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Brief electrical nerve stimulation enhances intrinsic 
repair capacity of the focally demyelinated central 
nervous system

Lydia Ayanwuyi1, 2, Nataliya Tokarska1, 2, #, Nikki A. McLean1, 2, #, Jayne M. Johnston1, 2, 
Valerie M. K. Verge1, 2, *

Abstract  
Our lab has shown that brief electrical nerve stimulation (ES) has a dramatic impact on remyelination of lysophosphatidyl choline (LPC)-induced 
focally demyelinated rat peripheral nerves, while also inducing an axon-protective phenotype and shifting macrophages from a predominantly 
pro-inflammatory toward a pro-repair phenotype. Whether this same potential exists in the central nervous system is not known. Thus, for 
proof of principle studies, the peripheral nerve demyelination and ES model was adapted to the central nervous system, whereby a unilateral 
focal LPC-induced demyelination of the dorsal column at the lumbar enlargement where the sciatic nerve afferents enter was created, so that 
subsequent ipsilateral sciatic nerve ES results in increased neural activity in the demyelinated axons. Data reveal a robust focal demyelination 
at 7 days post-LPC injection. Delivery of 1-hour ES at 7 days post-LPC polarizes macrophages/microglia toward a pro-repair phenotype when 
examined at 14 days post-LPC; results in smaller LPC-associated regions of inflammation compared to non-stimulated controls; results 
in significantly more cells of the oligodendroglial lineage in the demyelinated region; elevates myelin basic protein levels;  and shifts the  
paranodal protein Caspr along demyelinated axons to a more restricted distribution, consistent with reformation of the paranodes of the 
nodes of Ranvier. ES also significantly enhanced levels of phosphorylated neurofilaments detected in the zones of demyelination, which has 
been shown to confer axon protection. Collectively these findings support that strategies that increase neural activity, such as brief electrical 
stimulation, can be beneficial for promoting intrinsic repair following focal demyelinating insults in demyelinating diseases such as multiple 
sclerosis. All animal procedures performed were approved by the University of Saskatchewan’s Animal Research Ethics Board (protocol# 
20090087; last approval date: November 5, 2020). 
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Introduction 
Multiple sclerosis (MS) is a central nervous system (CNS) 
inflammatory disease characterized by immune-mediated 
segmental demyelination and variable degrees of axonal and 
neuronal degeneration. Efficient repair of demyelinated lesions 

is a major challenge of MS. Conventional therapies largely 
focus on modulation of the immune response responsible for 
lesion generation (Clerico et al., 2008; Nakahara et al., 2009).  
While alleviating some symptoms and damage, it does not 
adequately tackle the task of remyelinating damaged areas 
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or preventing axon degeneration which increase disability 
associated with progressive forms of MS (Mahad et al., 2015; 
Singh et al., 2017; Faissner et al., 2019). As only a small 
fraction of MS patients will see significant remyelination 
(Prineas and Connell, 1979; Nakahara et al., 2009), strategies 
to augment repair and gain further insight into what drives 
myelin plasticity (Monje 2018) are needed.  

Therapies such as brief electrical nerve stimulation (ES) 
enhance the intrinsic repair mechanisms of the injured 
peripheral nervous system, including remyelination (Al-Majed 
et al., 2000a, b; Geremia et al., 2007; Gordon et al., 2009). 
With respect to demyelinating pathologies, ES has a dramatic 
impact on remyelination of lysophosphatidyl choline (LPC)-
induced focally demyelinated peripheral nerves, while also 
improving other repair indices (McLean et al., 2014; McLean 
and Verge, 2016). These include increased myelin basic 
protein (MBP) expression and node of Ranvier re-organization 
in a pattern consistent with remyelination, increased levels of 
brain derived neurotrophic factor (BDNF), a pro-myelinating 
molecule (McTigue et al., 1998; Zhang et al., 2000; Chan et al., 
2004; Fletcher et al., 2018), increased levels of phosphorylated 
neurofilaments (pNF) that help protect the axon (Goldstein 
et al., 1987; Pant, 1988; Greenwood et al., 1993; Pant and 
Veeranna, 1995), increased clearance of macrophages and 
myelin debris critical for remyelination (Kotter et al., 2005, 
2006; Neumann et al., 2009), and attenuation of reactive 
gliosis.

While important advances in understanding the role of axonal 
activity and the axo-glial communication in the myelination 
process have been made (Ishibashi et al., 2006; Kukley et 
al., 2007; Wake et al., 2011), we still have little insight about 
the therapeutic potential that increasing neural activity 
has on CNS repair indices in vivo beyond that described for 
myelination (Kukley et al., 2007; Gibson et al., 2014; Mitew 
et al., 2018). Given the promising impacts ES has in the 
peripheral nerve focal demyelination model, we have adapted 
it to the CNS. We created a reproducible discrete unilateral 
focal dorsal column (DC) demyelination at the lumbar 
enlargement just above where sciatic nerve afferents enter, 
so that subsequent sciatic nerve ES would result in increased 
neural activity in this region. Examination of the impact ES on 
repair following focal DC demyelination revealed significant 
impacts on multiple repair indices. These include increased 
expression of an axon-protective phenotype, enhanced 
presence/recruitment of cells in the oligodendroglial lineage 
to the site of demyelination, increased levels of myelin basic 
protein observed in linearized structures, increased presence 
of Caspr positive paranodal structures in the demyelination 
zones and polarization of activated macrophages/microglia in 
these zones toward a pro-repair phenotype.
 
Materials and Methods   
Animals and reagents
All animal procedures performed were approved by the 
University of Saskatchewan’s Animal Research Ethics Board 
(protocol#20090087; last approval date: November 5, 2020) 
and adhered to Canadian Council on Animal Care guidelines 
for humane animal use. Animals were given buprenorphine 
(0.05–0.1 mg/kg) subcutaneously pre- and postoperatively to 
alleviate incisional pain. A total of 32 young adult male Wistar 
rats (age 7 weeks, body weight 150–200 g) were used in the 
study.  All animals were acclimated for 7 days before handling 
or any procedures. Animals were housed in groups of 2 per 
cage except for post-surgery where they were singly housed 
for 4 days to allow for post-operative observation. The Animal 
Care Facility maintained a controlled environment with a 
temperature of 20 ± 1°C and an alternating 12-hour light/dark 
schedule.

