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Promoting remyelination is crucial for patients with demymating diseases including
multiple sclerosis. However, it is still a circuitous conutrum nding a practical
remyelinating therapy. Electroacupuncture (EA), origiting from traditional Chinese
medicine (TCM), has been widely used to treat CNS diseaseslabver the world, but
the role of EA in demyelinating diseases is barely known. Iis study, we examined
the remyelinating properties and mechanisms of EA in cupmne-induced demyelinating
model, a CNS demyelinating murine model of multiple scleris. By feeding C57BL/6
mice with chow containing 0.2% cuprizone for 5 weeks, we sucessfully induce
demyelination as proved by weight change, beam test, pole t&, histomorphology, and
Western Blot. EA treatment signi cantly improves the neurbehavioral performance at
week 7 (2 weeks after withdrawing cuprizone chow). RNA-seq red RT-PCR results
reveal up-regulated expression of myelin-related genes,ral the expression of myelin
associated protein (MBP, CNPase, and O4) are also increasedfter EA treatment,
indicating therapeutic effect of EA on cuprizone model. Isiwidely acknowledged that
microglia exert phagocytic effect on degraded myelin debsiand clear these detrimental
debris, which is a necessary process for subsequent remyelation. We found the
remyelinating effect of EA is associated with enhanced cleance of degraded myelin
debris as detected by dMBP staining and red oil O staining. Oufurther studies
suggest that more microglia assemble in demyelinating areécorpus callosum) during
the process of EA treatment, and cells inside corpus callosm are mostly in a plump,
ameboid, and phagocytic shape, quite different from the rarned cells outside corpus
callosum. RNA-seq result also unravels that most genes refimg to positive regulation of
phagocytosis (GO:0050766) are up-regulated, indicatingghanced phagocytic process
after EA treatment. During the process of myelin debris clgance, microglia tend to
change their phenotype toward M2 phenotype. Thus, we also mbed into the phenotype
of microglia in our study. Immuno-staining results show ineased expression of CD206
and Argl, and the ratio of CD206/CD16/32 are also higher in EAroup. In conclusion,
these results demonstrate for the rst time that EA enhancesnyelin debris removal from
activated microglia after demyelination, and promotes regelination.
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INTRODUCTION for 5 weeks, signi cant CNS demyelination can be induced,
with corpus callosum (CC) being the most vulnerable region
Multiple  sclerosis  (MS) is an autoimmune-mediated(Steelman et al., 2012; Praet et al., J0Bfter removal of
demyelinating disease of central nervous system (CNSEGPz from diet, spontaneous remyelination occurs over time.
with a hallmark of extensive demyelination in the CNS. Thibug Therefore, CPZ model is a systematic model for the study of
clinically, there is no ideal treatment for MS hitherto, dise  demyelination and remyelination of MS. It is unclear whethér E
modifying therapies (DMTs) are the mainstream for MSjs e ective in CPZ model and the underlying mechanisms of EA
treatment Oh and O'Connor, 201f Currently approved DMTs  in promoting remyelination remain unraveled.
are immunosuppressive and immunomodulatory agents. These previous studies have conrmed that CPZ-induced
agents help prevent disease relapse and reduce the severityiefyelination is accompanied with extensive accumulation
relapse to some extent(oss and Naismith, 2014; Wingerchuk of degraded myelin debris and activation of glial cells, chiey
and Carter, 201 However, DMTs can only partially postpone CNS microglia and astrocyte®i@aet et al., 20)4 Microglia is
the relapse of MS and slightly reduce the accumulation oferi ed to play an important role in the process of remyelinatio
physical disabilities. Besides, high cost and side e ect of DM'(Voss etal., 2012; Miron et al., 2013; Doring et al., 2015; Lampr
is also unfavorable for MS patientshdelman et al., 2013; et al., 201% Accumulating evidence suggests that microglia is
Carrithers, 2014; Winkelmann et al., 2Q15he process of associated with the clearance and phagocytosis of degraed a
remyelination is directly and closely related to the reatmn  collapsed myelin debris, existence of which is detrimental to
of neuronal function and the amelioration of clinical diskies  OPC proliferation and remyelinationktter et al., 2005, 2006;
(Nave, 2010; Harlow et al., 2015; Olsen and Akirav, PO15Ruyckh et al., 2012; Kocur et al., 2p1Studies also found that
However, DMTs have limited impact on remyelination. So farmicroglia, especially M2 phenotype, are positively related to
no practical remyelinating therapy has been applied clinicallyhe recruitment of OPCs and their di erentiation into mature
and nearly all potential remyelinating methods are still end oligodendrocytes, as well as myelin formatiodifon et al.,
developmentiflartley et al., 2010 2013; Wang et al., 2015; Marteyn et al., J0%though EA
Acupuncture as well as electroacupuncture (EA), atherapeutighows a therapeutic e ect on various neurodegenerative diseas
intervention originating from traditional Chinese medi®@ achieved by its ability to alleviate existing neuroin amnoat
(TCM), has long been used to treat various disord&i®(tton,  and glial dysfunction, it is unclear whether EA could modelat
1997. Compelling evidence demonstrates that acupuncture iijcroglia function during the process of demyelination and
bene cial in preventing neuronal injury in various pathol@gil  remyelination.
conditions, such as stroke, cerebral palsy, depression, etcThe current studies were performed to understand the
(Han and Ho, 2011; Kwon et al., 2012; Xu et al., 2013herapeutic e ect and potential mechanisms of EA in CPZ-
Bai et al, 2014; MacPherson et al., 2014; Yang et &hduced demyelinating model. We assessed the neurobelsavior
2019. Clinical reports have yielded promising evidence ofin CPZ fed and EA treated mice and the expression of myelin
acupuncture ameliorating symptoms of MS patients, such agssociated markers, and probed into the mechanisms by aggess
fatigue, bladder dysfunction, spasticity, and eventualigroving  the production of degraded myelin debris and the recruitmeft
quality of life (Tjon et al., 2009; Kopsky and Hesselink,microgliainto CC as well as the phenotype of microgliain CC. To
2012; Quispe-Cabanillas et al., 2012; Foroughipour et apurknowledge, thisisthe rststudy ever focusing on thedtion
2013. In addition, Laboratory studies based on experimentabf EA in CPZ-induced demyelinating model and the regulatory
autoimmune encephalomyelitis (EAE) model, a classic anima ect of EA on microglia in demyelinating diseases.

