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The development of neuroprotective and repair strategies for treating progressive
multiple sclerosis (MS) requires new insights into axonal injury. 4-aminopyridine (4-AP),
a blocker of voltage-gated KC (Kv) channels, is used in symptomatic treatment of
progressive MS, but the underlying mechanism remains unclear. Here we report that
deleting Kv3.1—the channel with the highest 4-AP sensitivity—reduces clinical signs in
experimental autoimmune encephalomyelitis (EAE), a mousemodel for MS. In Kv3.1
knockout (KO) mice, EAE lesions in sensory and motor tracts of spinal cord were
markedly reduced, and radial astroglia were activated withincreased expression of
brain derived neurotrophic factor (BDNF). Kv3.3/Kv3.1 andactivated BDNF receptors
were upregulated in demyelinating axons in EAE and MS lesions. In spinal cord
myelin coculture, BDNF treatment promoted myelination, and neuronal �ring via altering
channel expression. Therefore, suppressing Kv3.1 alters neural circuit activity, which may
enhance BNDF signaling and hence protect axons from in�ammatory insults.

Keywords: voltage-gated K C channel, multiple sclerosis, 4-aminopyridine, experimental autoimmune
encephalomyelitis, radial astroglia, brain derived neurot rophic factor

INTRODUCTION

Multiple sclerosis (MS) is an in�ammatory demyelinating diseaseof the central nervous system
(CNS) with unknown origin, involving both axon demyelination and degeneration (Ferguson et al.,
1997; Trapp et al., 1998; Waxman, 2006; Dutta and Trapp, 2011). MS lesions are observed in
di�erent brain regions (Lucchinetti et al., 2000; Kutzelnigg et al., 2005; Ng et al.,2013), leading to
various symptoms. How these lesions are formed and potentiallyrepaired at di�erent pathogenic
stages still remains a mystery. Dalfampridine, a sustained-release form of 4-aminopyridine (4-AP)
which is a non-speci�c blocker of voltage-gated KC (Kv) channels, is used for symptomatic
treatment of MS (Hayes, 2004; Judge and Bever, 2006; Goodman et al., 2009; Espejo and Montalban,
2012). The treatment has clear bene�cial e�ects on patients with chronic primary progressive MS,
including signi�cant improvement of walking. Long-term usage of dalfampridine appears to be
safe and bene�cial for some MS patients, but has little e�ect on MSprogression (Cameron et al.,
2014; Ruck et al., 2014). Moreover, 4-AP may cause side e�ects (Judge and Bever, 2006), since Kv
channel isoforms sensitive to 4-AP are broadly expressed in the CNS and involved in di�erent
neurophysiological functions (Vacher et al., 2008; Gu and Barry, 2011).
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Despite intensive research, the target and mechanism of the
4-AP treatment are still not completely understood. This is
because there are more than 40 di�erent genes encoding Kv
channels and about a dozen of them can be blocked by 4-AP
with di�erent e�cacies (Judge and Bever, 2006; Gu and Barry,
2011). A number of studies showed that Kv1.3 channels (with 4-
AP IC50 D 195mM) are expressed in activated immune cells in
mice, and that blocking Kv1.3 activity suppresses the immune
response and reduces severity of experimental autoimmune
encephalomyelitis (EAE), a mouse model for MS (Chandy et al.,
2004; Rus et al., 2005; Gocke et al., 2012). However, the rapid
action of 4-AP on MS patients appears to be neurological.
Kv1.1 and Kv1.2 (with 4-AP IC50 D 590mM) play a key role
in controlling axonal excitability (Judge and Bever, 2006; Gu
and Gu, 2011). In myelinated axons, Kv1.1 and Kv1.2 are
clustered in juxtaparanodal (JXP) regions under the myelin
sheath to prevent repetitive �ring of action potentials (Hille,
2001; Debanne, 2004; Gu and Barry, 2011). They also reduce
the excitability in premyelinated axons during early development
and in demyelinated axons during diseases (Sinha et al., 2006).
However, Kv1.1 and Kv1.2 knockout (KO) mice exhibit frequent
epileptic seizures and can barely survive over a month (Smart
et al., 1998; Brew et al., 2007). Therefore, blocking Kv1.1 and
Kv1.2 likely increases the overall excitability of neural circuits,
but may cause severe side e�ects at the same time, including
seizures (Goodman et al., 2009). Importantly, the peak serum
concentrations of 4-AP in MS patients and control subjects
after high, but safe, doses could reach around 1mM, a very low
concentration (Davis et al., 1990; Stefoski et al., 1991; Hayes
et al., 2003). It is still possible that some regions in the brain
can have higher local concentrations of 4-AP after the treatment.
Nonetheless, 4-AP may only activate its most sensitive targets
during the treatment of MS patients. However, the role of Kv3.1—
the KC channel with the highest 4-AP sensitivity—in MS or its
mouse model EAE, has never been investigated.

Kv3 channels (Kv3.1-Kv3.4) are more sensitive to 4-AP than
any other Kv channels. In particular, Kv3.1's 4-AP sensitivity
is the highest among 4 Kv3 isoforms, and its IC50 (� 29mM)
is � 6 to 20-fold lower than those of Kv1.1-Kv1.3 (Judge and
Bever, 2006). Among the 4 Kv3 channel subfamily members,
Kv3.1 and Kv3.2 carry sustained currents, while Kv3.3 and Kv3.4
carry transient currents (Rudy and McBain, 2001). Alternative
splicing exclusively occurs at their C-termini, which regulates
channel tra�cking but not activity (Rudy and McBain, 2001;
Xu et al., 2007). Axonal targeting and unique biophysical
properties of Kv3 channels—high activation threshold, fast
activation/deactivation kinetics—allow neurons to �re action
potentials at high frequencies (Gu et al., 2012, 2013). Importantly,
Kv3.1 KO mice are viable, fertile, and largely normal (Ho
et al., 1997), and display increased spontaneous mobility (Joho
et al., 2006), allowing us to examine the role of Kv3.1 in EAE
progression.

Besides the role of Kv1.3 in activated immune cells, how Kv
channels may a�ect lesion formation and repair is completely
unknown. On the other hand, axonal injury in MS and EAE
lesions appears to involve alterations of intrinsic neuronal
activities. Upregulation of several types of ion channels in

demyelinated axons has been observed, which directly or
indirectly causes excessive increase of intra-axonal Ca2C and
eventually axon degeneration. Among such aberrantly regulated
ion channels are several isoforms of voltage-gated Ca2C (Cav)
and NaC (Nav) channels, acid-sensing ion channel 1 (ASIC1) and
the transient receptor potential melastatin 4 (TRPM4) channel
(Kornek et al., 2001; Craner et al., 2004; Friese et al., 2007;Vergo
et al., 2011; Schattling et al., 2012). Blocking these channels could
prevent axon degeneration (Friese et al., 2007; Waxman, 2008;
Morsali et al., 2013). However, their pathogenic roles remain
unclear. More importantly, given the critical role of excessive
intra-axonal Ca2C level in axonal damage, it would be bene�cial
to identify the endogenous mechanisms that can inhibit and/or
even reverse this damaging action, for example, via activating a
Kv channel to prevent depolarization and hence to limit Ca2C

in�ux.
Demyelination and axonal degeneration can be regulated by

extrinsic factors. Radial glia play a key role in neurogenesis,
neuronal migration, and gliogenesis during CNS development
(McDermott et al., 2005; Kriegstein and Alvarez-Buylla, 2009).
Our recent studies showed that radial glia in the adult CNS,
cerebellar Bergmann glia, are activated by both in�ammatory
insults and imbalance of neural activity (via Kv3.1 deletion)
(Jukkola et al., 2013). Despite an unknown role of radial
glia in EAE and MS progression, these cells can release
various factors during in�ammation, such as brain derived
neurotrophic factor (BDNF). BDNF is a key neurotrophic factor
expressed throughout the CNS, promoting neuronal survival,
di�erentiation and myelination (Huang and Reichardt, 2001).
BDNF has been found in di�erent cells in MS and EAE lesions
mediating complicated functions including neuroprotection
(Makar et al., 2008; Linker et al., 2015). Besides its expression
in neurons and glia, BDNF was reported to be expressed by
immune cells as well (Kerschensteiner et al., 1999). However,
using inducible BDNF KO and adoptive transfer EAE, a recent
study showed that CNS (but not immune system) cells were
the mediating source of BDNF's protective e�ects on axons at
the early stage of EAE (Lee et al., 2012). Therefore, a better
understanding of the roles of radial astroglia and BDNF in
EAE/MS may lead to new strategies of neuroprotection and
repair for treating progressive MS.

