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Abstract

Rapid and efficient axon remyelination aids in restoring strong electrochemical communication with end organs and in
preventing axonal degeneration often observed in demyelinating neuropathies. The signals from axons that can trigger
more effective remyelination in vivo are still being elucidated. Here we report the remarkable effect of delayed brief
electrical nerve stimulation (ES; 1 hour @ 20 Hz 5 days post-demyelination) on ensuing reparative events in a focally
demyelinated adult rat peripheral nerve. ES impacted many parameters underlying successful remyelination. It effected
increased neurofilament expression and phosphorylation, both implicated in axon protection. ES increased expression of
myelin basic protein (MBP) and promoted node of Ranvier re-organization, both of which coincided with the early
reappearance of remyelinated axons, effects not observed at the same time points in non-stimulated demyelinated nerves.
The improved ES-associated remyelination was accompanied by enhanced clearance of ED-1 positive macrophages and
attenuation of glial fibrillary acidic protein expression in accompanying Schwann cells, suggesting a more rapid clearance of
myelin debris and return of Schwann cells to a nonreactive myelinating state. These benefits of ES correlated with increased
levels of brain derived neurotrophic factor (BDNF) in the acute demyelination zone, a key molecule in the initiation of the
myelination program. In conclusion, the tremendous impact of delayed brief nerve stimulation on enhancement of the
innate capacity of a focally demyelinated nerve to successfully remyelinate identifies manipulation of this axis as a novel
therapeutic target for demyelinating pathologies.
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Introduction One of these challenges is the increased loss of axons observed
in demyelinating disorders, believed to be due to the vulnerability
of the demyelinated axon to degenerative processes (reviewed in
[6,7]). This loss may be linked to alterations in neurofilament
proteins that serve important roles in the radial growth of axons
[8,9] thereby impacting axonal caliber and conduction efficiency
[10]. Further, myelinated axons normally display high levels of
medium and high molecular weight neurofilament phosphoryla-
tion [11]. Neurofilament phosphorylation increases the axonal
caliber [12] important in determining the onset of myelination
[13]. It 1s also protective to the axon, with dephosphorylated
neurofilaments susceptible to proteolysis by the calcium-dependent
protease calpain [14,15,16], while phosphorylated neurofilaments
are resistant to degradation [17]. Importantly, neurofilament
phosphorylation is controlled by the myelination process [18] and

Myelination is crucial for proper neurological function, with
damage to the myelin sheath having potentially devastating
consequences. While the nervous system has a moderate innate
capacity for remyelination, this process is far from perfect.
Demyelination and inflammation are common features of a
variety of peripheral and central nervous system disorders,
including Guillain-Barré syndrome and multiple sclerosis respec-
tively [1,2,3]. Despite an increased capacity for peripheral nerve
remyelination in patients with Guillain-Barré syndrome [2,4],
many are plagued by residual impairment [4,5] as effective
remyelination and repair of focally demyelinated nervous tissue is
fraught with challenges.

PLOS ONE | www.plosone.org 1 October 2014 | Volume 9 | Issue 10 | e110174


http://creativecommons.org/licenses/by/4.0/
http://www.cihr-irsc.gc.ca/e/193.html
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0110174&domain=pdf

upon demyelination, these filaments become dephosphorylated,
both in experimental models of dysmyelination [19] and in human
demyelinating disease states [20].

Disruption in the organization of the nodes of Ranvier is
another critical feature of segmental and paranodal demyelination.
Typically, nerves display a distinct and restricted regional
distribution of the protein Caspr and the Kv1.2 potassium channel
in the paranodal and juxtaparanodal regions respectively, which is
lost following demyelination and can assume a more diffuse axonal
distribution [21,22]. Recapitulation of the distinct nodal architec-
ture is key during the remyelination process [23] and together with
neurofilament phosphorylation serve as important measures of the
efficiency of repair processes and axonal health, respectively.
Thus, remyelination strategies that also target these events would
be beneficial.

A number of additional cellular events must occur for effective
remyelination, including the clearance of the myelin debris
[24,25,26]. Monocyte lineage cells, such as macrophages and
microglial cells, are largely responsible for this clearance
[27,28,29,30], with enhanced myelin debris clearance being linked
to improved remyelination [25]. Axonal injury or demyelination
also drives Schwann cell dedifferentiation and the acquisition of a
reactive phenotype, characterized by prominent glial fibrillary
acidic protein (GFAP) expression [31]. The rapid differentiation of
these Schwann cells back to a myelinating phenotype is desirable.
This can be impacted by increased expression of molecules such as
neurotrophins, best known for their roles in neuronal growth,
survival and regeneration [32,33]. Specifically, in the peripheral
nervous system, the neurotrophin brain-derived neurotrophic
factor (BDNF) is important for initiation of the myelination
program [34,35] primarily via activation of the p75 neurotrophin
receptor expressed by Schwann cells [36]. Sources for this
activation include neurons [37,38,39,40,41], Schwann cells
[42,43], or the infiltrating activated macrophages [44,45]. This
results in an accumulation of BDNF at the site of demyelination
that appears to be crucial for enhancing the remyelination process.

Remyelination can occur in response to damage to the myelin
sheath of peripheral [46,47] or central nervous system axons [48],
although it is less effective in the latter. However, the issue of how
to promote early and rapid activation of this response following a
demyelinating insult remains unresolved. Increased neuronal
electrical activity may serve as an important intrinsic signal for
remyelination [49]. For example, in a different pathology, namely
peripheral nerve injury, the immediate brief electrical stimulation
of the nerve proximal to the injury at the time of nerve injury and
repair (ES; 1 hour (hr) at 20 Hz) accelerates the growth of both
motor and sensory axons across the repair site [50,51,52,53] and is
associated with enhanced remyelination of the regenerating axons
[54]. The improved regeneration is associated with increases in the
neuronal expression of both BDNF and its receptor trkB [55], and
neurotrophin signaling [56,57]. These findings raise the question
of whether the beneficial effects of brief ES will still be apparent in
an experimental model of demyelinating disease in which axons
have been focally demyelinated but remain intact, such as the
highly-studied model of lysophosphatidyl choline (LPC)-induced
demyelination [58,59]. This model largely spares axonal structure
[60], as compared to crush or transection injury models.

In demyelinating disease, patients will present neurological
deficits only after the demyelination has occurred, leaving one
unable to therapeutically intervene at the initiation of the
demyelinating event. Thus, we hypothesized that delayed brief
nerve ES (1 hour at 20 Hz) delivered proximal to a site of focal
demyelination induced five days prior, will induce cellular changes
that result in more effective remyelination. Here, we present
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evidence that delayed brief ES does indeed have a facilitatory
effect on remyelination, helping the nerve overcome many of the
barriers and molecular challenges associated with this event.

Materials and Methods

Surgical Procedures

All procedures were approved by the University of Saskatch-
ewan Animal Research Ethics Board and adhered to the Canadian
Council on Animal Care guidelines for humane animal use.
Animals were given buprenorphine (Temgesic; 0.05— 0.1 mg/kg)
subcutaneously pre- and postoperatively to minimize incisional
discomfort. A total of 80 young adult male Wistar rats (150—200g)
were used in the study. Rats were deeply anaesthetized with
inhaled isoflurane (2% delivered at a rate of 2LL/min). To create a
unilateral focal demyelinating lesion, the right sciatic nerve was
exposed at the point of trifurcation into the common peroneal,
tibial and sural branches and 2 ul of a 1% LPC/1% Fluorogold
(FG; Fluorochrome Inc. Denver, CO, USA) solution was injected
into the tibial branch of the sciatic nerve, just distal to the
trifurcation, using a 20—30 micron tip glass needle connected to a
Hamilton syringe. FG served to demarcate the demyelination
zone, while an epineural 10-0 suture marked the injection site.

Five days later, the animals were randomly assigned to
experimental groups. In all groups except the 5-day post LPC
group (which serves as the demyelination baseline group), half of
the animals were anaesthetized and the right sciatic nerves re-
exposed to perform ES. Insulated stainless steel wires bared of
insulation (2-3 mm for the anode, 5-10 mm for the cathode) were
connected to a Grass (Quincy, MA) SD-9 stimulator. The cathodic
wire was wrapped around the exposed nerve, 2-3 mm proximal to
the injection site. The anode was placed between the skin and
muscle. ES was performed as previously described by Al-Majed
et al. [50]. A Grass stimulator delivered a continuous 20 Hz train
of supramaximal pulses (100 msec; 3V) for one hour. Epineural
10-0 suture marked the stimulation site. These stimulation
parameters employed in this study were selected as they closely
mimic the firing patterns of both motor and sensory neurons
[50,61].

