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Despite the poor prognosis of spinal cord injury (SCI), effective
treatments are lacking. Diverse factors regulate SCI prognosis.
In this regard, microglia play crucial roles depending on their
phenotype. The M1 phenotype exacerbates neuroinflamma-
tion, whereas the M2 phenotype promotes tissue repair and
provides anti-inflammatory effects. Therefore, we compared
the effects of M2 and M1 microglia transplantation on SCI.
First, we established a method for effective induction of M1
or M2 microglia by exposure to granulocyte-macrophage
colony-stimulating factor (GM-CSF) or interleukin (IL)-4,
respectively, to be used for transplantation in a SCI mouse
model. In the M2 microglia transplantation group, significant
recovery of motor function was observed compared with the
control and M1 groups. Elevated transcription of several neu-
roprotective molecules including mannose receptor C type 1
(Mrc1), arginase 1 (Arg1), and insulin-like growth factor 1
(Igf1) was observed. Moreover, intramuscular injection of
FluoroRuby dye revealed recovery of retrograde axonal trans-
port from the neuromuscular junction to upstream of the
injured spinal cord only in the M2-transplanted group,
although the number of migrated microglia were comparable
in bothM1 andM2 groups. In conclusion, our results indicated
thatM2microglia obtained by IL-4 stimulationmay be a prom-
ising candidate for cell transplantation therapy for SCI.

INTRODUCTION
Spinal cord injury (SCI) is a common traumatic cerebrospinal
disease.1–4 SCI patients suffer from semi-permanent disability and
multiple dysfunctions in motor, sensory, and autonomic nervous
systems.3,5 Despite severe impairment of patients’ quality of life, treat-
ment options are limited and prognosis is poor.3,6 Therefore, develop-
ment of a multifaceted and multidisciplinary SCI treatment7–15 is a
critical unmet need.

The clinical time course of SCI consists of three phases as follows:
acute, subacute, and chronic.16,17 In the subacute phase of SCI, the
migration of microglia to the injured site induces an inflammatory
response through the release of cytokines such as interferons and in-
terleukins (ILs), leading to activation of their receptors.18,19 This
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inflammation is referred to as secondary injury, and it influences
the outcome of SCI.18,19 Therefore, microglia are key players in SCI
prognosis and pathogenesis.

Recently, microglia were shown to play a key role in homeostasis
of the CNS and pathogenesis of various CNS diseases.20,21 Micro-
glia have two major phenotypes, known as M1 and M2.22 M1-type
microglia are associated with tissue injury and inflammation, and
they recruit inflammatory cells by expressing cytokines such as
tumor necrosis factor (TNF)-a and IL-1b.23–25 Conversely,
M2-type microglia regulate tissue repair, anti-inflammatory ef-
fects, differentiation of neuronal cells, and proliferation of satellite
cells through the expression of IL-4, IL-10, and growth factors
such as insulin-like growth factor 1 (IGF1) and transforming
growth factor (TGF)-b.23,24,26 In SCI, inflammation induced by
M1-type microglia leads to further damage following primary
mechanical injury, whereas the anti-inflammatory cytokines or
chemokines secreted by M2-type microglia suppress excessive
inflammatory responses and promote regeneration of the
injured spinal cord.27 Therefore, we investigated the therapeutic
potential of M2 microglia as a novel candidate for cell transplan-
tation therapy to treat SCI.

Granulocyte-macrophage colony-stimulating factor (GM-CSF) is
required to differentiate hematopoietic stem cells and monocyte/
macrophage progenitors, which induces the polarization of M1 mi-
croglia.28–30 In contrast, IL-4 produces the opposite effect, including
tissue repair and polarization of M2 microglia.31 We thus separately
used GM-CSF or IL-4 to induce M1 or M2 microglia, respectively,
in this study. Our results indicate that the transplantation ofM2-devi-
ated microglia into the mouse spinal cord was effective in promoting
recovery of motor function after SCI.
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Figure 1. Preparation of Cultured Microglia

The left panel shows the pups at day 1 after birth. After

isolatingmixed glial cells from their brain cortex, those cells

were cultured for 2 weeks. Microglia were collected by

mechanical tapping and spread to other culture dishes,

followed another 3-day culture with IL-4 or GM-CSF.
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RESULTS
Proliferation and Migration of Microglia Cultured with IL-4 or

GM-CSF

For in vitro experiments, primary microglia were prepared by mechan-
ical tapping after 2-week culture of mixed glial cells from pups 1 day
after birth (Figure 1). To examine the proliferative effects of IL-4 and
GM-CSF, we cultured microglia with each cytokine at two different
concentrations (20 or 40 ng/mL). The number of microglia tended to
decrease in 3-day cytokine-free control medium culture. The number
of microglia was significantly increased in the presence of IL-4
(20 [IL4-20] or 40 [IL4-40] ng/mL) and GM-CSF (20 [GM-20] or
40 [GM-40] ng/mL), and was most notable in the GM-40 group (Fig-
ure 2A). In the GM-CSF group, but not the IL-4 group, microglial
proliferation rate was dose dependent (Figure 2A). The migratory abil-
ity of these cells was evaluated using a migration assay, which was per-
formedby scratching the bottomof the culture dish containing cells and
quantifying the number of cells that migrated to these areas 24 h later.
There was a significant increase in migratory capacity in the following
order: GM-CSF, IL-4, andno cytokine control (CTR) groups.However,
there were no significant differences between the different concentra-
tions within each group (Figure 2B). With regard to phagocytotic abil-
ity, the IL4-40 group had significantly lower ability compared with that
of the CTR and GM-40 groups. The GM-40 group showed the highest
phagocytic ability among the three groups (Figure 2C).

