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研究成果の概要（和文）：近年、神経幹細胞の増殖、分化を制御する因子として免疫系が強く寄与していること
が注目されている。しかし、その詳細な分子メカニズムは解明されていなかった。本研究では、免疫系細胞が神
経幹細胞の挙動にどのような影響を及ぼすのかを解明した。発達期の脳に存在する免疫系細胞の割合を調べたと
ころ、B-1細胞が豊富に存在していることがわかった。B-1細胞は自然抗体を産生し、オリゴデンドロサイトの発
達に寄与することで、軸索の髄鞘化を制御していることを明らかにした。

研究成果の概要（英文）：It has considered that immune system is a major contributor to proliferation
 and differentiation of neural stem cells during brain development. However, molecular mechanism of 
neural stem cell modulation by immune system remains unclear. In this study, I investigate the role 
of immune cells in brain development. I examined the subtype and amount of immune cells in 
developing brain, and found that B-1 cells are abundant in neonatal brain. B-1 cells mediate 
oligodendrocyte development and myelination of axons by producing natural antibody. 

研究分野：神経科学

キーワード： 神経発生　オリゴデンドロサイト
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ARTICLES NATURE NEUROSCIENCE

To investigate the localization of B cells in the developing 
brain, we employed reporter mice of B cells by crossing CD19-
Cre mice with ROSA26-tdTomato mice (CD19-Cre;tdTomato), in 
which CD19+ cells express tdTomato in a Cre-dependent manner.  