Unless otherwise stated all chemical used were obtained from 
Sigma-Aldrich Canada (Oakville, ON, Canada).

DC unilateral focal demyelination and ES  
Under deep anesthesia with inhaled isoflurane (2% delivered 
at a rate of 2 L/min; Fresenius Kabi, Toronto, ON, Canada), 
animals were placed in a stereotaxic apparatus (David Kopf 
Instruments, Tujunga, CA, USA) and the lumbar dorsal columns 
of adult male Wistar rats were exposed by a laminectomy at 
the level where the sciatic nerve afferents enter. The spinal 
cord was then stabilized using the spinal stabilization vertebral 
clamp. The dorsal column was unilaterally focally demyelinated 
at ~T12 via a 2 μL injection of 1% lyso-phosphatidyl choline 
(LPC) with 0.7% Fluorogold (FG; Fluorochrome Inc. Denver, CO, 
USA; Figure 1) in sterile saline into the right DC at a depth of 
1 mm using a Hamilton Neurosyringe with a 33-gauge needle 
(Fisher Scientific Canada, Ottawa, ON, Canada) at a rate of 
0.1 µL per minute. The needle is left in place for 5 minutes 
post-injection to ensure diffusion into the spinal cord. The 
laminectomy area was covered with a small piece of sterile 
gelfoam (Pfizer Canada, North York, ON, Canada). Seven 
days later, the animals were randomly assigned to treatment 
groups (n = 8 and 16 for 7- and 14-day LPC, respectively). Four 
naïve rats served as controls. 

Lumbar 
enlargement

LPC injection 
site

CNS dorsal 
column

Sciatic nerve
Stimulation 
site

Dorsal column L5 DRG FG/CGRPA B C

7 d FG 7 d ED-1 7 d MBP ED-1/MBPD

Figure 1 ｜ Experimental model - unilateral myelin loss localizes to FG-
postive regions 7 days post LPC-induced demyelination of the right dorsal 
columns. 
(A) CNS focal demyelination model +/- delayed electrical stimulation (ES) - at 
7 days post-LPC. (B) Transverse right dorsal column section 7 days post LPC/
FG injection showing paucity of MBP immunofluorescence (IF) in FG-postive 
region (arrows). (C) L5 DRG section showing retrograde transport of FG (blue) 
by L5 sensory afferents. Thereby assuring correct level of the dorsal columns 
was affected by sciatic nerve electrical stimulation. Note that only large size 
neurons appear to be FG-postive and only a single large calcitonin gene-
related peptide (CGRP) IF-postive neuron (pink) is dual labelled, as would 
be expected for myelinated axons within the dorsal columns affected by the 
LPC/FG injection. (D) Longitudinal section of 7 day LPC-focally demyelinated 
right dorsal columns processed for dual ED-1 and MBP IF reveals loss of 
myelin (MBP) area coincides with FG intense area and region of activated 
macrophages/microglia as detected by the ED-1/MBP IF. Merged images of 
the ED-1 (green) and MBP (red) IF (below) demonstrate the localization of 
activated macrophages/microglia to regions of myelin loss. Scale bars: 100 
μm for B–D. FG: Fluorogold; LPC: lysophosphatidyl choline; MBP: myelin basic 
protein.

The 8 rats in the 7-day LPC group were used to visualize and 
characterize the lesion induced prior to treatment, while an 
additional 4 rats that had been injected with vehicle alone 7 
days prior served as LPC injection controls. 

In the 14-day LPC lesion group 6 rats were deeply anesthetized 
and the sciatic nerve on same side as the LPC injection 
exposed at mid-thigh 7 days post-LPC injection and subjected 
to 1-hour continuous 20 Hz ES. To do so, stainless steel wires 
were bared of insulation (2–3 mm for the anode, 5–10 mm 
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for the cathode) and connected to a Grass SD-9 Stimulator 
(Quincy, MA, USA). The cathode wire was wrapped around the 
exposed nerve, 2–3 mm proximal to sciatic nerve trifurcation 
site. The anode was placed between the skin and muscle. 
ES was performed as described (Al-Majed et al., 2000b) 
delivering a continuous 20 Hz train of supramaximal pulses 
(100 ms, 3 V) for 1 hour, parameters that closely mimic firing 
patterns of motor and sensory neurons (Fitzgerald, 1987; Al-
Majed et al., 2000b). These rats were left an additional 7 days 
to examine the impact of ES on the repair processes induced 
by ES. To generate controls for the ES, 4 additional animals 
injected with LPC 7 days previous were deeply anesthetized 
and had the sciatic nerve on same side as the LPC injection 
exposed at mid-thigh. A 2% lidocaine soaked gelfoam was 
applied to the sciatic nerve proximal to ES 30 minutes prior to 
and during the ES procedure (n = 4) followed by a thorough 
rinse with sterile PBS before closure of the incision in layers. 
These rats were also left an additional 7 days to examine the 
impact of blocking nerve stimulation on repair responses. 
The remaining 6 rats in the 14-day LPC group received no 
treatment. 

At the end of the designated periods, the animals were 
perfused via the aorta with 4% paraformaldehyde and the 
spinal cord lumbar enlargement (surrounding the lesion site) 
and L4,5 DRG tissues removed, post-fixed, cryoprotected in 
20% sucrose, embedded in cryomolds with OCT compound 
(Tissue Tek, Fisher Scientific Canada) and frozen in cooled 
isopentane. To ensure processing under identical conditions, 
tissue from experimental and control animals were placed 
in the same cryomold, sectioned and kept at –80°C prior to 
processing for immunohistochemical analyses.  