model mainly mimicking the immunopathology of MS, also show
that EA treatment inhibit the proliferation of encephalitate

T cells, increase the secretion of ACTH atdendorphin,
and eventually ameliorate EABP4rk et al., 2004; Liu et al., MATERIALS AND METHODS

2019. A recent study indicates that EA promotes remyelinationAnimals and CPZ Feeding Scheme
in compressed spinal cord injury (SCI) model by enhancingviale C57BL/6 mice aged between 5 and 6 weeks, acquired
the proliferation of oligodendrocyte precursor cellsi@ng from the Experimental Animal Center, Chinese Academy of
et al., 201p Additionally, EA promotes the di erentiation of Sciences (Shanghai, China), were used in the present study.
the transplanted bone marrow mesenchymal stem cells intgg induce demyelination, mice were fed with standard rodent
oligodendrocyte-like cells in SCI modeDifig et al., 2013; Liu  chow containing 0.2% CPZ powder (Sigma-Aldrich, St. Louis,
etal., 201p MO, USA) for 5 weeks. After 5 weeks' induction, CPZ was
SCI model is a traumatic local demyelinating modelremoved and replaced with standard diet for 2 weeks allowing fo
rather than a systematic demyelinating modéka(isoho, spontaneous remyelination. All protocols were performed and
2012; Procaccini et al., 201%ence, we introduce cuprizone approved in accordance with the National Institutes of Health
(CPZ)-induced demyelinating model in our study. CPZ-Guide for the Care and the Animal Research Welfare Council of
induced demyelinating model is a classic rodent modekchool of Basic Medical Science of Fudan University (20140266
allowing the investigation speci cally in CNS demyelinatand  086). All endeavors were made as far as possible to reduce

remyelination Kipp et al., 2009; Zendedel et al., 2013; Praehe sacri ce of animals and relieve their su erings duringeth
et al, 201} By feeding mice with chow containing 0.2% CPZexperiments.
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Electroacupuncture (EA) Treatment (HE) or luxol fast blue (LFB) to assess demyelination witthie

EA treatment started from the rst day of week 5 and lasted3or area of CC. For HE staining, the process was conducted faitpwi
weeks. Mice received 30 min EA treatment once every other dagur previous protocol \(Vang et al., 2012 For LFB staining,
Two acupoints in the governor vessel (GV) were adopted, whichara n tissues were stained in LFB/cresyl violet overnight a
is Baihui (GV20) and Zhiyang (GV9). A pair of stainless needle5§5 C, followed by washing in 95% ethanol and double-distilled
with diameters of 0.3 mm (Suzhou Medical Supplies, Suzhowyater to remove redundant dye. Then, the white matter of the
P.R. of China) were obliquely and subcutaneously insertéal in sections was distinguished from the gray matter in a lithium
GV9 and GV20 to a depth of 5 mm or so but exterior to the carbonate solution for about 15s (until easily distinguisied.
harnpan and vertebral canal. The pair of needles were thelbater on, the sections were washed by double-distilledveaie
connected with an output terminal of an EA apparatus (HANS75% ethanol.

Acupoint Nerve Stimulator, LH202H, Beijing, P.R. of China),

with alternating strains of dense-sparse frequencies db P2 nRed 0il O Staining

and stimulating current of 3—4 mA. Mice were restrained by al i o o )
apparatus made by our lab specially for the EA treatment. affifter drying in 100% propylene glycol, brain tissues were sthine
Red Oil O solution (Sigma, USA) at a temperature of

other mice groups have been restrained the same way. In oljfith 0.5% i T . :
preliminary study, we have set up a group of sham-EA. Mic&0 C for 6 min. After that the brain slices were incubated with

in sham-EA group received the same acupuncture treatmert>7? Propylene glycol for 2 min following by rinsing. Nuclei wer
without electric stimulation. stained with haema-toxylin (Sigma, USA).