Immunocytochemistry of Microglia with IL-4 or GM-CSF In Vitro

Isolated microglia were incubated with IL-4 or GM-CSF for 3 days.
Immunocytochemistry was performed for CD86 as an M1 marker
and CD206 as an M2 marker to evaluate polarization effects of
each cytokine. CD86 staining was observed in approximately 40%
of the microglia in the GM-40 group, and was significantly different
compared with that for the CTR group (cytokine-free medium) (Fig-
ure 3A). However, no significant difference was observed in GM-20
(GM-CSF 20 ng/mL) and two IL-4 groups when compared with the
CTR group (Figure 3A). CD206 expression was significantly elevated
in IL4-20 and -40 (IL-4 20 and 40 ng/mL) groups compared with the
CTR group, and most microglia showed CD206 in these groups. In
contrast, no significant elevation was observed in the two GM-CSF
groups (Figure 3B).

mRNA Expression of Microglia Cultured with IL-4 or GM-CSF

After incubation of isolated microglia for 3 days with IL-4 or GM-
CSF, mRNA expression of Cd86, mannose receptor C type 1 (Mrc1)
coding CD206, and nitric oxide synthase (Nos)2, which are known
to be elevated in M1 microglia, and arginase 1 (Arg1), which is typi-
cally upregulated in M2 microglia, were analyzed by qRT-PCR. Cd86
expression was significantly increased in the GM-40 group compared
with the CTR group (no cytokine), similar to the results of immuno-
staining (Figure 4). Mrc1 expression was significantly increased in
both IL4-20 and IL4-40 groups, but this effect was not dose depen-
dent. A significant elevation in Nos2 expression was observed in the
GM-40 group. Arg1 expression was significantly increased in both
IL4-20 and IL4-40 groups and to similar levels (Figure 4). As shown
in in vitro studies above, we identified selective polarization to M1 or
M2 microglia, which was used in subsequent cell transplantation ex-
periments for SCI.

Cell Transplantation Therapy with Microglia for SCI:

Improvement of Motor Function with Cell Transplantation

The SCI mice model was prepared by nuclear excision of right spinal
cord tissue with a 1-mm-diameter skin biopsy puncher (Figure 5A).
M1 microglia incubated with GM-CSF (40 ng/mL) and M2 microglia
incubated with IL-4 (40 ng/mL) were separately mixed with Matrigel
and administered to the injured spinal cord site in the SCI mice
model. Recovery of motor function was evaluated using the Basso
mouse scale (BMS) and hindlimb reflex scoring (Figures 5B and
5C). BMS results indicated that all groups showed recovery of motor
function until day 28 after injury. Among groups, recovery was signif-
icantly better in the M2 group than in the M1 and control Matrigel
only (CTR) groups (Figure 5B). As for hindlimb reflex scoring, a sig-
nificant improvement was observed in the M2 group when compared
with the CTR group in the fourth week (Figure 5C). The effect of in-
jection time of M2 microglia was evaluated by the transplantation on
day 0, 3, or 7 after SCI. It was shown that the recovery of motor func-
tion in the day 0 group was superior to day 3 and day 7 groups (Fig-
ure 5D and 5E). Overall, movement in the M2 group was better than
the CTR and M1 groups (Videos S1, S2, and S3), with rapid move-
ment and absence of claudication in the M2 group (Video S3).

The advantage of M2 microglia transplantation compared with sys-
temic administration of IL-4 was also investigated. BMS and hindlimb
reflex scoring were significantly recovered in the M2 group compared
with IL-4 systemic injection (Figures 5F and 5G).

Tissue Repair of Spinal Cord with Cell Transplantation

Spinal cord sections of mice 4 weeks after SCI and cell administration
were evaluated immunobiologically. Staining with b3-tubulin, a
neuronal marker, showed fibrous components of neurons at the
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Figure 2. Proliferation,Migration, and Phagocytosis of

Microglia Cultured with IL-4 or GM-CSF

(A) Phase-contrast micrographs of microglia cultured with

IL-4 (20 [IL4-20] or 40 [IL4-40] ng/mL) or GM-CSF (20 [GM-

20] or 40 [GM-40] ng/mL). Graphs show cell number of

microglia (�102 cells/cm2) on days 1 and 3. Error bars

showed means + SD (n = 3 in each group). *p < 0.05 as

compared with day 3 control group; yp < 0.01 as compared

with day 3 other groups. (B) Micrographs and migration

assay of microglia. After 3-day culture with none (CTR), IL-4

(20 [IL4-20] or 40 [IL4-40] ng/mL), or GM-CSF (20 [GM-20]

or 40 [GM-40] ng/mL), migration assay was performed.

Photographs were taken 12 h after scratching. Broken lines

show scratched area in each group. Graphs show number

of migrated cells to scraped area. Error bars showed

means + SD (n = 3 in each group). *p < 0.05. (C) Phago-

cytosis assay of microglia in IL4-40 and GM-40 groups on

day 3. FITC intensity of microglia were calculated for each

group. Bars showed mean + SD (n = 3 in each group). *p <

0.05. Scale bars, 100 mm. CTR, no cytokine control group.
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SCI and injection sites, but no obvious neuronal cell bodies were
observed (Figure 6A). The fluorescence intensity of the same site
was also quantified in each group, but no significant difference was
observed among three groups (Figure 6B).

Immunohistochemical staining with the astrocyte markers, glial
fibrillary acidic protein (GFAP) and glutamate transporter-1
(GLT-1), were also performed in the injured spinal cord from CTR,
M1, and M2 groups (Figure 6A; Figure S1). Although there was
some GFAP-positive staining around theMatrigel injection site, there
was no staining in most of the injured lesions in all three groups
256 Molecular Therapy Vol. 28 No 1 January 2020
(Figure 6A). Quantitative analysis of GFAP and
GLT-1 staining at the injury site did not show
any significant differences among groups (Fig-
ure 6B; Figure S1).