In addition to the LPC-injected +/- ES animals, the following
controls were generated: naive rats (n = 3); naive animals with brief
ES as above (n = 3); LPC-injected animals with sham stimulation
where electrodes were connected but the stimulator was not
turned on (n=3); and LPC-injected animals treated with 2%
lidocaine soaked gelfoam applied to the sciatic nerve proximal to
ES 30 minutes prior to and during ES (n=3) followed by
thorough rinsing with sterile PBS before closing the incision.

Animals were processed for analysis at various time points post-
injection with stimulated groups being paired with non-stimulated
groups in the same cryomolds to ensure processing under identical
conditions (5 days, n=6; 6 days, n= 6 LPC and 6 LPC+ES; 8
days, n=8 LPC and 8 LPC+ES; 10 days, n=8 LPC and 8 LPC+
ES; and 12 days, n=11 LPC and 12 LPC+ES). For immunohis-
tochemistry, animals were euthanized with FEuthanyl Forte
overdose (Bimeda-MTC, Cambridge, ON) and transcardially
perfused with 4% paraformaldehyde. One cm of ipsilateral sciatic
nerve (bordering both sides of the sites of LPC injection and
electrical stimulation) and equivalent contralateral were removed,
post-fixed and cryoprotected overnight in 20% sucrose. Tissues
were embedded in cryomolds with OCT compound (Tissue Tek,
Miles INC, Elkhart, IN) frozen in cooled isopentane and stored at
—80°C: until processing. For fresh-frozen immunohistochemistry,
animals were cuthanized with Euthanyl Forte (75 mg/kg) and
transcardially perfused with 60 mL of ice-cold phosphate buftered
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saline (PBS). Tissue was removed, immediately embedded and
frozen (as above) and stored at —80°C until processing.

ELISA

To generate tissue samples for the ELISA, a separate cohort of
animals received LPC focal demyelinating lesions with or without
brief ES as above (n=16 animals total with 2 animals per
condition with 2 naive rats and 5d LPC contralateral nerves
serving as controls). Animals were euthanized at 5, 8, 10 and 12
days post-LPC. One cm lengths of sciatic nerve bordering both
sides of the demyelinating lesion equally were removed along with
corresponding levels of control nerves, placed in lysis buffer
(137mM  NaCl, 20mM Tris-HCI (pH 8.0), 1% NP40, 10%
glycerol, ImM PMSF, 10 pg/mL aprotinin, 1 ug/mL leupeptin,
0.5mM sodium vanadate) and stored at —80°C until processing.
BDNF content was measured using the BDNF E,., Immunoassay
System (Promega, Madison, WI) according to the manufacturer’s
protocol. Plates were immediately read at a wavelength of 450 nm
in a SpectraMax 340 (Molecular Devices, Sunnyvale, CA)
spectrophotometric plate reader equipped with SoftMax Pro 5
software (Molecular Devices, Sunnyvale, CA).

Western Blotting

Surgical procedures were performed as above on a separate
cohort of animals (n = 18 animals total with 3 LPC and 3 LPC+ES
animals per time point). Animals were euthanized at 5, 8 and 10
days post-LPC injection. Three naive animals served as controls. A
one cm segment of sciatic nerve bordering both sides of the
injection site equally was removed from each rat, along with
corresponding levels of contralateral and control naive nerves. The
nerve segments were placed in lysis buffer (137mM NaCl, 20mM
Tris-HCI (pH 8.0), 1% NP40, 10% glycerol, ImM PMSF, 10 ug/
mL aprotinin, 1 pg/mL leupeptin, 0.5mM sodium vanadate),
homogenized and stored at —80°C until processing. Extracted
proteins from pooled samples (N = 3 rats/experimental condition/
sample) at each time point and protein molecular size markers
(Licor, catalog #928-40000) were separated by SDS-PAGE (10%
acrylamide gels) and transferred to PVDF membranes (Bio-Rad,
catalog # 162-0177) by electroblotting. Membranes were blocked
overnight in Licor Odyssey blocking buffer (catalog # 927-40000)
at 4°C with gentle agitation. Primary antibodies mouse anti-CD68
(ED-1; 1:500, Cedarlane, catalog # MCA341R); mouse anti-
phosphorylated neurofilament (SMI-31, 1:1000, Covance, catalog
# SMI-31R); mouse anti-pan-neurofilament antibody (NF;
1:1000, Dako, catalog # M0762); and mouse anti-f III tubulin
(loading control; 1:100, Millipore, catalog # MAB1637) in PBS
with 0.05% Tween 20 were applied at 4°C for 72 hours with
gentle agitation. Membranes were washed in PBS with 0.05%
Tween 20 and infrared dye-conjugated secondary antibody
(donkey anti-mouse IR-800 (1:5000, Licor, catalog # 926-
32212)) was applied for one hour at room temperature.
Membranes were washed in PBS with 0.05% Tween 20, followed
by PBS before scanning on a Licor Odyssey 9120 infrared
scanning system.

BDNF Western blots were conducted under nonreducing
conditions (B-mercaptoethanol omitted) using a rabbit anti-BDNF
antibody that recognizes both pro- and mature-BDNF (Biosensis,
catalog # R-083-100) with donkey anti-rabbit IR-800 (1:5000,
Licor, catalog # 926-32213) used to visualize the bands.

Histochemistry
Immunofluorescence. Longitudinal sections of fixed frozen
nerve tissue cut at 10 um on a Microm cryostat were thaw-

mounted onto silanized glass slides. Slides were air-dried for
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15 minutes and washed in PBS prior to blocking in 10% normal
donkey serum and 0.1% Triton X-100 in PBS at room
temperature. Primary antibodies diluted in 2% normal donkey
serum and 0.1% Triton X-100 in PBS were applied overnight at
4°C in a humidified chamber. Primary antibodies included: mouse
anti-myelin basic protein (MBP; 1:250, Covance, catalog # SMI-
94R); mouse anti-CD68 (ED-1; 1:250, Cedarlane, catalog #
MCA341R); rabbit anti-glial fibrillary acidic protein (GFAP;
1:800, Dako, catalog # Z 0334); mouse anti-beta IIT tubulin (B-I11;
1:100, Millipore, catalog # MAB1637); rabbit anti-B-III (1:1000,
Sigma-Aldrich, catalog # T 2200); chicken anti-BDNF (1:1000,
Promega, catalog # G1641); mouse anti-phosphorylated neuro-
filament (SMI-31, 1:1000, Covance, catalog # SMI-31R). Slides
were washed and secondary antibodies diluted in PBS applied for
one hour at room temperature - DyLight 488-conjugated donkey
anti-mouse IgG (1:200, Jackson ImmunoResearch); Cy3-conju-
gated donkey anti-rabbit IgG (1:300, Jackson ImmunoResearch).
Slides were washed in PBS and mounted with a coverslip using
50% glycerol/PBS.

For fresh frozen immunohistochemistry, tissue was cut as above
and slides were immediately fixed in 4% paraformaldehyde for
15 minutes at room temperature, washed in PBS, and blocked for
lhr at room temperature in 10% normal donkey serum and 0.3%
Triton X-100 in PBS. Primary antibodies diluted in 2% normal
donkey serum and 0.3% Triton X-100 in PBS were incubated
overnight at 4°C in a humidified chamber. Primary antibodies
included: mouse anti-potassium channel Kv 1.2 (Kv1.2; 1:1000,
Millipore, catalog # MABNT77); rabbit anti-Contactin associated
protein (Caspr; 1:4500, Abcam, catalog # ab34151). Secondary
antibodies diluted in PBS were applied for one hour at room
temperature. Secondary antibodies included DyLight 488-conju-
gated donkey anti-mouse IgG (1:200, Jackson ImmunoResearch);
Cy3-conjugated donkey anti-rabbit IgG (1:300, Jackson Immu-
noResearch). Slides were washed in PBS and mounted with a
coverslips using 50% glycerol/PBS.

DAB Immunohistochemistry. Longitudinal sections of
fixed frozen tissue mounted on silanized slides were dried
overnight at 37°C, washed in PBS and endogenous peroxidase
activity quenched with 0.3% hydrogen peroxide for 30 minutes at
room temperature. Slides were blocked in PBS containing 10%
fetal bovine serum (FBS). Mouse monoclonal pan-neurofilament
antibody (NF) recognizing the 70 kDa subunit common to all 3
neurofilament chains was diluted 1:800 in 3% horse serum & 10%
FBS and incubated overnight at 4°C, Dako # M0762). Slides were
washed in PBS and biotinylated mouse secondary antibody
(Amersham, catalog # RPNI1001) diluted 1:200 in 10% fetal
bovine serum in PBS was applied for one hour at room
temperature. Slides were washed and HRP-conjugated avidin
applied for one hour at room temperature before developing with
DAB.