Beam Walking Test o Immuno uorescence
The assessment of mice locomotor coordination was performegy 4 n sections (4mm) were used for MBP (1:200, Millipore

by.beam walking tesSkripuletz et al., 20)0In brief, mice were AB980) and dMBP (1:2000, Millipore, AB5864) staining to
trained to traverse a 1.5 cm narrow wood beam to reach @ SQetermine the degree of myelination and the production of
called safety box with paddings inside, which created aivelgt yeqraded myelin debris respectively. Frozen sectionsi%

safe environment encouraging mice to traverse the t_)eam. MiGEere prepared for staining with Ibal (1:400, Wako, Japan), Argl
were placed on one end of the 100 cm long beam (horizontally 6&200, Santa Cruz, USA), iNOS (1:200, Santa Cruz, USA), CD206

cm above the platform), and the traversing times were readrde (1.100 R&D USA), CD16/32 (1:500, BD, USA), and O4 (1:50
To reduce errors, the time mice spent on both ends (10 cM fjjjinore, USA) to determine the recruitment of microglia into

each end) were neglected, only the time spent in the middIe80 ¢ihe areq of CC and the phenotype of the recruited microglia.

of the beam were recorded. As displayedvideo 1, we started 1hg sections were rst washed three times and blocked with 4%

recording at the moment hind limbs of mice passing the STARTgoat serum in 0.3% Triton X-100 for 3 h at room temperature

line on the beam, and end recording at the moment fore limbgqio\wed by incubation with antibodies described above at 4
of mice touching the END line on the beam. Mice received tWqq, 15 h followed by Alexa Fluor 488 or 555 goat anti-rabbit
consecutive trials in each test and the mean time of “Nosr'alsecondary antibodies (1:1000, Invitrogen, USA) atCG37All
was used for statistical analysis (cut-o time 60 s). Thiokien e tions were treated with Fluorescence Decay Resistant Mediu
cushions were placed under the beam in case mice slip down. ith pAP| before being covered with coverslip. The imagesawer
captured by a multiphoton laser scanning confocal microscopy
system (Olympus Fluoview FV1000) or common uorescence
microscope (Leica DMI6000).

Pole Test

Pole test was performed according to previous reports with mino
adjustmentsl|(in et al., 201} In brief, mice were placed tenderly
head-up facing the apex of a vertical round wood pole (diameter

1 cm; height: 50 cm) with gauze-wrapped rough surface enablind/estern Blot Analysis

mice to grab. The time mice climbing over the apex of poléNestern blot was performed to quantify the expression of
with head facing down and body in a vertical position (turn- MBP. The brain was removed and CC tissue was quickly
back time), and the time mice descending to the bottom of the@esected on ice. The CC was ultrasonically homogenized
pole after climbing over (touch-down time) were recorded forin radioimmunoprecipitation assay lysis buer (RIPA
analysisYideo 3). The cut-o time was 30 and 60 s for turn-back bu er, Beyotime, Shanghai, China) followed by 12,000 rpm
time and touch-down time, respectively. In each test, eachseo centrifugation for 10 min and the supernatant was collected
conducted two consecutive trials and the average time of twfmr western blot analysis. Equal amounts of protein samples
trials was recorded for statistical analysis. Thick cottashions (20 mg of total protein) were analyzed by SDS-PAGE with

were placed under the pole in case mice fall o . primary antibodies being either rabbit anti-MBP (1:500,
. ) . Millipore, AB980) or anti-GAPDH (1:10000, Proteintech, HRP-
Histological Analysis 60004). Proteins were detected via incubation with horisha

Mice were gently anesthetized with saline solution ofperoxidase-conjugated secondary antibodies and an ECL
pentobarbital sodium (70 mg/kg, i.p.) and perfused withchemiluminescence detection system (Tanon, Shanghana}hi
4% paraformaldehyde. The cerebra were resected and serialTe images were obtained using an ImageQuant LAS4000 mini
mm para n sections were stained with hematoxylin and eosinsimage analyzer (GE Healthcare, Buckinghamshire, UK).
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RNA Sequencing (RNA-seq) Analysis RESULTS

Total RNA was prepared using the Qiagen RNeasy kit. Librarie - .

were prepared using the NEBNext Library Prep Kit (NewépZ Admm'_Stratlon Induces
England Biolabs) according to the manufacturers instiars.  Neurobehavioral Defects and Severe

Library quality was assessed using a Bioanalyzer (Agilet) alDemyelination

then the samples were sequenced on the lllumina Hiseq 20@uring the rst 10 days after CPZ administration, we obsetve
with a goal of 30 million reads per sample. Raw FASTQ lebvious weight loss of CPZ fed mice compared to mice with
were aligned using PRADA and FPKM values obtained usingormal diet Figure 1A). Two weeks later, CPZ fed mice

Cu links for gene expression analysis. gradually regained weight, but still did not weigh as much a&s th
normal group. CPZ feeding can lead to extensive demyelinatio
Quantitative RT-PCT (gRT-PCR) Analysis in many regions of brain including hippocampus, cerebellum,

To evaluate the MRNA expression of genes related toortex, and with corpus callosum (CC) the most vulnerable one,
oligodendrocyte lineage and myelination, the corpus caltos which results in motor coordination impairment. To evaluate
were dissected 7 weeks after the rst day of cuprizone feedinghe motor coordinative function, beam walking test and pole
total RNA were isolated using Trizol reagent (Invitrogen,test were performed. Mice exposed to CPZ exhibited severe
USA). The relative abundance of target mRNAs were thewroordinative locomotor dysfunction with the peak at and anolu
guanti ed using SYBR Green gqRT-PCR detection (Light Cycleweek 4 Figures 1B-D Videos 14). As shown in the videos, in