Numerous Iba-1-positive cells (a microglial
marker) were observed in the Matrigel injection
site (Figure 6A). In contrast with b3-tubulin and
GFAP, the cell numbers were significantly
increased in the M1 and M2 microglia-adminis-
tered groups compared with the CTR group
(Figure 6B). In addition, CD86 and CD206 im-
munostaining in the transplanted site of the
spinal cord revealed that the intensity of CD86
staining was significantly lower in the M2 group
than in others, whereas CD206 was significantly
higher in the M2 group (Figure 6C).

Next, we transplanted microglia prepared from
GFP mice into the SCI model and investigated re-
sidual GFP-positive cells on 7, 14, and 28 days, to
analyze the fate of transplanted microglia in the
injured spinal cord (Figure S2). Although GFP-positive cells were
observed on days 7 and 14 in the injured spinal cord, these cells
were hardly detectable on day 28 (Figure S2).

Analysis of mRNA Expression in the Spinal Cord with Cell

Transplantation

RNA was extracted from the mouse spinal cord 4 weeks after SCI and
cell transplantation, and gene expression analysis was performed for
CD antigens, nitric oxide-related enzymes, and growth factors in
CTR, M1, and M2 groups. mRNA expression of the M1 markers,
Cd86 and Nos2, was not significantly different among groups.



Figure 3. Immunocytochemistry of Microglia after

Incubation with IL-4 or GM-CSF

(A) Immunocytochemistry with CD86 antibody (as a M1

marker) in the CTR, IL-4 (20 [IL4-20] or 40 [IL4-40] ng/mL),

or GM-CSF (20 [GM-20] or 40 [GM-40] ng/mL) group on

day 3. Left panels show DAPI (nuclei: blue) and CD86

staining (green) in microglia from CTR, IL4-40, and GM-40

groups. Right bar graph shows the ratio of CD86-positive

microglia. Error bars showed means + SD (n = 3 in each

group). (B) Immunocytochemistry with CD206 antibody (as

a M2marker) in the CTR, IL4-20, IL4-40, GM-20, or GM-40

group on day 3. Left panels show DAPI (nuclei: blue) and

CD206 staining (green) in microglia from CTR, IL4-40, and

GM-40 groups. Right bar graph shows the ratio of CD206-

positive microglia. Scale bars, 100 mm. Error bars showed

means + SD (n = 3 in each group). *p < 0.05 as compared

with the CTR group. CTR, no cytokine control group.
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Expression of M2 markers,Mrc1 and Arg1, was significantly increased
in the M2 group compared with CTR and M1 groups. In addition, Igf1
expression was also examined as a representative growth factor, and it
was significantly increased in the M2 group compared with the CTR
and M1 groups. However, there was no significant difference in the
expression of brain-derived neurotrophic factor (Bdnf) among groups
(Figure 7).

Recovery of Axonal Transportation with Cell Transplantation

Axonal transportation was examined using retrograde tracer
(FluoroRuby) in SCI mice, 4 weeks after treatments. FluoroRuby
was injected into hamstrings on the injured side of the spinal cord.
Five days later, sections were cut at the spinal (L1), proximal
(Th13), and distal (L2) levels of the injured site (Figure 8A).
In axial sections of the spinal cord, at the distal level (L2) of SCI,
FluoroRuby-positive neurons were observed at the anterior horn of
the spinal cord in CTR, M1, and M2 groups (Figure 8B, left upper
Mol
panel in each group). The number of positive cells
was not significantly different among the groups
(Figure 8C, upper). At the injured level of the
spinal cord, FluoroRuby-positive staining was
widely observed in all three groups (Figure 8B,
left lower panel in each group). In contrast,
some FluoroRuby-positive neurons were clearly
observed at the anterior horn of the injured side
in the proximal spinal cord only in the M2 group,
but not in the CTR and M1 groups (Figure 8B,
right panels in each group). The number of posi-
tive cells at the proximal levels of the spinal cord
was highest in the M2 group (Figure 8C).

DISCUSSION
Both M1 and M2 microglia are implicated in
the pathogenesis of various neurological dis-
eases.32–34 The population and the proportion
of M1 and M2 microglia are reported to change
dynamically depending on disease states.35 For example, in amyotro-
phic lateral sclerosis (ALS) and Alzheimer’s disease, the initial M2
environment in the spinal cord or brain gradually alters intoM1milieu
as the disease progresses.23,36–38 In SCI, the infiltration of M2 cells to
the injury site occurs temporarily in the acute or subacute phase;
conversely, the M1-dominant environment is sustained for a long
time.27,39 Several reports showed that the reduction of M1 and/or in-
crease of M2 microglia in recipient mice with SCI by drug administra-
tion and IL-4 systemic injection augments the effects of treatment,
suggesting that the balance ofM1/M2microglia is crucial.40–42M2mi-
croglia is further divided into three subclasses, M2a, M2b, and M2c.
M2a microglia is a most classical phenotype of M2, and it is induced
by IL-4 stimulation.43 Moreover, the M1/M2 paradigm is recently
going to shift from an M1/M2 binary system to a spectrum of activ-
ity.24 It should be noted that over 90% of IL-4-induced M2 microglia
expressed CD206, and approximately 20% of the M2 microglia ex-
pressed CD86 by in vitro immunostaining in this study. This result
ecular Therapy Vol. 28 No 1 January 2020 257
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Figure 4. mRNA Analysis in Microglia after