Immunofluorescence histochemistry
Transverse or longitudinal lumbar spinal cord sections that 
included the demyelinated lesion (as verified by presence 
of FG immunofluorescence) were cut at a thickness of 10 
μm on a cryostat with control (Naïve; LPC) and experimental 
(LPC + ES) tissue mounted on the same slide. Slides were air-
dried for 15 minutes and washed in PBS prior to blocking 
in Sea Block Buffer (Cat# ab166951; Abcam, Cambridge, 
MA, USA) for 1 hour at room temperature, then incubated 
overnight at 4°C with primary antibodies diluted in 10% Sea 
Block and 0.1% Triton X-100 in PBS. With the exception of the 
Olig2 antibody, all antibodies employed in this study were 
validated by Western blot in our previous studies examining 
the impact of ES on repair of focally demyelinated regions 
of peripheral nerve (Mclean et al., 2014; McLean and Verge, 
2016). Antibodies used in the present study include mouse 
anti-MBP (Cat# 808402, dilution 1:250; BioLegend, San 
Diego, CA, USA), rabbit anti-Olig2 (Cat# AB9610, dilution 
1:1000; EMD Millipore, Oakville, ON, Canada), rabbit anti-
Contactin-associated protein 1 (Caspr; Cat# ab3415, dilution 
1:4500, Abcam), and mouse anti-SMI-31 (phosphorylated 
neurofilament, Cat # SMI-31R, dilution 1:1000, Biolegend), 
mouse anti-ED1 (CD68; Cat# MCA341R, dilution 1:250; Bio-
Rad, Mississauga, ON, Canada), mouse anti-beta III tubulin 
(βIII-tubulin; Cat# MAB1637, dilution 1:100, EMD Millipore), 
rabbit anti-TNF-α 1:100 (Cat# ab6671, dilution 1:100, Abcam), 
rabbit anti-Arginase 1 (Arg1; Cat# sc20150, dilution 1:100; 
Santa Cruz Biotech, Dallas, TX, USA) and mouse anti-calcitonin 
gene-related peptide (CGRP; Cat# ab81887, dilution 1:100, 
Abcam). Slides were washed in PBS and fluorophore-coupled 
secondary antibodies (Alexa Fluor 488 conjugated donkey 
anti-mouse (dilution 1:1000, Jackson ImmunoResearch, 
West Grove, PA, USA) and Cy3-conjugated donkey anti-rabbit 
(dilution 1:1000, Jackson ImmunoResearch) were applied 
for one hour at room temperature. Slides were washed in 
PBS and mounted with a coverslip using Fluoroshield (Cat# 
ab104139, Abcam). Tissue sections were visualized using a 
Zeiss Axio Imager M.1 microscope (Zeiss  Canada, North York, 

ON, Canada) at 20× and 40× magnification. The demyelinated 
area was identified by the presence of FG-positive staining 
and verification of the level of demyelination verified by the 
presence of FG retrogradely transported from the injection 
region in corresponding L4,5 DRG sections (Figure 1). 
Images were digitally captured under identical conditions 
using Northern Eclipse v7.0 software (EMPIX Imaging Inc., 
Mississauga, ON, Canada).   

Data analysis
Four separate biological/experimental runs with a minimum 
of 2 rats in each LPC+/-ES experimental group were 
conducted and tissue processed for immunofluorescence 
to generate the slides assessed in this study. Localization of 
the FG fluorescence to the DC ipsilateral to lesion, combined 
with perturbations in MBP expression in this region and 
the presence of FG in corresponding ipsilateral but not 
contralateral L4,5 DRG neurons (Figure 1) were used as 
inclusion criteria for the analysis. This indicated that the 
injection was in the area of the DC which includes the sciatic 
nerve afferents and that it had been unilaterally focally 
demyelinated, and that these axons would be stimulated 
when the sciatic nerve was subjected to the brief ES at 7 days 
post-LPC. To ensure accurate analysis of relative changes in 
immunofluorescence (IF) signal between experimental groups, 
spinal cord segments containing LPC injection from both 
experimental (LPC + ES) and control groups (LPC only, Naïve, 
and Naïve + saline) were always mounted on the same slide 
so that processing was conducted under identical conditions. 
Within these groupings, the best four animals/experimental 
group with lesions localized to the dorsal column ipsilateral to 
the stimulated nerve were selected for detailed quantitative 
analysis, with 8–16 fields of interest photographed and 
analyzed per experimental condition per marker.  

Immunofluorescence data was gathered from digital images 
of naïve tissue or from the site of demyelination captured 
under identical exposure conditions using Northern Eclipse 
v7.0 software (EMPIX Imaging Inc.) and a Zeiss Axio Imager 
M.1 fluorescence microscope (Zeiss  Canada).  Demyelinated 
regions of interest (ROIs) were identified by the presence 
of intense FG-posit ive staining combined with ED-1 
immunofluorescence. Analysis was carried out by tracing 
the outline of the FG/ED1-positive regions of interest using 
Northern Eclipse and then either calculating  (i) the Average 
Gray/unit area within the ROI for the marker in question 
(TNF-α; Arg1); (ii) determining the density of Olig2-positive 
cells by counting the number of these cells within measured 
DC demyelinated regions of interest to obtain density 
measurements/mm2; (iii) the percentage of the focally 
demyelinated ROI occupied by the phosphorylated  form 
of neurofilament (as detected by the SMI-31 antibody) was 
determined by thresholding the SMI-31 positive profiles, then 
assessing what percentage of the area of interest occupied by 
the thresholded SMI-31-positive  profiles; or (iv) in the case 
of detectable Caspr-positive paranodes, the density of these 
within either naive or focally demyelinated experimental DC 
regions was assessed by first defining the ROI by looking for a 
combination of MBP perturbations and intense FG presence, 
measuring this area and then counting all Caspr-positive 
paranodes in the circumscribed area. Eight to 16 fields of 
interest/marker/experimental condition were captured 
and analyzed as described above, in a manner blinded to 
experimental condition. 