In the present study, we induced chronic EAE, an established
model for MS, in Kv3.1 KO mice, and found signi�cantly reduced
EAE signs at both the peak and late stages. Anatomical studies
revealed reduced EAE lesions in sensory and motor tracts of
the spinal cord in Kv3.1 KO mice, compared to their wildtype
(WT) littermates. This is not likely to be a result of Kv3.1 KO
in activated immune cells, since these cells from Kv3.1 KO mice
were as e�ective as those from WT mice in adoptive transfer EAE.
In contrast, our �ndings suggest that Kv3.1 deletion activates
the BDNF signaling pathway in radial astroglia to prevent
demyelination and axonal degeneration. Interestingly, physical
exercise, which voluntarily increases the activity of motor neural
circuits, is known to increase BDNF levels in the CNS (Ying
et al., 2005; Ding et al., 2011), and can bene�t MS patients,
whereas blocking or deleting Kv channels increases the activity of
neural circuits involuntarily. Taken together, our results provide
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new mechanistic insights into the bene�t of both voluntary and
involuntary nerve activities on lesion reduction and repairin
in�ammatory demyelinating diseases.

MATERIALS AND METHODS

Reagents and Antibodies
The nuclear (Hoechst 33342) and lipophilic dyes (Fluoromyelin-
green and Fluoromyelin-red) were purchased from Invitrogen
(Carlsbad, CA, USA). The following antibodies were used in
our study: rabbit polyclonal anti-Kv3.1, anti-Kv3.3 and anti-
AQP4 antibodies (Alomone Labs, Jerusalem, Israel); rabbit
polyclonal anti-BDNF and anti-pan-Trk antibodies (Santa
Cruz Biotechnology, Dallas, TX); rabbit polyclonal anti-
P75 antibody (a kind gift from Dr. Sung-Ok Yoon, The
Ohio State University, Columbus, OH); rabbit polyclonal
anti-TrkB (phospho-Y816) antibody (AbCAM, Cambridge,
MA, USA); rat monoclonal anti-MBP antibody (Millipore,
Billerica, MA); goat polyclonal anti-GFAP antibody (AbCAM);
mouse monoclonal anti-Kv1.2, anti-Kv2.1 and anti-Ankyrin-
G antibodies (Neuromab, Davis, CA); chicken polyclonal
anti-Vimentin antibody (Millipore); Alexa488-, Alexa 647-,
Dylight 488-, Dylight 649-, Cy3-, and Cy5-conjugated secondary
antibodies (Jackson ImmunoResearch Laboratories, West Grove,
PA, USA). Myelin oligodendrocyte glycoprotein (MOG) peptide
35-55 (MEVGWYRSPFSRVVHLYRNGK) was purchased from
Pro-Spec (Rehovot, Israel). Recombinant BDNF peptide (mature
form) was purchased from Sigma-Aldrich (St. Louis, MO).
Ground inactivated mycobacteria tuberculosis H37Ra and
Incomplete Freund's Adjuvant were from Difco Laboratories
(Detroit, MI, USA).

Mouse Lines and Induction of Chronic EAE
All animal experiments were conducted in accordance with the
NIH Animal Use Guidelines and approved (2008A0177-R3) by
Institutional Animal Care and Use Committee (IACUC) of the
Ohio State University. The Kv3.1 KO mouse line was kindly
provided by Dr. R. Joho at UT Southwestern Medical Center
(Ho et al., 1997; Sanchez et al., 2000; Hurlock et al., 2009).
The Kv3.1 KO mice were backcrossed with C57BL/6 for more
than 10 generations, maintained, and genotyped as previously
described (Barry et al., 2013). Chronic EAE was induced in
8–12-week-old female Kv3.1 KO (only Kv3.1� =� homozygous
KO mice were used throughout this entire study, 9 mice total)
mice and WT littermates (8 mice total), according to previously
published methods (Jukkola et al., 2012, 2013). Brie�y, myelin
oligodendrocyte glycoprotein (MOG) peptide 35–55 (1 mg/ml
�nal concentration) was emulsi�ed in sterile-�ltered PBS and
Complete Freund's Adjuvant (CFA) containing 2 mg/ml (�nal
concentration) ground inactivated mycobacteria tuberculosis
H37Ra. Mice were immunized with 100ml of MOG/CFA or CFA
only (control) by subcutaneous injection at four sites in the belly
and in each hind footpad. Pertussis toxin was administered by
tail-vein injection at 0 and 2 days post-immunization. Disease
progression was monitored by daily clinical scoring on a scale of
0–6 [0D no symptoms, 1D loss of tail tone, 2D hindlimb paresis,
3 D moderate paralysis, 4D paraplegia (complete hindlimb

paralysis), 5D quadriplegia, 6D death or moribund state]. Grade
6 animals were removed from the study.

Adoptive Transfer EAE and ELISA
Kv3.1 KO mice (n D 3) and WT littermates (n D 3) were
immunized with MOG/CFA as described above to develop
chronic EAE. At 14 DPI when clear EAE signs were observed,
their spleens and lymph nodes were harvested and lymphocytes
were isolated. The lymphocytes were cultured and stimulated
with MOG35� 55 (2mg/ml) for 3 daysin vitro. The levels of
IFNg, IL-17, IL-10, and GM-CSF were measured from the
supernatants of these cultured cells from WT and Kv3.1 KO
mice, using ELISA (Huss et al., 2013; Lee et al., 2013). Then,
10 � 106 cells were injected i.p. into WT C57BL/6 mice to
develop adoptive transfer EAE. Cells from Kv3.1 KO mice
and WT littermates were injected into 6 and 7 WT mice,
respectively. EAE signs were monitored as described above for
chronic EAE.

Cardiac Perfusion, Tissue Fixation, and
Sectioning
Mouse tissues were collected and processed according to
previously published method with minor modi�cation (Jukkola
et al., 2012). In brief, mice were deeply anesthetized with avertin
and perfused through the heart with 20–30 ml ice-cold PBS
followed by 20 ml 4% formaldehyde in PBS (FA/PBS). The
brain and spinal cord of EAE mice were carefully removed and
post-�xed for 1 h in 4% FA/PBS. Tissues were cryoprotected
in 30% sucrose for at least 24 h, cut into 3-mm blocks using
an acrylic brain matrix (Braintree Scienti�c, Braintree, MA,
USA), embedded in optimal cutting temperature (OCT) media
(Sakura Finetek USA, Inc., Torrance, CA, USA), and stored
at � 80� C until sectioning. The tissue blocks were cut with a
Microm HM550 cryostat (Thermo Scienti�c, Waltham, MA,
USA) and the 40-mm sections were collected on Superfrost Plus
microscope slides (FisherScienti�c, Pittsburgh, PA, USA) for
storage at� 20� C.