Incubation with IL-4 or GM-CSF

Analysis of mRNA gene expression in cultured microglia in

CTR (no cytokine buffer control), IL-4 (20 [IL4-20] or 40

[IL4-40] ng/mL), or GM-CSF (20 [GM-20] or 40 [GM-40]

ng/mL) on day 3. Bar graphs show the relative mRNA

expression of Cd86, Mrc1, Nos2, and Arg1 in microglia

against the CTR group. These mRNA expressions were

normalized to that of b-actin. Error bars showed mean +

SEM (n = 3 in each group). *p < 0.05 as compared with the

CTR group.
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suggests that a certain population of the M2 microglia expressed the
M1 marker. Co-expression of M1 andM2markers seems to be incon-
sistent. However, the presence of double-positive microglia for CD86
and CD206 has been reported in a previous article, which is inter-
preted as a transition state from M1 to M2.44 Although the M1/M2
paradigm might not precisely profile the phenotypes as inflammatory
or neuroprotective microglia, we regarded IL-4-induced microglia ex-
pressing Mrc1 and Arg1 genes as “M2 microglia,” which is widely
accepted. In either case, our results demonstrate that M2 type micro-
glia themselves may underlie favorable outcomes in SCI.

With regard to cell transplantation for SCI, previous attempts using
various types of stemcells including inducedpluripotent stemcells, neu-
ral stem cells, embryonic stem cells, and mesenchymal stem cells have
induced characteristic effects.8–15 Our therapeutic approach using mi-
croglia mitigates concerns of carcinogenesis and transdifferentiation
to unexpected phenotypes in stem cells.45,46 Although several reports
describe the effects of transplantation of primarymicroglia,39,47–49 these
studies used lipopolysaccharide (LPS)-activated or non-selectivemicro-
glia, but not M2 microglia. It should be noted that M1 and M2 pheno-
types play diverse functions and cannot simply be classified as beneficial
or detrimental. Indeed, M1-type microglia have been involved in clear-
ance of damaged and degenerating tissues.25,37,50 However, M1 micro-
glia are known to have both a detrimental side that causes neurological
damage and beneficial aspects such as removing foreign bodies and
helping to regenerate myelin.51,52 In this study, we performed selective
M2 microglial transplantation distinct from previous reports; this
brought about better effects than those for M1 microglial transplanta-
tion. However, M2 was inferior to M1 microglia in migration and
phagocytosis in our results as previously described.53–55 Therefore, it
is thought that M1microglia probably contribute to clearance of debris
by phagocytosis after SCI, and the therapeutic effectsmay be enacted by
bothM2 andM1microglia. This insight is suggested by the results that
the mRNA expression level of Cd86 was not significantly different be-
258 Molecular Therapy Vol. 28 No 1 January 2020
tween M1 and M2 groups. Namely, the addition
of M2 microglia while maintaining the beneficial
side of M1 microglia seems to be important for
therapeutic effects in SCI.

To our knowledge, selective M2 microglial trans-
plantation has never been reported in the context
of treatment for SCI, although the effect of intravenous systemic admin-
istration of bone marrow-derived M2 macrophages for SCI has been
reported.56 Compared with our study, systemic intravenous adminis-
tration is less invasive than direct transplantation; however, the effect
wasmore efficient in our study because we used only 105M2microglial
cells for transplantation compared with 107 M2 macrophages used in
systemic intravenous administration.56 For other neurological diseases,
M2 microglia transplantation has been performed in Alzheimer’s dis-
ease and stroke models.57,58 M2 microglial transplantation improved
cognitive impairment in a rat model of Alzheimer’s disease57 and pro-
moted axonal outgrowth and angiogenesis in a rat model of stroke.58

This literature described that endogenous microglial polarization to
M2 phenotype resulted in improvement of neuronal function.57 It is
explained that the secretion of remodeling factors from transplanted
microglia is involved in the recovery of neuronal function, because
transplanted microglia were not observed at 21 days after transplanta-
tion in the ischemic lesion of the mouse stroke model.58 These insights
agree with our results. The number of transplanted microglia labeled
with GFP in the spinal cord considerably decreased 4 weeks after SCI;
however, the treatment effects at 4 weeks were confirmed, and Mrc1
andArg1 expressionswere higher in theM2 transplanted group. There-
fore, selective M2 microglial transplantation has potential as a new
therapeutic strategy for neurological diseases, presumably because of
the secretion of neuroprotective molecules.

To evaluate whether M2 microglia promoted recovery of motor func-
tion in SCI, we analyzed axonal transportation. Positive retrograde
axonal transport tracer59 staining from the hamstrings was observed
at proximal levels of the injured site (Th13 level) only in the M2
group. In general, the level of the spinal cord innervating the ham-
strings is mainly L2-L4,60 so the tracer was thought to originate
from L2-L4 levels through ascending intraspinal axonal transporta-
tion. This result showed that improvement of axonal transportation
occurred in the M2 group. In previous reports, IGF1 was reported



