4, B, Optic nerve sections from WT (Sptbn1”") or ck0 (Cnp-Cre;Sptbn 17 mice

at 60 weeks of age immunostained using antibodies against Caspr (green), NF (blue), and Kv1.2 (4, red) or Nav channels (red) and IV spectrin (B, green). Arrows indicate the boundary between
paranodes and juxtaparanodes. B, Enlarged images of the individual staining for Nav channels and BIV spectrin in boxed areas (bottom) are shown in the top. Scale bars, 10 wm. C, Node length
(distance between 2 paranodal Caspr clusters) in optic nerves at 60 weeks old. WT, Sptbn 77" cHet, Cnp-Cre;Sptbn 1™ ; and KO, Cnp-Cre;SptbnT”" mice. N = 3 mice in each group. In each mouse,
three optic nerve sections were analyzed, and 100 nodal gaps were measured in each section. D, Frequency of elongated nodes (>2 wum) per total nodes in optic nerves at 60 weeks of age, measured
by Nav channel and BIV spectrinimmunostaining as shown in B. WT, Sptbn17"; cHet, Cnp-Cre;Sptbn 17/ ; and k0, Cnp-Cre;Sptbn 1 mice. N = 3 mice in each group. In each mouse, three optic nerve
sections were analyzed, and 117-192 nodes were observed in each section. E, TEM of paranodes in ckO spinal cords at 60 weeks of age. Arrows indicate transverse bands. The insets in bottom two
panels show enlarged images of axon-glial interface of paranodal lateral loops (asterisks). Arrowheads indicate abnormally inverted paranodal lateral loops (middle column). Some paranodal lateral

loops lie on top of each other and do not reach the axolemma (right column). Scale bars: top three panels, 0.5 wm; bottom two panels, 0.1 wm.

in cHet, and 145 * 12.5 in ¢KO (mean * SEM, p = 0.3401, one-way
ANOVA; n = 3 mice in each group, 9 fields-of-view were analyzed per
mouse). These findings suggest that oligodendrocyte BII spectrin con-
tributes to maintenance of nodal and paranodal architecture.

Discussion
Recent studies indicate that myelinating glial cells promote Nav

channel clustering at nodes of Ranvier via two distinct mechanisms:
(1) interaction between glia-derived ECM proteins and axonal

NF186, and (2) through paranodal axoglial junctions (Rasband and
Peles, 2015). These two glia-dependent mechanisms converge on the
axonal cytoskeleton, which can cluster Nav channels (Ho etal., 2014;
Amor et al., 2017). Despite its importance, the composition of the
glial paranode remains largely unknown. The glial paranodal cell
adhesion molecule NF155 is critical for axoglial junction assembly,
and thereby also regulates formation and maintenance of ion chan-
nel clustering at and near nodes (Tait et al., 2000; Pillai et al., 2009;
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Taylor etal., 2017). The absence of glial NF155 during developmen-
tal myelination causes axonal Caspr and contactin to fail to localize at
the paranodes. Without these paranodal proteins transverse bands
are absent and juxtaparanodal K™ channels mislocalize to paran-
odes in both the PNS and CNS (Pillai et al., 2009). However, the loss
of paranodal junctions causes only minor alterations in nodal pro-
tein clusters (Bhat et al., 2001; Boyle et al., 2001; Rios et al., 2003;
Pillai et al., 2009). Remarkably, the paranodal axonal cytoskeleton
assembled by these junctions has the ability to cluster Nav channels
at both PNS and CNS nodes in the absence of axonal NF186 (Zonta
etal., 2008; Amor et al., 2017). Ablation of glial NF155 in adult mice
after completion of myelination causes loss of paranodal transverse
bands and mislocalization of juxtaparanodal K * channels to paran-
odes (Pillai et al., 2009). However, this is not accompanied by desta-
bilization of nodal protein clusters (Pillai et al., 2009; Taylor et al.,
2017). Ablation of both axonal NF186 and glial NF155 simultane-
ously in mature nerves causes accelerated destabilization of the node
when compared with ablation of NF186 alone, suggesting that the
stability of nodal clusters is enhanced when the flanking paranodes
are intact (Taylor et al., 2017). NF155 and spectrin-binding ankyrins
are also found at glial paranodes: AnkyrinB in Schwann cells and
AnkG in oligodendrocytes (Chang et al., 2014). Our results suggest
that paranodal BII spectrin links NF155 and ankyrins to the actin
cytoskeleton in myelinating glia. Our observations in ¢KO mice sug-
gest that glial BII spectrin contributes to timely assembly of paran-
odal junctions and the stabilization of glial paranodal protein
complexes in both the PNS and CNS.

