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Abstract

Microglia are classified mainly into the M1 or M2 phenotypes, which evoke either

proinflammatory or neuroprotective responses. Given the association of microglia

with the pathogenesis of neuronal diseases, they are in focus as therapeutic

targets for the treatment of such conditions. Stem cell factor (SCF) is a ligand

for the c-kit receptor, one of the differentiation factors for bone marrow cells. In

this study, characteristics of SCF-activated microglia and their effects on neurons

were analyzed to investigate the therapeutic potential of SCF in neuronal

diseases. SCF was found to induce proliferation, migration, and phagocytosis of

microglia. In addition, SCF-derived microglia showed a neuroprotective

phenotype expressing anti-inflammatory cytokines, growth factors, and M2

markers as compared to the phenotype shown by granulocyte macrophage-colony

stimulating factor-derived microglia expressing inflammatory cytokines and M1

markers. Furthermore, supernatant medium from SCF-activated microglia

enhanced cell proliferation and protection from cell death in NSC-34 neuronal

cells. We conclude that SCF modulates microglial functions and induces
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activation of the neuroprotective effects of microglia, which could be used for

treatment of neuronal diseases.

Keywords: Neuroscience, Cell biology

1. Introduction

Microglia are classically known as the immune cells of the central nervous system

(CNS), and they show inflammatory responses like migration, chemotaxis, and

phagocytosis [1, 2]. Recently, based on the development of experimental technol-

ogy, microglia have been shown to play crucial roles in homeostasis of the CNS

through interaction with astrocytes or neurons [3, 4, 5, 6]. Microglia are in focus

in the field of neuroscience as they might be key players in elucidating unresolved

neurological phenomena [7].

Microglia which mainly have proinflammatory effects, which are their classical

function, are called M1 microglia [8, 9]. They express tumor necrosis factor

(TNF)-a, interleukin (IL)-1b, and cytokines and induce chemotaxis and migration

of inflammatory cells [8, 10, 11]. In contrast, M2 microglia are classified as neuro-

protective microglia, which express IL-4, IL-10, and growth factors. M2 microglia

express insulin like growth factor (IGF)-1, transforming growth factor (TGF)-beta,

and stimulate the differentiation of neuronal cells and the proliferation of satellite

cells [8, 10, 12]. Microglia are reported to be induced to M1 inflammatory phenotype

by granulocyte macrophage-colony stimulating factor (GM-CSF) treatment [13, 14].

GM-CSF is well recognized as one of the representative growth factors required by

haematopoietic stem cells, in particular, and for monocyte/macrophage progenitors

[15]. GM-CSF is produced in many kinds of haematopoietic cells such as T-cells,

B-cells, macrophages, and mast cells, by inflammatory stimulation. GM-CSF in-

duces the proliferation, differentiation, survival and activation of haematopoietic

stem cells and other haematopoietic progenitor cells [13, 14, 15].

Microglia are activated, and produce proinflammatory cytokines or growth factors in

neurological diseases depending on the pathological stage or the disease. This in-

duces inflammation in some cases or protective neuronal cells in other cases [16].

As with spinal cord or brain injury, a large number of M1 microglia accumulate in

lesions and express inflammatory cytokines from the acute phase of injury to the

chronic phase, however, a relatively small number of M2 microglia are found in trau-

matic injury [12]. In amyotrophic lateral sclerosis (ALS), as one of the representative

neurodegenerative diseases, M2 microglia are observed at the beginning of the pa-

thology in the spinal cord, this phenotype switches to theM1 phenotype as the disease

progresses [9, 17]. In most cases of Alzheimer’s disease, microglia show mixed acti-

vation phenotypes [18]. The expression of alternative activation genes such as TNF-a
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and iNOS classified in M1 markers, and Arg1 and CD206 classified in M2 markers

have increased at the same time in brain tissues from Alzheimer’s disease [8, 19].

