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In multiple sclerosis plaques, oligodendroglial connexin (Cx) 47
constituting main gap junction channels with astroglial Cx43 is
persistently lost. As mice with Cx47 single knockout exhibit no
demyelination, the roles of Cx47 remain undefined. We aimed to
clarify the effects of oligodendroglia-specific Cx47 inducible con-
ditional knockout (icKO) on experimental autoimmune encepha-
lomyelitis (EAE) induced by myelin oligodendrocyte glycoprotein
peptide (MOG35-55) in PLP/CreERT;Cx47fl/fl mice at 14 d after
tamoxifen injection. Cx47 icKOmice demonstrated exacerbation of
acute and chronic relapsing EAE with more pronounced demye-
lination than Cx47 flox (fl)/fl littermates. CD3+ T cells more abun-
dantly infiltrated the spinal cord in Cx47 icKO than in Cx47 fl/fl
mice throughout the acute to chronic phases. CXCR3-CCR6+CD4+
and IL17+IFNγ-CD4+ helper T (Th) 17 cells isolated from spinal cord
and brain tissues were significantly increased in Cx47 icKO mice
compared with Cx47 fl/fl mice, while MOG35-55-specific prolifera-
tion and proinflammatory cytokine production of splenocytes
were unaltered. Microarray analysis of isolated microglia revealed
stronger microglial activation toward proinflammatory and injury-
response phenotypes with increased expressions of chemokines
that can attract Th17 cells, including Ccl2, Ccl3, Ccl4, Ccl7, and Ccl8,
in Cx47 icKO mice compared with Cx47 fl/fl mice. In Cx47 icKO mice,
NOS2+ and MHC class II+ microglia were more enriched immunohis-
tochemically, and A1-specific astroglial gene expressions and astroglia
immunostained for C3, a representative A1 astrocyte marker, were
significantly increased at the acute phase, compared with Cx47 fl/fl
mice. These findings suggest that oligodendroglia-specific Cx47 abla-
tion induces severe inflammation upon autoimmune demyelination,
underscoring a critical role for Cx47 in regulating neuroinflammation.

experimental autoimmune encephalomyelitis | connexin 47 | multiple
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Multiple sclerosis (MS) is an autoimmune demyelinating dis-
ease affecting the central nervous system (CNS). We and

others reported widespread alterations in glial connexins (Cxs) in
demyelinating diseases such as MS, Baló concentric sclerosis, and
neuromyelitis optica (1–3). Cxs are transmembrane molecules that
form gap junction (GJ) channels to allow intercellular exchange of
ions, secondary messengers, and energy sources (4). Acute MS
plaques show more extensive loss of oligodendroglial Cx32 and
Cx47 and astroglial Cx43 than demyelinated areas, although oligo-
dendroglia and astroglia are still present (2, 3). Meanwhile, chronic
MS lesions exhibit marked up-regulation of astroglial Cx43, reflecting
progressive astrogliosis, and persistent loss of oligodendroglial Cx32
and Cx47 even in partially remyelinated shadow plaques (2, 3). Given
that energy sources, such as glucose and lactate, are transferred from
blood vessels to oligodendroglia and neurons via astroglia through Cx
GJs, loss of oligodendroglia−astrocyte GJs may cause energy failure,
resulting in myelin and axon loss (1, 3). However, the precise roles of
glial Cx alterations in MS remain to be established.
Acute experimental autoimmune encephalomyelitis (EAE) was

reported to be unaltered in astrocytic Cx30 or Cx43 single-knockout

(KO) mice and even in Cx30/Cx43 double-KOmice (5). We recently
found that Cx30 ablation attenuated the chronic, but not acute,
phase of EAE through induction of neuroprotective microglia (6).
By contrast, oligodendrocytic Cx32 KO mice developed aggravated
EAE with increased demyelination compared with wild-type (WT)
mice, despite showing a degree of neuroinflammation similar to WT
mice upon EAE induction and little clinical progression at the
chronic phase (7). Markoullis et al. (7) assumed that remyelination
failure may be responsible for the aggravation of EAE in oligo-
dendroglial Cx32 KOmice (7), although single KO of Cx32 caused
neither neurological abnormalities nor pathological changes (8).
Compared with Cx32, Cx47 showed more-abundant expression

