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Focal loss of the paranodal domain protein
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Abstract

Paranodal axoglial junctions are essential for rapid nerve conduction and the organization of axonal domains in myeli-
nated axons. Neurofascin155 (Nfasc155) is a glial cell adhesion molecule that is also required for the assembly of these
domains. Previous studies have demonstrated that general ablation of Nfasc155 disorganizes these domains, reduces
conduction velocity, and disrupts motor behaviors. Multiple sclerosis (MS), a typical disorder of demyelination in the
central nervous system, is reported to have autoantibody to Nfasc. However, the impact of focal loss of Nfasc155,
which may occur in MS patients, remains unclear. Here, we examined whether restricted focal loss of Nfasc155 affects
the electrophysiological properties of the motor system in vivo. Adeno-associated virus type5 (AAV5) harboring EGFP-
2A-Cre was injected into the glial-enriched internal capsule of floxed-Neurofascin (Nfasc™/7%) mice to focally disrupt
paranodal junctions in the cortico-fugal fibers from the motor cortex to the spinal cord. Electromyograms (EMGs) of

the triceps brachii muscles in response to electrical stimulation of the motor cortex were successively examined in
these awake mice. EMG analysis showed significant delay in the onset and peak latencies after AAV injection com-
pared to control (Nfasct+) mice. Moreover, EMG half-widths were increased, and EMG amplitudes were gradually
decreased by 13 weeks. Similar EMG changes have been reported in MS patients. These findings provide physiological
evidence that motor outputs are obstructed by focal ablation of paranodal junctions in myelinated axons. Our find-
ings may open a new path toward development of a novel biomarker for an early phase of human MS, as Nfasc155
detects microstructural changes in the paranodal junction.
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Introduction

Oligodendrocytes are glial cells that extend myelin
membranes around axons in the central nervous sys-
tem (CNS) [2, 22]. Myelin facilitates saltatory con-
duction and provides metabolic support to axons
[13, 30]. The predominant interaction site between
myelin and an axon is formed by the paranodal junc-
tion adjacent to the node of Ranvier [33]. Nodes of
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Ranvier and paranodal junctions flanking the nodes
are an important structure supporting saltatory con-
duction [15]. Rapid transmission of nerve impulses by
saltatory conduction is indispensable of normal func-
tions of the nervous system. The paranodal junctions
are composed of a 155-kDa isoform of Neurofascin
(Nfasc155) on the glial side, and Caspr and Contactin,
a glycosyl-phosphatidylinositol (GPI)-anchored neural
cell adhesion molecule, on the axonal side [3, 7, 28, 42].
These junctions are thought to have several functional
roles, including maintaining action potential propa-
gation [38], restricting nodal proteins for assembly
and maintenance of nodes [39], and mediating signal
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transduction between axons and glia [29]. On the other
hand, there is another 186-kDa isoform of Neurofas-
cin, Nfasc186, in neurons. In the absence of Nfas186,
sodium channels remain diffusely distributed along the
axon [50]. Thus, Nfasc155 and Nfascl86 play distinct
and essential roles in the formation of these domains [4,
46]. Glial Nfasc155 is essential for the assembly of the
paranodal axoglial junction, while neuronal Nfasc186 is
indispensable for stable concentration of sodium chan-
nels at the node.

Multiple sclerosis (MS) is the most common demy-
elinating disease of the CNS, characterized by an ini-
tial relapsing—remitting clinical course [12]. In MS,
the myelin sheaths are damaged, resulting in signifi-
cantly delayed conduction velocity and neurological
dysfunction [10, 51]. The disruption of paranodal junc-
tions occurs during the early phase of MS [16], and
reduced Nfasc155 levels in active MS-lesions have been
reported [25]. Moreover, autoantibodies of Nfasc were
reported in a subgroup of MS patients, particularly in
those with a primary progressive disease course [43].
General ablation of Nfascl55 disorganizes paranodal
regions, reduces conduction velocity, and disrupts
motor behaviors [50]. However, the impact of focal loss
of Nfasc155 remains poorly understood.

In this study, we investigated how the focal loss of
Nfascl55 impairs physiological function in vivo. We
used the cortico-fugal pathways from the motor cortex
to the spinal cord, such as the cortico-spinal, cortico-
reticulo-spinal and cortico-rubro-spinal tracts, the
major pathways controlling limb movements in rodents
[41]. We applied site-specific ablation of Nfasc155 using
adeno-associated virus expressing Cre (AAV-Cre),
which disrupted the paranodal junctions [34]. Then, the
functions of the cortico-fugal pathways were evaluated
electrophysiologically by analyzing electromyograms
(EMGs) of the forelimb muscles in response to electri-
cal stimulation in the motor cortex in the awake state.
We found that focal disruption of paranodal junction
impaired conduction through the cortico-fugal path-
ways from the motor cortex to the spinal cord.

Materials and methods

Animals

Nfascfo*Flo* mice, in which Nfasc exons 2 and 3
were flanked by loxP sites, and control wild type
(Nfasc™’*) mice were bred for this study and geno-
typed as described previously [34]. All procedures were
approved by the Institutional Animal Care and Use
Committee of the National Institutes of Natural Sci-
ences and conducted in accordance with the guidelines
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of the National Institutes of Health Guide for the Care
and Use of Laboratory Animals.

AAV production and purification

EGFP-2A peptide-Cre ¢cDNA was kindly provided by
Prof. Akihiro Yamanaka (Nagoya University, Japan) and
used as previously described [17]. AAV type 5 harbor-
ing CAG promoter-driven EGFP linked to Cre recombi-
nase via a 2A peptide (AAV5-EGFP-2A-Cre, Fig. 1a) was
generated and purified as previously described [20, 26,
32]. In brief, HEK293 cells (3 x 10° cells in a 10 cm tis-
sue culture dish) were cotransfected with a pAAV vector
plasmid harboring the gene of interest, pAAV-RC2, and
pHelper (Cell Biolabs Inc., San Diego, USA). The crude
viral lysate was purified with 2 rounds of cesium chlo-
ride ultracentrifugation. The titer of the viral stock was
determined against plasmid standards by real-time PCR
with the following primers: 5'-CCGTTGTCAGGCAAC
GTG-3' and 5-AGCTGACAGGTGGTGGCAAT-3'. The
stock was subsequently dissolved in PBS buffer (50 mM
HEPES [pH7.4] and 0.15 M NacCl) and stored at — 80 °C.