Stem cell factor (SCF) is the ligand for the c-kit receptor, one of the differentiation

factors for bone marrow cells, which induces the differentiation of mononuclear cells

[20, 21, 22]. SCF signalling modulates microglial functions and is involved in

neuron-microglia interactions [4]. In a previous report, we showed that SCF-

activated bone marrow-derived cells delayed the progression of motor neuron dis-

ease [23]. SCF-activated bone marrow cells were transplanted into superoxide dis-

mutase (SOD)-1 G93A transgenic ALS model mice, which resulted in their

prolonged survival, and in slowing down the progression of motor dysfunction. In

the treated mice, it was observed that many numbers of bone marrow-derived cells

accumulated in the degenerative spinal cord and expressed Iba1 protein known as

microglia marker, which results suggested that bone marrow-derived cells differen-

tiated to microglia. In addition, those microglia expressed the glutamate transporter

(GLT)-1, one of the neuroprotective molecules. However, the detailed mechanism

how SCF produced these effects was unclear. Therefore, to clarify the mechanism

of SCF effects for neurodegenerative diseases, we consider that it should be eluci-

dated how SCF directly affects to microglia. Investigation of direct effects of SCF

to microglia could be supportive for us to understand the mechanism. Accordingly,

we performed this study to characterize SCF-activated microglia functions and their

effects on neurons comparing with those of GM-CSF as a representative control of

the haematopoietic growth factors in vitro.
2. Materials and methods

2.1. Animals

Over 30 pups of C57BL/6 mice at day1 postpartum were totally purchased with

nursing mother together from Jackson Laboratories (Bar Harbor, ME, USA) through

Charles River Laboratories Japan (Yokohama, Japan) under genetic stability pro-

gram. All mice were housed under 12-hour light and dark cycles with 40e70% rela-

tive humidity at 18e26 �C and were provided with water and mouse chow ad

libitum. All animal experimental protocols were approved by the Institutional Ani-

mal Care and Usage Committee (IACUC), Shiga University of Medical Science, and

were performed in accordance with the guidelines of the IACUC at the Shiga Uni-

versity of Medical Science.
2.2. Preparation of cultured microglia

After decapitation of six C57BL/6 pups 1e2 days postpartum at the same time,

mixed glial cells from brain cortex were dissociated, and primary mixed glial cell-

culture was established (Fig. 1) [24, 25]. After incubation of these mixed glial cells
on.2018.e00837
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Fig. 1. Preparation of cultured microglia. The left panel shows the pops at the day 1e2 after birth. The

pictures in the middle showed cultured mixed glial cells at each time point. Right panel showed immu-

nocytochemistry of microglia with Iba1 antibodies (red). Scale Bar ¼ 100 mm.
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with Dulbecco’s Modified Eagle Medium (DMEM)/F12 with 10% FBS (foetal

bovine serum) for 14 days at 37 �C, many number of microglia were appeared on

layered astrocytes, were isolated by mechanical tapping and transferred to another

culture dish. Microglia from these cultures were then used for experiments. It has

been confirmed that cell viability and features of primary cultured microglia were

not greatly changed even without a certain period-adaptation of pups with animal

facilities.
2.3. Analysis of proliferation and morphology of microglia
stimulated by growth factors

Primary microglia were disseminated at a density of 104-105 cells/ml to another 24-

well dish. After dissemination, these cells were cultured in DMEM/F12 medium

(Thermo Fisher Scientific, Waltham, MA, USA) with 10% FBS (Thermo Fisher Sci-

entific) including mouse SCF (100 ng/ml; R&D Systems, Minneapolis, MN, USA),

mouse GM-CSF (100 ng/ml; R&D Systems), or buffer control for another three days

at 37 �C. Then, the proliferation rate and morphological changes were observed us-

ing confocal laser microscopy (C1si; Nikon, Tokyo, Japan) and the EZC1 3.90 soft-

ware (Nikon).
2.4. Migration analysis

After three days culture in DMEM/F12 medium with 10% FBS contained SCF (100

ng/ml), GM-CSF (100 ng/ml) or buffer control in 24-well dish at 37 �C, the mono-

layer of microglia were scraped in a straight line to create a “scratch” with a p200

pipet tip. We carefully scratched approximately similar area of the bottom of dishes

to minimize the variation caused by the difference in the width of the scratches.