Immuno�uorescent Staining
Sections of mouse brain and spinal cord were stained according
to previously published methods (Jukkola et al., 2012). In
brief, sections were permeabilized in PBS/1% Triton X-100
for 1 h at room temperature, blocked with 2.5% normal
donkey or goat serum (matched with secondary antibody
host) for 1 h, and incubated with primary antibodies in
the blocking bu�er overnight at 4� C. The next day, the
sections were rinsed 10� 5 min, incubated with proper
secondary antibodies in the blocking bu�er for 2–3 h,
counterstained in Hoechst 33342 and/or Fluoromyelin
for 5 min, and again rinsed 10� 5 min (all at room
temperature). Slides were coverslipped with tris-bu�ered
Fluoro-Gel mounting media (Electron Microscopy Sciences,
Hat�eld, PA, USA). Staining with each primary antibody was
performed at least twice from 3 to 6 mice per experimental
cohort.
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Fluorescence Light Microscope and Image
Capture
Procedures of �uorescence microscopy and image analysis were
described in our published papers (Gu et al., 2006, 2012; Jukkola
et al., 2012). Images were captured with a Spot CCD camera RT
slider (Diagnostic Instruments, Sterling Heights, MI, USA) in a
Zeiss Axiophot upright microscope using 10� /0.30 and 20� /0.50
Plan Apo objectives and saved as 16-bit TIFF �les. Exposure
times were controlled so that the pixel intensities in the tissues
of interest were below saturation, and the same exposure time
was used for each group within one experiment. Raw images were
used for measurements and quanti�cations. For representative
images in �gures, image brightness and contrast were adjusted
using Adobe Photoshop 7.0 (Adobe Systems Incorporated, San
Jose, CA, USA).

Image Quanti�cation
Images were analyzed with MetaMorph (Molecular Devices,
Downingtown, PA, USA) and Sigmaplot 12.0 (Systat Software,
Inc., Chicago, IL, USA) for �uorescence intensity quanti�cation
and statistical testing. Staining intensities for BDNF, GFAP,
and Vimentin were obtained with region measurement in
MetaMorph by sampling and automatically calculating the
average pixel intensities of small circles (� 50-pixel area) drawn
on astrocyte soma and processes (10–20 sampled per image),
and the values were averaged for each image. Kv3.1, Kv3.3, and
TrkB staining intensities were similarly determined alongaxons
with the line measurement, and were averaged over the axons
traced. The background intensity of each section was measured
and subtracted from the astrocyte or axonal staining intensity
for each image. To account for variations in staining intensity
from images obtained in di�erent staining experiments, the data
were normalized to controls stained side-by-side. The values of
normalized �uorescence intensity in images were expressed as
mean� SEM for each experimental group. Statistical signi�cance
was determined using an unpaired Student'st-test for comparing
two groups, or using One-Way ANOVA followed by Dunnett's
test for comparing two or more experimental groups to one
control group.

Confocal Microscopy and 3D
Reconstruction
The procedure was described in our recent papers (Jukkola
et al., 2012, 2013). High-magni�cation confocal images were
captured with a Leica TCS SL confocal imaging system (Leica
Microsystems, Mannheim, Germany), using a 100� HCX Plan
Apo CS oil immersion objective (numerical apertureD 1.40).
Each image was averaged over four scans in linescan mode.
Images were saved as 8-bit TIFF �les and adjusted for brightness
and contrast using Adobe Photoshop 7.0. For 3D reconstruction,
z-stacks of images were collected with a 0.5-mm slice interval.
Collapsed images were generated using a maximum intensity
projection of the z-stack. For each 3D image, the z-stack was
visualized in three-dimensional cross sections, and the cross-
bars were centered on pertinent features of the image. The
three one-dimensional images were then exported together as

an 8-bit TIFF �le. Supplementary movies were created using the
Maximum Projection with Animation tool, and were adjusted
for brightness and contrast within the Leica Confocal Software
(v2.61). A maximum intensity projection of the z-stack was
rotated 90 degrees around the Y-axis in a series of 18 steps and
exported as an AVI �le.

Western Blotting
Mice were euthanized with carbon dioxide. Brain and spinal cord
tissues were quickly removed, �ash-frozen in liquid nitrogen,
and stored at� 80� C until use. The tissue samples were weighed
and homogenized in the lysis bu�er containing 50 mM Tris-Cl
(pH 7.4), 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, and
protease inhibitors including aprotinin, leupeptin, pepstatin A,
and phenylmethanesulfonyl �uoride (PMSF), being rocked for
2 h at 4� C. The samples were centrifuged for 30 min at 14,000
rpm at 4� C to collect the supernatant fraction for solubilized
proteins. Protein samples were mixed with an equal volume of
2� sample bu�er containing 5%b-mercaptoethanol (Sigma),
resolved by SDS-PAGE, and transferred to a PVDF membrane
(GE Healthcare, Piscataway, N, USA) for western blotting, as
previously described (Jukkola et al., 2012). The membrane was
rinsed in TBST, incubated in 5% dry milk/TBST blocking solution
for 1 h at room temperature, and then incubated with the
primary antibody in the blocking solution overnight at 4� C.
Membranes were then washed in TBST 4� 10 min, incubated
with a horseradish peroxidase-conjugated secondary antibody in
the blocking solution for 1 h, and washed again in TBST 5�
10 min. Membranes were then incubated in ECL (GE Healthcare)
chemiluminescent solution, wrapped in plastic, and exposed to
X-ray �lm (Kodak, Rochester, NY, USA). Developed �lms were
digitized with an Epson 3590 scanner (Epson America, Inc.,
Long Beach, CA, USA). The total intensities of protein bands
were measured and quanti�ed with NIH ImageJ. Background
was subtracted for each band. Three mice were included in each
condition. All Western blotting experiments were performed
three times.

Myelin Coculture of SC neurons
Before myelin coculture, an astrocyte culture was established. The
culture media was similar to the plating media that we used for
hippocampal neuron culture, consisting of 1� modi�ed essential
media (MEM) with Earle's salts (Gibco/Life Technologies)
containing 10% fetal bovine serum (Gibco/Life Technologies),
Penicillin/Streptomycin (100 units/ml Pen; 100mg/ml Strep;
Gibco/Life Technologies), 1� L-Glutamine (2 mM; Gibco/Life
Technologies), and 1� sodium pyruvate (1 mM; Gibco/Life
Technologies). Coverslips were precleaned and coated with
poly-D-lysine and rat tail collagen according to the previously
published method (Gardner et al., 2012). SC from rat embryos (at
day 18) (E18;� 2 embryos per one 24-well plate) were removed
and cleaned in ice-cold slice dissociation solution (Gardner et al.,
2012). SC segments were then incubated in proteinase solution
for 15–20 min at 37� C, rinsed twice with 10 ml prewarmed
culture media, and dissociated by trituration with a 9-inch
pasteur pipette in� 4 ml media. The cell suspension was diluted
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in culture media and� 0.4 ml was added to each well of 24-
well plates containing coverslips. After attachment of cellsto the
coverslips (� 4–6 h), the media was aspirated from each well and
replaced with 1 ml fresh plating media. Cultured cells were fed
by replacement of 0.5 ml plating media with fresh media every 4
days. Under this culture condition, the majority of surviving cells
were astrocytes.

After 2 weeks of culture, astrocytes became a con�uent layer
on the coverslips. We disassociated cells from SC of second group
of rat E18 embryos and suspended them in the plating media.
After removing half of the media from the astrocyte culture,
we plated suspended cells from E18 SC on top of the astrocyte
layer, which was essential for motor neurons to survive and
grow. After about 4–6 h, half of the plating media was replaced
with myelin coculture media, prepared as previously published
(Gardner et al., 2012). The myelin coculture media was then
used for all subsequent media changes to replace one-third of the
culture media every 3 days.

BDNF Treatment of the Myelin Coculture
Myelin coculture of spinal cord neurons around 4–5 weeks
was treated with mature BDNF for 1 week, with the initial
concentration of 100 ng/ml supplemented daily with 20 ng/ml.
The initial concentration (100 ng/ml BDNF) was chosen based
on published literature describing BDNF treatment in spinal cord
motor neuron culture (Loeb and Fischbach, 1997) or dorsal root
ganglion culture (Chan et al., 2004). Treated neurons were used
for immunostaining and patch clamp recording.