We performed immunohistochemistry for CD45R in CD19-
Cre;tdTomato mice at P1. tdTomato+ CD45R+ double-positive  
B cells were predominantly localized in the choroid plexus, lateral 
ventricle and meningeal space (Fig. 1c–e). B cells were rarely localized  
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Fig. 1 | B cells of the B-1a subtype are abundant in neonatal mouse brains. a, Mononuclear cells were isolated from mice at embryonic days E16 and E18, 
P1, P5, P10 and W8. Graphs show the percentages of mononuclear cells that were CD4+ T cells, CD8+ T cells and CD19+ CD45R+ B cells, as determined by 
flow cytometry (E16, n!= !3; E18, n!= !3; P1, n!= !3; P5, n!= !4; P10, n!= !3; W8, n!= !3, from biologically independent experiments). b, Number of infiltrating B cells 
in brains at different ages, normalized to brain weight in grams (P1, n!= !3; P5, n!= !4; P10, n!= !3; P14, n!= !3; P21, n!= !3; W8, n!= !3, from biologically independent 
experiments). c–f, Brain sections of CD19-Cre; tdTomato mice were stained with anti-CD45R antibody (green) and counterstained with DAPI at  
P1. Representative images show CD45R+ tdTomato+ B cells in the choroid plexus (c), meninge (d), wall of the lateral ventricle (e) and cortex  
(f) from three independent experiments. Scale bar, 50!μ m. g,h, Immunohistochemical images for CD45R in cerebellum (g) and spinal cord (h) of CD19-
Cre; tdTomato mice at P1 from three independent experiments. Sections were counterstained with DAPI. Scale bar; 200!μ m. g´,h´, Higher magnifications 
of the areas in the white squares in g and h, respectively. Scale bar, 50!μ m. i–o, Plots of fluorescence-activated cell sorting (FACS) data showing the 
expression of CD5-FITC (i), CD21-FITC (j), CD23-PE (k), CD43-PE (l), CD1d-PE (m), CD138-PE (n) and IgM-APC/Cy7 (o) in the CD19+CD45R+ B cells of 
P1 mouse brains from three independent experiments. Representative data obtained from isotype-control (black) and specific antibodies (red) are shown. 
p, Histogram data of FACS showing the isotype-control (black) and the expression of IgM on CD5–CD23+CD19+CD45R+ B-2 cells in adult spleen (blue) 
and CD19+CD45R+IgMhigh B cells in neonatal brain (red). q, Graph shows the mean fluorescent intensity (MFI) of IgM in B-2 cells in adult spleen and IgM+ 
B-1a cells in neonatal brain (B-2 cells, n!= !4; B-1a cells, n!= !3, from biologically independent animals, 95% confidence interval of mean change!= !68.85 to 
208.1, F2,3!= !1.238, P!= !0.0037, assessed by two-sided Student’s t test). r, Representative immunohistochemical staining for CD45R (green) and IgM (red) 
in P5 mouse brains from 4 independent experiments. Scale bar, 10!μ m. s, Representative immunohistochemical staining for CD45R (green) and IgM (red) 
in sections from adult mouse spleen from three independent experiments. Scale bar, 10!μ m. **P!< !0.01. Data represent mean!± !s.e.m.
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Fig. 1 | B cells of the B-1a subtype are abundant in neonatal mouse brains. a, Mononuclear cells were isolated from mice at embryonic days E16 and E18, 
P1, P5, P10 and W8. Graphs show the percentages of mononuclear cells that were CD4+ T cells, CD8+ T cells and CD19+ CD45R+ B cells, as determined by 
flow cytometry (E16, n!= !3; E18, n!= !3; P1, n!= !3; P5, n!= !4; P10, n!= !3; W8, n!= !3, from biologically independent experiments). b, Number of infiltrating B cells 
in brains at different ages, normalized to brain weight in grams (P1, n!= !3; P5, n!= !4; P10, n!= !3; P14, n!= !3; P21, n!= !3; W8, n!= !3, from biologically independent 
experiments). c–f, Brain sections of CD19-Cre; tdTomato mice were stained with anti-CD45R antibody (green) and counterstained with DAPI at  
P1. Representative images show CD45R+ tdTomato+ B cells in the choroid plexus (c), meninge (d), wall of the lateral ventricle (e) and cortex  
(f) from three independent experiments. Scale bar, 50!μ m. g,h, Immunohistochemical images for CD45R in cerebellum (g) and spinal cord (h) of CD19-
Cre; tdTomato mice at P1 from three independent experiments. Sections were counterstained with DAPI. Scale bar; 200!μ m. g´,h´, Higher magnifications 
of the areas in the white squares in g and h, respectively. Scale bar, 50!μ m. i–o, Plots of fluorescence-activated cell sorting (FACS) data showing the 
expression of CD5-FITC (i), CD21-FITC (j), CD23-PE (k), CD43-PE (l), CD1d-PE (m), CD138-PE (n) and IgM-APC/Cy7 (o) in the CD19+CD45R+ B cells of 
P1 mouse brains from three independent experiments. Representative data obtained from isotype-control (black) and specific antibodies (red) are shown. 
p, Histogram data of FACS showing the isotype-control (black) and the expression of IgM on CD5–CD23+CD19+CD45R+ B-2 cells in adult spleen (blue) 
and CD19+CD45R+IgMhigh B cells in neonatal brain (red). q, Graph shows the mean fluorescent intensity (MFI) of IgM in B-2 cells in adult spleen and IgM+ 
B-1a cells in neonatal brain (B-2 cells, n!= !4; B-1a cells, n!= !3, from biologically independent animals, 95% confidence interval of mean change!= !68.85 to 
208.1, F2,3!= !1.238, P!= !0.0037, assessed by two-sided Student’s t test). r, Representative immunohistochemical staining for CD45R (green) and IgM (red) 
in P5 mouse brains from 4 independent experiments. Scale bar, 10!μ m. s, Representative immunohistochemical staining for CD45R (green) and IgM (red) 
in sections from adult mouse spleen from three independent experiments. Scale bar, 10!μ m. **P!< !0.01. Data represent mean!± !s.e.m.
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ARTICLES NATURE NEUROSCIENCE

The number of apoptotic OPCs was not altered by depletion of B-1a 
cells (Supplementary Fig. 4a,b), indicating that B-1a cells contribute 
to oligodendrogenesis by promoting proliferation of OPCs in the 
developing brain and not by inhibiting OPC apoptosis.

To determine whether B-1a cells promote oligodendrogenesis 
indirectly through their effects on other cell types in the developing 
brain, we examined the number of microglia, which are involved 
in oligodendrogenesis, after anti-BAFF-R treatment. Depletion of 

B-1a cells with anti-BAFF-R treatment resulted in a small but sig-
nificant decrease in the number of microglia in the subventricular 
zone (Iba-1+ cells, P =  0.0368; Supplementary Fig. 5a,b). However, 
depletion of B-1a cells did not result in any observable differences 
in the localization and differentiation of neurons and astrocytes, as 
indicated by immunostaining for GFAP (Supplementary Fig. 5c), 
aldehyde dehydrogenase family 1 member L1 (Aldh1L1, another 
astrocyte marker; Supplementary Fig. 5d) and neuronal migration 