Figure 5. Schematic Procedures and Motor Function

at M2 Microglia Transplantation Therapy in the SCI

Mouse Model

(A) Schematic procedures of mouse SCI and M1 or M2

microglia transplantation therapy. After exposing the spinal

cord (upper middle image), 1-mm circle and 1-mm-depth

injury wasmade at the right side of themouse spinal cord by

a 1-mm-diameter skin biopsy puncher (right panel). A total

of 1.0 � 105 M1 or M2 microglia cells (incubated with GM-

CSF or IL-4) were transplanted with Matrigel at 3 mL volume

into the injured spinal cord (right panel). (B) Time course of

the Basso mouse scale in SCI mice after transplantation of

Matrigel only (CTR) or M1 or M2microglia with Matrigel from

pre-injury (Pre) to day 28 after injury. Bars showed means ±

SEM (n = 9–15 in each group). (C) Time course of the hin-

dlimb reflex scoring in SCI mice after transplantation of

Matrigel only (CTR) or M1 or M2microglia with Matrigel from

pre-injury (Pre) to day 28 after injury. Bars showed means ±

SEM (n = 5 in each group). (D and E) Time course of the

Basso mouse scale (D) and time course of the hindlimb

reflex scoring (E) in SCI mice after transplantation of M2

microglia on day 0, 3, or 7 after injury. Bars showedmeans ±

SEM (n = 5–7 in each group). (F and G) Time course of the

Basso mouse scale (F) and time course of the hindlimb re-

flex scoring (G) in SCI mice after transplantation of M2 mi-

croglia or in that with systemic injection therapy of IL-4 from

pre-injury (Pre) to day 28 after injury. Bars showed means ±

SEM (n = 5–7 in each group). *p < 0.05 compared with other

groups by two-way ANOVA and Scheffe’s test. CTR, no cell

administered (Matrigel only) group.
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to promote axonal regeneration and sprouting in the CNS61–63 and to
improve regeneration of the corticospinal tract in SCI mice.64 M2 mi-
croglia were reported to enhance IGF1 release to assist the resolution
of inflammation and promote neuronal survival.61 In the present
study, upregulation of the M2 microglial markers (Arg1, Mrc1) was
confirmed, and Igf1 expression was also elevated in the spinal cord
of M2-transplanted SCI mice. Therefore, IGF1 may contribute to
the positive effects of M2 microglia in axonal transportation and re-
covery of motor function.

A limitation of this study is that we used an uncommon SCI model
compared with a conventional spinal cord contusion or resection. We
use this protocol, which allowed us to evaluate the histological change
in the injured and transplanted area of the spinal cord.We documented
the elevation of CD206 in the spinal cord in the M2 group mice at
Mo
4 weeks. Understandably, our results should not
be applied directly to previous studies that used
different SCI models.39–42 Therefore, we compared
M2 microglia transplantation with systemic injec-
tion of IL-4 in this study. Transplantation ofmicro-
glia showed better outcome than IL-4 injection in
our SCI model. We also employed experiments in
the several timings of administration of M2 cells
post-SCI. The treatment effect was most evident
in the group in which transplantation was per-
formed immediately after injury. In the clinical scene, motor dysfunc-
tion could occur after resection of intramedullary spinal cord tumor.
In such cases, it would be possible to applyM2microglia to the resected
site, because it would be similar to our SCI model. We therefore believe
that this model deserves attention in the clinical settings such as trans-
plantation therapy after spinal cord surgery.

In the CNS, astrocyte has an important role in physiological and path-
ological conditions. Notably, astrocyte and microglia are known to
regulate each other’s phenotypes.65,66 However, we observed no sig-
nificant difference in GFAP staining after transplantation of M2
microglia. GLT-1 staining, which is related to the outcome of SCI,67

also showed no change between the groups. In our model, we could
not detect the contribution of the astrocyte, which might be influ-
enced by the animal model.
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Figure 6. Histological Analysis of Spinal Cords after

Injury and Cell Transplantation in SCI Mice

(A) Immunohistochemistry of spinal cord with b3-tubulin (as

a neuron marker: red), GFAP (as an astrocyte marker: red),

or Iba-1 antibody (as a microglia marker: red) were shown in

Matrigel only (CTR) or M1 or M2 microglia with the Matrigel

group 4 weeks after SCI and cell transplantation therapy.

Blue showed DAPI stain in nuclei. The broken line areas

showed the SCI and the transplanted lesion. (B) Each graph

showed the relative fluorescence intensity of b3-tubulin,

GFAP, or Iba-1 staining within the transplanted area inM1 or

M2 groupmice against in the CTR group. Error bars showed

means + SD (n = 3 in each group). *p < 0.05 compared with

the CTR group. (C) Immunohistochemistry of spinal cord

with CD86 (as an M1 microglia marker: red) or CD206

antibody (as an M2 microglia marker: red) was shown in

Matrigel only (CTR) or M1 or M2 microglia with Matrigel

group 4 weeks after SCI and cell transplantation therapy.

Blue showed DAPI stain in nuclei. The broken line areas

showed the SCI and the transplanted lesion. Graph showed

the relative fluorescence intensity of CD86 or CD206

staining within the transplanted area in the M1 or M2 group

against in the CTR group. Error bars showed means + SD

(n = 3 in each group). Scale bar, 100 mm. *p < 0.05

compared with other groups. n.s., not significant.
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Considering human therapy by M2 microglia, it would be difficult to
prepare enough of the primary microglia from human tissues, which
await future technology. Rather, it could be possible to differentiate
somatic stem cells or induced pluripotent stem cells (iPSCs) to M2
microglia-like cells in the near future.

In conclusion, we have developed a novel cell transplantation therapy
for SCI using selectively inducedM2microglia. This therapeutic effect
of M2 milieu was evident relative to that of M1 microglia.
Considering the availability of autologous transplantation, selective
M2 microglia will be a powerful therapeutic option for SCI.

MATERIALS AND METHODS
Animals

All animal experimental protocols were approved by the Institutional
Animal Care and Usage Committee (IACUC), Shiga University of
260 Molecular Therapy Vol. 28 No 1 January 2020
Medical Science, and were performed in accor-
dance to the guidelines of the IACUC.