96 real-time PCR detection system, Roche, Switzerland). Tlgeam test CPZ fed mice tended to be more hesitant traversing
primer sequences of target mRNA are listedTable 1L The the beam with more fumbles and pauses; in pole test, CPZ
housekeeping gene, HPRT, was used as an internal refereried mice had more diculty in climbing over the apex of
for standardization of the analysis. Relative quanti catimas the pole. However, the touch-down time in pole test was not
performed by determination of the n-fold di erential expressi  aected by CPZ Data sheet] Figure S1). No mice fell o
with the 2 11 ¢t method and is expressed as relative fold changer slipped over from the beam or pole during our behavioral
compared to HPRT. Melting curves were used to establish thiests. CC is previously reported as the most vulnerable region
purity of the ampli ed band. The PCR products were sequenceduring CPZ treatment$teelman et al., 201.ZThus, we evaluated

to con rm identity. the histomorphological change of CC region by HE and LFB
staining and observed conspicuous demyelination in CC after
Image Analysis CPZ treatment for 5 week$-{gures 1E,G. Myelin basic protein

Western blot bands and immuno uorescence staining(MBP) is the main component of oligodendrocyte as well as
(integrated 0ptica| density, |OD) were ana|yzed using |mageUlyE|ln within CC. Therefore, we further detected the amount

software. The quantitative statistical graphs were crehgsied 0f MBP in CC by western blot and veri ed obvious decrease of
on the relative fold change. MBP in CPZ fed miceKigure 1F. Those results clearly indicate

a successful establishment of CPZ induced demyelinatindeio

Statistical Analysis
All quantitative data were presented as meastandard error of EA Modulates Neurobehavioral

the mean (S.E.M.). Statistical analysis and graphs wereneltai . . . .
( ) Y grap Rysfunction of Demyelinating Mice

using Graphpad 5.0 software. Di erences between groups we ) . )
analyzed with Studentstest and one-way analysis of variance© €xamine the e ect of EA on the neurological behaviors of
(ANOVA) followed by LSD post-test or Bonferroni post-test. Mce with demyelination, we performed beam walking test and

Values ofP < 0.05 were regarded as the criteria of signi cance. POI€ test, which aim to examine motor coordinative function
in association with ataxia, which is one of the main clinical

features of MS patients. Previously, we compared the e ect of
EA treatment and sham-EA treatment (described in Section

TABLE 1 | Primers used for RT-PCR analysis. Materials and Methods), and our preliminary results indicate
: : . that sham-EA treatment exert little e ect on remyelination
Genes Species Primers (5 %-3% (Data sheet 1 Figure S2). Thus, to reduce unnecessary sacri ce

of mice under the consideration of animal welfare, we excluded
sham-EA group for the following experiments. EA treatment
started at the beginning of week 5 and lasted for 3 weeks
MAG Mouse EW:TCTCTACCCGGGATTGTCACT until mice were sacri ced at the end of week Figﬂure 2A)
RE:CGGATTTCTGCATACTCAGCCA Baihui (GV20) and Zhiyang (GV9) acupoints were used for EA
treatment Eigure 2B). Mice receiving EA treatment exhibited a
CNP Mouse FW:AGAGTGATCCTTGGAGCCAGA better performance in beam walking tetigure 20 and turn-
RE:CGGAGGGGAATGGTGGATTT  back time in pole testigure 2D). Two weeks EA administration
already e ectively decreased the traverse time in beam walkin
PLPL Mouse FW.CTGAGCGCAACGTTTGTCG  tast Figure 20); and the traverse time in beam test and turn-
RETACATTCTGGCATCAGCGCA  pack time in pole test completely reverted back to normal by the

MBP Mouse FW:AAGTACCTGGCCACAGCAAG
RE:AGCTTCTCTACGGCTCGGA
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FIGURE 1 | CPZ administration induces severe demyelinating re  lated changes. Mice were fed with chow containing 0.2% CPZ powder for 5 weeks(A)
Consecutive body weight change during 5 weeksr{ D 10 for both group). (B) Reverse time of beam walking test andC) turn-back time of pole test in CPZ fed mice
(n D 10 for both groups). (D) CPZ fed mice exhibited the most detectable defects in neurobhaviors at week 4. Pathological changes of demyelination eve assessed
by (E) HE staining and(G) LFB staining after 5 weeks of CPZ administration (scale b& 50 nm). (F) The expression of MBP were detected by Western Blot (left),nal
the quantitative data of MBP expression were displayed as tative fold change compared to normal group (rightn D 4/group). All data represents the means
S.E.M. (p < 0.05, **p < 0.01, ***p < 0.001 compared to normal group).