Statistical analysis
Statistical analysis was performed using one-way analysis of 
variance (ANOVA) with Bonferroni’s post hoc test analysis 
(Graph Pad Prism v5.0; GraphPad Software, San Diego, CA, 
USA). Results achieved statistical significance at a P-value < 
0.05.  
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Results
Focal demyelinating lesion model
In order to examine the impact of increased neural activity on 
the many aspects of repair following a focal CNS demyelinating 
lesion, we developed a model that generates reproducible 
lesions. We employed a stereotaxic DC focal demyelination 
model where a unilateral DC demyelinating lesion was created 
just slightly above the level of spinal cord where the sciatic 
nerve afferents enter, by co-injecting LPC with the retrograde 
tracer FG. The FG is vital for defining regions initially affected, 
especially when examining later timepoints, when repair can 
be advanced. To make the model more clinically relevant, 
brief 1-hour electrical stimulation (ES; 20 Hz) of the sciatic 
nerve ipsilateral to the focal demyelinating lesion was only 
performed one week after the LPC/FG lesion was induced. 
This allows assessment of ES treatment on intrinsic cellular 
repair and remyelination responses (Figure 1A and B). 

Examination of the lesions at 7 days post-LPC revealed an 
excellent register between the lack of MBP, an elevated 
immune response, as characterized by the presence of 
activated macrophages/microglia (ED-1 positive cells) and 
the intense FG staining (Figure 1D), as observed in our 
PNS demyelinating model (McLean et al., 2014). At all 
experimental timepoints examined, L4,5 dorsal root ganglia 
(DRG) were removed to examine whether FG was also 
detectable in the L4,5 DRG neurons ipsilateral to injection. 
This provides further evidence that the focal demyelinated 
region included the sciatic nerve afferents (Figure 1C) and 
thus the ES would affect these axons in the demyelination 
zone. We also co-localized the retrogradely labelled DRG with 
calcitonin gene-related peptide IF, as this marker labels the 
NGF-responsive nociceptive subpopulation of sensory neurons 
that are predominantly small to medium size unmyelinated 
c-fibres (Verge et al., 1989). The unmyelinated c-fibres which 
are confined to the gray matter of the dorsal horn should not 
be labelled with FG when the injection is done properly and 
remains confined to the DCs. Only the few large size thinly 
myelinated CGRP-positive neurons contribute axons to the 
DCs (Tamatani et al., 1989). As seen in Figure 1C, many large 
size neurons are FG-positive, but only one is co-labelled with 
CGRP IF, while none of the small to medium size CGRP positive 
neurons contained FG. It was also noted that in all animals 
where intense FG staining was observed in the dorsal column 
7 days post-LPC injection, there was an associated focal 
demyelination lesion lacking linear MBP staining (Figure 1D 
and E).

LPC injection controls included a group of animals where 
sterile saline (vehicle control) was injected in place of the 
LPC/FG. In this control group, no discernible loss of myelin 
basic protein was observed and only a minimal injection-
related immune response could be seen, with a few ED-
1-positive cells detected along the needle injection site 
(data not shown). Controls for the ES group included focally 
demyelinated tissue with lesions of the same duration but 
no stimulation and a group of animals where the impact of 
1-hour ES delivered at 7 days post-LPC injection was blocked 
by the application of lidocaine prior and during the electrical 
stimulation period according to previous reports (McLean et 
al., 2014; McLean and Verge, 2016). Similar to the findings 
in the McLean studies, outcomes in the lidocaine-treated 
animals were not discernibly different from the animals which 
received only the focal LPC demyelinating lesion (data not 
shown). Thus, the impact of ES on the parameters examined 
in this study was likely due to neuronal activation, because 
they were abolished when lidocaine was applied. We next 
examined the impact of the brief 1-hour ES administered 7 
days post-LPC injection on repair and axon protective indices. 
This time point was selected as it allows examination of the 

impact of the therapeutic intervention at a timepoint when 
robust demyelination has occurred and thus in need of repair. 
Further, the examination of outcomes 1 week later, namely 14 
days post-LPC injection and 1 week post ES, was selected as it 
allows for assertation of whether the brief 1-hour ES improves 
repair at a timepoint where there is normally still only robust 
demyelination and is two weeks prior to the timepoint by 
which spontaneous remyelination will have occurred in this 
model (Jeffery & Blakemore, 1995; Kateria et al., 2017).

Impact of ES on expression of phosphorylated neurofilament 
expression in zones of focal demyelination 
A previous work (McLean et al., 2014) has shown that 
focal demyelination of the tibial nerve results in a loss of 
phosphorylated neurofilament expression as detected by 
the absence of SMI-31 IF, despite the fact that the axons 
are still detectable and express βIII-tubulin. Notably, in that 
study, brief 1-hour ES resulted in a rapid re-expression of 
phosphorylated neurofilaments in the demyelination zone, 
that coincided with elevated BDNF expression (McLean et al., 
2014), a molecule previously shown to effect neurofilament 
phosphorylation (Tokuoka et al., 2000).  

In longitudinal sections of naïve DC processed for dual 
MBP/SMI-31 IF, we observed that abundant linear MBP 
immunoreactivity was associated with linear axonal structures 
expressing phosphorylated neurofilaments as detected by the 
antibody SMI-31 (Figure 2A). This is in contrast to the greatly 
reduced levels observed 7 days following LPC/FG injection 
that also resulted in a loss of linear MBP immunoreactivity 
in the focally demyelinated region identified by the intense 
FG staining (Figure 2B). One week later (Figure 2C – 14 
days), there is still greatly reduced levels of phosphorylated 
neurofilament expression in the FG-intense demyelinated 
region, with many round punctate MBP-positive profiles 
suggesting there is still much myelin debris in the zone 14 days 
post injection of LPC. The punctate MBP-positive profiles are 
consistent with the morphology of ED-1 positive cells that we 
observe filled with myelin debris in this experimental group 
(data not shown). Brief 1-hour ES delivered at 7 days post-
LPC resulted in significantly increased levels of linear SMI-31 
positive staining in the focally demyelinated zone with intense 
FG staining, supporting that the increased neural activity 
conferred an axon-protective phenotype. The increased 
expression of phosphorylated neurofilaments was coupled 
with increased linear MBP-positive profiles in the FG intense 
region and reduced evidence of myelin debris (Figure 2D – 14 
days + ES). Merged images from the FG-intense demyelinated 
zone revealing a good register of MBP and SMI31 staining 
(Figure 2E), supporting that these axons have likely been 
remyelinated.