Voltage- and Current-Clamp Recording
from Cultured Spinal Cord Neurons
Inward (downward) and outward (upward) currents were
determined with voltage-clamp recording on cultured motor
neurons as previously described (Gu et al., 2012). Current-
clamp recording was performed on the same neurons to examine
action potential �ring patterns as described (Gu et al., 2012,
2013). Hank's bu�er consists of 150 mM NaCl, 4 mM KCl,
1.2 mM MgCl2, 10 mg/ml glucose, 1 mM CaCl2, 20 mM HEPES
(pH 7.4). The internal solution of electrical pipettes contains
(in mM) 122 KMeSO4, 20 NaCl, 5 Mg-ATP, 0.3 GTP, and
10 HEPES (pH 7.2). Glass pipettes with tip diameter around
1mm for patch clamp recording were pulled with Model P-
1000 Flaming/Brown micropipette puller (Sutter Instrument,
Novato, CA, USA). The patch pipette resistance in the bath
was about 2–2.5 M• . The whole-cell access resistance was
between 3 and 5 M• . Cells with higher access resistance
were discarded. The compensation for series resistance was
set > 60%. Conductance-voltage relationship (G-V curve) for
both inward and outward currents was GD I / (V m � Vrev).
Vrev D � 95 mV for outward currents and Vrev D 70 mV for
inward currents, respectively (Rush et al., 2005). The resulting
conductance was normalized to the corresponding maximal
conductance. Curves were �tted with the following Boltzmann
function, G/Gmax D1/(1Cexp[� (V� V1=2)/k]), where Gmax is the
maximal conductance, V1=2 is the potential at which the value of
the relative conductance is 0.5, and k is the slope factor.

Immunostaining of Post-mortem Human
Brain Sections from Non-MS controls and
MS Patients
Post-mortem brain sections (with de-identi�cation) from MS
patients and non-MS controls were kindly provided by Dr. David
Pitt (Yale University). Human CNS tissue was obtained according
to Institutional Review Board-approved protocols. Sections were
incubated in xylenes to depara�nize the tissue, and were
rehydrated in 100, 95, 70, and 50% ethanol, followed by ddH2O
(5 min each solution). Antigen retrieval was performed according
to Evers and Uylings (1997)with some modi�cation. Brie�y,
sections were placed in prewarmed 10 mM Tris-bu�ered saline
(0.9% NaCl), microwaved for 5 min, and allowed to cool in the
same solution for 5 min. Fluorescence immunohistochemistry
was then performed as normal. To circumvent the problem of
notoriously high levels of auto�uorescence in human sections,
we adopted a Sudan-Black-based quenching method to eliminate
auto�uorescence (Schnell et al., 1999). After the secondary
antibody incubation was complete, the sections were washed
4 times to remove excess antibody. Then the sections were
incubated with 2% (w/v) Sudan Black B in 70% Ethanol for
5 min at room temperature. The sections were then washed
5� for 5 min in the normal immunohistochemistry washing
bu�er. Using this method, we successfully performed double-
immuno�uorescence staining. Kv channel staining signals in
MS lesions and adjacent normal-appearing white matter were
compared with non-MS controls. We examined multiple
patients with two di�erent types of MS, relapsing-remitting and
secondary progressive, and multiple lesions from each patient.

Statistical Analysis
Results were presented as the mean� SEM. Two-tailed Student's
t-test was used for comparisons between two groups. One-way
ANOVA followed by Dunnett's test was used for comparing two
or more groups to one control group.� p < 0.05 and�� p < 0.01
were considered statistically signi�cant.

RESULTS

Reduction of EAE Clinical Signs in Kv3.1
KO Mice Correlates with Decreased Lesion
Formation
To determine the potential role of Kv3.1 in MS progression
including in�ammatory demyelination and axon degeneration,
we induced monophasic chronic EAE in female Kv3.1 KO mice
and WT littermates with myelin oligodendrocyte glycoprotein
(MOG) peptide 35–55 as described before (Jukkola et al., 2012,
2013). EAE clinical scores were signi�cantly reduced in Kv3.1
KO mice at both peak and late stages, but not at the onset,
compared to their WT littermates (Figure 1A). Body weights
of both WT and Kv3.1 KO mice were transiently reduced after
immunization and were regained after about 25 days (with a
slightly faster rate for Kv3.1 KO mice). However, overall there
was no signi�cant di�erence in weight changes between WT
and Kv3.1 KO mice during EAE progression (Figure 1B). This
result raised an interesting question: how does deleting Kv3.1
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FIGURE 1 | Deleting Kv3.1 channel reduces EAE severity through lesionreduction. (A) Reduction of EAE severity in Kv3.1 KO mice (n D 9) compared to WT mice
(n D 8). (B) Alterations of mouse body weight during EAE progression.(C) EAE lesions in control mice. Cross sections of spinal cord (top, thoracic; middle, cervical)
and coronal section of the cerebellum (bottom) were stainedwith FluoroMyelin Green (FMG; green) and nuclear dye (Hoechst; red). CS, clinical score. Dorsal, lateral,
and ventral funiculi were indicated with blue arrows.(D) EAE lesions at the late stage in WT mice.(E) EAE lesions at the late stage in Kv3.1 KO mice. White
arrowheads, lesions. Scale bars, 250mm. (F) The summary of EAE lesion areas in dorsal, ventral and lateral funiculi white matter in WT and Kv3.1 KO mice. EAE mice
at 60 DPI were examined. Unpairedt–test: *p < 0.05. (G) Correlations between clinical scores and lesion areas in WTand Kv3.1 KO mice in dorsal funiculus.(H)
Correlations between clinical scores and lesion areas in WTand Kv3.1 KO mice in lateral and ventral funiculi.(C–H) 6 wild type mice and 4 Kv3.1 KO mice were used.
About 20 images for each mouse were used for quanti�cation of lesion areas.

lessen EAE signs? We �rst considered the following two possible
mechanisms. (1) Kv3.1 deletion might reduce EAE severity by
altering neural circuits in a compensatory manner, without
a�ecting lesion formation. (2) Kv3.1 deletion might decrease
EAE severity by reducing lesion formation through an unknown
mechanism.

To determine lesion patterns in the CNS during EAE
progression, we systematically examined the spinal cord (SC)
and cerebellum of WT and Kv3.1 KO mice using two �uorescent
dyes (Figures 1C–E). FluoroMyelin Green (FMG) is a lipophilic
dye to label myelin membranes, whereas Hoechst is a nuclear
dye to label cell bodies. We used the two dyes to reveal white
matter (WM) and gray matter (GM) in CNS tissue sections
(Jukkola et al., 2012, 2013). In WT mice at the late EAE stage,
clusters of in�ltrating cells and loss of myelin staining signals

indicated lesion sites in both SC and cerebellar WM (Figure 1D).
Compared to their WT littermates, the EAE lesions of Kv3.1 KO
mice were signi�cantly fewer in number and smaller in size, at
both peak and late stages (Figures 1C–E).

To further quantify the pattern of lesion formation, we
examined three di�erent SCWM areas, including dorsal, lateral,
and ventral funiculi (Figure 1C). The dorsal funiculus exclusively
contains sensory axons, whereas the ventral funiculus contains
mostly motor axons and the lateral funiculus contains both
sensory and motor axons. In this MOG-induced chronic EAE,
we found more lesions located along sensory axonal tracts in
the dorsal funiculus, compared to lateral and ventral funiculi
(Figures 1D–H). This result is consistent with the fact that both
sensory and motor functions are a�ected in MS patients. In Kv3.1
KO mice, EAE lesions in all three areas were signi�cantly less
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compared to WT EAE mice, particularly in the ventral funiculus
where they were almost completely absent (Figure 1F).