on the surface of oligodendroglial perikarya and proximal por-
tions of processes and similar expression on the surface of myelin
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sheaths in the white and gray matters (9, 10). Cx47 forms homotypic
oligodendroglia−oligodendroglia GJs with itself, heterotypic oligo-
dendroglia−oligodendroglia GJs with Cx32, and most heterotypic
oligodendroglia−astroglia GJs with Cx43 (9, 11). Cx47 mutations
are a cause of Pelizaeus–Merzbacher-like disease, an autosomal
recessive hypomyelinating leukoencephalopathy (12). However,
single KO of Cx47 in mice produced neither neurological signs nor
demyelination in the spinal cord (13, 14). Here, we report that
oligodendroglia-specific conditional ablation of Cx47 augments
neuroinflammation without influencing encephalitogenic T cell in-
duction, producing relapsing EAE with florid microglial activation.

Results
Cx47 icKO Decreases Cx47 Expression in the White Matter Oligodendroglia.
To confirm CreERT-mediated recombination, PLP/CreERT;Rosa26-
lacZ reporter mice were injected with tamoxifen (TM) following a
defined protocol (SI Appendix, Fig. S1A) and analyzed by X-gal
staining (SI Appendix, Fig. S1 B–D). X-gal−positive cells were
mainly observed in the white matter of the brain and whole-mount
preparations of the spinal cord in TM-induced double-transgenic
mice, as clearly shown by the strong X-gal staining in brain and
spinal cord cross-sections. By contrast, no X-gal staining was ob-
served in corn oil-injected double-transgenic control mice.
Next, we generated PLP/CreERT;Cx47fl/fl mice (SI Appendix, Fig.

S2) to achieve inducible conditional ablation of Cx47, wherein Cx47
is ablated from oligodendroglia after TM injections according to the
protocol (SI Appendix, Fig. S1A). TM-treated PLP/CreERT;Cx47fl/fl

mice are designated Cx47 icKO mice hereafter. Double immuno-
staining for Cx47 and Nogo-A revealed that Cx47 was predominantly
present in the oligodendroglia distributed in the white matter of the
lumbar spinal cord (SI Appendix, Fig. S3A), consistent with a pre-
vious report (13). Compared with corn oil-injected control mice,
Cx47 levels were significantly reduced in the spinal cord white
matter of Cx47 icKO mice at 10, 28, and 60 d after completion of
TM injections (SI Appendix, Fig. S3B). Similar depletion of Cx47
was observed in the cerebellum and optic nerve white matter at 10,
28, and 60 d after completion of TM injections (SI Appendix, Fig. S3
C and D). Western blotting revealed that Cx47 gradually decreased
at 10, 14, and 21 d after completion of TM injections, with a sig-
nificant reduction at 28 d (SI Appendix, Fig. S3 E and F). We also
confirmed that TM injection caused neither clinical signs nor his-

tological changes, including myelin density alterations determined
by myelin basic protein (MBP) immunostaining and inflammatory
infiltrates, in Cx47 icKO mice at time points corresponding to the
acute and chronic phases of EAE (SI Appendix, Fig. S4).

Oligodendroglia-Specific Cx47 Ablation Aggravates Acute and Chronic
EAE Signs. EAE was induced in 12- to 16-wk-old female mice by
myelin oligodendrocyte glycoprotein (MOG)35–55 peptide according
to the protocol (SI Appendix, Fig. S5). We initially examined the
effects of TM alone on EAE in Cx47 fl/fl mice, because TM was
reported to reduce the severity of acute EAE (15) through its im-
munosuppressive effects as an estrogen receptor modulator (16).
TM injection significantly reduced the severity of clinical signs in
acute (day postimmunization [dpi] 0 to 29) but not chronic (dpi
30 to 60) EAE and decreased inflammatory cell infiltrates and
demyelination at the acute EAE phase only (SI Appendix, Fig. S6),
consistent with the observation that TM was completely degraded
within 8 d in mice (17). Therefore, throughout the following ex-
periments, Cx47 icKO and Cx47 fl/fl mice were equally treated
with TM to clarify the effects of Cx47 ablation alone.
EAE eventually developed in all immunized mice. Cx47 icKO

mice showed tail and hind limb paresis similar to Cx47 fl/fl mice
at both the acute and chronic phases of EAE, with the overall disease
severity being relatively mild because of the immunosuppressive
effects of TM (15, 16). Compared with Cx47 fl/fl mice, Cx47 icKO
mice showed significantly earlier onset, and higher acute phase
peak scores, relapse numbers, and areas under the curve (AUCs)
for clinical scores at both the acute (dpi 0 to 29) and chronic (dpi
30 to 72) phases of EAE (Fig. 1).