Quantification of the percentage of the focally demyelinated 
area (delineated by intense FG staining) occupied by 
phosphorylated neurofilaments revealed that ES resulted in 
significantly increased levels of phosphorylated neurofilaments 
in the FG-intense demyelination zone (Figure 2F).

Impact of ES on density of oligodendroglial-lineage cells 
localized to regions of focal demyelination
We next examined whether the increased levels of linear MBP 
structures observed in zones of demyelination in response 
to ES were associated with an increased presence of cells of 
the oligodendroglial lineage [oligodendrocyte precursor cells 
(OPCs) and oligodendrocytes]. This was done by assessing 
the density of cells with nuclear Olig-2 in the regions of focal 
demyelination, a transcription factor identifying OPCs and 
oligodendrocytes in the oligodendroglial lineage (Valério-
Gomes et al., 2018). 
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In naïve DCs, where linear axonal profiles are identified by βIII-
tubulin IF, very few Olig-2 positive cells are present (Figure 
3A). By 7 days following the focal demyelinating lesion, few 
Olig2-positive cells are observed in the focally demyelinated 
FG intense regions, although many can be seen in the regions 
bordering the lesion (Figure 3B and E – 7 days), consistent 
with the migration of cells of the oligodendroglial lineage 
to the demyelination zone without infiltration (Boyd et al., 
2013). However, by 14 days post-LPC, significantly more Olig2-
positive cells are observed in the zone of focal demyelination 
with a highly significant increase in density in this zone in 
response to ES (Figure 3C–E – 14 days; 14 days + ES).  

Impact of ES on number of paranodal regions detected in 
demyelination zones
The increased presence of linear MBP-positive profiles 
observed in the demyelination zone in the stimulated animal 
is suggestive of increased myelination. To provide additional 
proof that this had occurred, we examined a structural marker 
of the paranodal region of the nodes of Ranvier. The paranodal 
protein Caspr was selected as a marker of paranodal regions 
as it is critical for nodal stability, tethering it to the axonal 
membrane, preventing diffusion of ion channels away from 
the node, a region that forms upon successful myelination 
(Suminaite et al., 2019).
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Figure 2 ｜ ES promotes an axon protective phenotype in focally 
demyelinated regions of DC. 
(A) Longitudinal dorsal spinal sections of dorsal columns (DC) from a naïve 
animal dually processed for MBP and phosphorylated neurofilament (pNFM/
SMI-31) immunofluorescence (IF). (B–E) Fluorogold (FG)-positive focally 
demyelinated DC areas on longitudinal dorsal spinal sections dually processed 
for MBP and phosphorylated neurofilament (pNFM/ SMI-31) IF at time points 
post-LPC injection as indicated. At 7 days post-LPC (B) focally demyelinated 
regions are largely devoid of pNFM. One hour ES at 7 days post-LPC 
significantly promotes expression of pNFM in regions that are also undergoing 
increased myelination (14 days + ES; D) relative to non-stimulated controls at 
14 days post-LPC (C). Note: the non-stimulated 14 days focally demyelinated 
region appears to be still actively clearing myelin debris as denoted by the 
presence of many MBP-positive round cells consistent with macrophage/
microglia morphology and lack linear SMI-31 positive structures in the FG-
intense/focally demyelinated region, as opposed to the presence of many 
more linear MBP and SMI-31 structures in the ES treated tissue. (E) Enlarged 
merged picture of boxed regions in D of a section processed for dual MBP 
(green) and SMI-31 (red) IF showing a high degree of colocalization of myelin 
over axons with phosphorylated neurofilaments in FG rich regions, supportive 
of remyelination of SMI-31 positive axons. Scale bars: 100 μm for A–D and 50 
μm for E. (F) Quantification of % of region occupied by pNFM/SMI-31-positive 
(+ve) axons in dorsal columns of naïve or focally demyelinated regions defined 
by corresponding intensely FG-positive areas. Data are expressed as the mean 
± SEM. n = 4 animals analyzed/experimental group. *P < 0.05, ***P < 0.001, 
****P < 0.0001 (one-way analysis of variance with Bonferroni’s post hoc 
analysis). 

In naive DCs, MBP expression is accompanied by abundant 
Caspr-positive aggregates/paranodal regions (Figure 4A and 
F – Naïve). However, 7 days following a focal demyelinating 
lesion, these nodal regions are largely undetectable with only 
a few visible on the boundaries of the demyelination zone 
(Figure 4B and F – 7 days). At 14 days post-LPC injection, the 
reappearance of a few linear MBP-positive structures can be 
observed and associated with these are a few Caspr-positive 
profile/aggregates, consistent with the paranodal regions of 
nodes of Ranvier (Figure 4C and F – 14 days). ES resulted in 
the reappearance of many more linear MBP structures in the 
demyelination zone with significantly more Caspr-positive 
paranodal regions detected, reaching about a third of the 
density observed in naïve DCs (Figure 4D and F – 14 days + ES) 
and these are associated with the linear MBP-positive profiles 
(Figure 4E – 14 days + ES). These observations combined with 
the increased MBP positive linear profiles in the stimulated 
DCs, support that more effective remyelination appears to 
have taken place in response to the 1-hour ES treatment.