Then, the debris was removed by washing the cells once with 0.5ml of the growth

medium and replace with 0.5 ml of the medium with SCF, GM-CSF or buffer.
on.2018.e00837
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The scratched area was observed and taken a photograph as the basal time point.

Migration abilities were evaluated by counting the number of microglia migrating

into the scratched area per 0.5 mm2 at 3 hours after scratching. The migrating cells

were counted at over 5 well per each group and repeated at least three times [26].
2.5. Phagocytosis assay

Microglia were cultured for three days in DMEM/F12 medium with 10% FBS, con-

tained SCF (100 ng/ml), GM-CSF (100 ng/ml), or buffer control, and were per-

formed phagocytosis assay by Latex Bead-Rabbit IgG-Fluorescein isothiocyanate

(FITC) complexes (Cayman Chemical, Ann Arbor, MI, USA) according to the man-

ufacturer’s protocol. Latex Bead-Rabbit IgG-FITC complexes (Cayman Chemical)

were added to the culture medium, and microglia were incubated for 3 hours in

this medium at 37 �C. After incubation, cells were washed with phosphate buffered

saline (PBS) to eliminate non-phagocytic beads. The numbers of FITC-positive mi-

croglia were counted and compared among SCF, GM-CSF, and control groups [27].
2.6. Immunocytochemistry

Microglia were fixed with 4% paraformaldehyde (PFA) and were incubated with the

anti-CD206 antibody (Abcam, Cambridge, UK) as a M2 microglia marker. Samples

were then incubated with species-matched secondary antibodies (Alexa Fluor 555

antibody [Molecular Probes, Eugene, OR, USA]) and mounted with VECTASHIELD

AntifadeMountingMediumwith 40,6-diamidino-2-phenylindole (DAPI) (Vector Lab-

oratories, Burlingame, CA, USA) to enable visualization of stained cells using

confocal laser microscopy (C1si; Nikon, Tokyo, Japan) and the EZC1 3.90 software

(Nikon), positive cells were identified and counted.
2.7. Analysis of gene expression in microglia

Three days after incubation with growth factors, total mRNA was extracted from mi-

croglia by RNeasy Kit (QIAGEN, Valencia, CA, USA) and quantitative reverse

transcriptase-polymerase chain reaction (qRT-PCR) was performed to measure the

levels of transcripts for IL-1b, IL-6, iNOS, TNF, IL-4, IL-10, TGF, IGF1, CD86, and

CD206 genes using a LightCycler 480 (Roche Diagnostics, Manheim, Germany)

with SYBR Green method. The following primers were used: IL-1b, forward primer,

50-CAACCAACAAGTGATATT-30 and reverse primer, 50-GATCCACACTCTC
CAGCTG-30; IL-6, forward primer, 50-ACGGCCTTCCCTACTTCACA-30 and

reverse primer, 50-CATTTCCACCATTTCCCAGA-30; iNOS, forward primer, 50-
TTGGAGCGAGTTGTGGATTG-30 and reverse primer, 50-GTAGGTGAGGG
CTTGGCTGA-30; Tnfa, forward primer, 50-CACGTCGTAGCAAACCACCAAG
TGG-30 and reverse primer, 50-GATAGCAAATCGGCTGACGGTGTGG-30; IL-10,
on.2018.e00837
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forward primer, 50-TGGACAACATACTGCTAACCGAC-30 and reverse primer, 50-
CCTGGGGCATCACTTCTACC-30; IL-4, forward primer, 50-TCAACCCCCAGC
TAGTTGTC-30 and reverse primer, 50-TGTTCTTCGTTGCTGTGAGG-30; IGF1,
forward primer, 50-CTGAGCTGGTGGATGCTCT-30 and reverse primer, 50-CACT
CATCCACAATGCCTGT-30; TGF, forward primer, 50- ATGCCGCCCTCC

GGGCTGCG-30 and reverse primer, 50-TCAGCTGCACTTGCAGGAGC -3; CD86,

forward primer, 50-CACGAGCTTTGACAGGAACA-30 and reverse primer, 50-
TTAGGTTTCGGGTGACCTTG-30; CD206, forward primer, 50-CTATGCAGGC
CACTGCTACA-30 and reverse primer, 50-GTTCTCATGGCTTGGCTCTC-30; b-
actin, forward primer, 50-CGTGCGTGACATCAAAGAGAA-30 and reverse primer,

50-TGGATGCCACAGGATTCCAT-30. The results were analyzed by LightCycler

480 software, version 1.5 (Roche Diagnostics Manheim, Germany). All data were

normalized to b-actin expression level.
2.8. Cell proliferation and protection assay of neuronal cells
stimulated with supernatant medium from cultured microglia

NSC-34 cells were purchased from CELLutions BIOSYSTEMS (Ontario, Canada).