end of the treatment. However, the touch-down time in pold,tes development. The RNA-seq resultDdta sheet? revealed
which mainly indicating the muscular strength of forelimhgas remarkably reduced expression of most genes in CPZ group,
not a ected either by CPZ (Figure S1) or EA treatment (data notwhile EA treatment reversed the reduction and stimulated
shown). These results prompt us to conclude that EA modulatethe expression of most of those myelin-related genes, nptabl
neurobehavioral dysfunction associated with demyelimgtamd ~ CNP, PLP1/2, CLDN11, and CNTNAPSifure 3A). To further
that muscle strength of forelimbs was not a ected either byZCP con rm the results, we applied RT-PCR experiments to detect
or EA treatment. the mRNA expression of genes encoding proteins of myelin
components and the results were basically in accordance with
. . . RNA-seq results Higures 3B—E. Myelin basic protein (MBP)
EA Promotes Remyelination in Corpus is the main component of myelin sheath, and the anti-MBP
Callosum antibody is one of the most commonly used markers to examine
CC is the most evident and notable region of demyelination inthe amount of myelin and the integrity of an intact myelin
CPZ model. Thus, to evaluate the e ect of EA on remyelinationstructure; CNPase is also a myelin protein which is exclugivel
we applied RNA-seq to the transcriptome of CC tissue fromexpressed by lineage of oligodendrocytes in the CNS. Todurth
normal mice, CPZ fed mice and CRZ EA treated mice at the verify the e cacy of EA in remyelination, we examined the
end of week 7. We focused on the expression pro les of genexpression of MBP and CNPase in CC by using western blot. At
relating to myelin components, nodal/paranodal proteins, andveek 5, we did not observe obvious di erence in the expression
some transcription factors that play a role in oligodendracyt of MBP or CNPase between CPZ group and EA group; however,
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FIGURE 2 | Amelioration of neurological behaviors after 3 week s of EA treatment. (A) The scheme of experiment: CPZ administration was withdrawafter 5
weeks, followed by 2 weeks of remyelination until mice wereari ced. Mice received 3 weeks of EA treatment since the 1st dy at week 5, when they started
exhibiting severe defects in neurological behaviorgB) The location of Baihui (GV20) and Zhiyang (GV9) acupointsiEreatment signi cantly reduced the time spent in
(C) beam walking test and (D) turn-back time in pole test at week 7. Data represents the meas S.E.M. fi D 10-11/group, *p < 0.05, **p < 0.01).

EA treatment for 3 weeks caused signi cantly increased pmote after CPZ has already been withdrawn. However, 3 weeks of EA
expression of MBP and CNPase in CC region compared ttreatment signi cantly reduced the existence of myelin dsbr
CPZ group Figures 3F-H. Similar results were also obtained (Figures 4A,B. To further con rm this result, we performed red
from immuno uorescence experiments. Since demyelination iroil O staining to detect the presence of lipid-rich myelin disbr
corpus callosum is uneven (more severe in caudal part), weegraded myelin debris tend to display dark-red deposits and
detected demyelination in both caudal and rostral part ofje  clumps in red oil O staining\(Veinger et al., 20)1 We found
callosum Figure 3I) with MBP and O4. At week 7, CPZ fed mice that EA treatment for 3 weeks also reduced dark-red clumps as
showed decreased myelin integrity compared to normal mice asompared to CPZ group at weekFigure 4C). Thus, we con rm
detected by MBP and O4 staining, whereas EA can signi cantlthat EA treatment promotes clearance of degraded myelin debri
enhance the expression of MBP and O4 and rebuild dense myelimhich is bene cial for subsequent axonal remyelination.
sheathsigures 3J,K. Taken together, these results con rm the
e cacy of EA on remyelination.

More Phagocyte-Like Microglial Cells
EA Promotes the Clearance of Degraded Assemble into CC During EA Treatment
Myelin Debris Compelling evidence suggests that microglia, especially M2-
In CPZ demyelinating model, demyelination is followed bypolarized cells, confer neuroprotection in MS through enhagci
accumulation of degraded myelin debris and activation @lgl clearance and phagocytosis of degraded myelin debris, as well
cells Praet et al., 20941t is reported that the accumulation as recruiting OPCs to promote remyelinatiodufevics et al.,
of myelin debris is detrimental to CNS axonal remyelination2002; Mikita et al., 2011; Vaknin et al.,, 2011; Olah et al.,
by inhibiting the di erentiation of OPC Kotter et al., 2006  2012. In this regard, we reasoned that the decrease of degraded
Thus, the removal and clearance of degraded myelin debrisjyelin debris and the promotion of remyelination resulting
generated during the process of demyelination, is a cristgyp from EA treatment could be related to the regulatory e ect
for remyelination process @mpron et al., 200)5To test whether of EA on microglia. To prove this hypothesis, microglia in
the e ect of EA on remyelination is related to the clearance ofareas of CC were assessed by staining Ibal. The CPZ model
myelin debris, an antibody which speci cally binds degradeds a demyelinating model of non-autoimmune character with
myelin basic protein (dAMBP) was used. This dMBP antibody isntact brain-blood barrier hardly ever allowing large anmbu
an important tool to study myelin debris, which has previouslyof peripheral monocytes/macrophages to inltrate the CNS
been reported to bond a certain MBP epitope that is onlyMcMahon et al., 2002; Remington et al., 20Xdditionally,
accessible in areas of myelin degeneratigatcuo et al., 1997  previous studies rarely distinguished brain-resident migia
Consistent with previous studyC@ntoni et al., 2015 we were from macrophages of peripheral origin, with the two cell types
still able to nd a certain amounts of degraded myelin debrisbeing phenotypically nearly the same. For this reason, in this
in CC compared to normal mice at week 7, when 2 weekstudy we refer to microglia/macrophages as microglia.
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FIGURE 4 | EA treatment enhances the clearance of degraded myel in debris. (A) The immuno uorescence staining of degenerated myelin debsiwas
detected using dMBP antibody (red) using a confocal microsepe (scale barD 50 nm). (B) Bar graph shows the semi-quanti cation of integrated opticd density (IOD)
for dMBP expression.(C) Red oil O staining showing lipid-associated deposit of degded myelin debris. Data represents the means S.E.M. (1 D 3—-4/group, *p <
0.05 compared to normal and EA group).