Impact of ES on polarization of activated macrophages/
microglia toward a pro-repair state in focally demyelinated 
DC 
The role of peripherally-derived macrophages and their CNS 
counterpart, microglia, in repair of the central nervous system 
is highly debated, especially in MS where macrophages/
microglia are implicated in both demyelination and 
remyelination disease phases (David and Kroner, 2011; Rawji 
and Yong, 2013; Miron and Franklin, 2014). While microglia 
and macrophages contribute to autoimmune disease through 
the release of toxins and via antigen presentation to cytotoxic 
lymphocytes (Banati et al., 1993; Myers et al., 1993; Cash 
et al., 1994), they are also beneficial, phagocytosing myelin 
debris and secreting growth factors. They exist in a continuum 
of activation states making them highly dynamic cells, 
polarizing into pro-inflammatory “classically activated” M1 
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Figure 3 ｜ ES promotes recruitment of cells of the oligodendroglial lineage 
to regions of focal demyelination. 
(A) Few Olig2-positive cells are detected in longitudinal sections of lumbar DCs 
processed for dual immunofluorescence to detect Olig2 and the axon marker 
βIII-tubulin. (B–D) Photomicrographs from FG-intense focally demyelinated DC 
regions (left column) on longitudinal dorsal spinal cord sections processed for 
Olig2 (right column) immunofluorescence (IF). FG intense areas which coincide 
with focally demyelinated DC regions reveal a paucity of Olig2- positive (red 
cells) in these areas 7 days (B) post-LPC injection. (C) By 14 d post-LPC more 
Olig2 positive cells are evident in the the demyelinated zone.  Note that Olig2-
positive cells surround the 7 days focally demyelinated region (asterisks) while 
ES results in significantly more Olig2 positive cells in the focally demyelinated 
region by 14 days post-LPC (14 d + ES; D). Scale bar: 100 μm for A–D. (E) 
Quantification of the density of Olig2 positive (+ve) cells present in naïve dorsal 
columns or in focally demyelinated regions +/– ES (defined by corresponding 
intense FG positive areas) reveals that ES significantly increases their density in 
the demyelinated zone. Data are expressed as the mean ± SEM. n = 4 animals 
analyzed/experimental group. **P < 0.01, ****P < 0.0001 (one-way analysis of 
variance with Bonferroni’s post hoc analysis). DC: dorsal column; ES: electrical 
stimulation; FG: Fluorogold. 
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Figure 4 ｜ ES promotes reappearance of Caspr-positive paranodal regions 
in 14 day focally demyelinated dorsal columns.
Longitudinal sections of spinal cord dorsal columns (DC) show a positive 
correlation between abundant myelin staining (MBP; green) in DC and 
number of punctate aggregates of paranodal protein Caspr on either side of 
the node (examples-red arrows). All post-LPC timepoint pictures are taken 
from FG intense regions coinciding with the focally demyelinated regions. 
Seven days following focal demyelination (B), myelin is lost with MBP 
localizing to round cells consistent with macrophage morphology. Caspr-
positive paranodes (red arrows) are only detected along the boundaries 
of the focally demyelinated area. By 14 days post-LPC (14 days; C) a few 
nodes are detected (examples-red arrows) in regions appearing to undergo 
remyelination (white arrows). ES (14 days + ES; D) increases the numbers 
of Caspr-positive paranodes in the demyelinated regions (examples-red 
arrows) which have increased MBP (white arrows) consistent with enhanced 
remyelination. (E) High power example of Caspr-positive paranodal regions 
(red) associated with linear MBP (green) within previously demyelinated 
zone in 14 days + ES animal. Note the appearance of a MBP-positive circular 
cell, likely a macrophage/microglia that has phagocytosed myelin. Scale bars: 
50 μm for A–D and 10 μm for E. (F) Quantification of the number of Caspr-
positive (+ve) paranodes detected/mm2 of focally demyelinated DC regions 
reveals a significant increase in the density of paranodes detected in response 
to ES relative to focal demyelination alone. Data are expressed as the mean ± 
SEM. n = 4 animals analysed/experimental group. *P < 0.05, ****P < 0.0001 
(one-way analysis of variance with Bonferroni’s post hoc analysis). 

Figure 5 ｜ Delayed brief ES increases levels of pro-repair molecule 
Arginase-1 (Arg1) in activated macrophages/microglia (ED-1) localizing to 
regions of focal DC demyelination.  
(A–C) Longitudinal sections of dorsal spinal cord processed for dual 
immunofluorescence to detect activated microglia/macrophages (ED-
1) and Arg1. Prominent infiltration of low Arg1 expressing ED-1-positive 
macrophages/microglia cells into the demyelination zone occurs 7 days post-
LPC/FG injection (A). One-hour ES at 7 days post-LPC increases the level 
of Arg1 detected in macrophages/microglia at 14 days (14 days + ES; C) 
relative to levels in inflamed regions 14 days post-LPC. (B) Note: the immune 
response (ED-1 intense regions appears to be more resolved in 14 days + ES 
tissue. (D) merged ED-1 (red) and Arg1 (green) images from (C) show a high 
level of Arg1 expression (orange) in the remaining macrophages/microglia in 
response to ES. Scale bar: 100 μm for A–D. (E) Quantification of alterations in 
immunofluorescence signal intensity in focally demyelinated regions confirms 
qualitative observations. Data are expressed as the mean ± SEM. n = 4 
animals analysed/experimental group. ***P < 0.001, ****P < 0.0001 (one-way 
analysis of variance with Bonferroni’s post hoc analysis).