These cells were cultured in DMEM high glucose medium with 10% FBS at 37 �C.
For the cell proliferation assay, NSC-34 cells were cultured under mixture of DMEM

high glucose medium with 1% FBS, and supernatant media from cultured microglia

after stimulation of SCF or GM-CSF for three days. To exclude the direct effects of

SCF or GM-CSF to NSC-34 cells, NSC-34 cells were cultured under mixture of

DMEM high glucose medium with 1% FBS, and supernatant media from cultured

media without microglia after stimulation of SCF or GM-CSF for three days.

Forty-eight or seventy-two hours later, the absorbance at 450nm for each group

was measured as the indicators reflecting proliferation levels of NSC-34 cells using

the Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) according to the manufac-

turer’s protocol. The absorbance ratio for each group was calculated by standardiza-

tion with absorbance of the control group after 48 hour treatment. The ratios were

compared to each group, and evaluated as proliferation levels.

As neuronal cell protection assay, neuronal cell death was induced by 1-Hydroxy-2-

oxo-3,3-bis(2-aminoethyl)-1-triazene (NOC18) stimulation in NSC-34 cells after

addition of supernatant medium from cultured microglia incubated with none,

GM-CSF or SCF for three days to DMEM/F12 with 1% medium at the 1:1 ratio.

Twenty-four hours later, the absorbance at 450nm for each group was measured us-

ing the Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) as above. The absorbance

ratio for each group was calculated by standardization with absorbance of no NOC18

stimulation group. The ratios were compared to each group, and evaluated as cell

protection levels.
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2.9. Statistical analysis

Data are expressed as means þ SD. All experiments were performed in triplicates

with at least three independent experiments. For multiple data-sets, one-way analysis

of variance (ANOVA) and Scheffe’s tests were used. P-value less than 0.05 was

considered significant.
3. Results

3.1. Effects of SCF treatment to microglial viability and function

Mixed glial cells were isolated from mouse brain cortex and were cultured for 14

days (Fig. 1). At first, astrocytes grew up and spread in sheet form from day 7 to

day 14. After 2 weeks-mixed glial cell culture, microglia are observed on astrocytes

sheet as small shining cells (Fig. 1, day 14 picture). Then, primary microglia were

isolated by mechanical tapping and disseminated to fresh culture dishes, which

were confirmed with immunocytochemistry of anti-Iba1 antibody (Fig. 1, most right

panel). After that, microglia were used for the following experiments.

To evaluate the effects of SCF stimulation to microglia, we analysed the prolifera-

tion, the migration and the phagocytosis in cultured microglia with GM-CSF or

SCF (Fig. 2). At first, the cell numbers of microglia were counted on day 1 and

day 3 after stimulation by GM-CSF or SCF, and was compared to that of control

group containing no growth factors. In all groups (control, GM-CSF, and SCF), mi-

croglia sequentially proliferated in complete medium (Fig. 2A and B). Especially,

the level of proliferation of the GM-CSF group was highest among the three groups

(Fig. 2B). The rate of proliferation was approximately twice as compared to that of

the control group. The speed of proliferation after SCF stimulation was slower than