Oligodendroglia-Specific Cx47 Ablation Exacerbates Demyelination.
In Cx47 icKO mice, the myelin density determined by MBP
immunostaining was significantly decreased at the acute and
chronic phases of EAE compared with the preimmunized phase
in both the ventral and dorsal funiculi of the spinal cord (Fig. 2A
and SI Appendix, Fig. S7). By contrast, Cx47 fl/fl mice showed no
significant decreases in myelin density at the acute to chronic
phases of EAE in either the ventral or dorsal funiculus, except
for a significant decrease in the ventral funiculus at the chronic
phase compared with the preimmunized phase. As a result, myelin
loss was significantly more severe in Cx47 icKO mice than in Cx47

Fig. 1. Aggravation of EAE by oligodendroglia-specific Cx47 ablation. (A) Clinical scores in Cx47 fl/fl control (blue; n = 8) and Cx47 icKO (red; n = 9) mice. (B
and C) Severity of disease symptoms evaluated by comparing the AUC values (B) from dpi 0 to dpi 29 (acute phase, 8 Cx47 fl/fl mice vs. 9 Cx47 icKO mice) and
(C) from dpi 30 to dpi 72 (chronic phase, 5 Cx47 fl/fl mice vs. 6 Cx47 icKO mice). (D) Comparisons of clinical features of EAE between Cx47 icKO and Cx47 fl/fl
mice. The sums of three independent experiments are shown. All data are shown as means ± SEM. P values were calculated by the Mann–Whitney U test.
***P < 0.001.
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fl/fl mice in the ventral funiculus at the acute phase (P = 0.009)
and in the dorsal funiculus at the chronic phase (P = 0.005), while
the myelin density was unchanged between the two genotypes in
the preimmunized phase.

Oligodendroglia-Specific Cx47 Ablation Augments T Cell and Macrophage
Infiltration at the Acute EAE Phase. Neuroinflammation was strongest
in the L4 to L5 spinal cord among the CNS tissues, while other sites
examined (cerebrum, cerebellum, and brainstem) contained only a
few inflammatory foci in both genotypes (Fig. 3 and SI Appendix,
Fig. S8). More infiltration of CD3+ T cells was observed in Cx47
icKO mice compared with Cx47 fl/fl mice in the ventral and dorsal
funiculi of the spinal cord at both the acute and chronic phases
(ventral funiculus: acute, P = 0.003 and chronic, P = 0.02; dorsal
funiculus: acute, P = 0.01 and chronic, P = 0.02) (Fig. 3 A–C). Iba-
1+ microglia were more abundant in the ventral funiculus of the
spinal cord in Cx47 icKO mice than in Cx47 fl/fl mice at both the
acute and chronic phases (acute, P = 0.02 and chronic, P = 0.04)
(Fig. 3 D–F), while no significant changes were detected in the
dorsal funiculus between the two genotypes. F4/80+ macrophages
showed increased infiltration in the ventral funiculus of the spinal
cord in Cx47 icKO mice compared with Cx47 fl/fl mice at the acute
phase (P = 0.03), with similar, but nonsignificant, trends observed in
the acute dorsal and chronic ventral funiculi (SI Appendix, Fig. S9
A–C). Glial fibrillary acidic protein (GFAP)+ astroglia showed no
significant changes in either the ventral or dorsal funiculus of the
spinal cord in Cx47 icKO mice compared with Cx47 fl/fl mice at
the acute and chronic phases, except for a significant increase in the
dorsal funiculus at the chronic phase in Cx47 icKO mice (SI Ap-
pendix, Fig. S9 D–F). Furthermore, myelin density showed signifi-
cant negative correlations with extents of CD3+ T cell and Iba-1+

microglia infiltration in the ventral and dorsal funiculi of the lumbar
spinal cord at both the acute and chronic phases in Cx47 icKO mice
(SI Appendix, Figs. S10 and S11). Similar, but nonsignificant, trends
were observed in Cx47 fl/fl mice.