Histological stains. Sections processed for DAB immuno-
histochemistry also underwent staining with the Luxol Fast Blue
method combined with Nuclear Fast Red counterstain to detect
the presence of myelin. Sections were dehydrated through an
alcohol gradient and cleared in xylene prior to mounting with a
coverslip using Permount (Fisher Scientific, catalog # SP15-500).
Slides were analysed on an Olympus BX53 microscope and
images digitally captured using cellSens Standard software
(Olympus).

Data Analysis

Histochemical. To ensure accurate analysis of relative
changes in IF signal between experimental groups, nerve segments
ipsilateral and contralateral to LPC injection from both

October 2014 | Volume 9 | Issue 10 | e110174



experimental and control groups were always mounted on the
same slide so that processing was conducted under identical
conditions. Immunofluorescence data was gathered from digital
images of the site of demyelination captured under identical
exposure conditions using Northern Eclipse v7.0 software (EMPIX
Imaging Inc.) and a Zeiss Axio Imager M.l fluorescence
microscope. Demyelinated regions of interest were identified by
the presence of FG-positive staining. Analysis was carried out by
tracing the outline of the FG-positive region of interest using
Northern Eclipse, which then calculates the Average Gray and
total area (in microns?) for the image, yielding average Gray per
micron®. For each time point examined, all values obtained at that
time point were normalized to the mean value of the Average
Gray per micron? value for the nerves ipsilateral to LPC treatment
for the LPC Only animals at that time point. The relative
fluorescence signal for each marker with and without ES was
compared using the Kruskal-Wallis one-way ANOVA with
Dunn’s post-test analysis (6, 8, 10 or 12 days post-injection) or
Student’s t-test (5 days post-injection). Results achieved statistical
significance at p <0.05.

ELISA. BDNF protein levels in samples of sciatic nerve
assessed via ELISA were determined by interpolation from the
standard curve included in the assay, followed by background
correction (subtracting the average background ODys, from that
of each of the experimental and standard curve). For each sample
the mean BDNF concentration was determined for replicate wells.
Statistical analysis was performed using a one-way ANOVA with
Tukey’s multiple comparison test. Results achieved statistical
significance at a p value <0.05.

Western blot. Data (from two replicates using protein
isolated from pooled nerves from 3 animals per experimental
group) was analyzed using the Image] software application. Mean
densitometry values for all experimental conditions were normal-
ized to the B-IIT tubulin loading control and expressed as a fold
difference of the mean densitometry reading for two lanes of
protein extract from naive animals run on the same gel. Student’s
t-tests were performed to determine the significance of changes
relative to naive controls for each protein of interest (CD68/ED-1;
NFM; or phosphorylated NFM) at each time point with and
without ES. Results achieved statistical significance at p <<0.05.

Results

Identification of focal demyelination zone

The ability to clearly demarcate the initial region of demyelin-
ation in the affected nerve is necessary to reliably assess alterations
in cellular events and proteins within zones of demyelination and
remyelination. Thus, the retrograde fluorescent tracer Fluorogold
(FG) was co-injected with the demyelinating agent lysopho-
sphatidyl choline (LPC) into the tibial nerve creating a readily
identifiable injection zone and subsequent region of demyelination
and remyelination. While some FG was retrogradely transported
back to the neuronal cell bodies contributing axons to the tibial
branch, sufficient FG remained at the zone of demyelination to
readily demarcate it. The 5 day post-LPC demyelination site was
readily identified by the joint presence of FG (Figure 1B),
diminished myelin basic protein (MBP; a component of myelin
Figure 1C) immunofluorescence (IF) and IF for B-III tubulin, an
axonal marker (Figure 1D). There was tight register between the
region of demyelination 5 days post-LPC and the co-injected FG
(Figure 1B and Figure 1C), as shown by a relative lack of MBP in
the most FG intense region. These FG intense regions were used to
create regions of interest (ROIs) in which the intensity of
immunofluorescence signal for individual markers examined in
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this study were quantified. For all sections examined, the loss of
MBP signal did not extend beyond the FG-positive ROI, with
consistent demyelination observed in the FG-defined ROI at 5
days (d) post-LPC (Figure 1A). There was also no evidence of a
contralateral effect in response to ES, as the contralateral tibial
nerves did not differ from naive controls with respect to the various
markers examined (data not shown). ES did not appear to impact
the integrity of the nerve, as levels of B-III tubulin immunoflu-
orescence signal over sections of naive nerve were not discernibly
different from sections of nerve that had undergone only brief ES
(no demyelination) seven days previous. Finally, the impact of ES
on the parameters examined in this study were likely due to
neuronal activation, because they were abolished when lidocaine
was applied to the tibial nerve proximal to the stimulation site just
prior to and during the one hour ES period, while sham ES
(electrodes put in place on the nerve, but not turned on) had no
effect (Figure S1; Figure S2; Figure S3).

Brief ES increases myelin basic protein (MBP) expression
Injection of LPC into the tibial branch of the sciatic nerve
induced a rapid, focal demyelinating lesion. By five days post-LLPC
injection, a near complete demyelination of the axons within the
mnjection site was observed (Figure 1, 2B). There was clear
disruption in the normal linear pattern of MBP IF (Figure 2A),
consistent with segmental demyelination. The MBP IF signal
within the demyelination zone was greatly diminished and when
detected was punctate, likely representing myelin debris that was
either free within the endoneurium or that had been taken up by
phagocytic macrophages. Analysis comparing the relative alter-
ations in MBP IF signal over contralateral versus ipsilateral tibial
nerves revealed a significant decrease in MBP, consistent with
myelin loss in the LPC-injected (ipsilateral) nerves (Figure 2C).

Alterations in MBP expression induced by the 1 hr ES
treatment (applied at 5d post-LPC injection) were assessed relative
to nerves that had undergone LPC-induced demyelination only at
the same time point following ES. At 6d post-LPC (1d post-ES),
the levels of MBP detected in the focally demyelinated tibial nerves
of animals were not significantly different between the experi-
mental group that received ES and those that did not (Figure 2D
& 2E). The lesion sites in both groups were nearly devoid of linear
MBP signal and differed significantly from the intact contralateral
nerve (Figure 2F).

By 8d post-LPC injection (3d post-ES), however, the stimulated
nerves were significantly different and displayed more intense
MBP IF signal. This included less visible MBP-positive myelin
debris and a more linear pattern of MBP signal in the ES-treated
nerves, suggestive of early segmental remyelination (Figure 2G, H,
I). While the stimulated and non-stimulated groups did not differ
greatly in the level of MBP IF detected 10d post-LPC (Figure 2],
K, L; 5d post-ES), there was a distinct difference in the localization
of the IF signal. It appeared linear in the ES group as opposed to
its localization to predominantly small round cells consistent with
monocytes, in the LPC only nerves. By 12d post-LPC the ES
group was vastly different from the control LPC only group
(Figure 2M, N, O; 7d post-ES). At this last time point examined,
nerves receiving ES had clear evidence of greater remyelination
than controls, albeit incomplete.