During PNS development, we found altered clustering of paran-
odal proteins in BII spectrin ¢KO mice (Fig. 5). Some nodal protein
clusters were also elongated or dispersed in association with the dis-
organized paranodes. The loss of Schwann cell BII spectrin may alter
elongation of Schwann cell processes during developmental myeli-
nation as well as paranodal junction assembly. These disorganized
paranodal and nodal clusters may contribute to the conduction
slowing observed in sciatic nerves and presumably the reduced grip
strength in juvenile cKO mice (Fig. 2). However, these abnormalities
were found in only some of the paranodes (mean 27.3%; Fig. 5D)
and nodes (mean 11.7%; Fig. 5E) and these functional and structural
abnormalities eventually resolved. In contrast, glial-specific ablation
of NF155 using the Cnp-Cre driver line caused a more profound
phenotype and nerve conduction failure, and these NF155-null mu-
tants died at P16—P17 (Pillai et al., 2009). We speculate that the
milder phenotype in BII spectrin ¢KO mice may reflect partial com-
pensation by other spectrins, as we have previously shown in axonal
spectrins and ankyrins (Ho et al., 2014). Such compensatory mech-
anisms may also contribute to the mostly preserved myelin sheaths
in BII spectrin ¢KO mice (Figs. 1A, B, 3), whereas knockdown of
Schwann cell BII spectrin using shRNA inhibited myelination in in
vitro myelinating cocultures (Susuki et al., 2011).

Although PNS nodes and paranodes were normal in young
adult BII spectrin cKO mice, some paranodes were altered in the
middle-aged mutants (Fig. 6). Importantly, the potential link
between Schwann cell ankyrins, NF155, and BII spectrin was
consistent with the loss of NF155 and Caspr in these middle-aged
cKO mice (Fig. 6). Our findings strongly suggest a role for
Schwann cell BII spectrin in the maintenance of paranodal ax-
oglial junctions. Despite the preserved nodal and juxtaparanodal
ion channel clustering in the middle-aged cKO mice, paranodal
abnormalities may still affect nerve conduction, as mathematical
modeling has suggested that subtle paranodal detachment in-
duces nerve conduction slowing (Babbs and Shi, 2013). Indeed,
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middle-aged BII spectrin ¢KO mice showed significant nerve
conduction slowing and reduced grip strength (Fig. 2).

Similar to the PNS, we found altered nodes and paranodes
during CNS development in the BII spectrin ¢KO mice (Fig. 8). In
P13 ¢cKO optic nerves, the frequency of nodal clusters without
associated paranodes was higher than in WT controls, whereas
the frequency of mature nodes and paranodes was lower (Fig.
8B), suggesting a function for oligodendrocyte BII spectrin in
CNS paranode formation. These findings are consistent with the
role of NF155 for CNS paranode assembly, although NF155-null
mutants still display a more profound phenotype (Zonta et al.,
2008; Pillai et al., 2009). Importantly, these abnormalities during
early development in BII spectrin cKO optic nerves (Fig. 8 A, B)
resemble the delay in CNS node and paranode assembly in a
glia-specific AnkG conditional knock-out (Chang et al., 2014).
AnkG expressed by myelinating oligodendrocytes is highly en-
riched at the glial side of paranodes and interacts with NF155
(Chang et al., 2014). The striking similarity of the phenotype in
the BII spectrin cKO (Fig. 8A,B) and AnkG cKO (Chang et al.,
2014), and the fact that ankyrins and spectrins form functional
pairs, suggests an interaction between oligodendrocyte BII spec-
trin and AnkG, although it is not known whether oligodendro-
cyte BII spectrin is enriched in paranodes. Similar to the PNS, the
optic nerves from young adult BII spectrin ¢KO mice showed
almost normal nodes and paranodes (Fig. 8C). However, in
middle-aged mutant mice, we found elongated nodes, disorga-
nized paranodes, and K™ channel mislocalization into paranodal
area in the optic nerves (Fig. 9). Similarly, ablation of glial NF155
induced in P23 mice caused mislocalization of juxtaparanodal
K™ channels to paranodes and loss of paranodal transverse bands
in spinal cords, although Caspr immunoreactivity remained at
paranodes (Pillai et al., 2009). Together, these findings strongly
suggest that oligodendrocyte BII spectrin contributes to forma-
tion and maintenance of nodes and paranodes.

In conclusion, our study demonstrates that the glial submembra-
nous cytoskeleton formed by BII spectrin contributes to assembly of
paranodal junctions and nodes of Ranvier in both the PNS and CNS.
These findings may also provide an important clue to better under-
stand mechanisms of demyelination and neuropathy, because deg-
radation of spectrins has been implicated in the pathophysiology of
various neurological diseases and injuries, such as multiple sclerosis
(Shields et al., 1999) or traumatic brain injury (Mondello et al.,
2010), and disruption of nodes and paranodes has been described in
these conditions (Coman et al., 2006; Howell et al., 2006; Reeves et
al., 2010). We propose that defining the role of the glial cytoskeleton
will provide further insights into the molecular mechanisms of for-
mation, maintenance, disruption, and potential mechanisms for re-
pair of myelinated nerve fibers.
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