MOG-Specific T Cell Response Is Unaltered in Cx47 icKO Mice. Sple-
nocytes isolated from Cx47 icKO and Cx47 fl/fl mice at the
preonset (dpi 10) and peak (dpi 17) phases of EAE were stim-
ulated by different concentrations of MOG35–55. There were no

significant differences in MOG-specific proliferation between
the two genotypes at both time points (SI Appendix, Fig. S12 A
and B). Furthermore, the amounts of interleukin (IL)-2, IL-3,
IL-4, IL-5, IL-6, IL-10, IL-17, interferon (IFN)-γ, and C-C motif
chemokine 2 (CCL2) secreted by splenocytes into the superna-
tant upon MOG stimulation at dpi 17 did not differ significantly
between Cx47 icKO and Cx47 fl/fl mice (SI Appendix, Fig. S12C).

Decrease in Oligodendroglial Cx47 at the Peak of Acute EAE. The
alterations in oligodendroglial Cx47 were immunohistochemi-
cally examined in the lumbar spinal cord at the acute and chronic
phases of EAE in WT mice on the same genetic background
(C57BL/6) as Cx47 icKO and Cx47 fl/fl mice. In the preimmu-
nized phase, Cx47 was expressed in the perikarya and proximal
processes of oligodendroglia as previously reported (17, 18).
Cx47 expression started to decrease at the preonset phase, albeit
without significance, and was further down-regulated from dpi
8 to 14 with significance (SI Appendix, Fig. S13). At the chronic
phase (dpi 50), Cx47 expression was partially recovered, consis-
tent with a previous report (7). In Cx47 fl/fl mice, Cx47 expres-
sion was significantly reduced at the acute EAE peak compared
with the preimmunized phase (P < 0.0001), and partially re-
covered at the chronic phase (acute vs. chronic phases, P =
0.0057) but remained lower than that in the preimmunized phase
(P = 0.0027) (SI Appendix, Fig. S14). Although Cx47 expression
levels were extremely low in Cx47 icKO mice, they were signif-
icantly decreased at the acute phase compared with the pre-
immunized phase (P = 0.0025), and then recovered to similar
levels to the preimmunized phase at the chronic phase. As a
result, Cx47 levels were significantly lower in the preimmunized
and chronic phases compared with Cx47 fl/fl mice (P < 0.0001 for
both), while the difference was not significant at the peak of
EAE, due to the floor effects.

No Changes in Astroglial Cx43 Expression in Cx47 icKO Mice. Cx43
expression was significantly decreased at the acute phase in both
Cx47 icKO and Cx47 fl/fl mice compared with the preimmunized
phase (P = 0.0002 and P = 0.0014, respectively), and recovered
to levels similar to the preimmunized phase at the chronic phase
(SI Appendix, Fig. S15). Thus, there was no significant difference

Fig. 2. Exacerbation of demyelination by oligodendroglia-specific Cx47 ablation. (A and B) MBP immunostaining of lumbar spinal cords (counterstained with
DAPI) from Cx47 fl/fl (Upper) and Cx47 icKO (Lower) EAE mice at (A) dpi 17 and (B) dpi 50. Magnified images of the boxed areas in Left are shown in Right.
(Scale bars: Left, 100 μm; Right, 10 μm.) (C and D) Quantitative analysis of myelin densities using optimal density measurements in the (C) ventral and (D)
dorsal funiculi of the lumbar spinal cord from Cx47 fl/fl and Cx47 icKO mice by MBP immunostaining. All data are presented as means ± SEM. Significant
differences were determined by one-way analysis of variance (ANOVA). **P < 0.01.
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in Cx43 immunoreactivity in the lumbar spinal cord white matter
between Cx47 icKO and Cx47 fl/fl mice in the preimmunized
phase and during the course of EAE.