Accelerated Node of Ranvier reorganization in electrically
stimulated demyelinated nerves

The node of Ranvier has a highly structured molecular
organization, with the Navl.6 sodium channels clustered at the
node [62], flanked by the contactin-associated protein (Caspr) at
the paranode, and voltage gated potassium channels (including
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Figure 1. FluoroGold (FG) staining delineates the demyelination zone. Representative fluorescence photomicrographs from a longitudinal
section of tibial nerve six days after injection with a lysophosphatidyl choline (LPC)/FG mixture and doubly immunostained for myelin basic protein
(MBP; green, C) and -l tubulin (red, D). Note: FG was taken up by cells in the injection site region and diffused beyond the injection site. There was
good register between the most intensely stained region of FG (blue, A, E) and the area of demyelination as defined by the punctate immunostaining
for MBP and a lack of the normally uniform linear MBP staining (A, C). The presence of positive linear B-lIl tubulin IF indicates that axons within the
demyelination site persist (A, D). The demyelination site was identified by the joint presence of FG, axonal (3-ll tubulin) and paucity of myelin marker
(MBP) (boxed areas A, E) in contrast to the robust MBP immunostaining outside the zone of demyelination (asterisks, A). Thus, FG serves to identify
the regions of interest (ROls; similar to that outlined by dashed lines in (C)), where alterations in various markers impacted by the LPC and electrical

stimulation were quantified (see Figures 2, 4, 5, 7). Scale bar=100 um.
doi:10.1371/journal.pone.0110174.g001

Kv1.2) in the juxtaparanodal region [21]. Axonal demyelination
resulted in a loss of the discrete regional localization of the two
node of Ranvier associated markers. Both paranodal Caspr and
juxtaparanodal Kv1.2 assumed a diffuse distribution with the two
markers often colocalized (Figure 3B, C, E), instead of being
highly localized and distinct from each other ([21]; Figure 3A and
insert, Figure 3A). At 5d post-LPC injection there was nearly a
complete loss of the distinct restricted Caspr and Kv1.2 staining,
with an average of 1.5 visible organized nodal regions in the fields
of view examined, compared to 24.1 nodal regions in an
equivalent field in the contralateral uninjured nerve. Disruption
of the nodal organization largely persisted in both the ES and non-
stimulated nerves at 8d post-LPC injection (3d post-ES; Fig-
ure 3C, D). At this time point however, early evidence of
reorganization of nodal regions began to emerge, especially in
the ES group (Figure 3D), with an average of 13.28 Caspr-positive
nodal regions observed per field of view, compared to 5.19 for the
non-stimulated nerves (Figure 3I). By 10d post-LPC (5d post-ES)
the incidence of Caspr- and Kvl.2-positive organized nodal
regions in the stimulated nerves (Figure 3F) was equivalent to that
observed in the normal nerve with an average of 21.53 distinct
Caspr-positive nodal regions per field of view (Figure 3I).
However, despite this, there was still some faint diffuse Kv1.2
staining in the axons. This differed markedly from the non-
stimulated nerves that continued to display a disorganized,
predominantly diffuse pattern of Caspr- and Kvl.2-positive IF
signal (Figure 3E) with an average of only 9.96 visible Caspr-
positive nodal regions per field of view (Figure 3I). By 12d post-
LPC (7d post-ES) there is a return to the normal pattern of Caspr
and Kvl.2 localization in ES nerves (Figure 3H). By this time,
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nerves that received only the LPC injection had also begun to
display more highly organized nodal structures with Caspr once
again assuming a distinct discrete localization. Kv1.2 was seen to
localize to regions adjacent to some of these Caspr-positive distinct
regions, and co-localized with Caspr less frequently (Figure 3G),
similar to the pattern observed 5d after ES (Figure 3F), albeit less
organized.

ES leads to enhanced macrophage clearance in

demyelinated nerves

Injection of LPC into the tibial branch of the sciatic nerve
induces an inflammatory demyelination. At 5d post-LPC injection,
numerous macrophages had infiltrated the injection site, demon-
strated by intense immunostaining of the macrophage surface
marker ED-1 (Figure 4B). The ED-1-positive non-neuronal cells
were large, oval shaped cells with a “foamy” appearance,
suggestive of active phagocytosis. In contrast, the contralateral
(non-injected) sciatic nerve had very little detectable ED-1
(Figure 4A). Within the demyelination zone of both stimulated
and non-stimulated nerves there were numerous foamy-appearing
macrophages present. This correlated with a significant increase in
the amount of the ~100 kDa ED-1 protein detected via Western
blotting for LPC-injected sciatic nerves as compared to both naive
and contralateral (uninjured) sciatic nerves (Figure S4).

At 8d post-LPC injection (three days post-ES), early differences
in the levels of ED-1 IF detected in ES and sham stimulated nerves
began to emerge. There was a reduction in the amount of
detectable ED-1 protein as measured by Western blotting in those
nerves receiving one hour brief ES (Figure S4; Figure 4I) albeit
they were still higher than levels in uninjured contralateral nerves.
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Figure 2. Increased myelin basic protein (MBP) expression following 1hr ES delivered 5 d post-LPC. Representative photomicrographs
from FG-positive areas on longitudinal sciatic nerve sections processed for MBP immunofluorescence (IF) reveal extensive demyelination 5d post
lysophosphatidyl choline (LPC)/FG demyelinating injection (B) as compared to contralateral normal control nerves (A). Temporal analysis of LPC) focal
demyelination +/- electrical stimulation (ES) as indicated in days post-LPC: 6d (D), 6d+ES (E), 8d (G), 8d+ES (H), 10d (J) 10d+ES (K) and 12d (M) 12d+ES
(N) post-LPC. Note: In the LPC only group, MBP IF was localized in distinct patches consistent with uptake by phagocytosing cells (D, G, J) with faint
linear regions similar to periaxonal MBP localization observed by 12 days post-LPC only injection (M). In contrast, in the LPC + ES group faint regions
of MBP peri-axonal-like IF were already apparent 8d post-LPC (3d post-ES; H) and consistently stronger in the 10d post-LPC (5d post-ES; K) and 12d
post-LPC (7d post-ES; N). Summary bar graphs of relative changes in immunofluorescence signal for MBP in regions of demyelination (C, F, I, L, O).
Note: values obtained from individual slides at each time point were normalized to the mean value of the Average Gray per micron? readings for the
nerves ipsilateral to LPC treatment for the LPC only animal on that slide and for that time point. N=4-6 animals analyzed per condition; regions
quantified per condition: 49 ipsi and 38 contra (5d, LPC only); 128 ipsi and 76 contra (6d, LPC only); 81 ipsi and 54 contra (6d LPC+Stim); 83 ipsi and 49
contra (8d, LPC only); 60 ipsi and 58 contra (8d, LPC+Stim); 62 ipsi and 52 contra (10d, LPC only); 54 ipsi and 48 contra (10d, LPC+Stim); 155 ipsi and 73
contra (12d, LPC only); 119 ipsi and 104 contra (12d LPC+Stim). Asterisks indicate significant differences between experimental groups; *P<<0.05, **P<
0.01, ***P<<0.001. Scale bar = 100 um.

doi:10.1371/journal.pone.0110174.g002

By 10d post-LPC injection (five days post-ES) the differences significantly fewer (Figure 4K,L). The immunofluorescence find-
between the stimulated and non-stimulated nerves were visually ings were confirmed by Western blot analysis (Figure S4). The
apparent. While numerous macrophages were still detected in differences between the two groups were even more apparent and
LPC-only injected nerves (Figure 4]), the LPC+ES nerves had significant at 12d post-LPC (7d post-ES;4M, N, O). Further, there
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Figure 3. Accelerated node of Ranvier reorganization in focally demyelinated nerves subjected to 1hr ES. Representative
photomicrographs of FG-positive (i.e focally demyelinated) regions of longitudinal tibial nerve sections dually immunostained for the paranodal
protein Caspr (red) and the juxtaparanodal Kv1.2 ion channel (green). Contralateral control nerves display well-organized nodes of Ranvier with Caspr
IF in the paranodal region and Kv1.2 IF at the juxtaparanodal region (A, insert reveals nodal staining at higher magnification) and an average of 24.1
visible nodes per field of view as defined by a 1300x900 pixel rectangle superimposed on the photomicrograph (). A marked loss of nodal
organization was observed 5d post-lysophosphatidyl choline (LPC)/FG injection, with an average of 1.5 nodal regions per field of view (B, I). Temporal
analysis of LPC +/- ES delivered 5 d post-LPC and indicated in days post-LPC: 8d (C), 8d+ES (D), 10d (E), 10d+ES (F) and 12d (G) 12d+ES (H) post-LPC,
revealed that ES delivered 5 d post_LPC resulted in nodal reorganization apparent as early as 8d post-LPC (8d+ES - 3d post-ES; D), with a mean of
13.28 nodes per field of view, as compared to 5.19 in the non-stimulated nerves (8d post-LPC only; C, I). The reorganization continued at 10d post-LPC
in the ES nerves, approaching contralateral control nerve levels (10d+ES - 5d post-ES; F), with a mean of 21.53 nodes per field of view in the
stimulated nerves (I), compared to 9.96 in the non-stimulated (10d post-LPC; E, 1) that did not discernibly change at the 12d post-LPC (12d+ES - 7d
post-ES; H and insert). Tissue from the LPC only group displayed modest nodal re-organization (G)12d post-LPC consistent with the appearance of
only faint remyelination (see Figure 2M). Scale bar = 100 um.