Immune Cells from Kv3.1 KO and WT Mice
Have Similar Potency in EAE Induction
To determine whether reduced EAE lesions might result from an
unknown role of Kv3.1 channel in immune cell activation and
proliferation, we performed adoptive transfer EAE to compare
the e�ects of immune cells from Kv3.1 KO mice and their
WT littermates (Figure 2A). WT and Kv3.1 KO mice were
used to induce chronic EAE with the same procedure as
described inFigure 1A. At 14 days post-immunization (DPI)
when mice started to exhibit clear EAE signs, their splenocytes
were dissected out and culturedin vitro. These cells were cultured
with further stimulation of MOG35� 55 peptides for 3 days. ELISA
results showed no di�erence between these immune cells of
WT and Kv3.1 KO mice in terms of secreted cytokines, such
as interferon gamma (IFNg), interleukin 17 (IL-17), interleukin
(IL-10), and granulocyte-macrophage colony stimulating factor
(GM-CSF) (Figure 2B). Then, these cells from either WT or
Kv3.1 KO mice were injected into normal C57Bl/6 female mice
to induce EAE (Figure 2A). Importantly, after being transferred
into mice, these cells were equally potent in EAE induction
(Figure 2C). Therefore, reduced EAE lesion formation in Kv3.1

KO mice is unlikely to be mediated by defective immune cells
due to the lack of Kv3.1 channels. This is very di�erent from what
happens with the Kv1.3 KO mice in EAE (Gocke et al., 2012),
where Kv1.3 plays an important role in immune cell proliferation.

Upregulation of Axonal Kv3.1 and Kv3.3
Channels in EAE Lesion Sites
To understand how deleting Kv3.1 a�ects EAE lesion formation,
we examined alterations of Kv3 channel expression and targeting
in CNS lesion areas in WT EAE mice. Kv3.1 expression was
low in SCWM under normal conditions, but increased at both
the peak and late stages of chronic EAE. In particular, Kv3.1
level was signi�cantly upregulated in some axonal segments
surrounding and within lesion areas (Figures 3A,D,E). Because
of potential e�ects of heterotetramerization and compensation
on Kv3.1, we examined alterations of the other three Kv3 (Kv3.2–
Kv3.4) channels in SCWM during EAE. Among these three,
Kv3.3 was the most highly expressed one in SC and partially
colocalized with Kv3.1. Compared to Kv3.1, Kv3.3 channels
are more broadly expressed in the CNS (Chang et al., 2007).
Studies indicate that while Kv3.3-mediated fast repolarization
of Purkinje neurons is critical for normal motor speed, Kv3.1-
dependent fast repolarization in deep cerebellar nuclei neurons
is crucial for timing or gait patterning (Hurlock et al., 2008,

FIGURE 2 | Ef�cacy of immune cells from Kv3.1 KO mice in adoptive transfer EAE.(A) Diagram of adoptive transfer EAE. First, chronic EAE was induced with
MOG35–55 on both Kv3.1 KO mice and WT littermates. At 14 DPI when clear EAE signs were observed, their splenocytes were removed and cultured in vitro with
stimulation by MOG35–55 for 3 days. These cells were then transferred into WT C57BL/6 mice. (B) No signi�cant differences in cytokine production between Kv3.1
KO and WT cells was observed. The levels of IFNg, IL-17, IL-10, and GM-CSF were measured in the supernatants byELISA.(C) No signi�cant difference in EAE
clinical scores was observed between the mice that receivedWT lymphocytes and those that received Kv3.1 KO lymphocytes.
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2009; Zagha et al., 2008). Interestingly, Kv3.3 was expressed
in the axons of SCWM under the control condition, and its
axonal level markedly increased during EAE at both the peak
and late stages (Figures 3B,C,F,Gand Movies S1, S2). This is
the �rst report that axonal levels of Kv channels signi�cantly
increase in EAE lesion. These results were con�rmed by
Western blotting re�ecting global changes (Figures 3H,I). In
naive Kv3.1 KO mice, the total expression level of Kv3.3 in
the CNS did not appear to change signi�cantly. Alteration of
Kv3.1 and/or Kv3.3 levels changes intrinsic excitability and/or
synaptic transmission in some CNS neurons, as re�ected by
increased motility observed in their single and double KO mice
(Joho et al., 2006).

Upregulation of Astrocytic Intermediate
Filaments in Kv3.1 KO Mice
To determine potential alterations of astrocytes in this process,
we examined astrocytic markers in the SC from Kv3.1 KO
and EAE mice. This is because astrocytes are known to play
critical roles in the pathogenic process of EAE and MS, and
our recent studies showed that astrocytes in the adult CNS,
including cerebellar Bergmann glia, are activated by both
in�ammatory insults and imbalance of neural activity (via
Kv3.1 deletion) (Jukkola et al., 2013). Here we found that
two astrocyte markers, glial �brillary acidic protein (GFAP)
and vimentin (Vim), were markedly upregulated in the SC
of Kv3.1 KO mice, although there was no sign of astrocyte
proliferation and hypertrophy (Figure 4 and Movies S3, S4). It
was reported that GFAP deletion increases EAE severity (Liedtke
et al., 1998) and that intermediate �laments including GFAP
and Vim are critical for astrocytes' resistance to mechanical
stress (Pekny and Pekna, 2004). Thus, the increased GFAP
and Vim in Kv3.1 KO mice may increase the rigidness of
astrocytes and inhibit the in�ltration of immune cells intothe
CNS.

Alterations of Astrocytic BDNF and Its
Receptors in Axons in Kv3.1 KO and EAE
Mice
To determine whether chemical signaling, in addition to physical
constraints, plays an important role in lesion prevention and
repair, we examined potential alteration of neurotrophic factors
by using both immunostaining and Western blotting. It is known
that BDNF can promote axonal outgrowth and neuronal survival
in the CNS (Huang and Reichardt, 2001). In particular, it was
reported that astrocytic BDNF promoted remyelination through
its receptor in a toxin-induced demyelination (cuprizone)
model (Fulmer et al., 2014). Interestingly, our studies show
that BDNF expression levels signi�cantly increased in SCWM
of Kv3.1 KO mice, particularly in the Vim-positive radial
astrocytes (Figures 5A,B and Movies S5, S6). In contrast,
we did not observe a clear di�erence in the expression
level of another neurotrophic factor, neural growth factor,in
the KO mice. Thus, BDNF upregulation was not likely a
general e�ect of all neurotrophic factors in this process. The

increased BDNF expression in SC radial astroglia may promote
myelination/remyelination and axonal regeneration.

We next examined the expression of BDNF and its receptors,
Tyrosine Receptor Kinase B (TrkB) in EAE. The BDNF
expression level in SCWM astrocytes markedly increased at
the peak stage of EAE and reduced, but remained higher
than the baseline, at the late stage (Figure 5F). To determine
potential activation of BDNF receptors, we examined the levels
of phosphorylated (activated) TrkB receptor using an anti-
phospho(Y816)-TrkB (anti-TrkB-p) antibody in SCWM. At peak
EAE, signals for TrkB-p increased along some axonal segments
surrounding the lesion sites (Figures 5C,Dand Movies S7, S8),
similar to the staining for Kv3.1 and Kv3.3. To verify the
immunostaining results, we analyzed global changes of related
signaling components by Western blotting. Mature BDNF did
increase in Kv3.1 KO mice, and also markedly increased in EAE,
whereas no change was observed for pro-BDNF (Figures 6A–C).
Another receptor of BDNF, P75, did not change when Kv3.1 was
deleted, but signi�cantly increased during EAE (Figures 6D–F).
No change was observed for the total pan-Trk level for either
Kv3.1 KO or EAE (Figures 6D–F). It is important to note that
altered expression in individual cells may or may not correlate
with global changes. Nonetheless, our results indicate a key
role of BDNF in mediating the e�ect of Kv3 channels during
in�ammatory demyelination and axonal degeneration.