Oligodendroglia-Specific Cx47 Ablation Promotes Astroglia toward
the A1 Phenotype at the Acute EAE Phase. First, we compared the
changes in expression of gene clusters among the preimmunized,
acute, and chronic phases by gene set enrichment analysis
(GSEA) in Cx47 icKO and Cx47 fl/fl mice. Compared with the
preimmunized phase, expression levels of A1-specific (induced
by neuroinflammation), A2-specific (induced by ischemia), and
Pan-reactive (induced by both neuroinflammation and ischemia)
genes (18) were significantly greater in both mutant and control
mice at the acute phase (Cx47 icKO: A1 and Pan, normalized
P < 0.001 and A2, normalized P = 0.018; Cx47 fl/fl: A1, nor-
malized P = 0.017, A2, normalized P = 0.0226, and Pan, nor-
malized P < 0.001) (SI Appendix, Table S1 and Fig. 4A). In the
comparison between the preimmunized and chronic phases, A1-
specific gene expression levels were significantly enhanced at the
chronic phase only in Cx47 icKO mice (A1, normalized P =
0.005), but not in Cx47 fl/fl mice, while no difference was ob-
served in A2-specific and Pan-reactive gene expression levels in
both genotypes (SI Appendix, Table S1). Compared with the
acute phase, A1-specific, A2-specific, and Pan-reactive gene ex-
pression levels showed significant down-regulation at the chronic
phase in both genotypes (SI Appendix, Table S1).
Next, we compared the changes in expression of gene clusters

between the two mouse genotypes during the EAE disease
course by GSEA. At the acute phase, Cx47 icKO mice showed
higher expression levels of A1-specific and Pan-reactive genes
than Cx47 fl/fl mice (normalized P = 0.004 and P = 0.014, re-
spectively), while A2-specific gene expression was similar between
the two genotypes (SI Appendix, Table S2 and Fig. 4B). At the
chronic phase, no significant changes in A1-specific, A2-specific,

and Pan-reactive gene expression levels were found between the
two genotypes.
We immunohistochemically examined the expressions of rep-

resentative A1 and A2 astroglia markers based on a recent re-
port (18), and found a significant increase in GFAP+ astroglia
expressing C3, a representative A1 marker, in the lumbar spinal
cord white matter of Cx47 icKO mice compared with Cx47 fl/fl
mice at both the acute and chronic phases (P = 0.006 and P =
0.014, respectively) (Fig. 5 A and E and SI Appendix, Fig. S16 A
and E). No significant change in GFAP+ astroglia expressing
S100A10, a representative A2 marker, was found in Cx47 icKO
mice compared with Cx47 fl/fl mice at the acute phase, while
S100A10+ astroglia were significantly more abundant in Cx47
icKO mice than in Cx47 fl/fl mice at the chronic phase (P =
0.028) (Fig. 5 C and F and SI Appendix, Fig. S16 B and F).

Oligodendroglia-Specific Cx47 Ablation Dampens Oligodendroglia-
Specific Gene Expression at the Acute EAE Phase. Compared with the
preimmunized phase, expression levels of the top 30 oligodendroglia-
specific genes were significantly down-regulated in both genotypes
at the acute phase by GSEA (Cx47 icKO and Cx47 fl/fl, normal-
ized P < 0.001 for both) (SI Appendix, Table S1 and Fig. S16). At
the chronic phase, oligodendroglia-specific gene expressions were
further down-regulated compared with the acute and preimmu-
nized phases in both genotypes (compared with acute phase: Cx47
icKO, normalized P = 0.007 and Cx47 fl/fl, normalized P < 0.001;
compared with preimmunized phase: Cx47 icKO and Cx47 fl/fl,
normalized P < 0.001 for both). Next, we compared the expression
levels of oligodendroglia-specific gene clusters between the two
genotypes during the EAE disease course by GSEA. At the acute
phase, oligodendroglia-specific gene clusters were significantly
down-regulated in Cx47 icKO mice compared with Cx47 fl/fl
mice (P = 0.014) (SI Appendix, Table S2 and Fig. S17). At the
chronic phase, higher oligodendroglia-specific gene expression

Fig. 3. Augmentation of T cell infiltration and activation of microglia during EAE by oligodendroglia-specific Cx47 ablation. (A, B, D, and E) Immunohistochemical
staining of lumbar spinal cords (counterstained with DAPI) from Cx47 fl/fl (Upper) and Cx47 icKO (Lower) mice at the (A and D) acute (dpi 17) and (B and E) chronic
(dpi 50) phases of EAE. Immunostaining of (A and B) CD3+ T cells and (D and E) Iba-1+ microglia is shown. (Scale bars: Left, 100 μm; Right, 10 μm.) (C and F)
Quantitative analysis of (C) CD3+ T cells and (F) Iba-1+ microglia in the ventral and dorsal funiculi of lumbar spinal cords from Cx47 icKO and Cx47 fl/fl mice at dpi
17 and dpi 50. Open circle and filled circle in C and F indicate fl/fl and icKO, respectively. (G–K) Bar graphs showing the percentages of (G) CD4+ T, and (H) Treg, (I)
Th1, (J) Th17, and (K) Th17/Th1 cells in CD4+ T cells isolated from Cx47 fl/fl and Cx47 icKO mouse CNS tissues by flow cytometry. All data are shown as means ± SEM
of four to seven mice per group. Significant differences were determined by an unpaired t test. *P < 0.05; **P < 0.01; n.s., not significant.
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levels were found in Cx47 icKO mice compared with Cx47 fl/fl
mice (P < 0.001).