doi:10.1371/journal.pone.0110174.g003
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Figure 4. Decrease in number of activated macrophages in demyelinated nerves subjected to 1hr ES. Representative photomicrographs
from FG-positive (i.e focally demyelinated) areas of longitudinal tibial nerve sections processed for ED-1 IF to detect activated macrophages. There
was marked macrophage infiltration into the demyelination zone 5d post- lysophosphatidyl choline (LPC)/FG injection (B), while contralateral control
nerves displayed only minimal ED-1 IF (A). Temporal analysis of LPC focal demyelination +/- ES delivered at 5 d post-LPC as indicated in days post-
LPC: 6d (D), 6d+ES (E), 8d (G), 8d+ES (H), 10d (J), T0d+ES (K), 12d (M) or 12d+ES (N) post-LPC. Note: ES results in a significant decrease in the ED-1 IF
10d post-LPC (5d post-ES; K) and 12d post-LPC (7d post-ES; N) relative to LPC only in a pattern suggestive of movement toward lateral edges and
egress (arrow). Summary bar graphs of relative changes in IF signal for ED-1 in the zone of demyelination (C, F, I, L, O). Note: for each time point
examined, all values were normalized to the mean value of the Average Gray per micron? readings for the nerves ipsilateral to LPC treatment for the
LPC Only animal on that slide and for that time point. N =4-6 animals analyzed per condition; regions quantified per condition: 35 ipsi and 36 contra
(5d, LPC only); 89 ipsi and 69 contra (6d, LPC only); 52 ipsi and 53 contra (6d, LPC+Stim); 74 ipsi and 50 contra (8d, LPC only); 66 ipsi and 70 contra (8d,
LPC+Stim); 79 ipsi and 64 contra (10d, LPC only); 87 ipsi and 61 contra (10d, LPC+Stim); 122 ipsi and 52 contra (12d, LPC only); 98 ipsi and 71 contra
(12d, LPC+Stim). Asterisks indicate significant differences between experimental groups; *P<<0.05, ***P<<0.001. Scale bar=100 pum.
doi:10.1371/journal.pone.0110174.g004

was a shift in the distribution of the activated macrophages within application of brief ES may enhance clearance of immune cells
the lesion site from a general scattered one in the non-stimulated from the demyelination zone.

nerves, to one localized mainly to the periphery in response to ES, In control experiments, nerves from naive animals that were
suggestive of immune cell clearance from the endoneurium to the subjected to one hour ES displayed a very small but expected rise
epineurial connective tissue [63,64]. This suggests that the in ED-1 immunoreactivity seven days post-ES, restricted to the site
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of electrode contact and likely due to the process of surgically
exposing the nerve (Figure S2A,B). But this was vastly different
from the diffuse robust distribution of macrophages observed in
the LPC-injected nerves (Figure 4B).

Re-appearance and phosphorylation of axonal
neurofilaments.is promoted by ES

In naive control nerves, axons display robust phosphorylated
neurofilament expression as detected by SMI-31 IF (Figure 5A).
Five days following LPC injection, phosphorylated neurofilament
levels were dramatically reduced in the LPC-injected nerves
(Figure 5B) suggesting either a loss of neurofilaments and/or
neurofilament dephosphorylation in response to the focal demy-
elination. Remarkably, the LPC-injected nerves that underwent
brief ES had recovered most of the lost phosphorylated
neurofilament expression as early as 8d post-LPC injection (3d
post-ES;  Figure 5E), consistent with the observed onset of
increased MBP expression and the re-appearance of thinly
remyelinated axonal profiles (Figure 2H). This increase in
phosphorylated neurofilament expression was not observed in
the focally demyelinated nerves not subjected to ES (Figure 5F).
The recovery of phosphorylated neurofilament expression in the
ES nerves persisted at 10 and 12 d post-LPC (5 and 7 d post-ES
respectively; Figure 5SH,K). In contrast, non-stimulated nerves
only displayed a limited recovery of phosphorylated neurofilament
expression beginning 10 days post-LPC (Figure 5GJ).

To confirm the IF observations, Western blot analysis was
performed. The levels of total neurofilament (NT) and phosphor-
ylated neurofilament (SMI-31) expression at 5d, 8d and 10d post-
LPC with or without ES were compared to naive and contralateral
control nerves (Figure S5). By 5d post-LPC, a dramatic decrease in
the level of both total and phosphorylated neurofilament was
detected. In protein extracts from stimulated nerves there was an
increase in both neurofilament and phosphorylated neurofilament
protein levels, though they remained lower than that in both the
naive and contralateral controls (Figure S5). The findings suggest
that brief ES promotes the expression of axonal neurofilament
proteins and their phosphorylation in the focally demyelinated
nerve.

We also used classic histologic approaches to examine the
overall impact of ES on LPC demyelinated nerves. To do this,
sections were processed for neurofilament immunohistochemistry
then stained with classic histological stains to detect presumptive
macrophages and myelin. In naive control nerves immunoreac-
tivity for neurofilament proteins was readily visible (Figure 6A)
and assumed a linear pattern. This was also intense Luxol Fast
Blue staining, as one would expect with normal myelin content,
similar to the results obtained by MBP IF (Figure 2A). Numerous
elongated nuclei (consistent with Schwann cell nuclei) were
observed in close association with the myelin stain and neurofil-
aments. In sharp contrast, at 5d post-LPC injection, an extensive
infiltration of macrophages had occurred consistent with the ED-1
IF results (Figure 4). These cells were foamy in appearance and
contained myelin debris (Figure 6B). There was also a distinct loss
of neurofilament, suggesting that the focal demyelination had
indeed impacted neurofilament expression. Despite this, the axons
appeared to be structurally intact based on the robust linear B-IIT
tubulin IF staining observed (Figure 1D).

Eight days post-LPC (three days post-ES), the non-stimulated
nerves still had dramatically reduced myelin levels, a continued
presence of myelin debris-containing macrophages and largely
lacked detectable neurofilament immunostaining (Figure 6C). In
contrast, the ES nerves displayed a higher level of neurofilament
expression,,consistent with the SMI-31 IF and Western blot data

PLOS ONE | www.plosone.org
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(Figures 5D, 6D; Figure S5). In addition, thin segments of myelin
were detected in close association with the linear neurofilament
immunoreactive signal, suggestive of early remyelination (Fig-
ure 6D). While the stimulated nerves still had numerous macro-
phages (many containing myelin debris), there was also an
emergence of some smaller less foamy macrophages largely devoid
of visible myelin (Figure 6D). Similar results were observed at 10
(Figure 6LE,F) and 12 d (Figure 6G,H) post-LPC (5 and 7 d post-
ES, respectively). The nerves not receiving ES displayed only
minimal recovery of neurofilament immunoreactivity at 10d post-
LPC, remaining largely demyelinated with numerous foamy
macrophages still present (Figure 6E,G). In contrast, the stimulat-
ed nerves displayed higher levels of detectable neurofilaments with
myelinated axon profiles more evident and elongated nuclei
resembling those of Schwann cells aligned with the neurofilaments
(Figure 6F, arrow). The stimulated nerves were also largely devoid
of macrophages by 12d post-LPC, consistent with the ED-1 IF
findings (Figure 2N). They more closely resembled the contralat-
eral control nerves, albeit with a myelin density that was still less
than that observed in the contralateral control nerves (Figure 6H).
By 12d post-LPC the nerves that did not receive brief ES displayed
increased neurofilament immunoreactivity (Figure 6G), similar to
that observed in the ES nerves at eight days post-LPC. At this time
point the non-stimulated nerves also showed the first indication
that the inflammatory process was resolving, by the presence of
non-myelin containing macrophages. Again, Western blot analysis
confirmed these observations (Figure S4; Figure S5).

Taken together, the above results suggest that brief ES promotes
not only the re-appearance of the neurofilament proteins, but also
promotes a more rapid return to an axon-protective phosphory-
lated state amenable to remyelination.

Gradual attenuation of the Schwann cell reactive state
following brief ES

Focal demyelination was also associated with an increased
reactive state in Schwann cells (SC), as evidenced by increased IF
signal for the cytoskeletal protein glial fibrillary acidic protein
(GFAP) in the LPC-injected tibial nerves (Figure 7B). GFAP IF
was significantly higher than that observed in normal (non-
injected) control nerve (Figure 7A, B, C). Five days following brief
ES there was no significant difference in the GFAP levels detected
between the stimulated nerves and their non-stimulated counter-
parts in the zone of demyelination. Both displayed elevated GFAP
expression indicative of robust SC activation (Figure 7D-L).