AAV injection into the mouse internal capsule

for histological examination

To confirm whether AAV5-EGFP-2A-Cre actually dis-
rupted paranodal junctions, the virus was injected into
the internal capsule of Nfasc" lox/Flox (3 =3 all male) and
Nfasc™* (n=3, all male) mice. Nfasc155 is expressed in
oligodendrocyte of internal capsule and located in the
paranodes, while Nfasc186 is expressed in neuron of
motor cortex and clustering at the nodes [7]. The AAV5
vector is efficient to drive transgene expression in oligo-
dendrocyte [1]. It also infects axons and is transported
mainly anterogradely, not retrogradely to soma [6], and
Cre-lox recombination will not occur in neurons. There-
fore, Nfasc155 in glial cells is expected to be specifically
ablated, on the other hand, Nfasc186 in the neuronal side
remains intact. Mice were anesthetized with an intraperi-
toneal injection of ketamine hydrochloride and xylazine
hydrochloride (100 mg/kg and 5 mg/kg, respectively) and
placed in a stereotaxic frame (Narishige, Tokyo, Japan).
After making a skin incision and opening the skull (at
1.0 mm posterior and 2.1 mm lateral to the bregma),
0.3 ul of viral solution (1.0 x 10° viral genome [vg]/ml)
was injected slowly (over 3 min) into the internal cap-
sule (at a depth of 2.7 mm) through a pulled glass pipette
(outer diameter 50—70 pm) using a syringe pump (UMP3;
WPI, Sarasota, USA). The pipette was kept in the same
position for 3 min after viral administration then with-
drawn. Incisions were closed using wound clips. Animals
were sacrificed 12 weeks after virus injection, and injec-
tion sites were histologically examined using the methods
described below.
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Fig. 1 AAV-Cre-induced loss of paranodal junction in the internal capsule. a Schematic diagrams showing the design of the AAV-EGFP-2A-Cre
constructs. The 2A peptide is cleaved just after translation, and EGFP and Cre recombinase are expressed independently. b, ¢ Time course

and schematic drawing of our experiments. To examine whether site-directed loss of paranodal junctions causes a delay in cortically evoked
electromyograms (EMGs), a pair of bipolar stimulating electrodes was chronically implanted into the motor cortex (MCx), and EMG recording
electrodes were placed in the triceps brachii muscles contralateral to the cortical stimulation electrodes in 6-week-old Nfasc*® and Nfasc*’* mice.
AAV5-EGFP-2A-Cre was injected into the internal capsule (IC) of the mice at week 0. Evoked EMGs by cortical stimulation (Stim.) were recorded
every week before (week 0) and after (from week 1 to week 13) AAV injection. d Representative micrograph of AAV-mediated EGFP expression
(green) in the internal capsule 12 weeks after AAV injection. White dotted lines indicate the boundaries of the internal capsule (IC). Scale bar

250 um. e Doubly staining by in situ hybridization for PLP mRNA (blue) and immunostaining with an anti-GFP antibody (brown) in the IC 12 weeks
after AAV injection. Arrowheads indicate double positive cells for both PLP mRNA and GFP. The inset is a magnified view of the cell indicated by the
arrow. Scale bar 50 um (25 um in inset). f Immunofluorescence staining with an anti-Caspr (green) and anti-Na™ channel (red) antibodies in sections
containing the IC of Nfasc™ (left) or Nfasc© (right) mice 12 weeks after AAV injection. Each inset shows a magnified view of the immunolabeling
indicated by the arrow. Scale bar 20 um (5 pm in inset). Quantification of the number (g) and length (h) of Caspr-positive paranodes in Nfasct+
and Nfasc™© mice injected with AAV5-EGFP-2A-Cre vector (Student’s t test, number [t=4.623, df =4, **p <0.01], length [t=5.319, df =4, **p<0.01];
n=3 mice each). i Quantification of the number of Na* channel-positive nodes in Nfasct+ and Nfasc™© mice injected with AAV5-EGFP-2A-Cre
vector (Student’s t test, t=1.504, df =4, p=0.2069; n =3 mice each). All data are shown as mean &+ SEM

Surgical procedure for electrophysiological experiments skull was widely exposed and the periosteum and blood
Six-week-old Nfasc**F* (n=7, 6 males and 1 female) on the skull were completely removed. The exposed skull
and Nfasc™* (n=5, all male) mice were used for elec- was entirely covered with bone-adhesive resin (Bistite II;
trophysiological experiments (Fig. 1b, c). To painlessly = Tokuyama Dental, Tokyo, Japan) and acrylic resin (Uni-
fix the heads of awake mice in the stereotaxic apparatus, fast II; GC, Tokyo, Japan). A small polyacetal U-frame
the mice first underwent a surgical procedure to attach  head holder for head fixation was mounted and fixed
a prosthesis as described previously [8]. Briefly, each  with acrylic resin on the head of each mouse.

mouse was anesthetized with isoflurane (4%, 100 ml/min After recovery from the first surgery (3 days later),
with room air) and fixed in the stereotaxic apparatus. The = the mouse was positioned in the stereotaxic apparatus
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with its head restrained using the U-frame head holder
under anesthesia with isoflurane (2%, 100 ml/min with
room air). A portion of the skull over one hemisphere
was removed to access the motor cortex and internal
capsule. A pair of bipolar stimulating electrodes made of
50-pm-diameter Teflon-coated tungsten wires (intertip
distance, 300—400 pum) was chronically implanted into
the forelimb representation area of the motor cortex,
which was identified by intracortical microstimulation
(less than 50 pA, 200 ps duration at 333 Hz, 10 pulses).
Stimulating electrodes were then fixed therein using
acrylic resin. A pair of EMG recording electrodes made
of 50-pum-diameter Teflon-coated stranded stainless-steel
wires (A-M systems, Carlsberg, USA) were also surgically
placed into the triceps brachii muscle of the forelimb
contralateral to the side of the cortical stimulation elec-
trodes. The wires were passed subcutaneously and joined
to connectors attached to the U-frame.