At week 7, when EA treatment was in its 3rd week, morgrotective e ect in demyelinationKotter et al., 2006; Neumann
microglia assembled into CC in EA group than CPZ groupet al., 2008; Skripuletz et al., 201Fherefore, we conducted
(Figures 5A,B. Notably, we found the morphology of microglia immuno uorescence staining to detect expression of markers
assembled into CC of EA group was quite di erent from thatof M2 and M1 phenotype on microglia in CC. The expression
of CPZ group as well as the microglia outside the CC in EAf CD16/32 and iINOS (M1 markers) were elevated in both
group (Figures 5A,C,D. Microglia in CPZ group and in areas CPZ group and EA group due to exposure to cuprizone, but
outside the CC of EA group were mostly rami ed microgliallsgl there is no di erence of their expression between CPZ and EA
while microglia assembled into CC of EA group looked moregroup (Figures 6B,C,EE On the contrary, we found signi cantly
like phagocytic microglia for these cells generally displaging elevated expression of CD206 and Argl (M2 markers) after EA
ameboid, plump shape, indicating an active phagocytic processeatment compared to CPZ groug-igures 6B,D,B. Since we
taking place in CC after EA treatment, which supposedly i®bserved elevated expression of Ibal in corpus callosum at week
the cause for enhanced clearance of myelin debris. To furth& (Figures 5A,B, the increasd expression of M2 markers could
prove it, we checked the gene expression relating to phagasytoslso result from the increased number of microglia assemgbh
according to the gene annotation oPostitive Regulation CC. So we then compared the CD206/CD16/32 ratio in di erent
of PhagocytosiéGO: 0050766) from AmiGo2 (http://amigo. groups and we found a higher CD206/CD16/32 ratio after EA
geneontology.org/amigo/term/G0O:0050766). A large numdie treatment. These results indicate that more microglia inpcs
phagocytosis-related genes were up-regulated after EAriezdit callosum change their phenotype to M2 phenotype after EA
(Figure 5B). Taken together, these results prove that EA facilitateseatment Figure 6F).
microglia assembling into corpus callosum exerting phagocyt

function.

vneton DISCUSSION

EA Fac_ilitates the Change of Assembled The goal of the current study was to determine the e cacy
Mlcroglla toward M2 Phenotype of electroacupuncture on remyelination and to explore the

It has been reported that microglia tend to change theirunderlying mechanisms. In the present study, we demonstrated
phenotype toward M2 phenotype during the process othe following: (1) EA promotes remyelination in CPZ-induced
myelin debris clearance, and microglia with M2 property exerdemyelinating model and ameliorates the subdued motor
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FIGURE 5 | More microglial cells displaying ameboid and phagoc ytic shape assemble into corpus callosum during EA treatment. (A) Microglia assembing
into corpus callosum at week 7 was detected by Ibal (green); ntlei was labeled by Dapi (blue)(B) Bar graph shows the semi-quanti cation of 10D of Ibal positive
cells inside the area of corpus callosum (Data represents ¢hmeans S.E.M.;n D 3/group, *p < 0.05 compared to cuprizone group).(C,D) Higher magni cation of
indicated microglia in(A): (C) representative microglia outside the corpus callosum withami ed shape displaying more branches;(D) representative microglia
displaying ameboid and phagocytic shape inside the area ofapus callosum after EA treatmen(E) A heatmap shows the gene expression of phagocytosis-relaig
genes (according to the gene annotation of “positive regution of phagocytosis” from AmiGo2; GO: 0050766). BaD 50 nm for (A); Bar D 20 nm for (C,D).