GM-CSF group but significantly faster than the control group (Fig. 2B). The rate was

about 1.5 times than that of the control group (Fig. 2B). As the morphological obser-

vation, a part of cultured microglia were activated and differentiated to ramified or

amoeboid microglia by both SCF and GM-CSF stimulation (Fig. 2A). Next, the

scratch assay was performed to investigate the influence of growth factors on the

migration of microglia. After incubating for three days in culture medium containing

no growth factors, GM-CSF, and SCF, microglia were scratched. Migration of mi-

croglia was evaluated by counting the cell number twelve hours later in the scratched

area (Fig. 2C). In the GM-CSF group, microglia were observed most among three

groups (Fig. 2C). A significantly larger number of microglia from the SCF group

had migrated as compared to those in the control group, and their migration level

was approximately half of that in the GM-CSF group (Fig. 2C). The effect of

SCF on the phagocytosis abilities of microglia was evaluated by performing the

phagocytosis assay using latex Beads-Rabbit IgG-FITC complexes (Fig. 2D). After

three days of incubation in the culture medium with no growth factors, GM-CSF or
on.2018.e00837
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SD. *p < 0.05. (D) Phagocytosis assay after stimulation of microglia by growth factors. Percentages of
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SCF, microglia were incubated for six hours with the complexes. A majority of the

complexes were observed in microglia treated with SCF among the three groups

(Fig. 2D). These results suggested that SCF stimulation markedly induced prolifer-

ation, migration and phagocytosis in microglia.
3.2. Immunocytochemistry of microglia after SCF treatment

To clarify whether SCF has a high potential to induce the neuroprotective response

in microglia, immunocytochemistry was performed using the anti-CD206 antibody

which is a marker of neuroprotective microglia. Immunostaining using CD206 was

performed and over 60% microglia from the SCF-activated group showed positive
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immunostaining (Fig. 3A and B). The percentage of CD206 positive cells was much

higher in the SCF-activated group than that of microglia in the control (6.5%) and

GM-CSF (19.2%) groups (Fig. 3B). This result suggested that SCF has high poten-

tial to polarise microglia to the neuroprotective phenotype.
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Fig. 3. Immunocytochemistry of microglia after stimulation by growth factors. (A) Immunocytochem-

istry using the CD206 antibody (lower panels; red: CD206 staining, blue: DAPI stained nuclei) and

bright fields (upper panels) in microglia after incubation with GM-CSF or SCF for 3 days. Scale Bar

¼ 50 mm. (B) Percentage of CD206 positive microglia in (A). Bars show means þ SD. *p < 0.05.
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3.3. Analysis of gene expression in microglia upon SCF treatment

To investigate which genes are up-regulated or down-regulated in SCF-activated mi-

croglia, qRT-PCR was performed to determine mRNA expression of cytokines,

growth factors, and CD markers (Fig. 4). IL-10 and IL-4 known as anti-

inflammatory cytokines, were significantly up-regulated in the SCF group on day
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Fig. 4. Analysis of gene expression in microglia after stimulation by growth factors. Relative expression

of mRNA of cytokines, growth factors and CD markers associated with inflammation and neuroprotec-

tion in microglia after treatment with GM-CSF or SCF for one or three days. mRNA expression was nor-

malised to that of b-actin. CTR, control mice. *p < 0.05 as compared to pre-condition. **p < 0.01 as

compared to pre-condition.
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1 and day 3. In contrast, the levels of IL-1b, IL-6 and TNFa known as inflammatory

cytokines were elevated in the GM-CSF group and were much higher than those in

the SCF group on day 1 and day 3. mRNA expression of TGF and IGF1, growth

factors, gradually increased both in the GM-CSF and SCF groups from day 1 to

day 3. In addition, IGF1 expression levels were higher in the SCF group than those

in the GM-CSF group, and TGF expression levels were higher in the GM-CSF group

than those in the SCF group. Next, we performed qRT-PCR analysis of CD86 and

CD206, surface antigens, in microglia from the GM-CSF and SCF groups. mRNA

expression of CD86, an inflammatory microglia marker, was elevated only in GM-

CSF-activated microglia on both, day 1 and day 3. mRNA expression of CD206, a

neuroprotective microglia marker, significantly increased on day 1 and day 3 in the

SCF group, and on day 3 in the GM-CSF group. Moreover, its expression levels

were much higher in the SCF group than those in the GM-CSF group. Over all,

gene expression analysis showed that the levels of, anti-inflammatory genes and neu-

roprotective surface marker genes were elevated in SCF-activated microglia. On the

other hand, levels of inflammatory genes and inflammatory surface marker genes

increased in GM-CSF-activated microglia. Expression levels of genes of growth fac-

tors were elevated in both, GM-CSF and SCF groups.
3.4. Neuroprotective effects of microglia induced by SCF
treatment