Figure 6 ｜ Delayed brief ES diminishes levels of pro-inflammatory TNF-α 
protein in activated macrophages/microglia (ED-1) localizing to regions of 
focal DC demyelination.   
(A–C) Longitudinal sections of dorsal spinal cord processed for dual 
immunofluorescence to detect activated microglia/macrophages (ED-1) 
and TNF-α. Prominent infiltration of TNF-α-/ED-1-positive immune cells into 
the demyelination zone occurs 7 days post-LPC/FG injection (A). One-hour 
ES at 7 days post-LPC diminishes the level of TNF-α detected at 14 days (C) 
relative to non-stimulated controls 14 days post-LPC (B). (D) Colocalization 
of the ED-1 and TNF-α images from the 14 days + ES time point in (C) where 
ED-1 is depicted as red and TNF-α as green shows that while the remaining 
macrophages/microglia express low levels of TNF-α (orange; D), the intense 
TNF-α expression does not localize in ED-1-positive cells (bright green regions; 
D). Note: the immune response (ED-1) appears to be more resolved in 14 
days + ES tissue. Scale bar: 100 μm A–D. (E) Quantification of alterations in 
immunofluorescence signal intensity in focally demyelinated regions confirms 
qualitative observations. Data are expressed as the mean ± SEM. n = 4 animals 
analysed/experimental group. **P < 0.01, ****P < 0.0001 (one-way analysis 
of variance with Bonferroni’s post hoc analysis).
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macrophages with the “alternatively activated” pro-repair M2 
phenotype representing the opposite end of the spectrum. 
Thus, to gain insight into whether ES treatment might be 
polarizing activated macrophages/microglia toward a pro-
repair state we examined the impact of brief ES on levels of 
expression of the pro-repair molecule Arg-1 versus the pro-
inflammatory molecule TNF-α longitudinal sections of DCs 
that include the focal demyelination zone were processed for 
dual immunofluorescence to detect the presence either Arg-1 
(Figure 5) or TNF-α (Figure 6) in regions occupied by activated 
macrophages/microglia expressing ED-1, which also coincide 
with the FG intense regions (not shown). Naïve tissue was 
not assessed due to the absence of activated macrophages/
microglia in this state. At 7 days post-LPC, the ED-1 positive 
macrophages/microglia displayed high levels of TNF-α IF 
(Figure 6A and E) relative to the low levels of Arg-1 IF (Figure 
5A and E) observed in these cells, properties that remained 
relatively unchanged for Arg-1 one week later (14 days; Figure 
5B and E), but were significantly reduced for TNF-α (14 days; 
Figure 6B and E – 14 days).  Brief ES resulted in a qualitative 
reduction in numbers of activated macrophages/microglia 
detected; ES also polarized the remaining macrophages/
microglia toward a pro-repair phenotype with significantly 
increased levels of Arg-1 (Figure 5C–E – 14 days + ES) and 
significantly decreased levels of TNF-α (Figure 6C–E – 14 days 
+ ES). The smaller ED-1-positive region would also suggest 
that ES drives a faster resolution of the immune response. 
Finally, both Arg-1 and TNF-α immunoreactivity was observed 
in cells and structures other than ED-1-positive activated 
macrophages/microglia (Figures 5 and 6), consistent with 

previous reports of expression in astrocytes and neurons in 
addition to macrophages/microglia (Chung and Benveniste 
1990; Breder et al., 1993; Gahring et al., 1996; Ahn et al., 
2012; Choi et al., 2012; Quirié et al., 2013).
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Discussion
In the present study, we created a reproducible discrete 
unilateral focal demyelination of the DCs at the lumbar 
enlargement just above where sciatic nerve afferents enter, 
so that subsequent sciatic nerve ES would result in increased 
neural activity in this region. Examination of the effects that 
ES has on repair following focal DC demyelination revealed 
significant impacts on multiple repair indices beyond that 
previously described for myelination. These include increased 
expression of an axon-protective phenotype, enhanced 
presence/recruitment of oligodendrocytes/OPCs to the site 
of demyelination, increased linearized structures positive 
for MBP IF and paranodes as identified with the paranodal 
protein Caspr in the demyelination zones suggestive 
of increased myelination and polarization of activated 
macrophages/microglia in demyelination zones toward a pro-
repair phenotype.

ES promotes an axon protective phenotype in focally 
demyelinated regions of DC
In this study, the presence of significantly more linear SMI-31/
pNF-positive structures 7 days following the brief 1-hour ES 
implies that the axons present in the FG-intense demyelination 
zones are in a protected state. The phosphorylation state 
of the neuronal cytoskeletal protein neurofilament is an 
important indicator of whether the demyelinated axon is 
in a protected state. Dephosphorylated neurofilaments are 
susceptible to proteolysis by the calcium-dependent protease 
calpain (Greenwood et al., 1993), while phosphorylated 
neurofilaments are resistant to degradation (Pant, 1988).  
The addition of phosphate groups also increases the axonal 
caliber, an important determinant in the onset of myelination 
(Michailov et al., 2004). 

ES enhances parameters associated with remyelination  
The fact that significantly more Olig2-postive cells were 
observed in the focally demyelinated regions of the DC that 
underwent stimulation, indicates an increased presence 
of cells of the oligodendroglial lineage that can contribute 
to myelination. This significant difference in the number of 
Olig2-postive cells observed in the zone of demyelination in 
response to ES as compared to the 7- and 14-day post-LPC 
time points in the non-stimulated animals, suggests that ES 
may reduce expression of chemorepellent molecules such 
as Semaphorin-3A known to inhibit the infiltration of cells 
in the oligodendroglial lineage into zones of demyelination 
(Boyd et al., 2013), but this remains to be determined. 
Alternatively, it could be affecting the barrier set up by the 
mature oligodendrocytes bordering the lesion that tries 
to limit the demyelination (Macchi et al., 2020). Neuronal 
activity has been shown to regulate the differentiation of 
the OPC to a mature myelinating oligodendrocyte (Gautier 
et al., 2015; Gentile et al., 2019), once again emphasizing 
the importance of the axo-glial communication in driving 
myelination processes. Of note in the Gautier et al. (2015) 
study was the demonstration that demyelinated axons 
could still conduct actions potentials but do so in an 
impaired manner only at the speed of unmyelinated axons. 
Thus, the demyelinated axons in our present study can be 
depolarized by ES. Further, increased axonal activity drives 
the proliferation, differentiation and survival of myelinating 
glia (Demerens et al., 1996; Stevens et al., 1998; Gary et 
al., 2012; Gibson et al., 2014; Jensen and Yong, 2016; de 
Faria et al., 2019). Whether the increased numbers of 
Olig2-positive cells we observed in response to ES are due 
to increased recruitment and/or increased proliferation is 
unknown. But the enhanced OPC/oligodendrocyte presence 
and increased myelin profiles support that brief ES is having 
a positive impact on cellular constituents associated with 