Oligodendroglia-Specific Cx47 Ablation Promotes Microglia to Differentiate
toward the Proinflammatory Phenotype at the Acute and Chronic Phases of
EAE. First, we compared the changes in expression levels of proin-
flammatory and antiinflammatory genes in isolated microglia among
the preimmunized, acute, and chronic phases in Cx47 icKO and
Cx47 fl/fl mice by GSEA (19). Compared with the preimmunized
phase, proinflammatory and antiinflammatory gene expression
levels in microglia were significantly higher in both genotypes at the

acute phase (Cx47 icKO: normalized P < 0.001 for both proin-
flammatory and antiinflammatory genes; Cx47 fl/fl: normalized P <
0.001 for proinflammatory genes and normalized P = 0.0022 for
antiinflammatory genes) (SI Appendix, Table S1 and Fig. 6A). At
the chronic phase, proinflammatory gene expression levels in
microglia only remained significantly up-regulated compared with
the preimmunized phase in Cx47 icKO mice (Cx47 icKO: normal-
ized P = 0.049), and not in Cx47 fl/fl mice, while antiinflammatory
gene expression levels were significantly greater than those in the
preimmunized phase in both genotypes (Cx47 icKO: normalized
P < 0.001; Cx47 fl/fl: normalized P = 0.0065).

Fig. 4. Gene expression microarray data for Cx47 icKO and Cx47 fl/fl mouse spinal cord and brain in the preimmunized and EAE phases focusing on astroglia-
related genes. (A) Heat maps comparing the expression of A1-specific, A2-specific, and Pan-reactive gene transcripts in RNA samples from the spinal cord and
brain of Cx47 icKO and Cx47 fl/fl mice (n = 3 per group) in the preimmunized, acute (dpi 17), and chronic (dpi 50) phases of EAE. To create the heat maps, the
original mRNA signal values were subjected to log2 transformation, and the distance from the median value (control) of each gene was calculated. The
numbers −2 to 2 beside the color bar indicate log2-transformed fold changes, reflecting fold differences in gene expression from less than 1/4 to more than 4,
respectively. (B) Enrichment plots (green curves) show the running sums of the enrichment score (ES) for A1-specific, A2-specific, and Pan-reactive gene sets in
the preimmunized, acute, and chronic phases of EAE. The score at the peak of each plot is the ES for that gene set. The black bars indicate where the members
of the gene set appear in the ranked list of genes. A predominance of black bars to the left or right side indicates that most genes are up-regulated in Cx47
fl/fl or Cx47 icKO EAE mice, respectively. n.s., not significant.

Fig. 5. Immunohistochemistry for representative A1 and A2 astroglia markers in GFAP+ astroglia, and NOS2 and MHC class II molecules in Iba-1+ microglia at
the acute phase of EAE. (A–D) Double immunostaining for (A) C3 (red) and GFAP (green), (B) S100A10 (red) and GFAP (green), (C) NOS2 (red) and Iba1 (green),
and (D) MHC class II molecules (red) and IBa1 (green) in lumbar spinal cords from Cx47 fl/fl control (Upper) and Cx47 icKO (Lower) mice at the acute phase of
EAE (dpi 17). (Scale bars: 100 μm.) (E–H) Quantitative analysis of (E) C3+ and (F) S100A10+ astroglia and (G) NOS2+ and (H) MHC class II+ microglia in lumbar
spinal cords from Cx47 fl/fl and Cx47 icKO mice at the acute phase of EAE. All data are shown as means ± SEM of four mice per group. Significant differences
were determined by an unpaired t test. *P < 0.05; **P < 0.01. n.s., not significant.
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Next, we compared the changes in proinflammatory and anti-
inflammatory gene expression levels in microglia between the two
genotypes during the EAE disease course by GSEA. No signifi-
cant differences in the expression levels of either proinflammatory
or antiinflammatory genes in microglia were found in the pre-
immunized phase between Cx47 icKO and Cx47 fl/fl mice, while
expressions of both proinflammatory and antiinflammatory genes
were highly significantly enriched in Cx47 icKO microglia compared
with Cx47 fl/fl microglia at the acute phase (proinflammatory genes:
normalized P < 0.001; antiinflammatory genes: normalized P =
0.006) (SI Appendix, Table S2 and Fig. 6B). However, at the chronic
phase, expressions of proinflammatory, but not antiinflammatory,
genes were significantly higher in Cx47 icKO microglia than in Cx47
fl/fl microglia (P = 0.0017).
Given a recent report that injury-response (IR) microglia were