Electrophysiological experiments

After full recovery from the second surgery (3 days
later), we started recording the evoked EMG responses
evoked by cortical stimulation before (week 0) and after
(from week 1 to week 13) AAV injection (Fig. 1b). The
awake mouse was positioned in a stereotaxic apparatus
using the U-frame head holder. Electrical stimulation
was applied through the chronically implanted bipolar
electrode in the motor cortex (0.6 mA, 100 us duration,
single pulse, 1400 ms interval). The induced EMG signals
were amplified (5000x), filtered (15-1000 Hz), rectified
by an electrical circuit, stored on a computer at 2 kHz,
and averaged for 100 trials.

After the EMG recordings at week 0, AAV5-EGFP-2A-
Cre was injected into the internal capsule of Nfasc/Flox
mice using similar methods described above (Fig. 1b, c)
under anesthesia with isoflurane (2%, 100 ml/min with
room air). EMG recordings of each mouse in awake state
were performed once a week on the same day of the week
from week 1 through 13 after AAV injection.

Tissue preparation

Mice were deeply anesthetized with sodium pentobar-
bital (100 mg/kg, i.p.) and perfused transcardially with
4% paraformaldehyde in 0.1 M phosphate buffer (pH
7.4). The tissues were post-fixed in 4% paraformaldehyde
overnight at 4 °C. The post-fixed tissues were cryopro-
tected overnight in PBS containing 20% sucrose, embed-
ded in OCT compound (Sakura Finetechnical Co., Tokyo,
Japan), and cut into 20 um slices with a cryostat (Leica
CM3050, Wetzlar, Germany) for in situ hybridization and
immunohistochemistry.
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In situ hybridization

Digoxigenin (DIG)-labeled single stranded riboprobes for
proteolipid protein 1 (PLP) [18] were synthesized using
T7 RNA polymerase and DIG RNA labeling mix (Roche,
Mannheim, Germany). The protocol for in situ hybridi-
zation was previously described [21]. Briefly, the sections
were treated with proteinase K (40 pg/ml) for 30 min at
room temperature and hybridized overnight at 65 °C
with DIG-labeled antisense riboprobes in a hybridiza-
tion solution consisting of 40% formamide, 20 mM Tris—
HCI (pH 7.5), 600 mM NaCl, 1 mM EDTA, 10% dextran
sulfate, 200 pug/ml yeast tRNA, 1 x Denhardt’s solution,
and 0.25% SDS. The sections were washed three times in
1 x SSC (150 mM NaCl and 15 mM sodium citrate) con-
taining 50% formamide at 65 °C, followed by 0.1 M maleic
buffer (pH 7.5) containing 0.1% Tween-20 and 0.15 M
NaCl. The bound DIG-labeled probe was detected by
a 30 min incubation of the sections with anti-DIG anti-
body conjugated with alkaline phosphatase (Roche), and
the color was developed in a solution containing 4-nitro-
blue tetrazolium chloride (NBT, Roche) and 5-bromo-4-
chloro-3-indolyl phosphate (BCIP, Roche) in the dark at
room temperature.

Immunohistochemistry

Cryosections were immunostained with mouse anti-pan
Na™ antibody (1:500; S8809, Sigma-Aldrich, St. Lousi,
USA), rabbit anti-GFP antibody (1:500; A6455, Life Tech-
nologies, Carlsbad, USA), and rabbit anti-Caspr antibody
(1:1000; a gift from Dr. Elior Peles, Weizmann Institute
of Science, Israel). Sections were irradiated in 10 mM
citrate buffer (pH 6.0) for 5 min, heated up to 90 °C in
a microwave. After washing with PBS containing 0.1%
Triton-X (PBST), sections were blocked with 10% normal
goat serum in PBST for 1 h, then incubated with primary
antibodies in PBST at 4 °C overnight. After washing with
PBST, the sections were incubated with secondary anti-
bodies (1:2000; Alexa488-conjugated goat anti-rabbit IgG
and Alexa568-conjugated goat anti-mouse IgG; Molecu-
lar Probes, Eugene, USA) for 3 h at room temperature.
Sections were mounted and covered with glass coverslips
after rinsing with PBST.

Sections used for 3,3’-diaminobenzidine (DAB) stain-
ing were blocked with 10% normal goat serum in PBST
for 30 min and incubated with rabbit anti-GFP antibody
(1:500; Life Technologies) at 4 °C overnight. After wash-
ing with PBST, sections were incubated with the second-
ary antibody (1:400, biotinylated goat anti-rabbit IgG;
Vector Laboratories, CA, USA) for 1 h at room tempera-
ture, followed by incubation with Avidin/Biotin Complex
(ABC) solution (horseradish peroxidase-streptavidin—
biotin complex, Vectastain ABC kit; Vector Laboratories)



Kunisawa et al. Mol Brain (2020) 13:159

for 1 h at room temperature. The HRP signals were
detected by DAB solution with 0.03% H,O,.

Data analyses

For histological analysis, the coronal sections of brains
from mice injected with AAV vectors were analyzed.
Images were acquired by use of Nikon A1R confocal laser
scanning microscope and NIS-element software (Nikon,
Tokyo, Japan). In the quantification of PLP*/EGFP" dou-
ble-positive cells, we considered “double positive cells for
both PLP mRNA and EGFP” when >85% of the surface of
EGFP-positive cells were wrapped by PLP-positive cells,
as determined by Z-stack images. In the quantification of
paranodes, number of Caspr™ clusters per field of view
and length of 30-40 Caspr™ clusters were quantified in
internal capsule. Quantitative analyses were performed
by using Image] software (NIH).

For electrophysiological analysis, the mean and stand-
ard deviation (SD) of the EMG during the control period
(0.5-s preceding the onset of the cortical stimulation)
were calculated (Fig. 2a). Changes in EMG in response
to cortical stimulation were judged to be significant if
the EMG exceeded the level of the mean+2SD. The
onset latency of the cortically evoked EMG was defined
as the time between the onset of cortical stimulation and
the time when the EMG first exceeded this level. The
peak latency was defined as the time between the onset
of stimulation and the time when the EMG reached its
peak. The half-width of the cortically evoked EMG was
defined as the width of the EMG at half the height of the
peak amplitude. The amplitude of the cortically evoked
EMG was quantified as the area of the EMG over the
mean when the EMG showed a significant response (blue
area in Fig. 2a). Population EMGs were constructed by
averaging the EMGs from different animals recorded the
same week before and after AAV injection. These param-
eters of the Nfasc"™*F°* mice are expressed as the ratio
(%) to those of Nfasct/Tmice.