Alterations of Kv3 Channels, BDNF and
Activated TrkB in Post-mortem Brains of
MS Patients
To verify whether our key �ndings in the EAE studies are
relevant to MS, we performed immuno�uorescence staining
on post-mortem brain sections from non-MS subjects (as
controls) and MS patients containing active or chronic
silent lesions. Surrounding lesion areas, there were also
demyelinated axonal segments with upregulated Kv3.1 and Kv3.3
channels (Figures 7A–C and Table 1). Compared to control,
the levels of both Vim and BDNF increased in astrocyte-
like cells around lesion edges (Figures 7D,E and Table 1),
consistent with the EAE results (Figure 4). Moreover, TrkB-
p levels were also elevated in axonal segments in lesion
areas (Figures 7F,G). Taken together, our results show that
surrounding and within lesion sites of both MS and EAE,
activated astrocytes express BDNF, while some demyelinated
axons contain higher levels of Kv3.1/Kv3.3 and activated TrkB
receptors.

BDNF Treatment Promotes Myelination
and Alters Action Potential Firing in SC
Myelin Coculture
To determine the mechanism underlying BDNF signaling in
myelination, axonal degeneration, and neuronal survival in EAE
and MS, we examined the e�ect of BDNF treatment on myelin
coculture of SC neurons. To carry out this experiment, we
�rst developed a myelin coculture method for SC neurons
based on the method that we published for myelin coculture
of hippocampal neurons (Gardner et al., 2012). The SC
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FIGURE 3 | Axonal Kv3.1 and Kv3.3 channels increased during EAE progression. (A), Cross sections of SC ventral funiculus in WT mice at the control, peak, and late
EAE stages stained with FMG (green), Hoechst (blue), and an anti-Kv3.1b antibody (red).(B) Similar cross sections stained for Kv3.3 (red).(C) SC longitudinal section
from a control mouse was stained for Kv1.2 (green) and Kv3.3 (red). (D) Upregulated Kv3.1 in axonal segments that were partially demyelinated (anti-Kv3.1b in red

(Continued)
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FIGURE 3 | Continued
and anti-MBP in green) at the peak stage of EAE. The high magni�cation confocal image stack was obtained from a lesion area in a longitudinal SC section. The
collapsed 2D image is on the left, and three cross sections are on the right. White arrows, positions for the other two cross sections. (E) Summary of axonal levels of
Kv3.1b at three different stages of EAE. One-way ANOVA followed by Dunnett's test. **p < 0.01; *p < 0.05. n D 50. (F) Axonal Kv3.3 levels were upregulated during
EAE (anti-Kv3.3 in red and FMG in green). Top, control; bottom, peak EAE. High magni�cation confocal image stacks were obtained from longitudinal SC sections.
The collapsed 2D images are on the left, and 3 cross sections are on the right. Scale bars, 50mm. (G) Summary of axonal levels of Kv3.3 at three different stages of
EAE in WT and Kv3.1 KO mice. One-way ANOVA followed by Dunnett's test. **p < 0.01; *p < 0.05. n D 50. (H) Con�rmation of no Kv3.1 expression in Kv3.1 KO
mice by Western blotting.(I) Alterations of Kv3.1b (middle) and Kv3.3 (bottom) levels during EAE in WT and Kv3.1 KO mice.

myelin coculture, however, required an astrocyte layer and
mixed neurons and glia from SC at the embryonic stage.
BDNF treatment (for 1 week during myelination) signi�cantly
enhanced myelin formation by increasing the expression of
MBP, but did not change neuronal dendrites and axons
indicated by microtubule associated protein 2 (MAP2) and
neuro�lament staining, respectively (Figures 8A,B). This result
indicates that BDNF treatment under this condition stimulated
myelin formation, but did not alter neuronal and axonal
survival.

To determine how BDNF treatment may a�ect neuronal
excitability, we performed whole-cell recording under both
voltage- and current-clamp modes. Cultured SC neurons with
large soma, likely the motor neurons, were recorded under
control and treated conditions. Interestingly, the treatment
markedly increased both inward and outward currents, which
were most likely mediated by Nav and Kv channels, respectively
(Figures 8C,D). Consistent with this result, the treatment
also increased �ring frequency and burst �ring of action
potentials (Figures 8E–G). Remarkably, immunostaining results
showed that the endogenous levels of Kv3.3 and pan-Nav
channels were signi�cantly increased at the soma, as well
as at the axon initial segments (Figures 8H,I). Therefore,
the staining data are consistent with the electrophysiological
results, indicating that BDNF treatment increases neuronal
excitability through increasing the expression of Nav and Kv3.3
channels.

DISCUSSION

In the present study, the novel �nding that reduced EAE severity
in Kv3.1 KO mice correlates with reduced lesion number and
size prompted us to pursue the underlying mechanism using
both in vivo and in vitro systems. Our experimental results
indicate the following two potential mechanisms (Figure 9). (1)
Upregulated intermediate �laments (GFAP and Vim) increase
the rigidness of astrocytes in Kv3.1 KO mice and hence can
deter migration and proliferation of in�ltrating immune cells.
(2) Through activation of BDNF signaling in activated radial
astroglia in Kv3.1 KO mice, lesion formation can be deterred
and lesions may even be repaired. Taken together, our study has
provided new mechanistic insights into the bene�cial e�ects of
Kv channel suppression in treating EAE/MS. This may lead to
a new model for activity-dependent prevention and repair of
in�ammatory axonal lesions.

4-AP is used as a symptomatic treatment of decreased walking
capacity in MS patients. It also has bene�cial e�ects on cognition,

upper extremity function and bowel and bladder function.
Slow release 4-AP has only mild to moderate side e�ects in
some patients, including paresthesia, dizziness, nausea/vomiting,
falls/balance disorders, insomnia, urinary tract infections, and
asthenia (Jensen et al., 2014). Long-term usage of 4-AP (9–12
months) appears to be safe and leads to greater improvement
in the Paced Auditory Serial Addition Test (a test of cognitive
function), compared to short-term usage (2 weeks) (Cameron
et al., 2014; Ruck et al., 2014). A systematic study will be
needed to determine whether and how the long-term usage of
4-AP a�ects MS lesions. On the other hand, a recent study
showed that 4-AP treatment at the beginning of clinical signs
in MOG-induced chronic EAE did not signi�cantly alter EAE
severity and pathology (Gobel et al., 2013), di�erent from our
studies with Kv3.1 KO mice. However, the 4-AP treatment did
signi�cantly improve the mobility of the EAE mice (Gobel et al.,
2013), consistent with our �ndings. It is important to note
that 4-AP blocks a number of important Kv channels, the lack
of clear bene�cial e�ects of 4-AP on EAE may result from
mixed positive and negative actions by di�erent Kv channels.
Nonetheless, it is possible that speci�cally blocking the activity
of Kv3.1 channel provides a long-term bene�cial e�ect on MS
progression.

Kv3.1 is likely a main target for mediating the e�ects of 4-
AP on MS progression. Kv3.1 IC50 for 4-AP is around 29mM,
the lowest among all Kv channels (Judge and Bever, 2006). The
IC50s for Kv1.1, Kv1.2, and Kv1.3 are around 290, 590, and
195mM, respectively. The IC50s for Kv2 and Kv4 channels are
over 1 mM (Judge and Bever, 2006). Recently, it was reported
that 4-AP may enhance synaptic transmission by stimulating
the activity of L-type Cav channels (Wu et al., 2009; Li et al.,
2012). 4-AP started to activate L-type Cav channels at 100mM,
but had no e�ect at 30mM (Li et al., 2012). Therefore, Kv3.1
channels display the highest sensitivity to 4-AP among all known
4-AP targets. However, despite the physiological signi�canceof
Kv3.1, its role in MS or EAE progression was not previously
investigated.