induced by injection of demyelinating agent lysolecithin into the
subcortical white matter (20), we compared the changes in IR-
related gene expressions among the preimmunized, acute, and
chronic phases in the two genotypes by GSEA. Compared with
the preimmunized phase, expression levels of IR-related genes
were significantly up-regulated in both mutant and control mice
at the acute phase (Cx47 icKO and Cx47 fl/fl: normalized P <
0.001 for both) (SI Appendix, Table S1). In comparisons between
the preimmunized and chronic phases, IR-related gene expres-
sions remained up-regulated at the chronic phase in both geno-
types (Cx47 icKO and Cx47 fl/fl: normalized P < 0.001 for both)
(SI Appendix, Table S1). Compared with the acute phase, IR-
related gene expression levels showed significant down-regulation in
Cx47 fl/fl mice at the chronic phase (normalized P = 0.004), but only

marginally significant down-regulation in Cx47 icKO mice (nor-
malized P = 0.0579) (SI Appendix, Table S1).
Next, we compared IR-related gene expression levels between

the two genotypes during the EAE disease course by GSEA. The
results revealed that, even in the preimmunized phase, microglia
isolated from Cx47 icKO mice expressed IR-related genes sig-
nificantly more abundantly than those from Cx47 fl/fl mice (P =
0.048) (SI Appendix, Table S2 and Fig. 6B). At the acute and
chronic phases, IR-related gene expressions were highly enriched
in Cx47 icKO mice compared with Cx47 fl/fl mice (P < 0.001 for
both acute and chronic phases). We further compared the ex-
pression levels of IR-related gene clusters, comprising IR1-related
(canonical microglial markers) and IR2-related (IFN response
genes) clusters, which were reported to behave reciprocally (20),
between the two genotypes during the EAE disease course. Our
heat map analysis revealed that IR1-related and IR2-related genes
did indeed show reciprocal behavior at the acute and chronic
phases, with IR2-related gene clusters being more abundantly
expressed at the acute phase in both genotypes, especially Cx47
icKO mice, and IR1-related gene clusters being more enriched at
the chronic phase in both genotypes, especially Cx47 fl/fl mice
(Fig. 6A). These findings indicate pronounced activation of IR2-
type microglia, demonstrating up-regulation of a variety of proin-
flammatory cytokine/chemokine genes, including Il1b, Ccl3, Ccl4,
and Cxcl10, in Cx47 icKO mice at the preimmunized phase and
more pronounced up-regulation at the acute and chronic EAE
phases.
Subsequently, we performed a time course comparison be-

tween the preimmunized phase and a time point corresponding
to the acute EAE phase (dpi 17) in TM-injected Cx47 icKO mice