However by 12d post-LPC injection (7d post-ES) a marked
difference between the animals that received the brief ES and
those that did not had emerged. The LPC-only animals still
expressed high levels of GFAP (Figure 7M). However, in ES
nerves the GFAP IF levels were now significantly below that
observed in the LPC-only animals (Figure 7N, O). This suggests
that ES gradually results in a more rapid resolution of the
activated state of SCs in the demyelination zone.

Similar to the observed for ED-1, ES alone was not sufficient to
induce a reactive state in SCs within naive nerves seven days post-
ES (Figure S3A, B).

ES increases BDNF levels in focal demyelination zone

It has been previously reported that BDNF plays a key role in
peripheral nerve myelination [34,35] and that in models of axonal
transection and repair, brief ES results in increased BDNF
expression that is presumably be released from growing axon tips
[48,53,54,55]. However, in our model of focal demyelination, the
axons are still intact. Thus, we sought to determine if brief ES
could affect an increase in BDNF at the site of focal demyelination.
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Figure 5. Increased neurofilament phosphorylation in demyelinated nerves subjected to ES. Representative photomicrographs from FG-
positive (i.e focally demyelinated) areas of longitudinal tibial nerve sections processed for phosphorylated neurofilament (SMI-31) IF reveal extensive
loss of SMI-31 IF (B) as compared to contralateral control nerves which displayed intense SMI-31 immunoreactivity (A). Temporal analysis of LPC focal
demyelination +/- ES as indicated in days post-LPC. Note: In the LPC+Stim group there was dramatically increased SMI-31 IF signal apparent as early
as 8d post-LPC (3d post-ES; D), which was increasingly stronger in the 10d (5d post-ES; F) and 12d (7d post-ES; H) tissue. In contrast, in the LPC only
group there was just a slight increase in SMI-31 IF signal beginning 10d post-LPC. Note: for each time point examined, all values obtained were
normalized to the mean value of the Average Gray per micron? readings for the nerves ipsilateral to LPC treatment for the LPC only animal on that
slide and for that time point. N =4-6 animals analyzed per condition; regions quantified per condition: 45 ipsi and 59 contra (5d, LPC only); 57 ipsi and
82 contra (8d, LPC only); 83 ipsi and 72 contra (8d, LPC+Stim); 72 ipsi and 70 contra (10d, LPC only); 83 ipsi and 72 contra (10d, LPC+Stim); 75 ipsi and
82 contra (12d, LPC only); 50 ipsi and 41 contra (12d, LPC+ES). Scale bar=100 um.

doi:10.1371/journal.pone.0110174.g005

Using BDNF immunohistochemistry and ELISA analysis, a IF signal colocalized with the axonal marker PIII-tubulin, the

persistent low level of BDNF was detected in control sciatic Schwann cell marker GFAP and the macrophage marker ED-1
nerves (Figure 8A). Five days post-LPC increased BDNF levels (colocalization data not shown; Figure 8D, E, F). This suggests
were detected within the demyelination zone, localizing predom- there are additional sources of BDNF in the stimulated nerve not
inantly to cells identified as ED-I-positive macrophages (Fig- observed in the non-stimulated nerves. The levels of BDNF in the
ure 8B, colocalization data not shown). BDNIF ELISA revealed demyelination zone were still elevated in the ES-treated nerves

that the BDNF content in the demyelination zone 5 days post-LPC 10d post-LPC (five days post-ES). Nerves receiving brief ES had
mjection was 38.6 +/-0.3 pg/ml (s.e.m.), as compared to 7.6 +/- greater BDNF IF signal and mean BDNF content (66.3 +/-

1.6 pg/ml (s.e.m.) in an equivalent region of the contralateral 3.7 pg/ml, s.e.m.), compared to the non-stimulated LPC-treated
nerve (Figure 8C). Eight days post-LPC injection (3d post-ES) the nerves that had declined to almost the baseline levels of control
ES nerves contained even higher levels of BDNF at 53.8 +/- contralateral nerves (9.5 +/- 0.3 pg/ml, s.e.m.). Once again, there

3.1 pg/ml (s.e.m.), as compared to the LPC-only nerves, which was agreement between the BDNF ELISA and IF data, with the
had declined relative to the 5 day post-LPC levels to 19.7 +/- latter appearing similar to that observed in the 8d post-LPC group.
4.9 pg/ml (s.e.m.). Notably, at this time point the increased BDNF The immature pro-BDNF protein has a molecular weight of
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Figure 6. Neurofilament expression increases coincident with reappearance of myelinated axons in demyelinated nerves subjected
to ES. Representative photomicrographs from FluoroGold (FG)-positive (i.e.focally demyelinated) areas of longitudinal tibial nerve sections
immunostained for neurofilament proteins (NF — brown/black) then stained for the presence of myelin (Luxol Fast Blue [LFB] - blue) and nuclei
(nuclear fast red [NFR] - purple/darkblue). Uninjured (contralateral) control tibial nerves displayed intense uniform LFB staining, indicative of
abundant myelin with prominent linear NF immunostaining (A) and elongated dark blue Schwann cell nuclei. Five days post tibial nerve injection of
lysophosphatidyl choline (LPC)/FG, extensive NF and myelin loss is observed coupled with infiltration by numerous macrophages filled with largely
unprocessed myelin debris (B,C arrow). Temporal analysis of LPC-focally demyelinated nerves +/- ES as indicated in days post-LPC. Note: In the LPC+
ES group there was increasing linear NF immunoreactivity detected (F,H) with higher levels of uniform LFB staining consistent with myelinated axons,
and the appearance of macrophages devoid of myelin debris apparent as early as 8d post-LPC (3d post-ES; D, arrow). The LFB staining was even
stronger in the 10d (5d post-ES) animals where presumptive Schwann cells now display elongated nuclei (F, arrow) and 12d (7d post-ES; H) post-ES
tissue. In contrast, in the LPC only group there was just a slight increase in NF immunoreactivity beginning 10d post-LPC (E), but it was much less
robust than that observed in the stimulated as well as the contralateral control nerves. Notably in the nonstimulated nerves the immune cell
infiltration is still largely unresolved at the 12d post-LPC time point. Scale bar=5 um.

doi:10.1371/journal.pone.0110174.g006

~37 kDa, while the processed, mature peptide has a molecular nerves was examined for the first time. The data identifies ES as
weight of ~14 kDA [65]. Analysis of protein extracts from a novel strategy to promote remyelination in demyelinating
experimental sciatic nerve samples by non-reducing Western blot peripheral nerve pathologies and provide insights into the
revealed that BDNF was detected at a molecular weight of  potential underlying mechanisms and cellular events associated
~25 kDa in both naive and contralateral control nerves consistent with its beneficial effects. The focally demyelinated nerves that
with the predicted weight of a homodimer of the mature BDNF  received a single bout of electrical stimulation (ES) remyelinated
protein. Alterations in the amount of BDNF detected by Western more rapidly relative to nerves that were demyelinated but not
blot (data not shown) validated the IF and ELISA data. stimulated. The cellular events associated with the ES-enhanced

remyelination included: elevated levels of BDNF, a promyelinating
Discussion molecule; axonal protection in the form of re-appearance of

neurofilaments in an axon-protective phosphorylated state;

In this study the in vivo therapeutic potential of brief electrical . - . . .
increased remyelination as evidenced by increased expression of

axonal stimulation on remyelination of focally demyelinated
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Figure 7. Decreased reactive gliosis following ES delivered 5d post-demyelination. Representative immunofluorescence photomicro-
graphs from FluoroGold (FG) positive areas of tibial nerve sections processed for glial fibrillary acidic protein (GFAP) immunofluorescence (IF) to
detect reactive Schwann cells. Contralateral intact control nerves displayed only minimal GFAP IF (A). However 5d post-lysophosphatidyl choline
(LPC)/FG injection there was a marked increase in GFAP IF (B). Temporal analysis of LPC focal demyelination +/- ES as indicated in days post-LPC: 6d
(D), 6d+ES (E), 8d (G), 8d+ES (H), 10d (J) 10d+ES or 12d (M) 12d+ES (N) post-LPC. Note: ES resulted in a significant decrease in the GFAP IF signal
detected at 12d post-LPC (7 days post-ES; N) relative to 12d LPC only (M). Summary bar graphs of relative changes in immunofluorescence signal for
GFAP from sections of tibial nerve bridging the site of demyelination (C, F, I, L, O). N=4-6 animals analyzed per condition; regions quantified per
condition: 49 ipsi and 32 contra (5d, LPC only); 73 ipsi and 64 contra (6d, LPC only); 60 ipsi and 48 contra (6d, LPC+Stim); 84 ipsi and 68 contra (8d, LPC
only); 53 ipsi and 60 contra (8d, LPC+Stim); 89 ipsi and 74 contra (10d, LPC only); 86 ipsi and 76 contra (10d, LPC+Stim); 142 ipsi and 74 contra (12d,

LPC only); 108 ipsi and 80 contra (12d, LPC+Stim). Asterisks indicate significant differences between experimental groups; *P<<0.05, ***P<0.001. Scale
bar = 100 pum.

doi:10.1371/journal.pone.0110174.g007

myelin basic protein (MBP) and supported by increased Luxol Fast Remyelination of demyelinated axons can be accelerated
Blue staining; accelerated reestablishment of node of Ranvier by ES

architecture; enhanced clearance of myelin debris and activated
macrophages; and a more rapid return of the Schwann cells to a
non-activated state within the demyelination zone.