To investigate the effects of neuroprotection by microglia, cell proliferation assays

were performed in NSC-34 motor neuron cells. At first, as the basic analysis,

NSC-34 cells were incubated for 48e72 hours with medium after incubation with

none, GM-CSF or SCF for three days without microglia (only exposure at 37 �C
for three days in incubator) to clarify whether GM-CSF or SCF have direct growth

effects to NSC-34 cells or not (Fig. 5A). Both GM-CSF and SCF didn’t show the

direct growing effects to NSC-34 (Fig. 5A). Based on the above results, next,

NSC-34 cells were incubated for 48e72 hours with supernatant medium from cul-

tures of untreated microglia (as a control), GM-CSF-treated or SCF-treated microglia

to evaluate their neuroprotection effects (Fig. 5B). Comparison of neuronal cell pro-

liferation between 48 and 72 hours incubation showed a trend of increasing prolif-

eration in each group (Fig. 5B). In the SCF group, neuronal proliferation was

significantly higher than that in the control and GM-CSF groups at both 48 and

72 hours (Fig. 5B). In addition, the experiments for the effects of GM-CSF or

SCF to protect NSC-34 cells were performed under oxidative stress stimulation as

cell death condition (Fig. 5C). NSC-34 were incubated with NOC18 to be induced

neuronal cell death, and the protective effects for their cells were evaluated by incu-

bation together with the supernatant medium from GM-CSF- or SCF-stimulated mi-

croglia. The proliferation ratio of NSC-34 cells in the SCF group was conserved at

the 70% level of no cell death-inducible (no NOC) group (Fig. 5C). The neuronal
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protective effect in SCF group was significantly higher than those in control and in

GM-CSF group. These results suggested that supernatant medium from microglia

stimulated by SCF treatment caused neuronal cell proliferation and protection,

which suggested the possibility that microglia might be responsible for exocrine

secretion of growth factors for neuronal cells.
4. Discussion

Microglia came into focus as therapeutic targets for neuronal diseases after the the-

ory of “non-cell-autonomous neuronal death” became well known [28, 29, 30].

Gradually, it has been elucidated that the environment surrounding the neurons is

very important for the maintenance of physiological condition in neuronal tissues

[3, 28, 31]. This environment is formed by satellite cells such as astrocytes, oligo-

dendrocytes, microglia and endothelial cells of the central nervous system [3, 31].

Microglia are considered to be unique because they can exhibit two opposing fea-

tures such as proinflammatory (M1) or neuroprotective (M2) responses [11]. Consid-

ering the development of the environment around neurons, the crucial aspects are the

timing and levels of M1 andM2 microglia migration. M1 microglia are necessary for

phagocytosis and accurate Wallerian degeneration, however, over-accumulation of

M1 microglia induces excessive inflammation in neuronal tissues [8, 11]. Taking

into consideration the regenerative state of neuronal tissues, M2 microglia play a

pivotal role in neuronal growth or differentiation by production of growth factors

such as IGF-1 and TGF, but cannot induce clearance of dead cells and injured tissues

[8, 11]. Therefore, situation dependent control of the controversial phenotypes of mi-

croglia might be a remarkable advantage for the treatment of neuronal diseases. In

this study, it has been proven that SCF induced polarisation of microglia to the

M2 phenotype. This finding is significant because it can be used to establish and

develop novel treatment strategies for neuronal diseases. Our results showed that

both, GM-CSF and SCF promoted proliferation, migration, and phagocytosis in mi-

croglia. However, the nature of the course of induction of differentiation is

completely different between GM-CSF and SCF treatments. At the time-points of

cytokine, growth factor and CD marker secretion, GM-CSF induced polarisation
Fig. 5. Neuronal cell proliferation and protection with supernatant medium from SCF-treated microglia.