All statistical analyses were performed using GraphPad
Prism 6 Software (GraphPad Software Inc., San Diego,
USA). Significance was assessed using Student’s t-test or
two-way ANOVA. The Sidak test was used for post-hoc
analyses when F ratios were significant. The criterion for
a significant difference was p <0.05 for all statistical eval-
uations. All data are expressed as mean £+ SEM.

Results

AAV-Cre-mediated ablation of paranodal junction

in the internal capsule

AAV-Cre injection into Nfasc!®/f* mice (referred
as Nfasc®) should result in the deletion of both glial
Nfasc155 and neuronal Nfasc186 exons 2/3 region [34].
To achieve AAV-Cre mediated specific ablation of
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Nfasc155, we injected AAV5-EGFP-2A-Cre into the Nfas-
¢80 mouse internal capsule that composed of glial cells,
but not neuronal cell bodies. To confirm that AAV5-
EGFP-2A-Cre injection into the internal capsule actually
disrupts the paranodal junctions, histological analyses
were performed 13 weeks post-injection. Results showed
EGFP expression in the internal capsule, indicating the
AAV vector was correctly delivered into the targeted
region (Fig. 1d). Double-labeling by in situ hybridiza-
tion for PLP mRNA and immunostaining for EGFP
showed 89.34+4.5% co-localization of EGFP expression
with PLP' oligodendrocytes (Fig. 1e). Nfasc155 stain-
ing was not successful in the white matter of brain [21,
34, 35, 49], and its loss accompanied disruption of Caspr
localization to paranodes in the Nfasc®® mice [34].
Therefore, to confirm the loss of paranodal junctions in
the internal capsule of Nfasc®© mice, immunostaining
for Nat channels and Caspr was performed (Fig. 1f).
In the Nfasc®®© mice, both the number and length of
Caspr™ clusters were significantly reduced compared to
the Nfasc™" mice (number, **p<0.01; length, **p<0.01;
Fig. 1g, h). This demonstrates that AAV5-EGFP-2A-Cre
injection into the internal capsule of Nfasc®“© mice effi-
ciently induced the disruption of paranodal junctions.
On the other hand, Na' channels remained concentrated
probably at nodes (p >0.05; Fig. 1f, i), suggesting minimal
effects on Nfasc186. We also found no cortical neurons
were labeled with EGFP (data not shown), supporting
that Cre-lox recombination did not occur in cortico-fugal
neurons.

Changes in cortically evoked EMGs after ablation

of paranodal junction

To investigate whether focal ablation of paranodal junc-
tion in the internal capsule affects cortico-fugal nerve
conduction, cortically evoked EMGs were recorded for
each animal before (week 0) and after vector injection for
13 weeks (once every week during weeks 1-13; Fig. 1b).
Typical cortically evoked EMGs recorded from Nfasc™*
mice 12 weeks after vector injection are shown in Fig. 2a.
Figure 2b—e show population EMGs recorded from Nfas-
¢*®0 (red line) and Nfasc™* (blue line) mice before (week
0; Fig. 2b) and after (week 7, 10 and 13; Fig. 2c—e) injec-
tion of the AAV5-EGFP-2A-Cre vector. At week 0 and
7, cortically evoked EMGs of Nfasc®“® mice were com-
parable to those of Nfasc™* mice (Fig. 2b, c). However,
at week 10 and 13, cortically evoked EMGs of Nfasc®<©
mice, especially during the early phase, were smaller
than those of Nfasc™" mice. The relative onset and peak
latencies of the evoked EMGs (ratio of latency of Nfas-
¢®0 mice to that of Nfasc™* mice) were quantitatively
analyzed over time. The onset latencies from week 0 to
week 9 did not differ between the two groups (Fig. 2f).
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Fig. 2 Cortically evoked EMGs in Nfasc™© and Nfasc™* mice injected with AAV5-EGFP-2A-Cre. a Representative EMGs in response to electrical
stimulation (0.6 mA, 100 ps duration, single pulse, 1400 ms interval, averaged 100 times) of the motor cortex in Nfasct+ mice 12 weeks after AAV
injection. Onset latency, peak latency and half-width of the EMGs are indicated. Amplitude of the EMGs is defined as the area over the mean during
the response exceeding the level of the mean + 2SD (blue area, see also “Materials and methods”). Cortically evoked population EMGs of Nfasct/+
(n=5, blue line) and Nfasc™© (n=7, red line) at week 0 (b), 7 (c), 10 (d) and 13 (e). The light-shaded colors represent = SEM. Ratio (%) of onset
latency (f), peak latency (g), half-width (h) and amplitude (i) of cortically evoked EMGs in Nfasc™© mice compared to those of Nfasct*mice before
(week 0) and after (from week 1 to week 13) AAV injection (two-way ANOVA followed by Sidak multiple comparison test; onset latency (genotype
[F(1,137)=2141,*p<0.01], week [F (13,137) =2.480, **p <0.01], genotype x week [F (13,137) =2.480, **p < 0.01]), peak latency (genotype
[F(1,125=20.19, **p < 0.01), week [F (13,125)=1.179, p=0.3024], genotype x week [F (13,125)=1.179, p=0.3024]], half-width (genotype [F
(1,127)=9.162,**p < 0.01], week [F (13,127) =0.8992, p=0.5558], genotype x week [F (13,127) =0.9034, p=0.5515]), amplitude (genotype [F
(1,126)=3.182, p=0.0769], week [F (13,126) =0.4220, p=0.9595], genotype x week [F (13,126) =0.4221, p=0.9594])). All data are expressed as
mean & SEM
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In contrast, the onset latencies of the Nfasc®“® mice were
significantly prolonged at weeks 10, 11, and 13 compared
to the Nfasct™ mice (Fig. 2f; week 10, **p<0.01; week
11, **p<0.01; week 13, *p<0.05; two-way ANOVA fol-
lowed by Sidak multiple comparison test). Similarly, there
were no difference in peak latencies from week 0 to week
9, whereas those of the Nfazsc®™® mice were longer than
those of Nfasc™* mice at week 10 (Fig. 2g; **p<0.01).
The half-widths and amplitudes of cortically evoked
EMGs were also examined. The half-widths of Nfas-
¢®O mice were slightly increased after week 8 and sig-
nificantly longer than those of Nfasc™* mice at week 12
(Fig. 2h; *p <0.05). The amplitudes tended to be gradually
decreased after week 7, but there was no significant dif-
ference (Fig. 2i). The response of EMGs that we analyzed
was not affected by another subcortical pathway because
the measuring EMGs of the triceps muscle in response to
electrical stimulation of the motor cortex were mediated
by the shortest projections from the motor cortex to the
spinal cord. Combined, these results demonstrate that
the focal loss of paranodal junction in the cortico-fugal
pathways slows nerve conduction velocity and increases
its dispersion.