remyelination, perhaps driving differentiation of OPC cells into 
oligodendrocytes. Even the lack of extensive myelin debris in 
the stimulated animals may be assisting in the response as it 
is necessary to drive the differentiation of OPCs into mature 
myelinating oligodendrocytes (Kotter et al., 2006; Neumann 
et al., 2009). The mechanism of how this increased axonal 
electrical activity improves remyelination was not investigated 
in the current study. However, Kukley et al. (2007) showed 
that activity-dependent axonal release of glutamate can serve 
as an instructive signal to oligodendrocytes to initiate cellular 
events associated with myelination in vitro (Wake et al., 2011) 
and more recently in vivo (Gibson et al., 2014; Gautier et al., 
2015), Further, it has been recently shown that there is a 
preference for stimulated axons to be remyelinated (Mitew et 
al., 2018).  

ES polarizes macrophages/microglia toward a pro-repair 
phenotype
Pro-inflammatory macrophages/microglia typically peak at 
onset of demyelinating disease and can be distinguished from 
pro-repair macrophages/microglia by their high levels of the 
pro-inflammatory cytokines, including TNF-α, interleukins 
IL-1β and IL-12 (Ambarus et al., 2012), as well as inducible 
nitric oxide synthase (Miron and Franklin, 2014). Pro-repair 
macrophages/microglia on the other hand, result from 
exposure of undifferentiated monocytes to molecules such 
as IL-4 or IL-10 leading to macrophages that secrete anti-
inflammatory cytokines and neurotrophic factors and ones 
that effectively phagocytose myelin debris. Effectively ridding 
demyelinated areas of myelin debris is important as myelin 
inhibits OPC differentiation (Kotter et al., 2006). Pro-repair 
macrophages/microglia can be distinguished from pro-
inflammatory macrophages/microglia by the expression of 
markers such as the mannose receptor CD206, Arg-1, CD163, 
transforming growth factor and IL-10.  

By electrically stimulating sciatic nerve-derived DC axons 
we were able to switch the phenotype of macrophages/
microglia from a proinflammatory phenotype toward a pro-
repair phenotype consistent that described for macrophages 
in focally demyelinated peripheral nerve (McLean and Verge, 
2016). The polarization state of macrophages/microglia can 
influence whether or not effective repair/remyelination will 
occur. High expression of pro-inflammatory relative to pro-
repair molecules in these immune cells correlate with peak 
experimental autoimmune encephalomyelitis disease severity, 
while pro-repair macrophages/microglia are able to improve 
both oligodendrocyte differentiation and clinical presentation 
(Lloyd and Miron, 2016). Indeed the switch from a pro-
inflammatory to a pro-repair phenotype correlates with the 
onset of myelination. Miron et al. (2013) showed both types 
of microglia contribute to OPC recruitment and proliferation, 
but only the pro-repair phenotype prevented OPC apoptosis 
and drove oligodendrocyte differentiation. Consistent with 
this are the elevated numbers of pro-repair polarized cells in 
post mortem MS tissue from active lesions relative to chronic 
lesions which do not remyelinate (Lloyd and Miron, 2016). 
Thus, it appears that therapies that increase neural activity 
hold the potential to favorably impinge on the pro-repair 
polarization axis and improve clinical outcomes. Collectively 
the ability of ES in the present study to polarize macrophages/
microglia toward a pro-repair phenotype coupled with 
indicators of improved myelination support the validity of this 
strategy.

Potential limitations
While no single preclinical animal model of MS recapitulates 
all the aspects of MS pathogenesis, the LPC model has 
emerged as a strong model in which to study demyelination 
and remyelination events. This is primarily because the region 
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that is demyelinated can be precisely induced, in contrast 
to the more widely studied experimental autoimmune 
encephalomyelitis model of focal demyelination where the 
precise location of the lesions is not predictable (Lassmann 
and Bradl, 2017; Lamport et al., 2019). While LPC does effect 
a precise and robust focal demyelination in the injected area, 
a further challenge was ensuring that the LPC-demyelinated 
regions of dorsal columns contained sensory afferents from 
the sciatic nerve that was stimulated 7 days post LPC injection. 
Further, because the repair induced by the brief ES was so 
robust, it was also necessary to be able to identify the original 
area of the dorsal columns that was demyelinated by LPC. 
The novel inclusion of the retrograde tracer FG in the LPC 
injection cocktail served to both demarcate the region of 
focal demyelination (important when repair was robust) and 
retrogradely label the L4,5 DRG neurons. The latter assured 
that the region of the demyelinated dorsal columns being 
assessed contained sciatic nerve sensory afferents and thus 
had been effectively stimulated.

Conclusions
A 1-hour increase in axonal activity in focally demyelinated 
regions of the dorsal columns 7 days following a focal 
demyelinating lesion is sufficient to promote an axon 
protective phenotype, enhance the numbers of OPC/
oligodendrocytes localizing to the demyelinated region and 
enhance myelination as detected by increased incidence of 
organized paranodes and linear MBP+ve structures observed. 
Coincident with these responses, stimulation also promoted a 
switch in phenotype of reactive macrophages/microglia from 
a pro-inflammatory toward a pro-repair state. These findings 
are in agreement with previously reported work in peripheral 
nerve focal demyelination model (McLean et al., 2014; 
McLean and Verge 2016). Thus, this study provides proof of 
principle for employment of strategies to increase axonal 
activity as a means to enhance repair and modulate the 
immune response following focal CNS demyelinating events.
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