coordination impairments resulting from extensive CNSmyelin sheath as well as enhancement of axonal remyelimatio
demyelination; (2) EA signi cantly eliminates the accuratdd can improve neuronal function and halt the progression of
degraded myelin debris in CC; (3) the clearance and remdval @lisability (Chari and Blakemore, 2002; Nave, 210
degraded myelin debris caused by EA is associated with more The slow progress in nding a practical cure for MS has
microglia assembling into the area of CC; (4) microglialcel  prompted us to expand our horizon and excavate potential
CC are mostly ameboid-shaped phagocytic cells with relgtivetreatment from traditional medicine. Acupuncture is an agai
higher M2 property during EA treatment. These results not onlytreating method originating from TCM and is still being wigel
prove the e cacy of EA on remyelination, but also elucidate aused worldwide to treat CNS diseas&hfo, 200R Although
possible mechanism through which EA regulates the polagmati MS is currently not on the list of diseases recommended for
and function of microglia to enhance the clearance of myeliracupuncture treatment as assessed by National Institute of
debris. Health and World Health Organization, it is still accepted as
Seeking feasible methods toward MS treatment is stith complementary therapy with certain curative e ect. However,
a long-cherished wish for neurological physicians andhe role of EA in MS and its experimental models remains to be
neuroscientists globally. Despite much attention havingelucidated. Here in our study, we selected two acupoints,Baih
been drawn to immunotherapies in the past, promoting(GV20) and Zhiyang (GV9), to implement EA treatment. The
remyelination in MS patients seems more and more cruciateason why we chose the two acupoints are chiey as follows:
because immunomodulatory therapies mainly play a part irl. Baihui (GV20) and Zhiyang (GV9) belong to the Governing
reducing immune activity and blocking the inltration of Vessel (Du meridian), which regulate brain activities anental
peripheral immune cells into CNS, but little is done to enhancelisorders according to TCMSun et al., 2015; Wu et al., 20,15
the process of remyelinatiorH@rtley et al., 2014; Olsen and 2. Anatomically, the connection between this two acupoints
Akirav, 2019. However, since demyelination is the most criticalruns through cervical cord and brain, covering the demyatiau
pathological change of MS patients, which may directly in uenc lesion areas of CPZ fed mice.
the locomotor functions and quality of life, remyelination = The CPZ model we established in our lab exhibited analogous
in lesion areas is indispensable for MS patients. Studies itharacteristics as previously reported models, which included
experimental model of MS have elucidated that preservation afbvious weight loss during the rst 2 weeks, poor performance i
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FIGURE 6 | EA induces higher CD206/CD16/32 ratio in assembled  microglia. (A) Immuno uorescence staining of CD206 (red), Ibal (green), anddpi (blue).
(B) Immuno uorescence staining of CD16/32 (red), Ibal (green), anBapi (blue).(C,D) Immuno uorescence staining of INOS (green), Argl (red), anddpi (blue).(E)
Statistical graph showing relative 10D expression of CD20&\rg1l, CD16/32, and iNOS in different groups(F) Statistical graph showing relative CD206/CD16/32 ratio
in different groups. BarD 50 mm; data represents the means S.E.M. (1 D 4/group, *p < 0.05 compared to cuprizone group).