Discussion

In the present study, AAV5-EGFP-2A-Cre was injected
into Nfasc®© mice, and paranodal junction was disrupted
at injected sites in Nfzsc®®© mice. Nfasc155 is expressed
in oligodendrocyte at the paranodes, while Nfasc186
is expressed in neuron and clustering at nodes [7]. This
AAV vector does not carry the gene to neuronal cell bod-
ies retrogradely [6]. Effects on Nfasc186 were estimated
to be minimal because (1) AAV vector does not carry
the gene retrogradely to neuronal cell bodies [6], and
actually no EGFP labeled cortical neurons were found
in this study, and (2) Na®™ channels at nodes remained
intact. Therefore, paranodal junction was specifically dis-
rupted in the Nfzsc?®© mice. In mice with a conventional
Nfasc155 knockout, paranodal junctions are disrupted
throughout the CNS but compact myelin is unaffected,
resulting in reduced conduction velocity and motor defi-
cits [34, 42]. However, these reports have not addressed
whether site-specific ablation of paranodal junction
affects the output of the entire pathway, eventually lead-
ing to functional abnormalities. In the present study, to
determine whether focal loss of paranodal junction in
the cortico-fugal pathways affect the electrophysiologi-
cal properties of the motor system, we analyzed AAV-
Cre mediated site-specific ablation of paranodal junction
in the cortico-fugal pathways and evaluated EMGs in
response to electrical stimulation of the motor cortex. We
found that focal disruption of the paranodal junctions in
limited regions of the cortico-fugal pathway, such as the
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cortico-spinal, cortico-rubrospinal and cortico-reticulo-
spinal pathways, influences EMGs evoked by motor cor-
tex stimulation (Fig. 2). Electrophysiological analyses of
Nfasc®© mice revealed that the onset and peak latencies
of cortically evoked EMGs were significantly prolonged
(Fig. 2f, g). These defects reflect the slowing of both the
fastest and average axonal conduction velocities. The
EMG half-widths were elongated, and the EMG ampli-
tudes were slightly reduced (Fig. 2h, i). Abnormal EMG
half-widths and amplitudes have also been reported in
MS patients [14, 24]. These changes may be caused by
conduction blockage in a subset of axons and/or slower
conduction velocities in the remaining axons. Further-
more, these findings are consistent with a previous study
that the significant changes were observed in later time-
points since Nfasc155 is quite stable once it is incorpo-
rated into paranodal junctions in Nfasc155°C mice [34].

Nfasc155 conventional knockout mice did not alter
the Na™ channel clusters and myelin ultra-structure, but
resulted in the accumulation of organelles within the
nodes [34]. The disrupted paranodal junction potentially
contributes to altered neuronal cytoskeletal organiza-
tion and axonal trafficking [40], which eventually lead to
decreased conduction velocity and amplitudes [9, 34, 47].
Although further studies are needed to confirm whether
focal Nfasc155 loss by AAV injection does not damage
the compact myelin, these findings suggest that focal dis-
ruption of paranodal junctions influences EMG proper-
ties. The currently available data may help to understand
the pathology in the early phase of MS.

Infected cells by AAV vectors were also observed out-
side the internal capsule (Fig. 1d). We measured EMGs
of the triceps brachii muscles in response to electrical
stimulation of the motor cortex, which were mediated by
the shortest (i.e., disynaptic) projections from the motor
cortex to the spinal cord, such as the cortico-spinal, cor-
tico-rubro-spinal and cortico-reticulo-spinal tracts [41,
48]. Therefore, infected cells outside the internal capsule
had little effects on the evoked EMG.

Disruption of the paranodal junction might impact
not only conduction velocity but also motor coordina-
tion. Although the disruption of the paranodal junction
within a limited region of the cortico-fugal pathways
resulted in disturbed conduction along the cortico-
fugal pathways, mice showed no apparent motor defi-
cits such as tremor, paralysis, or circling behavior
(data not shown). The inconsistency of the impact on
motor function may depend on the time of disruption
before or after the formation of paranodal junctions.
For example, Pillai and colleagues identified hypomotil-
ity and severe motor coordination defects in Nfasc155
conventional knockout mice but not in conditional
knockout mice, which show a gradual loss of paranodal
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junctions after their formation [34]. Another possibility
is that the subtle conduction slowing in Nfasc®®° mice
would not be enough to induced obvious motor defi-
cits, while apparent conduction block causes MS symp-
toms [23].

The pathological study revealed disruption of
Nfascl55 localization in the early stage of MS [16]
and reduced Nfascl55 levels in active MS-lesions [25].
Interestingly, autoantibodies of Nfasc were reported in
a subgroup of MS patients, particularly in those with
a primary progressive disease course [43]. Autoanti-
bodies not only to Nfasc but also to other proteins in
the paranode, such as Caspr and Contactin, were also
reported in chronic inflammatory demyelinating poly-
neuropathy and Guillain-Barré syndrome [31, 36]. The
Nfasc antibodies play, at least, a role in the pathogen-
esis in MS, because antibody-depleting therapies show
potential beneficial responses in MS subgroups with
anti-Nfasc antibodies [19].

MS patients frequently display cognitive impairments
and psychiatric symptoms [5, 37]. A recent MRI study
has demonstrated the relationship between cognitive
impairment and white matter lesions in MS patients [27].
Overexpression of PLP, a major component of the myelin
sheath, causes overall abnormalities in CNS oligodendro-
cytes, including abnormal paranodal junctions [18, 45].
A previous study showed that PLP-overexpressing mice
display various behavioral abnormalities in relation to
cognitive dysfunction [45]. In the CNS, action potentials
from different neural circuits are required to reach a tar-
get neuron at the appropriate time [44]. If the conduction
velocities of various axons are reduced to a certain level,
synchronized input might be impaired [11]. Thus, our
results further suggest that focal loss of paranodal junc-
tions in one pathway affects not only its own function but
also the function of other pathways.