M
B

P

Control IgG Anti-BAFF-R

ba

CC

CC

C
on

tr
ol

 Ig
G

A
nt

i-B
A

F
F

-R

c

d e

0

20

40

60
*

0

20

40

60

80

100 *

PDGFRα Ki67 Olig2 Merge

PDGFRα Ki67 Olig2 Merge

A
nt

i-B
A

F
F

-R P
B

S
B

-1
a 

ce
lls

f g

C
on

tr
ol

 Ig
G

0

10

20

30

40
**

0

20

40

60
** **

CC

CC

CC

NS

0

500

1,000

1,500

2,000

C
D

45
R

+  c
el

l p
er

 s
ec

tio
n

Con
tro

l Ig
G

Anti
-B

AFF-R

M
B

P
+  c

el
ls

 p
er

 m
m

2

Con
tro

l Ig
G

Anti
-B

AFF-R

K
i6

7+  c
el

ls
 in

P
D

G
F

R
α+ O

lig
2+  c

el
ls

 (
%

)
K

i6
7+  c

el
ls

 in
P

D
G

F
R

α+ O
lig

2+  c
el

ls
 (

%
)

Con
tro

l Ig
G

Anti
-B

AFF-R

Con
tro

l Ig
G

Anti
-B

AFF-R

O
lig

2+  p
er

 m
m

2

Con
tro

l Ig
G

Anti
-B

AFF-R
+P

BS

Anti
-B

AFF-R
+B

-1
a

Fig. 5 | Depletion of B-1a cells suppresses oligodendrogenesis in the developing brain. Control IgG or anti-BAFF-R antibodies were intraventricularly 
injected at E16, and brains were analyzed at P5 for depletion of B-1a cells. a, Brain sections were stained with anti-CD45R antibody, and the numbers 
of CD45R+ B cells were counted (control IgG, n!= !5; anti-BAFF-R, n!= !5, from biologically independent experiments, 95% confidence interval of mean 
change!= !–46.41 to –5.267, F4,4!= !173.4, P!= !0.0251, assessed by Welch’s t test). b, Representative immunohistochemical staining for MBP in the 
corpus callosum (CC) of the control IgG-injected and anti-BAFF-R-injected brain sections. Scale bar, 100!μ m. c, Graph showing the density of MBP+ 
oligodendrocytes in the corpus callosum (control IgG, n!= !5; anti-BAFF-R, n!= !5, from biologically independent experiments, 95% confidence interval 
of mean change!= !–38.09 to –2.240, F5,4!= !4.495, P!= !0.0315, assessed by two-sided Student’s t test). d, Control IgG-treated or anti-BAFF-R-treated 
brain sections were stained with PDGFRα  (green) antibody, Ki67 (red) and Olig2 (blue). Representative images show the proliferating OPCs in the 
subventricular zone. Arrowheads indicate triple-positive cells. Scale bar, 100!μ m. e, Graph shows the percentage of Ki67+ cells in PDGFRα +Olig2+ OPCs in 
subventricular zone and density of Olig2 single-positive cells per mm2 (control IgG, n!= !4; anti-BAFF-R, n!= !5, from biologically independent experiments, 
95% confidence interval of mean change!= !–12.81 to –3.061, F3,4!= !2.785, P!= !0.0063, for Ki67+ cells among PDGFRα +Olig2+ OPCs; F4,3!= !2.871, P!= !0.8142 
for Olig2+ cells; assessed by two-sided Student’s t test). f, Representative images show the immunohistochemistry for PDGFRα , Ki67 and Olig2 in corpus 
callosum of mouse brains, which were treated with control IgG, anti-BAFF-R!+ !PBS and anti-BAFF-R!+ !B-1a cells. PBS or B-1a cells isolated from adult 
peritoneal cavity were injected into anti-BAFF-R-treated mice at P6 and analyzed at P7. Scale bar, 50!μ m. g, Graph shows the percentage of Ki67+ cells 
in PDGFRα +Olig2+ OPCs in corpus callosum (control IgG, n!= !5; anti-BAFF-R!+ !PBS, n!= !6; anti-BAFF-R!+ !B-1a cells, n!= !5; from biologically independent 
experiments, 95% confidence interval of mean change!= !4.406 to 20.38, P!= !0.0034 for control IgG vs. anti-BAFF-R!+ !PBS; 95% confidence interval of 
mean change!= !–20.06 to –4.086, P!= !0.0041 for anti-BAFF-R!+ !PBS vs. anti-BAFF-R!+ !B-1a cells, assessed by one-way ANOVA followed by Tukey–Kramer’s 
post hoc test). *P!< !0.05, **P!< !0.01. Data represent mean!± !s.e.m.
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Fig. 6 | Blockage of Fcα/μR reduces proliferation of OPCs and oligodendrocyte-lineage cells in vivo. a, Immunohistochemistry for Fcα /μ R, PDGFRα  and 