In the LPC peripheral nerve model of focal nerve demyelin-
ation, axons are demyelinated within six days, with the first
appearance of thinly remyelinated fibers evident only around 14d
post-LPC injection [59]. We found that the ES-promoted
remyelination was apparent as early as 3d post-ES (8d post-LPC
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Figure 8. Increased BDNF protein in demyelination zone following 1 hr ES. Representative immunofluorescence (IF) photomicrographs
from FG-positive focally demyelinated areas of tibial nerve sections immunostained for BDNF. Contralateral control nerves displayed only minimal
BDNF IF (A). There was a marked increase in BDNF observed 5d post- lysophosphatidyl choline (LPC)/FG injection (B), largely within cells identified as
ED-1 positive macrophages (data not shown). Temporal analysis of LPC focal demyelination +/- ES delivered 5 d post_LPC and as indicated in days
post-LPC: 8d (D), 8d+ES (E), 10d (G), 10d+ES (H). Note: ES results in an increase in the BDNF IF signal detected 8 and 10 d post-LPC (3 and 5 days post-
ES; E,H) relative to LPC only nerves (D,G). Summary bar graphs of BDNF protein levels measured by ELISA in samples of sciatic nerve bridging the site
of demyelination are in agreement with BDNF IF (C, F, I). Asterisks indicate significant differences between experimental groups; **P<<0.01. Scale
bar=100 pum.

doi:10.1371/journal.pone.0110174.g008

injection) and clearly evident by 7d post-ES (12d post-LPC). The makes it unlikely to be employed in the same manner as in this
ES effect on myelination was likely the result of increased neuronal study. Instead alternative strategies to enhance neuronal activity
activity, as it was not observed with sham ES, or after action such as specific motor exercises will have to be tested [71,72].
potential blockade at the time of stimulation.

Enhanced neuronal activity has been linked to myelination of BDNF and myelination

both the central and peripheral axons [49,66,67,68]. Our findings The link between brief ES and remyelination in injury models
are consistent with the ability of ES to promote remyelination in may be attributable to the ES-induced eclevations in neuronal
another peripheral nerve pathology, namely regenerating periph- BDNF observed. In the previous regeneration studies this extra
eral neurons [54,69]. While the same stimulation parameters were BDNF would presumably be released from the growing axon tips

employed in the present study as in the two regeneration studies (a [54,69,73] with one study implicating BDNF in the remyelination
single bout of ES for 1 hr at 20 Hz), our overall paradigm differed of regenerated axons [69] and another demonstrating the

in that the ES was delivered in a delayed fashion once the focal contribution of macrophage-derived BDNF to axonal regenera-
demyelination had occurred (5d post-LPC), as opposed to tion [74]. The present study revealed an ES-induced sustained
immediately at the time of nerve injury. This supports that with increase in BDNF levels most apparent in axons within the
respect to myelination of axons, even delayed nerve stimulation demyelination zone, at times coincident with the onset of
may be beneficial and reparative. It is unlikely that a single set of remyelination that lasted as long as the last time point examined
ES parameters will result in favorable outcomes for all pathologies (10d post-LPC; Figure 8). It is conceivable that this BDNF could
as regional differences in the response to ES have been noted [68]. be released directly from the focally demyelinated axons and/or
The current study also does not give insight as to whether ES by the infiltrating macrophages [75]. In sensory neurons BDNF is
therapy is able to mitigate the demyelinating insult if administered normally co-packaged with neuropeptide transmitters in large
at the same time as the demyelinating agent, such as was seen for dense core vesicles [76] which have been shown to be released
methylprednisolone in LPC-induced demyelination of central from both the unmyelinated axons, as well as at the axon terminals
axons [70]. Finally, the invasive nature of the current paradigm [77,78]. It is also conceivable that the ES-associated elevated
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axonal- or macrophage-derived BDNF in the present study is
causally linked to the enhanced remyelination. In support of this,
previous studies that either modulate BDNF availability or in the
absence of endogenous BDNF utilize small trkB agonists have
shown BDNF or activation of its receptor to be critically linked to
effective myelination [43,79,80].

While ES-associated increases in MBP or LFB staining are not
definitive proof that remyelination has occurred, when taken
together with the observed recapitulation of a discrete distribution
of the paranodal and juxtaparanodal markers, Caspr and Kv1.2 as
part of essential nodal architecture, they support that remyelina-
tion has most likely occurred. Demyelinated axons no longer have
the axon-Schwann cell interactions critical for the clustering of
nodal, paranodal and juxtaparanodal proteins [21,22] thus, the
normally highly localized pattern of nodal, paranodal and
juxtaparanodal proteins takes on a more diffuse appearance
consistent with what we observed 5d post-LPC. It has been shown
that the highly localized appearance of Caspr is one of the first
indications axons are undergoing myelination [81] and the re-
appearance of this restricted staining pattern, along with
quantitative differences in the number of visible nodes per field
of view at earlier time points in the nerves treated with delayed
brief ES support that remyelination had indeed taken place.
Interestingly, BDNF has also been shown to promote the
clustering of Caspr and sodium channels in oligodendrocyte
progenitor cell/sensory neuron co-cultures [82].

Brief ES promotes axon-protective neurofilament
phosphorylation

In addition to promoting early remyelination of axons, brief ES
of demyelinated nerve promoted the re-appearance of phosphor-
ylated axonal neurofilaments, a key determinant of axonal health
and capacity to be remyelinated. Maintaining electrical activity
factors greatly into preserving axon health, with a lack of
neurofilament proteins being associated with reduced sciatic nerve
conduction velocity [10]. Neurofilament proteins play a key role in
the determination of axon caliber [8,9], which along with electrical
activity [83] are important factors in determining whether an axon
will be myelinated [84]. As it is the phosphorylation state that
appears to be responsible for protection from proteolysis and
maintaining axon diameter [9,14,15], a more rapid return to this
state is likely beneficial for preservation of both axonal health and
perhaps more importantly, axon number. Axonal degeneration is
widely observed in demyelinating neuropathies in which decreased
neurofilament number as well as decreased phosphorylation has
been noted [20,85,86] consistent with what we observed. In our
study, a return to a state in which neurofilaments have reappeared
and are in the protective phosphorylated state was evident at the
first time point post-ES examined (8d post-LPC; 3d post-ES) and
coincided with the onset of the observed remyelination and
reorganization of the paranodal and juxtaparanodal regions.
Whether the ES increases in BDNF are linked to the neurofila-
ment phosphorylation is not known, but has been shown for
cortical neurons [87].

The increased NF and SMI-31 immunoreactivity in the
stimulated nerves remained present throughout all time points
examined, revealing a tremendous impact of a single bout of ES on
this axis. Nerves not subjected to brief ES also began to display a
slight increase in NI and SMI-31 immunoreactivity, but this was
not apparent until later time points (10-12 d post-LPC) and was
much less robust than that of the ES nerves. These results suggest
that the stimulation procedure is successfully protecting the axons
by promoting their return to a competent state amenable to
myelination. Communication between competent axons and their

PLOS ONE | www.plosone.org

14

Delayed Electrical Nerve Stimulation Promotes Remyelination

associated Schwann cells is essential for the initiation of the
myelination program and for ongoing maintenance of the myelin
sheath [88,89,90]. Thus, in addition to promoting axonal survival,
it is possible that ES is also enhancing the communication between
the axons and the associated Schwann cells in order to affect a
more rapid repair process.