In conclusion, our data revealed that focal loss of
paranodal junctions as a result of the loss of Nfasc155
could result in a significant alteration of cortically
evoked EMGs in the forelimb muscle. This study will
provide us important clues to understand the pathology
and early diagnosis of MS.

Abbreviations

AAV: Adeno-associated virus; CST: Cerebroside sulfotransferase; CNS: Central
nervous system; DTI: Diffusion tensor imaging; EMG: Electromyogram; GPI:
Glycosyl-phosphatidylinositol; MRI: Magnetic resonance imaging; MS: Multiple
sclerosis; Nfasc: Neurofascin; Nfasc155: Neurofascin155; Nfasc186: Neurofas-
cin186; PLP: Proteolipid protein 1; vg: Viral genome.

Acknowledgements

The authors thank Dr. H. Sano and Dr. S. Chiken (National Institute for Physi-
ological Sciences, Japan) for technical advice on the electrophysiological
analysis. The authors also thank the members of their laboratories for helpful
discussions.

Page 8 of 10

Authors’ contributions

KK devised the project and the main conceptual ideas, participated in all
experiments, and wrote the manuscript. NH supervised the work and wrote
the manuscript. TS, KK, YO, AM, and AMT assisted with experiments. Q.S. and
MAB contributed to the manuscript discussions. AN and Kl supervised the
work and finalized the manuscript. All authors read and approved the final
manuscript.

Funding

No financial or non-financial interests in relation to the work described in this
manuscript is declared by the authors. This work was supported by Grants-in-
Aid for Scientific Research on Innovative Areas “Glial Assembly” (25117001 to
TS., N.H, KK.and K1) and “Non-linear Neuro-oscillology” (15H05873 to AN.)
from the Ministry of Education, Culture, Sports, Science and Technology of
Japan (MEXT). QS. and M.AB. were supported by grants from the NIH NIGMS
GMO063074, National Multiple Sclerosis Society, and the Zachry Foundation
(M.AB).

Availability of data and materials
The datasets used and/or analyzed in this study are available from the cor-
responding authors on reasonable request.

Ethics approval and consent to participate

All procedures were approved by the Institutional Animal Care and Use
Committee of the National Institutes of Natural Sciences (agreement number
#17A086, 17A087) and conducted in accordance with the guidelines of the
National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! Division of Neurobiology and Bioinformatics, National Institute for Physiologi-
cal Sciences, Okazaki 444-8787, Japan. ? Department of Physiological Sciences,
SOKENDAI (The Graduate University for Advanced Studies), Okazaki 444-8787,
Japan. ? Division of System Neurophysiology, National Institute for Physiologi-
cal Sciences, 38 Nishigonaka, Myodaiji, Okazaki 444-8585, Japan. * Section

of Viral Vector Development, National Institute for Physiological Sciences,
Okazaki 444-8585, Japan. > Department of Regulatory Science for Evaluation
and Development of Pharmaceuticals and Devices, Fujita Health University
Graduate School of Health Sciences, Toyoake 470-1192, Japan. ® Department
of Cellular and Integrative Physiology, School of Medicine, University of Texas
Health Science Center, San Antonio 78229-3900, USA. ” Department of Neu-
rophysiology and Brain Science, Nagoya City University Graduate School

of Medical Sciences, Nagoya 467-8601, Japan.

Received: 22 September 2020 Accepted: 13 November 2020
Published online: 23 November 2020

References

1. Aschauer DF, Kreuz S, Rumpel S. Analysis of transduction efficiency,
tropism and axonal transport of AAV serotypes 1,2, 5,6,8 and 9 in the
mouse brain. PLoS ONE. 2013;8:e76310.

2. Baumann N, Pham-Dinh D. Biology of oligodendrocyte and myelin in the
mammalian central nervous system. Physiol Rev. 2001;81:871-927.

3. Bhat MA, Rios JC, Lu'Y, Garcia-Fresco GP, Ching W, St Martin M, Li J, Einhe-
ber S, Chesler M, Rosenbluth J, Salzer JL, Bellen HJ. Axon-glia interactions
and the domain organization of myelinated axons requires neurexin IV/
Caspr/Paranodin. Neuron. 2001;30:369-83.

4. Buttermore ED, Thaxton CL, Bhat MA. Organization and maintenance of
molecular domains in myelinated axons. J Neurosci Res. 2013;91:603-22.

5. Calabrese M, Agosta F, Rinaldi F, Mattisi |, Grossi P, Favaretto A, Atzori M,
BernardiV, Barachino L, Rinaldi L, Perini P, Gallo P, Filippi M. Cortical lesions
and atrophy associated with cognitive impairment in relapsing-remitting
multiple sclerosis. Arch Neurol. 2009;66:1144-50.



Kunisawa et al. Mol Brain

20.

21.

22.

23.

24.

25.

26.

(2020) 13:159

Chamberlin NL, Du B, de Lacalle S, Saper CB. Recombinant adeno-asso-
ciated virus vector: use for transgene expression and anterograde tract
tracing in the CNS. Brain Res. 1998;793:169-75.

Charles P, Tait S, Faivre-Sarrailh C, Barbin G, Gunn-Moore F, Denisenko-
Nehrbass N, Guennoc AM, Girault JA, Brophy PJ, Lubetzki C. Neurofascin is
a glial receptor for the paranodin/Caspr-contactin axonal complex at the
axoglial junction. Curr Biol. 2002;12:217-20.

Chiken'S, Shashidharan P, Nambu A. Cortically evoked long-lasting
inhibition of pallidal neurons in a transgenic mouse model of dystonia. J
Neurosci. 2008;28:13967-77.

Einheber S, Bhat MA, Salzer JL. Disrupted axo-glial junctions result in
accumulation of abnormal mitochondria at nodes of ranvier. Neuron Glia
Biol. 2006;2:165-74.

Fancy SP, Chan JR, Baranzini SE, Franklin RJ, Rowitch DH. Myelin
regeneration: a recapitulation of development? Annu Rev Neurosci.
2011;34:21-43.

. Federspiel A, Begre S, Kiefer C, Schroth G, Strik WK, Dierks T. Alterations of

white matter connectivity in first episode schizophrenia. Neurobiol Dis.
2006;22:702-9.