MBP in P5 mouse brain from 3 independent experiments. Scale bar, 20!μ m. b, Representative immunohistochemical staining for PDGFRα , Ki67 and Olig2 
in the corpus callosum from the control IgG-treated or anti-Fcα /μ R-treated mice. Scale bar, 50!μ m. c, Graph indicating the percentage of Ki67+ cells in 
PDGFRα +Olig2+ OPCs and density of Olig2 single-positive cells per mm2 (control IgG, n!= !6; anti-Fcα /μ R, n!= !5, from biologically independent experiments; 
95% confidence interval of mean change!= !–19.00 to –3.780, F5,4!= !0.4747, P!= !0.0080 for Ki67+ cells in PDGFRα + Olig2+ OPCs; 95% confidence 
interval of mean change!= !–280.9 to –23.01, F4,5!= !1.495, P!= !0.0258 for Olig2+ cells; assessed by two-sided Student’s t test). d–g, Representative 
immunohistochemical staining for MBP (d) and homeobox protein Nkx2.2 (f) in the external capsule (EC) from the control IgG-treated or anti-Fcα /μ 
R-treated mice. Scale bar, 100!μ m. (e,g) Quantification of the number of MBP+ (e) or Nkx2.2+ (g) cells in the control IgG-treated or anti-Fcα /μ R-treated 
mice per mm2 (control IgG, n!= !4; anti-Fcα /μ R, n!= !5; from biologically independent experiments, 95% confidence interval of mean change!= !–53.10 to 
–14.59, F3,4!= !4.061, P!= !0.0043 for e; 95% confidence interval of mean change!= !–391.6 to –156.4, F3,3!= !4.344, P!= !0.0013 for g, assessed by two-sided 
Student’s t test). h–k, PBS or recombinant natural IgM (rIgM) was injected into P1 mouse brain and analyzed at P7. (h) Immunohistochemical staining for 
PDGFRα , IgM and Fcα /μ R in rIgM-treated mouse brain from 3 independent experiments. Scale bar, 20!μ m. (i) Graph shows the fluorescence intensity of 
PDGFRα , IgM and Fcα /μ R along the yellow arrow from three independent experiments. (j) Representative images show the immunohistochemistry for 
Ki67, PDGFRα  and Olig2 in corpus callosum (CC). Scale bar, 50!μ m. (k) Graph shows the percentage of Ki67+ proliferating cells in PDGFRα +Olig2+ OPCs 
(PBS, n!= !6; rIgM, n!= !5, from biologically independent experiments; 95% confidence interval of mean change!= !7.432 to 20.43, F5,4!= !1.014, P!= !0.0009, 
assessed by two-sided Student’s t test). l, B-1a cells and OPCs were co-cultured in the presence of BrdU, mouse control IgG (1!μ g/mL) or anti-Fcα /μ R  
(1!μ g/mL) for 24!h. Representative immunohistochemical staining for BrdU (green) and PDGFRα  (red). Scale bar, 100!μ m. m, The percentage of BrdU+ cells 
in the PDGFRα + OPCs in i (n!= !3 from biologically independent experiments, 95% confidence interval of mean change!= !–31.89 to –2.192, P!= !0.0290 for 
no B-1a cell vs. control IgG; 95% confidence interval of mean change!= !1.252 to 30.95; P!= !0.0365 for control IgG vs. anti-Fcα /μ R; assessed by one-way 
ANOVA followed by Tukey–Kramer’s post hoc test). n, OPCs were cultured on plate-bound rIgM in the presence of BrdU for 24!h and then immunostained 
for BrdU and PDGFRα . Scale bar, 100!μ m. o, Graph showing the percentage of BrdU+ cells in the PDGFRα + OPCs (n!= !3 from biologically independent 
experiments, 95% confidence interval of mean change!= !2.275 to 33.41, F2,2!= !14.13, P!= !0.0335, assessed by two-sided Student’s t test). *P!< !0.05, 
**P!< !0.01, ***P!< !0.001. Data represent mean!± !s.e.m.
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The number of apoptotic OPCs was not altered by depletion of B-1a 
cells (Supplementary Fig. 4a,b), indicating that B-1a cells contribute 
to oligodendrogenesis by promoting proliferation of OPCs in the 
developing brain and not by inhibiting OPC apoptosis.