Kv3.1 KO mice are viable and relatively healthy, which allows
us to perform EAE with them. We found that EAE signs were
signi�cantly reduced in Kv3.1 KO mice at both peak and late
stages (Figure 1). Anatomical analysis revealed that reduced EAE
severity in Kv3.1 KO mice correlated with lesion reduction in
size and number (Figure 1). Such reduction is consistent with
preserved neurophysiological functions (e.g., mobility) ofKv3.1
KO mice. Our results indicate that deleting Kv3.1 may hinder
EAE lesion formation and perhaps even promote lesion repair,
which we will discuss in the following sections. Furthermore,we
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FIGURE 4 | Upregulation of astrocytic intermediate �laments in Kv3.1 KO mice. (A) Cross sections of ventral SCWM in WT mice were costained for GFAP (green) and
Vim (red). The collapsed 2D image is on the left, and three cross sections are on the right.(B) Cross sections of ventral SCWM in Kv3.1 KO mice were costained for
GFAP (green) and Vim (red). Scale bars, 200mm. (C), Increased expression of Vim (inverted gray scale image on the left; blue in the merged image on the right), GFAP
(inverted gray scale image in the middle; green in the mergedimage on the right), and AQP4 (red) in dorsal SCWM of Kv3.1 KO mice (bottom) compared to that of WT
mice (top).(D) Increased expression of astrocytic proteins as in(C) in ventral SCWM. Scale bars, 100mm. Summary of expression levels of Vim(E) and GFAP(F) in
WT and Kv3.1 KO mice. Unpaired Studentt–test: *p < 0.05. n D 50. The results were from 3 Kv3.1 KO and 4 WT mice.

identi�ed a biased formation of EAE lesions in the dorsal WM of
SC, compared with the ventral WM (Figure 1). The mechanism
underlying this biased lesion formation in chronic EAE is an
interesting topic for future investigation.

In the present study, we used Kv3.1 KO mice allowing us to
analyze the e�ect of speci�c deletion of a single Kv channel on
EAE severity. It is important to note that this strategy di�ers
from the 4-AP treatment of EAE and MS. The 4-AP treatment
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FIGURE 5 | Alterations of BDNF and Trk receptor levels in Kv3.1 KO mice and EAE mice. The levels of BDNF (red) and Vim (green) in SCWM ofWT (A) and Kv3.1 KO
(B) mice. High magni�cation confocal image stacks were obtainedfrom cross sections of ventral SCWM. The collapsed 2D imagesare on the left, and three cross
sections are on the right. Scale bars, 200mm. The levels of phospho-TrkB (TrkB-p) receptors (red) and Vim (green) in the control(C) and peak EAE(D) stages of WT
mice. The image stacks were captured from longitudinal sections of SCWM.(E) The BDNF level signi�cantly increased in Vim-positive astrocytes in SCWM of Kv3.1
KO mice. Unpaired Studentt–test: *p < 0.05. (F) BDNF levels in Vim-positive astrocytes at different stagesof EAE in WT mice.(G) Axonal pan-Trk levels increased
during EAE. One-way ANOVA followed by Dunnett's test in(F,G). **p < 0.01; *p < 0.05. n D 50.

likely acts through multiple targets, causing mixed e�ects. Our
�nding that Kv3.1 deletion lessens EAE severity has raised
an interesting question for future investigation. Is it possible
that a Kv3.1-speci�c blocker can be more e�ective than 4-AP
in treating MS and have a long-term bene�cial e�ect on MS
patients? Currently, there is no highly speci�c blocker for Kv3.1
channels.

The e�ect of Kv3.1 deletion on EAE severity is mainly
through the nervous system, but not the immune system. Kv3.1
does not appear to play a major role in activated immune
cells. Kv3.1 current was only implicated in double-negative
and CD8C T cells in mice (Chandy et al., 1990), but not in
humans (Cahalan and Chandy, 2009). Our experiments using
adoptive transfer EAE showed that deleting Kv3.1 does not
a�ect the competence of the immune cells to induce EAE
when being transferred into naïve WT mice. Immune cells with
or without Kv3.1 also appeared to secrete various cytokines

at similar levels (Figure 2). On the other hand, both Kv3.1
and Kv3.3, especially Kv3.3, were upregulated in some injured
axons in EAE and MS lesions (Figures 3, 7). It is important
to note that this localized upregulation di�ers from global
changes and its exact impact on axonal functions remains
to be determined. Although Kv3.1 and Kv3.3 can assemble
into heterotetramers, they still have di�erent biophysical
and pharmacological features with di�erent expression and
localization patterns. Nonetheless, upregulated Kv3.3 likely
works together with other ion channels to alter axonal functions,
such as several Ca2C- and NaC-permeable channels that were
also upregulated in injured axons in EAE and MS lesions
(Kornek et al., 2001; Craner et al., 2004; Vergo et al., 2011;
Schattling et al., 2012). Downstream of the channel alteration,
the intra-axonal Ca2C level, known to be involved in axonal
degeneration, may play a key role here. Therefore, potential
coordinated actions of these ion channels may determine the
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FIGURE 6 | Biochemical analysis of BDNF and its receptor levels in Kv3.1 KO and EAE mice.(A) Western blot analysis of alterations of mature BDNF and pro-BDNF
expression levels in Kv3.1 KO mice and at different stages ofEAE.(B) Summary of mature BDNF levels.(C) Summary of pro-BDNF levels.(D) Western blot analysis of
alterations of pan-Trk and P75 expression levels in Kv3.1 KOmice and at different stages of EAE.(E) Summary of pan-Trk levels.(F) Summary of P75 levels. Unpaired
Student t–test between WT and Kv3.1 KO mice: *p < 0.05. One-way ANOVA followed by Dunnett's test in EAE mice. *p < 0.05.

fate of the subset of axons in EAE and MS lesions, recovery or
degeneration.

How does Kv3.1 deletion reduce EAE lesion formation?
Activated astrocytes may be the key mediator. Our previous study
showed that Bergmann radial glia in the cerebellum appeared
activated in Kv3.1 KO mice (Jukkola et al., 2013). In the present
study, we found that astrocytes in SC of Kv3.1 KO mice were
activated with upregulation of intermediate �laments, GFAP and
Vim (Figure 4). In particular, Vim was signi�cantly upregulated
in SC radial astroglia of KO mice (Figure 4). Activation of
astrocytes observed in Kv3.1 KO mice may be triggered by
altered activity of related neural circuits, in which Kv3.1deletion

may directly increase principal neuron excitability or reduce fast
spiking of some GABAergic interneurons (Rudy and McBain,
2001). Importantly, upregulation of GFAP and Vim in astrocytes
in Kv3.1 KO mice may increase rigidness of these glial cells and
hence deter migration and proliferation of in�ltrating immune
cells in EAE. GFAP and Vim KO mice develop more severe EAE
than WT mice (Liedtke et al., 1998). The physical properties of
astrocytes are very important to their function in maintaining
and regulating sensorimotor circuits. Although it is accepted that
astrocytes are involved in EAE and MS lesions (Jukkola et al.,
2013), little is known about a potential role of radial astroglia
in the pathogenic processes. Given that radial glia play critical
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FIGURE 7 | Alterations of Kv3 channels and BDNF in post-mortem tissuesof MS patients. (A) Costaining of post-mortem brain sections from a non-MS individual
(control) and an MS patient for Kv3.1 (red) and MBP (green).(B) Post-mortem brain sections from a control individual (top)and an MS patient (bottom) were costained
for Kv3.3 channels (red) and MBP (green).(C) A 3-D confocal image stack for Kv3.3 (red) and MBP (green) in an MS lesion.(D) Sections from post-mortem brains
were costained for Vim (green) and BDNF (red).(E) A 3-D confocal image stack in an MS lesion from(D). (F) Sections from post-mortem brains were costained for
phospho-TrkB (TrkB-p, red) and MBP (green).(G) A 3-D confocal image stack in an MS lesion(F). Scale bars, 50mm.

roles in cytogenesis, patterning and boundary formation in the
developing SC (McDermott et al., 2005), it is really important
to identify the relevance of these cells to the in�ammatory
demyelinating lesions.

Released factors from activated radial astroglial cells may
regulate lesion formation in EAE and MS. Our results show that
Kv3.1 deletion activates radial astroglia with increases Vim and
BDNF expression (Figures 4–7), while BDNF may also mediate

Frontiers in Molecular Neuroscience | www.frontiersin.org 14 October 2017 | Volume 10 | Article 344



Jukkola et al. Kv3 in EAE/MS Lesion Formation

TA
B

LE
1

|
C

om
pa

ris
on

of
po

st
-m

or
te

m
pr

ot
ei

n
ex

pr
es

si
on

in
M

S
pa

tie
nts

an
d

no
n-

M
S

co
nt

ro
li

nd
iv

id
ua

ls
.