Franklin RJ, Ffrench-Constant C. Remyelination in the CNS: from biology
to therapy. Nat Rev Neurosci. 2008;9:839-55.

Fruhbeis C, Frohlich D, Kuo WP, Amphornrat J, Thilemann S, Saab AS,
Kirchhoff F, Mobius W, Goebbels S, Nave KA, Schneider A, Simons M,
Klugmann M, Trotter J, Kramer-Albers EM. Neurotransmitter-triggered
transfer of exosomes mediates oligodendrocyte-neuron communication.
PLoS Biol. 2013;11:21001604.

Fuhr P, Kappos L. Evoked potentials for evaluation of multiple sclerosis.
Clin Neurophysiol. 2001;112:2185-9.

Hartline DK, Colman DR. Rapid conduction and the evolution of giant
axons and myelinated fibers. Curr Biol. 2007;17:R29-35.

Howell OW, Palser A, Polito A, Melrose S, Zonta B, Scheiermann C, Vora
AJ, Brophy PJ, Reynolds R. Disruption of neurofascin localization reveals
early changes preceding demyelination and remyelination in multiple
sclerosis. Brain. 2006;129:3173-85.

Inutsuka A, Inui A, Tabuchi S, Tsunematsu T, Lazarus M, Yamanaka A.
Concurrent and robust regulation of feeding behaviors and metabolism
by orexin neurons. Neuropharmacology. 2014;85:451-60.

Kagawa T, Ikenaka K, Inoue Y, Kuriyama S, Tsujii T, Nakao J, Nakajima K,
Aruga J, Okano H, Mikoshiba K. Glial cell degeneration and hypomyeli-
nation caused by overexpression of myelin proteolipid protein gene.
Neuron. 1994;13:427-42.

Kawamura N, Yamasaki R, Yonekawa T, Matsushita T, Kusunoki S, Nagay-
ama S, Fukuda 'Y, Ogata H, Matsuse D, Murai H, Kira J. Anti-neurofascin
antibody in patients with combined central and peripheral demyelina-
tion. Neurology. 2013;81:714-22.

Kobayashi K, Sano H, Kato S, Kuroda K, Nakamuta S, Isa T, Nambu A,
Kaibuchi K, Kobayashi K. Survival of corticostriatal neurons by Rho/Rho-
kinase signaling pathway. Neurosci Lett. 2016;630:45-52.

Kunisawa K, Shimizu T, Kushima I, Aleksic B, Mori D, Osanai Y, Kobayashi K,
Taylor AM, Bhat MA, Hayashi A, Baba H, Ozaki N, lkenaka K. Dysregulation
of schizophrenia-related aquaporin 3 through disruption of paranode
influences neuronal viability. J Neurochem. 2018;147:395-408.

Lee Y, Morrison BM, Li Y, Lengacher S, Farah MH, Hoffman PN, Liu Y, Tsinga-
lia A, Jin L, Zhang PW, Pellerin L, Magistretti PJ, Rothstein JD. Oligodendro-
glia metabolically support axons and contribute to neurodegeneration.
Nature. 2012;487:443-8.

Lubetzki C, Stankoff B. Demyelination in multiple sclerosis. Handb Clin
Neurol. 2014;122:89-99.

Lublin FD, Reingold SC, Cohen JA, Cutter GR, Sorensen PS, Thompson AJ,
Wolinsky JS, Balcer LJ, Banwell B, Barkhof F, Bebo B Jr, Calabresi PA, Clanet
M, Comi G, Fox RJ, Freedman MS, Goodman AD, Inglese M, Kappos L,
Kieseier BC, Lincoln JA, Lubetzki C, Miller AE, Montalban X, O'Connor PW,
Petkau J, Pozzilli C, Rudick RA, Sormani MP, Stuve O, Waubant E, Polman
CH. Defining the clinical course of multiple sclerosis: the 2013 revisions.
Neurology. 2014;83:278-86.

Maier O, Baron W, Hoekstra D. Reduced raft-association of NF155 in active
MS-lesions is accompanied by the disruption of the paranodal junction.
Glia. 2007;55:885-95.

Matsushita T, Elliger S, Elliger C, Podsakoff G, Villarreal L, Kurtzman GJ,
Iwaki Y, Colosi P. Adeno-associated virus vectors can be efficiently pro-
duced without helper virus. Gene Ther. 1998;5:938-45.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 9 of 10

Meijer KA, Muhlert N, Cercignani M, SethiV, Ron MA, Thompson AJ, Miller
DH, Chard D, Geurts JJ, Ciccarelli O. White matter tract abnormalities are
associated with cognitive dysfunction in secondary progressive multiple
sclerosis. Mult Scler. 2016;22:1429-37.

Menegoz M, Gaspar P, Le Bert M, Galvez T, Burgaya F, Palfrey C, Ezan P,
Arnos F, Girault JA. Paranodin, a glycoprotein of neuronal paranodal
membranes. Neuron. 1997;19:319-31.

Michailov GV, Sereda MW, Brinkmann BG, Fischer TM, Haug B, Birchmeier
C, Role L, Lai C, Schwab MH, Nave KA. Axonal neuregulin-1 regulates
myelin sheath thickness. Science. 2004;304:700-3.

Motavaf M, Sadeghizadeh M, Javan M. Attempts to overcome remyeli-
nation failure: toward opening new therapeutic avenues for multiple
sclerosis. Cell Mol Neurobiol. 2017;37:1335-48.

Ng JK, Malotka J, Kawakami N, Derfuss T, Khademi M, Olsson T, Linington
C, Odaka M, Tackenberg B, Pruss H, Schwab JM, Harms L, Harms H, Som-
mer C, Rasband MN, Eshed-Eisenbach Y, Peles E, Hohlfeld R, Yuki N, Dorn-
mair K, Meinl E. Neurofascin as a target for autoantibodies in peripheral
neuropathies. Neurology. 2012;79:2241-8.

OkadaT, Nomoto T, Yoshioka T, Nonaka-Sarukawa M, Ito T, Ogura T,
Iwata-Okada M, Uchibori R, Shimazaki K, Mizukami H, Kume A, Ozawa K.
Large-scale production of recombinant viruses by use of a large culture
vessel with active gassing. Hum Gene Ther. 2005;16:1212-8.