beam walking test, and severe demyelination after 5 wedkBaAf feeding, stressors, learning abilities, efogdanova et al.,
treatment Gkripuletz et al., 2010; Praet et al., 2014 better test 2013. So we further examined the e ects of EA by molecular
the neurological behaviors, pole test was innovatively ohiiced  biological techniques and immuno-techniques. The resuks w
to CPZ model and we found that mice with demyelination obtained indicate that EA treatment enhances the expression
exhibited defects in turn-back performance, but not in touch myelin-related components, which further support the resulés
down (descending) performance. It is possible that the belmavimbtained from behavioral tests. Together with previous aese
of turning in pole test is a coordinative and collaborativetina  (Ding et al., 2013; Huang et al., 2015; Liu et al., 20We are
with the help of hind limbs while the behavior of descendinginclined to conclude that EA is an e ective healing method to
is mainly a motion that requires muscle strength of fore Isnb facilitate remyelination in diseases with demyelinationwéwer,
From our observation, CPZ mice did not exhibit obvious dédec we found a disparity in our RT-PCT results: the mRNA
in muscle strength compared to the case of EAE mig&ailg expression of MBP (also PLP1) at week 7 is not down-regulated
et al., 201p, and other studies also reported only mild paralysisvhereas the expression of MBP detected by Western Blot
mainly in the hind limbs of CPZ treated mice rather than fore and immuno-staining is reduced. Since cuprizone model is a
limbs (Franco-Pons et al., 20ROur results in pole test further chronic demyelinating model with spontaneous remyelination
con rmed this and provided new information on the behavior of we speculate that the mRNA expression of MBP/PLP1 might
CPZ mice. revert to normal level at week 7. However, the existence of
Mice fed with CPZ showed a peak of sickness at andhyelin debris may postone the process of post-transcriptional
around week 4, so we treated them from this time point toprocessing and post-transcriptional translation of proteinda
the day they were sacriced. We found that successive EBonsequently result in delayed protein synthesis of MBP/PLP1.
treatments gradually improved the neurological behaviord a Due to technical diculties, we did not perform electron
promoted recovery of model mice. Nevertheless, we observewicroscopy to observe, ultrastructurally, the e ect of EA on
some inevitable uctuations in the results of behaviorasttee remyelination, but this will be addressed in our ongoing sesd
even in normal mice during the whole scheme of 7 weeks, Myelin debris is a pathological substance accumulated during
because there were too many factors that could a ect behaviorCPZ treatment and the process of demyelination in MS patients.
results, such as individual di erences, weight change due t®revious studies have demonstrated that the existence of
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degraded myelin debris is harmful to remyelination and tttee  EA on the recruitment and di erentiation of OPC. However,
speed of CNS remyelination is strongly correlated with thie ra we did not probe into the e ect of EA on OPC in our
of the phagocytosis and clearance of myelin debfistier et al., current study. O4 is a marker in cells of oligodendrocyte
2006; Lampron et al., 20).5The emergence of antibodies which lineage that appears early on the stage of OPC di erentiation
can detect degenerated myelin debris (dMBP) is a milestone i@nd exists also in mature oligodendrocytechumacher et al.,
the study of demyelinating diseaségasuo et al., 1997, 1998 201). Though we found elevated expression of O4 after
By using antibodies binding degraded myelin debris, we am@ n EA treatment at week 7, it cannot be explained as a result
able to detect degraded myelin debris and understand treeabl of increased OPC di erentiation. Following studies focusing
myelin debris in demyelinating diseas&%(et al., 2007; Williams on the e ect on OPC dierentiation during EA treatment
et al., 201}t Though the role of microglia in MS as well as itsmay quantify the number of Olig2/APCC cells to evaluate
animal models is an object of dispute, accumulating evidencdi erentiation.
suggests that microglia play a crucial role in the removal and Another shortcoming of our current study is that we did
clearance of degraded myelin debris in CN®fter et al., 2006; not focus on the reaction of astrocyte as well as the crosstalk
Neumann et al., 2008; Rawji and Yong, 2013; Skripuletz et abhetween astrocyte and microglia. It is reported that in cugnie
2013. Loss-of-function studies have proved that dysfunctionmodel, astrocytes regulate the recruitment of microglia émel
of microglia in demyelinating models will slower the rate ofprocess of myelin debris clearancek(ipuletz et al., 20)3We
clearance of myelin debris and postpone remyelination processe not quite sure about the role of astrocytes in cuprizoneleho
(Kotter et al., 2005; Weinger et al., 2011; Cantoni et al.5201during EA treatment and our further studies should also pay
Kawabori et al., 2015; Lampron et al., 2D1However, it is attention toit.
still not fully understood, whether higher amount of micigg In a recent study, the research showed that EA can facilitate
is bene cial to remyelination. Our results seem to provideremyelination via promoting the proliferation of oligodenatryte
the rst proof for remyelinating e ect of larger population of and inhibiting its death in SCI modeHuang et al., 2005 and
microglia. Using dMBP antibody, we tentatively made an attemphere we report a new mechanism underlying the remyelinating
to detect myelin debris after EA treatment, and much to oure ect of EA, which is by recruiting microglia into areas with
surprise, EA exhibited unexpected ability to remove myelirdemyelinating lesions to clear degraded myelin debris. Hewev
debris. Furthermore, we identi ed that the myelin cleariagct  further studies have to be conducted to understand the nleura
of EA was mediated by elevated microglia assembling intpur pathway and the precise molecular and cellular mechanisms of
callosum. RNA-seq result shows that most of the genes rgladin  how EA regulate microglia recruitment, migration as well as
positive regulation of phagocytosis are up-regulated duridg E polarization.
treatment. It is worth mentioning that all the Fc receptorstins
gene annotation are up-regulated after EA treatment. Itd-we AUTHOR CONTRIBUTIONS
known that Fc receptors confer protective function in immune
system since they are actively involved in a wide variety oW, GW, and KZ conceived and designed this research. KZ, JS,
process, mainly phagocytosis. Notably, Fc-gamma recepters a#K, JW, and ZZ conducted the experiments. KZ and JW analyzed
also expressed on cells of oligodendrocyte lineage, andaiteey the results and data; GW and JS discussed the data; ZK assisted
reported to control the di erentiation cascade of oligodendyte  in plotting gures. KZ, JS, ZK, GW, and JW wrote the rst draft
that subsequently form myelin sheath, indicating a possible r of this paper; KZ and JS revised the paper; JW, GW, ZK, KZ, JS,
of Fc receptors in remyelinatiom@kahara et al., 2003; Nakaharaand ZZ approved the nal version.
and Aiso, 200§ In addition to this, it is intriguing that we
also found elevated expression of genes of complement systdaJNDING
(notably C3, C4). The complement components are highly
involved in the process of phagocytosisyfer and Boulanger, This work was sponsored by National Science Foundation of
2019 and C3/C3R pathway not only participates in the proces§€hina (81202746), the National Key Basic Research Program of
of microglial phagocytosis but also plays an important rolehiat China (2013CB531906), the Development Project of Shanghai
priming of microglia Fu et al., 2012;: Ramaglia et al., 2012; Hond?eak Disciplines-Integrated Chinese and Western Medicime, a
et al., 201p These results, together with plump, ameboid, andZhengyi Program (S15-13) of College of Basic Medicine of fuda
phagocyte-like shape of microglia observed after EA treatmenJniversity.
indicate an active process of phagocytosis during EA treatmen

We refer to microglia/macrophages as microglia in our studyACKNOWLEDGMENTS
as we have mentioned above. Microglia of anti-in ammatory
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recruitment of OPCs. Here in our study we demonstrate the
microglia assembled into CC during EA treatment are moreSUPPLEMENTARY MATERIAL
likely to possess M2 property as compared to CPZ group.
Since M2 microglial cells drive oligodendrocyte di erenitat The Supplementary Material for this article can be found
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to some extent, is also indicative of a potential e ect 0f2016.00613/full#supplementary-material
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Video 1 | Beam walking test (normal). Video 4 | Pole test (CPZ).

Video 2 | Beam walking test (CPZ). Data sheet 1 | Supplementary gures.

Video 3 | Pole test (normal). Data sheet 2 | RNA-seq results.
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