Primary Microglia Isolation and Culture

Primary microglia were prepared as follows.68

C57BL6/J neonatal mice on the first day of birth
were purchased from the Jackson Laboratory
through Charles River Laboratories Japan. The
mice were decapitated, and their brains were
removed by cutting the skull with ophthalmic
scissors. Only the cerebral cortex was isolated
from the brain using tweezers or scissors, chop-
ped with a scalpel, and treated with 0.25%
trypsin-EDTA (Life Technologies, Carlsbad, CA,
USA) at 37�C for 10 min. DNase (TAKARA BIO, Kusatsu, Japan)
was added to the tissues, which were pipetted thoroughly and centri-
fuged. The pellet was suspended with culture medium, DMEM/
Ham’s F-12 (D-MEM/F12) with L-glutamine and phenol red
(Wako, Osaka, Japan), supplemented with 10% fetal bovine serum
(FBS) (Moregate Biotech, Bulimba, Australia) and 100 U/mL
penicillin-streptomycin (Wako, Osaka, Japan), and filtered using a
100-mm cell strainer (Corning, New York, NY, USA). Cells were
then seeded on a flask and cultured in a 5% CO2 incubator at 37�C.

After 14 days of primary cultivation, microglial cells were collected by
shaking and re-plating, and were allowed to attach to the substrate for
60–120 min. After checking cell adhesion, the culture medium was
changed to culture media containing mouse recombinant GM-CSF
at 20 or 40 ng/mL (Wako, Osaka, Japan) or mouse recombinant IL-4
at 20 or 40 ng/mL (Wako, Osaka, Japan) and was cultured for 3 days.



Figure 7. Analysis of mRNA Gene Expression in the Spinal Cord in SCI Mice

from Matrigel Only (CTR) or M1 or M2 Microglia with Matrigel Group 4

Weeks after Injury

Bar graphs show the relative mRNA expression of Cd86, Mrc1, Nos2, Arg1, Igf1,

and Bdnf in the spinal cord at the injured level (L1) from M1 and M2 groups

compared with CTR groups. All of thesemRNA expressions were normalized to that

of b-actin. Error bar showed means + SD (n = 3–4 in each group). *p < 0.05 as

compared with each CTR group.
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Assessment of Proliferation and Migration of Microglia

Microglia isolated from the primary culture were seeded on a 48-well
plate at 6� 102 cells/well and cultured for 3 days in a culture medium
DMEM/F12, supplemented with 1% FBS and the cytokine. The
cultured cells were observed under an optical microscope on the first
and third days, and the cell number was visually counted inmore than
five wells per group.

After 3 days, the monolayer of microglia was carefully scraped in a
straight line to create a “scratch” with a p200 pipette tip and
observed under an optical microscope. An approximately
similar area was scraped at the bottom of the dishes. After
scratching, these cells were cultured at 37�C in a CO2 incubator
for 24 h, and images were taken at a minimum of three places
in each well of culture dishes. The number of cells migrating to
the scratched area was visually counted at over five wells per
group.
Phagocytosis Assay

Microglia were cultured for 3 days in DMEM/F12 with 10% FBS con-
taining GM-CSF (40 ng/mL) or IL-4 (40 ng/mL) or buffer control. A
phagocytosis assay was performed by Latex Bead-Rabbit IgG-Fluores-
cein isothiocyanate (FITC) complexes (Cayman Chemical, Ann
Arbor, MI, USA) according to the manufacturer’s protocol. Latex
Bead-Rabbit IgG FITC complexes were added to the culture medium,
and microglia were incubated for 3 h at 37�C in a CO2 incubator.
After incubation, cells were washed with 0.1 M PBS three times,
and photographs were obtained using a fluorescence microscope
for five wells per group. FITC intensity in the cell area was measured
after subtracting the background value by ImageJ (v.1.52h; NIH,
Bethesda, MD, USA).

In Vitro Immunostaining

Microglia isolated from primary culture were seeded on a 48-well
plate and cultured for 3 days in DMEM/F12 with 1% FBS and each
cytokine. The culture medium was then removed, and the cells
were fixed with 4% paraformaldehyde (PFA) in 0.1 M PBS at room
temperature for 10 min. After fixing, the cells were incubated with
rabbit anti-CD86 antibody (1:1,000; Abcam, Cambridge, UK) or rab-
bit anti-CD206 antibody (1:1,000; Abcam, Cambridge, UK) as pri-
mary antibodies overnight at 4�C. Next, the cells were incubated
with anti-rabbit Alexa 488 (1:1,000; Life Technologies, Carlsbad,
CA, USA) as a secondary antibody at room temperature for 4 h. After
Hoechst dye 33342 (Sigma-Aldrich, St. Louis, MO, USA) staining,
they were observed with a laser microscope (FV1000-D; Olympus,
Tokyo, Japan). After confirmation of nuclei by Hoechst dye staining,
the number of CD86- or CD206-positive cells was visually counted
for three wells per group, and the percentage of positive cells was
calculated.

In Vitro Gene Expression Analysis

Microglia isolated from primary culture were seeded on a 12-well plate
and cultured for 3 days in DMEM/F12 supplemented with 1% FBS and
each cytokine. After 3 days, total RNA was extracted from each well
according to the RNeasy kit protocol (QIAGEN, Valencia, CA,
USA). Using the extracted RNA, reverse transcription was performed
with TAKARA PrimeScript RT reagent Kit (TAKARA BIO, Kusatsu,
Japan). Real-time PCR was performed using LightCycler 480 SYBR
Green I Master (Roche Diagnostics, Manheim, Germany) with Light-
Cycler 480 (Roche Diagnostics, Manheim, Germany) according to
each manufacturer’s protocol. The following primers were used:
Cd86, forward primer, 50-CACGAGCTTTGACAGGAACA-30 and
reverse primer, 50-TTAGGTTTCGGGTGACCTTG-30;Mrc1, forward
primer, 50-CTATGCAGGCCACTGCTACA-30 and reverse primer, 50-
GTTCTCATGGCTTGGCTCTC-30; Nos2, forward primer, 50-TTGG
AGCGAGTTGTGGATTG-30 and reverse primer, 50-GTAGGTGAGG
GCTTGGCTGA-30; Arg1, forward primer, 50-ACCTGCTGGGAAGG
AAGAAAAG-30 and reverse primer, 50-GTTCCGAAGCAAGCCAA
GGT-30; b-actin, forward primer, 50-CGTGCGTGACATCAAAGA
GAA-30 and reverse primer, 50-TGGATGCCACAGGATTCCAT-30.
All data were normalized to b-actin, and the results were analyzed
using LightCycler 480 software, version 1.5 (Roche Diagnostics,
Molecular Therapy Vol. 28 No 1 January 2020 261
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Figure 8. Evaluation of Axonal Transportation by