To determine whether B-1a cells promote oligodendrogenesis 
indirectly through their effects on other cell types in the developing 
brain, we examined the number of microglia, which are involved 
in oligodendrogenesis, after anti-BAFF-R treatment. Depletion of 

B-1a cells with anti-BAFF-R treatment resulted in a small but sig-
nificant decrease in the number of microglia in the subventricular 
zone (Iba-1+ cells, P =  0.0368; Supplementary Fig. 5a,b). However, 
depletion of B-1a cells did not result in any observable differences 
in the localization and differentiation of neurons and astrocytes, as 
indicated by immunostaining for GFAP (Supplementary Fig. 5c), 
aldehyde dehydrogenase family 1 member L1 (Aldh1L1, another 
astrocyte marker; Supplementary Fig. 5d) and neuronal migration 
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Fig. 5 | Depletion of B-1a cells suppresses oligodendrogenesis in the developing brain. Control IgG or anti-BAFF-R antibodies were intraventricularly 
injected at E16, and brains were analyzed at P5 for depletion of B-1a cells. a, Brain sections were stained with anti-CD45R antibody, and the numbers 
of CD45R+ B cells were counted (control IgG, n!= !5; anti-BAFF-R, n!= !5, from biologically independent experiments, 95% confidence interval of mean 
change!= !–46.41 to –5.267, F4,4!= !173.4, P!= !0.0251, assessed by Welch’s t test). b, Representative immunohistochemical staining for MBP in the 
corpus callosum (CC) of the control IgG-injected and anti-BAFF-R-injected brain sections. Scale bar, 100!μ m. c, Graph showing the density of MBP+ 
oligodendrocytes in the corpus callosum (control IgG, n!= !5; anti-BAFF-R, n!= !5, from biologically independent experiments, 95% confidence interval 
of mean change!= !–38.09 to –2.240, F5,4!= !4.495, P!= !0.0315, assessed by two-sided Student’s t test). d, Control IgG-treated or anti-BAFF-R-treated 
brain sections were stained with PDGFRα  (green) antibody, Ki67 (red) and Olig2 (blue). Representative images show the proliferating OPCs in the 
subventricular zone. Arrowheads indicate triple-positive cells. Scale bar, 100!μ m. e, Graph shows the percentage of Ki67+ cells in PDGFRα +Olig2+ OPCs in 
subventricular zone and density of Olig2 single-positive cells per mm2 (control IgG, n!= !4; anti-BAFF-R, n!= !5, from biologically independent experiments, 
95% confidence interval of mean change!= !–12.81 to –3.061, F3,4!= !2.785, P!= !0.0063, for Ki67+ cells among PDGFRα +Olig2+ OPCs; F4,3!= !2.871, P!= !0.8142 
for Olig2+ cells; assessed by two-sided Student’s t test). f, Representative images show the immunohistochemistry for PDGFRα , Ki67 and Olig2 in corpus 
callosum of mouse brains, which were treated with control IgG, anti-BAFF-R!+ !PBS and anti-BAFF-R!+ !B-1a cells. PBS or B-1a cells isolated from adult 
peritoneal cavity were injected into anti-BAFF-R-treated mice at P6 and analyzed at P7. Scale bar, 50!μ m. g, Graph shows the percentage of Ki67+ cells 
in PDGFRα +Olig2+ OPCs in corpus callosum (control IgG, n!= !5; anti-BAFF-R!+ !PBS, n!= !6; anti-BAFF-R!+ !B-1a cells, n!= !5; from biologically independent 
experiments, 95% confidence interval of mean change!= !4.406 to 20.38, P!= !0.0034 for control IgG vs. anti-BAFF-R!+ !PBS; 95% confidence interval of 
mean change!= !–20.06 to –4.086, P!= !0.0041 for anti-BAFF-R!+ !PBS vs. anti-BAFF-R!+ !B-1a cells, assessed by one-way ANOVA followed by Tukey–Kramer’s 
post hoc test). *P!< !0.05, **P!< !0.01. Data represent mean!± !s.e.m.
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