Demyelination-associated immune responses resolve

more quickly with ES

Beyond enhancing remyelination, ES also attenuated and/or
accelerated the inflammatory immune response that accompanies
the generation and resolution of these demyelinating insults. In
electrically stimulated animals, beginning at 10d post-LPC (5d
post-ES), macrophages that had infiltrated the lesion site
transitioned from being distributed throughout the nerve to being
concentrated near the periphery, with many macrophages now
devoid of myelin debris. It is known that the majority of
macrophages responsible for the phagocytosis of myelin debris
following a demyelinating insult are derived from the peripheral
circulation, with the resident macrophages of the peripheral nerve
making only a minor contribution [91]. Once the process of
phagocytosis has been completed, these peripheral blood-derived
macrophages may undergo apoptosis at the lesion site [63] or exit
the lesion site and eventually return to the circulation via the SC
basal lamina [63,64]. Because at earlier time points (6d and 8d
post-LPC) both stimulated and non-stimulated nerves displayed
similar levels and distribution of ED-1 positive cells, consistent
with that observed in the histologically processed sections, the
differences observed between the two groups beginning 10d post-
injection (5d post-ES) were unlikely the result of impairment in the
mitial infiltration of the nerve by the peripheral blood-derived
macrophages. Rather our findings are consistent with an ES-
enhanced resolution of inflammation associated with the focal
demyelination. This supports the idea that brief ES heightens
macrophage activity, as those animals receiving brief ES displayed
signs consistent with macrophage egress sooner than their non-
stimulated counterparts. This could be due to either increased
metabolic activity of the macrophages and/or, upregulation of a
signaling pathway that effects early clearance of the phagocytic
cells from the lesion site. While the signals that direct this cellular
egress are not fully understood, evidence implicates the Nogo
family of receptors (NgRs). Macrophages express NgRs on their
surface that upon interaction with ligands (such as MAG) present
in myelin are capable of initiating repulsive migration [92]. ES
may affect expression of these receptors and/or their ligands,
which might underlie the observed enhanced clearance of
macrophages and is the target of future studies.

Finally, our observed attenuation of a reactive state for
Schwann cells within the lesion site was only evident at the last
time point examined 12d post-LPC (7d post-ES). This may be
linked to the egress/resolution of the activated macrophages in
affected zone, as they have been shown to contribute to the
reactive state of Schwann cells [64]. In uninjured nerve, GFAP
expression is largely restricted to the population of non-myelinat-
ing Schwann cells. However, upon injury there is a rapid increase
in GFAP immunoreactivity that also includes the myelin forming
population of Schwann cells distal to the lesion site [93,94].
Perhaps the ability of brief ES to attenuate GFAP expression in the
demyelination zone is linked to a switch in the dedifferentiated
Schwann cell back to a myelinating phenotype.

Summary and implications

Conventional therapeutic approaches for the treatment of
demyelinating disorders tend to focus on modulation of the
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immune response believed responsible for the generation of the
demyelinated lesions [95,96]. While this may help to the reduce
relapse rate and delay progression of the disorder, immune system
modulation does not tackle the fundamental problem of
remyelination of these damaged areas of the nervous system and
preservation of the demyelinated axon.

The current study revealed brief stimulation of focally
demyelinated nerves has a tremendous impact on many of the
cellular determinants associated with axon protection and effective
remyelination. Whether these are all causally linked to the
observed increases in BDNI expression is the focus of ongoing
research. Regardless, these results are encouraging as they indicate
that it is indeed possible to significantly enhance the existing
Intrinsic remyelination processes in the peripheral nervous system
in vivo by increasing neuronal activity, giving hope for the more
debilitating demyelinating disorders of the central nervous system.

Supporting Information

Figure S1 Increased neuronal activity effects increases
in myelin basic protein (MBP) observed following
electrical stimulation of focally demyelinated nerve.
Representative immunofluorescence photomicrographs of tibial
branch of sciatic nerve sections immunostained for MBP. Naive
(uninjured) nerves displayed intense MBP immunoreactivity (A).
Electrical stimulation (ES) of uninjured nerves appeared to have
no affect on the integrity of the myelin sheath (B). Sham ES and
blockage of action potential conduction through local application
of lidocaine did not result in the increased remyelination following
unilateral focal LPC demyelination normally observed upon
application of ES (C, D). This indicates that the increased MBP
immunoreactivity observed in electrically stimulated nerves is
related to the axonal activity induced by the ES procedure. Scale
bar =100 pum.

(TTF)

Figure S2 Increased neuronal activity is required to
effect reductions in activated macrophage (ED1) immu-
noreactivity in focally demyelinated regions. Representa-
tive immunofluorescence photomicrographs of tibial nerve sections
immunostained for EDI1. Naive (uninjured) nerves displayed
minimal ED1 immunoreactivity (A). Electrical stimulation (ES)
alone did not trigger an inflammatory response nor an infiltration
of activated macrophages into the stimulation site (B). Sham
stimulation and blockade of action potential conduction through
local application of lidocaine did not result in an increase in
macrophage clearance from the lesion site (C, D). This indicates
that the enhanced clearance of macrophages from the demyeli-
nated lesions of animals receiving electrical stimulation (ES) is
related to the activity induced by the ES procedure. Scale
bar =100 pum.

(TTF)

Figure S3 Increased neuronal activity is required to
effect a reduction in Schwann cell reactivity in zones of
focal demyelination. Representative immunofluorescence pho-
tomicrographs (20x magnification) of sciatic nerve sections
immunostained for glial fibrillary acidic protein (GFAP). Naive
(uninjured) nerves display some GFAP immunoreactivity, reflect-
ing the population of non-myelinating Schwann cells present
within peripheral nerves (A). Electrical stimulation alone did not
induce reactive gliosis (B). Sham stimulation and blockage of
action potential conduction through local application of lidocaine
did not result in a decrease in reactive gliosis within the lesion site
(G, D). This indicates that the reduction in Schwann cell reactivity
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observed within the demyelinated lesions of animals receiving
electrical stimulation is related to the activity induced by the
electrical stimulation procedure. Scale bar =100 um.

(TIF)

Figure S4 1lhr electrical stimulation (ES) 5 days post-
lysophosphatidyl choline (LPC) results in decreased ED-
1 content beginning 8d post-LPC. Representative Western
blots of sciatic nerve extract probed for ED-1. Immunoblots were
run in duplicate from pooled nerve samples from 3 animals/
experimental condition. Densitometry readings were normalized
to the loading control B-IIT tubulin within each lane and compared
to the mean densitometry reading of the two lanes of naive sciatic
nerve protein extract run alongside the demyelinated nerve
extracts in each gel. There was a marked increase in detectable
ED-1 observed 5d post-lysophosphatidyl choline (LPC) injection
into the tibial branch of the sciatic nerve, as compared to that
observed in protein extract from both naive and contralateral
(uninjured) nerves. As early as three days post-ES (8d post-LPC),
there was a decrease in the amount of detectable ED-1 in the
stimulated nerves. This drop preceded the visual differences
observed immunohistochemically (Figure 4], K). Levels of detect-
able ED-1 showed further decline 5d post-ES (10d post-LPC),
where they reached levels not significantly different than that of
the naive or contralateral (uninjured) controls. Asterisks indicate
significant differences between experimental groups; *P<<0.053,
#*P<0.01, #**¥P<0.001, Student’s t-test.

(TTF)

Figure S5 lhr brief electrical stimulation (ES) results in
increased expression of total and phosphorylated neu-
rofilament proteins. Representative Western blot of tibial
nerve demyelination zone protein extract and probed for total
(NT) and phosphorylated neurofilaments (SMI-31). Immunoblots
were run in duplicate from pooled nerve samples from 3 animals/
experimental condition. Densitometry readings were normalized
to the loading control B-IIT tubulin within each lane and compared
to the mean densitometry reading of the two lanes of naive sciatic
nerve protein extract run alongside the demyelinated nerve
extracts in each gel. Naive and contralateral control nerves
displayed intense NF and SMI-31 immunoreactivity. There was a
marked decrease in both NF and SMI-31 band intensity observed
5d post-lysophosphatidyl choline (LPC)/FG injection into the
tibial branch of the sciatic nerve. ES resulted in an increase in the
amount of detectable NF and SMI-31 proteins 3 and 5 days post-
ES (8 and 10 days post-LPC), consistent with the immunohisto-
chemical observations and quantification (see Figure 5). In focally
demyelinated nerves that did not undergo ES the levels of NI and
SMI-31 remained low. Asterisks indicate significant differences
between experimental groups; ¥*P<<0.05, **P<<0.01, ***P<0.001,
Student’s t-test.

(TTF)
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