Peles E, Salzer JL. Molecular domains of myelinated axons. Curr Opin
Neurobiol. 2000;10:558-65.

Pillai AM, Thaxton C, Pribisko AL, Cheng JG, Dupree JL, Bhat MA. Spati-
otemporal ablation of myelinating glia-specific neurofascin (Nfasc NF155)
in mice reveals gradual loss of paranodal axoglial junctions and concomi-
tant disorganization of axonal domains. J Neurosci Res. 2009;87:1773-93.
Pomicter AD, Shroff SM, Fuss B, Sato-Bigbee C, Brophy PJ, Rasband MN,
Bhat MA, Dupree JL. Novel forms of neurofascin 155 in the central nerv-
ous system: alterations in paranodal disruption models and multiple
sclerosis. Brain. 2010;133:389-405.

Querol L, Nogales-Gadea G, Rojas-Garcia R, Martinez-Hernandez E, Diaz-
Manera J, Suarez-Calvet X, Navas M, Araque J, Gallardo E, Illa I. Antibodies
to contactin-1 in chronic inflammatory demyelinating polyneuropathy.
Ann Neurol. 2013;73:370-80.

Rahn KA, Watkins CC, Alt J, Rais R, Stathis M, Grishkan |, Crainiceau CM,
Pomper MG, Rojas C, Pletnikov MV, Calabresi PA, Brandt J, Barker PB,
Slusher BS, Kaplin Al. Inhibition of glutamate carboxypeptidase Il (GCPII)
activity as a treatment for cognitive impairment in multiple sclerosis. Proc
Natl Acad Sci USA. 2012;109:20101-6.

Rasband MN, Peles E, Trimmer JS, Levinson SR, Lux SE, Shrager P. Depend-
ence of nodal sodium channel clustering on paranodal axoglial contact
in the developing CNS. J Neurosci. 1999;19:7516-28.

Rios JC, Rubin M, St Martin M, Downey RT, Einheber S, Rosenbluth J,
Levinson SR, Bhat M, Salzer JL. Paranodal interactions regulate expression
of sodium channel subtypes and provide a diffusion barrier for the node
of Ranvier. J Neurosci. 2003;23:7001-11.

Roche SL, Sherman DL, Dissanayake K, Soucy G, Desmazieres A, Lamont
DJ, Peles E, Julien JP, Wishart TM, Ribchester RR, Brophy PJ, Gillingwater TH.
Loss of glial neurofascin155 delays developmental synapse elimination at
the neuromuscular junction. J Neurosci. 2014;34:12904-18.

Schulz R, Park E, Lee J, Chang WH, Lee A, Kim YH, Hummel FC. Synergistic
but independent: the role of corticospinal and alternate motor fibers for
residual motor output after stroke. Neuroimage Clin. 2017;15:118-24.
Sherman DL, Tait S, Melrose S, Johnson R, Zonta B, Court FA, Mack-

lin WB, Meek S, Smith AJ, Cottrell DF, Brophy PJ. Neurofascins are

required to establish axonal domains for saltatory conduction. Neuron.
2005;48:737-42.

Stich O, Perera S, Berger B, Jarius S, Wildemann B, Baumgartner A, Rauer S.
Prevalence of neurofascin-155 antibodies in patients with multiple sclero-
sis. J Neurol Sci. 2016;364:29-32.

Takahashi N, Sakurai T, Davis KL, Buxbaum JD. Linking oligodendrocyte
and myelin dysfunction to neurocircuitry abnormalities in schizophrenia.
Prog Neurobiol. 2011;93:13-24.

Tanaka H, Ma J, Tanaka KF, Takao K, Komada M, Tanda K, Suzuki A, Ishibashi
T,Baba H, Isa T, Shigemoto R, Ono K, Miyakawa T, Ikenaka K. Mice with
altered myelin proteolipid protein gene expression display cognitive defi-
cits accompanied by abnormal neuron-glia interactions and decreased
conduction velocities. J Neurosci. 2009,29:8363-71.



Kunisawa et al. Mol Brain (2020) 13:159

46.

47.

48.

49.

Taylor AM, Saifetiarova J, Bhat MA. Postnatal loss of neuronal and glial
neurofascins differentially affects node of ranvier maintenance and myeli-
nated axon function. Front Cell Neurosci. 2017;11:11.

Taylor AM, Shi Q, Bhat MA. Simultaneous ablation of neuronal neurofascin
and ankyrin G in young and adult mice reveals age-dependent increase
in nodal stability in myelinated axons and differential effects on the
lifespan. eNeuro. 2018;5(3):ENEURO.0138-18.2018.

ten Donkelaar HJ, Lammens M, Wesseling P, Hori A, Keyser A, Rotteveel J.
Development and malformations of the human pyramidal tract. J Neurol.
2004;251:1429-42.

Thaxton C, Pillai AM, Pribisko AL, Labasque M, Dupree JL, Faivre-Sarrailh C,
Bhat MA. In vivo deletion of immunoglobulin domains 5 and 6 in neuro-
fascin (Nfasc) reveals domain-specific requirements in myelinated axons.
J Neurosci. 2010;30:4868-76.

Page 10 of 10

50. Zonta B, Tait S, Melrose S, Anderson H, Harroch S, Higginson J, Sherman
DL, Brophy PJ. Glial and neuronal isoforms of Neurofascin have distinct
roles in the assembly of nodes of Ranvier in the central nervous system. J
Cell Biol. 2008;181:1169-77.

51. Zurawski J, Lassmann H, Bakshi R. Use of magnetic resonance imaging to
visualize leptomeningeal inflammation in patients with multiple sclerosis:
a review. JAMA Neurol. 2017;74:100-9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Focal loss of the paranodal domain protein Neurofascin155 in the internal capsule impairs cortically induced muscle activity in vivo
	Abstract 
	Introduction
	Materials and methods
	Animals
	AAV production and purification
	AAV injection into the mouse internal capsule for histological examination
	Surgical procedure for electrophysiological experiments
	Electrophysiological experiments
	Tissue preparation
	In situ hybridization

	Immunohistochemistry
	Data analyses

	Results
	AAV-Cre-mediated ablation of paranodal junction in the internal capsule
	Changes in cortically evoked EMGs after ablation of paranodal junction

	Discussion
	Acknowledgements
	References