C
as

e
ID

A
ge

S
ex

D
is

ea
se

co
ur

se
D

is
ea

se
du

ra
tio

n
C

au
se

of
de

at
h

P
os

t-
m

or
te

m
in

te
rv

al
A

xo
na

lp
ro

te
in

ex
pr

es
si

on
A

st
ro

cy
te

pr
ot

ei
n

ex
pr

es
si

on
Lo

ss
of

M
B

P
K

v3
.1

b
K

v3
.3

Tr
kB

-p
V

im
B

D
N

F

18
B

52
F

N
/A

N
/A

M
yo

ca
rd

ia
l

in
fa

rc
tio

n
10

hr
s

C
�

�
C

C
�

15
B

80
M

N
/A

N
/A

U
nk

no
w

n
21

hr
s

C
C

C
C

C
C

�

24
B

41
M

N
/A

N
/A

M
et

as
ta

tic
ca

nc
er

12
hr

s
C

C
C

C
C

�

18
B

-T
C

52
F

N
/A

N
/A

M
yo

ca
rd

ia
l

in
fa

rc
tio

n
10

hr
s

C
C

�
C

C
�

X
38

18
E

59
F

S
P

M
S

25
yr

s
B

ro
nc

ho
pn

eu
m

on
ia

12
hr

s
C

C
C

C
C

C
C

C
C

C
C

C
C

X
41

03
-G

36
F

R
R

M
S

11
yr

s
S

ep
si

s
5

hr
s

C
C

C
C

C
C

C
C

C
C

C
C

C
C

C
C

C

X
29

93
32

M
R

R
M

S
10

yr
s

P
ne

um
on

ia
1.

5
hr

s
C

C
C

C
C

C
C

C
C

C
C

C
C

C
C

C

A
x8

31
65

-I
I

32
F

R
R

M
S

6
yr

s
U

nk
no

w
n

8
hr

s
C

C
C

C
C

C
C

C
C

C
C

C
C

C

X
C

29
85

-2
50

F
S

P
M

S
10

yr
s

R
es

pi
ra

to
ry

fa
ilu

re
6.

5
hr

s
C

C
C

C
C

C
C

C
C

C
C

C
C

C
C

C
C

S
P

M
S

,S
ec

on
da

ry
pr

og
re

ss
iv

e
m

ul
tip

le
sc

le
ro

si
s;

R
R

M
S

,r
el

ap
si

ng
rem

itt
in

g
m

ul
tip

le
sc

le
ro

si
s.

A
ge

in
ye

ar
s.

yr
s,

ye
ar

s;
hr

s,
ho

ur
s;

TrkB
-p

,p
ho

sp
ho

ry
la

te
d

ty
ro

si
ne

re
ce

pt
or

ki
na

se
;V

im
,V

im
en

tin
;B

D
N

F,
br

ain
de

riv
ed

ne
ur

ot
ro

ph
ic

fa
ct

or
;

M
B

P,
m

ye
lin

ba
se

pr
ot

ei
n;

“–
“

ne
ga

tiv
e;

“C
”

po
si

tiv
e.

A
ll

pa
tie

nt
s

w
er

e
de

-id
en

ti�
ed

.

the partial recovery often observed in chronic EAE. BDNF
signaling was reported to promote myelination, protect neurons,
and promote neuronal di�erentiation. In EAE and MS lesions,
we indeed observed upregulation of activated TrkB receptors in a
subset of axons, in addition to astrocytic BDNF (Figures 5, 7).
These axons with activated TrkB receptors may be those that
can survive and even be remyelinated during the development of
lesions. Previous studies showed that astrocytic BDNF promotes
remyelination via TrkB in the cuprizone model (Fulmer et al.,
2014). The reduced EAE severity and lesions at the peak stage
in Kv3.1 KO mice indicate that Kv3.1 deletion likely inhibits
lesion formation. At the late EAE stage, Kv3.1 KO mice did
display milder EAE severity than their WT littermates (Figure 1),
suggesting a potential repair mechanism. This repair may in
part share the same signaling pathway with the spontaneous
repair in chronic EAE. Increased BDNF levels were observed
in Vim-positive astroglia in EAE lesions at the peak stage in
both WT and Kv3.1 KO mice (Figure 5F). However, since
lesion development and repair are likely overlapping events in
terms of time course, currently we cannot distinguish between
the two possibilities, prevention/repair vs. repair alone, in our
studies.

To further understand the mechanism by which BDNF
may regulate in�ammatory demyelinating lesions, we developed
a new myelin coculture system containing SC neurons and
oligodendrocytes. BDNF treatment of the coculture was carried
out at the myelinating stage, after SC neurons had fully
di�erentiated and oligodendrocytes proliferated. Our results
show that BDNF treatment promoted myelination, but did not
a�ect neuron survival and di�erentiation (Figure 8), consistent
with our hypothesis based on the EAE data. Furthermore, using
whole-cell recording and immunostaining, we surprisingly found
that the BDNF treatment promoted the expression of Kv3.3
and Nav channels (Figure 8). As a result, the waveform of
action potentials contained bursting (Figure 8), which is an
indication of Kv3.3 activation in action potential waveforms
of cerebellar Purkinje neurons, although it is still unknown
whether Kv3.3 induces bursting in other neurons as well.
Taken together, whether and how activated TrkB receptors
in axons stimulate the expression of Kv3.3 and/or other
Ca2C-permeable channels remain to be determined in future
studies.

Our data support a model that both voluntary and involuntary
nerve activation is bene�cial for lesion reduction and repair in
in�ammatory demyelinating diseases, including MS. At the same
time, our studies have also raised some very interesting questions
for future investigation. Kv3.1 is the most sensitive targetof 4-AP,
which increases nerve conduction involuntarily. Interestingly, 4-
AP treatment is bene�cial not only to MS patients, but also to
patients su�ering from spinal cord injury and cerebellar disorders
(Segal et al., 1999; Kalla et al., 2007). On the other hand, voluntary
exercise is known to increase BDNF levels (Ying et al., 2005; Ding
et al., 2011), and is currently believed to be bene�cial for MS
patients. Taken together, further investigation along thisresearch
line may contribute to the development of a new therapeutic
strategy of activity-dependent lesion reduction and repair in
in�ammatory neurodegenerative diseases.
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FIGURE 8 | BDNF treatment stimulates axon myelination and increases neuronal excitability.(A) BDNF treatment (bottom) increased axon myelination of cultured SC
neurons. (B) Summary of BDNF treatment on the levels of MAP2, neuro�lament(NF) and MBP.(C) BDNF treatment increased the levels of inward and outward
currents under the voltage-clamp mode.(D) Summary of inward and outward current amplitudes.(E) BDNF treatment increased action potential �ring frequency
revealed by the input-output relationship.(F,G) BDNF treatment increased burst �ring.(H) BDNF treatment (bottom) increased the endogenous expression levels of
Kv3.3 (green) and Nav (red) channels.(I) Summary of the expression levels of endogenous Kv3.3 and Navchannels at the soma and AIS. Unpaired Studentt–test:
**p < 0.01. Scale bars, 50mm.
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FIGURE 9 | Hypothetical model diagram of the role of Kv3 channels in lesion
formation in EAE and MS. Neural activity stimulates radial astrocytes, which
upregulate the expression of GFAP and Vim, as well as BDNF. Upregulated
intermediate �laments (GFAP and Vim) increase the rigidnessof astrocytes,
thereby deterring migration and proliferation of in�ltrating immune cells to limit
lesion formation. On the other hand, BDNF signaling promotes axon
remyelination and prevents axonal degeneration, and thus contributes to
lesion repair.
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