Retrograde Tracer in SCI Mice after Treatment

(A) A schematic diagram of muscle and spinal cord for the

experiment of retrograde transportation by FluoroRuby

(retrograde tracer). At 5 days after injection of FluoroRuby

into the hamstring at the injured side, histological evaluation

of spinal cord was performed at the injured site (L1 spinal

level) and their proximal (Th13 spinal level) and distal sites

(L2 spinal level) in 4-week SCI mice. (B) FluoroRuby stain

(red) in spinal cord sections at the injured site and their

proximal and distal sites from CTR, M1, and M2 groups.

White squares in the distal site (L2 level) show anterior horns

in spinal cord sections under low magnification and were

enlarged in the right upper corner under high magnification.

White squares in the proximal site (Th13 level) show anterior

horns in spinal cord sections under low magnification and

were enlarged in the right panels under high magnification.

Scale bars, 200 mm. (C) Bar graphs show the number of

FluoroRuby (FR)-positive neuronal cells per each spinal

cord section at distal and proximal sites of injury from CTR,

M1, and M2 group mice. Error bars showed means + SD

(n = 3 in each group). *p < 0.05. n.s., not significant.
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Manheim, Germany). To confirm the reliability of b-actin as a house-
keeping gene, real-time PCR with each cDNA from all groups was per-
formed using Mouse Housekeeping Gene Primer Set (TAKARA BIO,
Kusatsu, Japan). The stability values of housekeeping genes were
calculated by BestKeeper software downloaded from BestKeeper-
Gene Quantification (available at https://www.gene-quantification.de/
bestkeeper.html), and the reliability was evaluated. We have confirmed
that the stability value of b-actin was appropriate.

In Vivo Cell Therapy in a Mouse Model of SCI

C57BL/6J mice were group housed (three to four animals per cage),
maintained on a 12/12-h light/dark cycle at 23�C, and given ad libi-
tum access to tap water and standard pellets. Animal care was con-
ducted in accordance to the Guide for Use of Experimental Animals
(Shiga University of Medical Science).

Femalemice aged 10–14weeks oldwere anesthetized. Thoracic spine at
level 13 of those mice was identified, and the surrounding skin was dis-
262 Molecular Therapy Vol. 28 No 1 January 2020
infected with 70% ethanol. A 1-cm skin incision
was made vertically with a scalpel. Next, a scalpel
was inserted horizontally into the intervertebral
disc of the thoracic spine at levels 12 and 13.
Ophthalmic scissors were carefully inserted into
the head from the exposed region to avoid
damaging the spinal cord, the vertebrae on both
sides were incised, and the spine was turned up-
ward to expose the spinal cord. Then, using a
skin biopsy puncher with a diameter of 1 mm
(Kai Industries, Seki, Japan), a punch of 1-mm
depth was made to the exposed spinal cord
250 mm right from the midline. The tissue remain-
ing in the punched area was manually removed using ophthalmic scis-
sors or tweezers. Next, 3 mL ofMatrigel (Corning, NewYork, NY, USA)
including culturedM1 orM2microglia (1.0� 105 cells/3 mL) or control
culture (CTR) was injected into the punched area using a p200 pipette.
After confirmation of Matrigel solidification, the spine was manually
restored, and subcutaneous tissues on the head and caudal side were
loosely sutured with 6-0 nylon to fix the spine. Skin was sutured with
a 5-0 nylon. Monoplegia in the right leg was confirmed in all mice
the day after transplantation. The effects of microglial transplantation
were compared with those of IL-4 systemic intraperitoneal injection
(0.35 mg/kg) administered every 12 h for 4 weeks. Microglia transplan-
tation to the spinal cord was performed at day 0, 3, or 7 after SCI, and
the effects were compared among the three.

Analysis for the Engraftment of Transplanted Microglia in the

SCI Mice Model

To examine the engraftment of the administered microglia, we used
the primary microglia isolated from GFP-positive neonatal mice

https://www.gene-quantification.de/bestkeeper.html
https://www.gene-quantification.de/bestkeeper.html
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[C57BL/6-Tg(UBC-GFP)30Scha/J], purchased from The Jackson Labo-
ratory (Bar Harbor, ME, USA), for transplantation. Microglia were
cultured as mentioned previously. Transplantation of GFP-positive
M1 or M2 microglia to SCI mice was also performed as mentioned
above. They were sacrificed and fixed with 4% PFA on day 7, 14, or
28 after transplantation. The 10-mm sections of the spinal cord
were prepared, and GFP-positive cells were counted in both M1
and M2 groups.

Behavioral Analysis

Motor function of the spinal cord in injured mice was evaluated by
BMS for locomotion and hindlimb reflex scoring.69 For BMS, mice
were placed in an open field (LimeLight, Neuroscience, Tokyo, Japan)
and observed for over 4 min. As scoring criteria for the hindlimb re-
flex score, mice were suspended by the tail at a height of approxi-
mately 30 cm for 14 s. Posture was scored according to the following
criteria: 0, normal; 1, failure to stretch hindlimbs; 2, hindlimb clasp-
ing; and 3, hindlimb paralysis. Each assessment was performed
pre-transplantation and after transplantation at day 1 and weeks 1,
2, 3, and 4. All behavioral assessments of the animals were performed
with the evaluator blinded.