(A) Relative proliferation ratio against 48 hours control group in NSC-34 neuronal cells at 48 or 72 hours

after treatment with supernatant media from cultured dishes without microglia and with none (control),

GM-CSF or SCF. (B) Relative proliferation ratio against 48 hours control group in NSC-34 neuronal

cells at 48 or 72 hours after treatment with supernatant media from cultured microglia after incubation

with none (control), GM-CSF or SCF. (C) Relative proliferation ratio against 24 hours control group

(no NOC) in NSC-34 neuronal cells under oxidative stress (NOC) at 24 hours after treatment with su-

pernatant media from microglia after incubation with none (control), GM-CSF or SCF.*p < 0.05.

**p < 0.01.
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of microglia to the M1 phenotype, and SCF induced polarisation of microglia to the

M2 phenotype.

SCF and its receptor, c-kit were reported to be expressed in the central nervous sys-

tem [32, 33]. SCF was mainly expressed in neurons, whereas c-kit was expressed

largely by glial cells and weakly by neurons [34]. After brain injury, c-kit expression

is up-regulated in microglia, and SCF expression is elevated in neuron and astrocyte

[33]. Other reports showed that SCF/c-kit signalling stimulates neurogenesis and

survival for neuronal stem cells [32, 35]. Therefore, these findings suggest that

SCF/c-kit signalling is involved in neuron-neuron and neuron-glia interactions.

Our results could be consistent with neuron-glia interaction. Moreover, some effects

of SCF on microglia have been reported in another literature, which shows that SCF

down-regulates the expression of inflammation-associated cytokines; IL-1b, and

TNF-a, and up-regulates the expression levels of growth factors; nerve growth fac-

tor, and brain-derived neurotrophic factor in microglia [36]. However, this study is

the first report to demonstrate the neuroprotective effects of SCF-activated microglia,

and to clearly distinguish SCF-activated microglia as those showing the M2 pheno-

type from the microglia showing the M1 phenotype which is induced by GM-CSF,

in a comparative analysis.

Other cytokines, IL-4, IL-10 were reported to induce polarisation of microglia to the

anti-inflammatory phenotype [37]. IL-4 and IL-10 are classically known as immuno-

modulatory cytokines, which suppress or limit immune-inflammation [38]. In LPS-

stimulated microglia, it was previously shown that IL-4 and IL-10 suppressed the

expression of cytokines such as IL-6 and TNF-a, and IL-1b expression was sup-

pressed by IL-10, and not IL-4 [39]. Similarly, our experiments showed that

mRNA expression of IL-1b, IL-6 and TNF-a was not up-regulated in SCF-

stimulated microglia. Moreover, it has been reported that IL-4 partly modulated

IGF-1 expression [37, 40], and the expression of TGF was up-regulated by IL-10

[41, 42]. An increase in expression of IGF-1 and TGF was also observed in SCF-

stimulated microglia in this study. Similarly, the expression of, IL-4 and IL-10

were up-regulated during the regulation of inflammatory cytokines and growth fac-

tors in SCF-stimulated microglia, which is consistent with the stable expression

levels of these cytokines and the elevation of growth factors. Although these might

be secondary effects of IL-4 and IL-10, it has been elucidated that SCF contributes to

the suppression of inflammation and to the neuroprotective effects of microglia along

with growth factors.

As described above, microglia are deeply associated with neuroinflammation in

various neurodegenerative diseases, the concept of “non-cell-autonomous neuronal

death” has been recently established, which indicates that glial cells contribute to the

pathogenesis of neuronal cell death [16]. M1 microglia showed notable infiltration in

nervous tissues of patients with Alzheimer’s disease [18, 43], Parkinson’s disease
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[44, 45] and ALS who showed pathological changes [46, 47]. In SOD1-G93A ALS

model mice, we reported that the migration of microglia to the spinal cord was

observed gradually accompanying the advance of the disease [23]. It revealed

that, transplanted SCF-activated bone marrow cells showed greater migration to

the spinal cord than the non-stimulated bone marrow cells, which showed the neuro-

protective phenotype with the expression of GLT-1 [23]. We demonstrated the direct

effect of SCF treatment on microglia, which polarised to the neuroprotective pheno-

type in vitro. These findings in this study are supportive and not contradictory with

the therapeutic effects of SCF in neurodegenerative diseases in vivo.
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