Immunohistochemistry

At 4 weeks after SCI and treatment, spinal cord was isolated after
transcardial perfusion with 4% PFA in 0.1 M PBS. Sections of the
spinal cord were prepared with a cryostat at 10-mm thickness. For im-
munostaining, sections were incubated with a primary antibody (rab-
bit anti-b3-tubulin [Cell Signaling Technology, MA, USA], rabbit
anti-Iba-1 [Wako, Osaka, Japan], rabbit anti-GFAP [Cell Signaling
Technology, MA, USA], rabbit anti-CD86 [Abcam, Cambridge,
UK], rabbit anti-CD206 [Abcam, Cambridge, UK], or rabbit anti-
GLT-1 [Cell Signaling Technology, MA, USA]) at 4�C overnight.
Then, the sections were incubated with a secondary antibody (goat
anti-rabbit Alexa 555 [Life Technologies, Carlsbad, CA, USA]) at
room temperature for 4 h. The sections were then mounted with
VECTASHIELD containing DAPI (Vector Laboratories, Burlingame,
CA, USA). Five sections with a 50-mm interval per each sample were
observed using confocal laser microscopy (FV1000-D; Olympus,
Tokyo, Japan) to evaluate the data stereologically. The region of inter-
est (ROI) was decided by regarding the high accumulation area of
DAPI-positive cells as the injury and transplantation sites. The fluo-
rescence intensity of Alexa 555 in the injured area was measured, and
background value was subtracted by ImageJ (v.1.52h; NIH, Bethesda,
MD, USA).

In Vivo mRNA Expression Analysis

At 4 weeks after SCI and treatment, the spinal cord was isolated after
removal of blood. Total RNAwas extracted from the spinal cord using
RNeasy kit (QIAGEN, Valencia, CA, USA) according to themanufac-
turer’s protocol. After extraction of RNA, reverse transcription and
real-time PCR were performed using TAKARA PrimeScript RT re-
agent Kit (TAKARA BIO, Kusatsu, Japan), LightCycler 480 SYBR
Green I Master (Roche Diagnostics, Manheim, Germany), and
LightCycler 480 (Roche Diagnostics, Manheim, Germany) according
to each manufacturer’s protocol. The following primers were
used (details for Cd86, Mrc1, Nos2, Arg1, and b-actin are shown
in “In Vitro Gene Expression Analysis”): Igf1, forward primer,
50-CTGAGCTGGTGGATGCTCT-30 and reverse primer, 50-CACTC
ATCCACAATGCCTGT-30; Bdnf, forward primer, 50-TTGTTTTG
TGCCGTTTACCA-30 and reverse primer, 50-GGTAAGAGAGC
CAGCCACTG-30. We confirmed that b-actin is an appropriate
housekeeping gene based on the evaluation of the stability value
with cDNA from all groups as described in “In Vitro Gene Expression
Analysis.”

Analysis of Axonal Transportation

At 4 weeks after SCI and treatment, FluoroRuby (Fluorochrome,
Denver, CO, USA) was administered at five sites of the right side
hamstring with pressure injection using a Hamilton syringe with
30G needle as previously described.70 Five days after FluoroRuby in-
jection, mice were sacrificed and fixed with 4% PFA. The spinal cord
was isolated, and 10-mm sections of spinal cord were prepared with a
cryostat at the injured site, as well as 500 mmproximal and distal from
the injured lesion. The samples were mounted with VECTASHIELD
containing DAPI and were observed under confocal laser microscopy
(FV1000-D; Olympus, Tokyo, Japan). The number of FluoroRuby-
positive cells was quantified in five sections per sample.

Statistical Analysis

Data are expressed as means ± SD or ± SEM. For most multiple data-
sets, one-way ANOVA and Scheffe’s tests were used. For behavioral
analysis, datasets were analyzed by two-way ANOVA and Scheffe’s
tests. All statistical analyses were performed using IBM SPSS Statistics
version 25 (International Business Machines Corporation, Armonk,
NY, USA).
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Figure S1 

A

B

CTR M1 M2

Figure S1
Histological analysis of spinal cords after injury and cell transplantation in SCI mice.
(A) Immunohistochemistry of spinal cord with GLT-1 (as an astrocyte marker: red) was 
shown in Matrigel only (CTR), M1 or M2 microglia with Matrigel group 4weeks after SCI 
and cell transplantation therapy. Blue showed DAPI stain in nuclei. Scale Bar = 100μm . 
(B) Graph showed the number of GLT-1 positive cells in spinal cord 4weeks after spinal 
cord injury and transplantation. Bars showed means + or – SD. 
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Figure S2 
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Figure S2
Analysis of engraftment of GFP positive microglia transplanted to SCI mice. 
(A) Pictures of spinal cord on day 7, 14, or 28 after injury and cell transplantation 
of M1 or M2 microglia. GFP positive cells show transplanted microglia. Scale 
Bar = 200 μm. (B) Graph showed the number of GFP positive cells in spinal cord 
on day 7, 14, or 28 after spinal cord injury and transplantation. Bars showed 
means + or – SD. 
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Video S1-S3
The movies show the free movement of the treatment mice 4weeks after SCI at
the open field. Video S1, S2 and S3 indicate the movies of CTR, M1 and M2 mice,
respectively. CTR: one of the no cell administered mice (Matrigel only), M1: one of
the transplanted mice with M1 microglia and Matrigel, M2: one of the transplanted
with M2 microglia and Matrigel.
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