Fig. 6. Proinflammatory, antiinflammatory, and IR-related gene expressions in microglia isolated from the spinal cord and brain of Cx47 fl/fl and Cx47 icKO
mice by microarray analysis. (A) Heat maps comparing the mean expression of proinflammatory, antiinflammatory, IR1-related, and IR2-related gene tran-
scripts in RNA samples frommicroglia isolated from spinal cord and brain tissues of Cx47 fl/fl and Cx47 icKO mice (n = 3 per group) in the preimmunized, acute
(dpi 17), and chronic (dpi 50) phases of EAE. The numbers −2 to 2 beside the color bar indicate log2-transformed fold changes, reflecting fold differences in
gene expression from less than 1/4 to more than 4, respectively. (B) Enrichment plots (green curves) showing the running sums of the ES for proinflammatory,
antiinflammatory, and IR-related gene sets in the preimmunized, acute, and chronic phases of EAE. The score at the peak of each plot is the ES for that gene
set. The black bars indicate where the members of the gene set appear in the ranked list of genes. A predominance of black bars to the left or right side
indicates that most genes are up-regulated in Cx47 fl/fl or Cx47 icKO EAE mice. (C) Time course comparison of proinflammatory, antiinflammatory, and IR-
related gene sets between time points corresponding to the preimmunized phase and acute phase (dpi 17) in TM-injected Cx47 icKO mice with and without
EAE by GSEA. (D) Comparison of proinflammatory, antiinflammatory, and IR-related gene sets between TM-injected Cx47 icKO mice with and without EAE by
GSEA at the time point corresponding to the acute phase (dpi 17); w, with; w/o, without. n.s., not significant.
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with and without EAE by GSEA (Fig. 6C). At dpi 17, TM-
injected Cx47 icKO mice with EAE showed up-regulation of
all gene clusters compared with the preimmunized phase (P <
0.001 for proinflammatory, antiinflammatory, and IR-related),
while mice without EAE showed up-regulation of antiinflam-
matory and IR-related gene clusters (P = 0.029 and P < 0.001,
respectively), but not proinflammatory gene clusters (P = 0.089).
The comparison between TM-injected Cx47 icKO mice with and
without EAE at dpi 17 to clarify the effects of EAE on the gene
clusters revealed significant increases in both proinflammatory
and IR-related gene clusters (P = 0.0023 and P = 0.005, re-
spectively), but not antiinflammatory gene clusters (P = 0.19)
(Fig. 6D). These findings suggest that TM injection followed by
Cx47 ablation without EAE enhances antiinflammatory and IR-
related gene expressions at the time point corresponding to the
acute phase, while proinflammatory and IR-related gene clusters
are more profoundly up-regulated by EAE induction in TM-
injected Cx47 icKO mice.
We immunohistochemically examined the expressions of rep-

resentative proinflammatory and antiinflammatory gene prod-
ucts in Iba-1+ microglia. At the acute phase, significant increases
in immunoreactivity for nitric oxide synthase 2 (NOS2), a rep-
resentative proinflammatory marker, and arginase 1 (Arg-1), a
representative antiinflammatory marker, were observed in Iba-
1+ microglia in Cx47 icKO mice compared with Cx47 fl/fl mice
(NOS2, P = 0.039; Arg-1, P = 0.044) (Fig. 5 C and G and SI
Appendix, Fig. S18 A and B). At the chronic phase, a significant
increase in immunoreactivity for NOS2 was found in Iba-1+

microglia in Cx47 icKO mice compared with Cx47 fl/fl mice (P =
0.014) (Fig. 5 C and G), while similar levels of immunoreactivity
for Arg-1 were observed between the two genotypes (SI Appen-
dix, Fig. S18 C and D).

Oligodendroglia-Specific Cx47 Ablation Up-Regulates Microglial
Expression of Major Histocompatibility Complex Genes in the Acute
Phase of EAE. As major histocompatibility complex (MHC) mol-
ecules play key roles in relevant antigen presentation to T cells,
we examined MHC-related gene expressions in isolated micro-
glia by microarray analysis. MHC-related genes were mainly up-
regulated at the chronic phase in both Cx47 icKO and Cx47 fl/fl
mice, while, interestingly, one gene cluster including MHC class
II genes like H2-Aa, H2-Ab1, and H2-Eb1 was markedly up-
regulated in Cx47 icKO mice compared with Cx47 fl/fl mice at
the acute phase (SI Appendix, Fig. S19A). According to the
GSEA results, Cx47 icKO mice had significantly more up-
regulated MHC-related gene expressions than Cx47 fl/fl mice
at the acute phase (P < 0.001) (SI Appendix, Fig. S19B). The
MHC-related gene expressions in Cx47 icKO microglia also
tended to be increased at the preimmunized phase (P = 0.051),
but not at the chronic phase.
By immunohistochemistry, we confirmed that Cx47 icKO mice

had significantly more Iba-1+ microglia expressing MHC class II
molecules than Cx47 fl/fl mice at the acute phase (P = 0.005)
(Fig. 5 D and H). Even at the chronic phase, Iba-1+ microglia
expressing MHC class II molecules tended to be more abundant
in Cx47 icKO mice than in Cx47 fl/fl mice, although the difference
was not significant (SI Appendix, Fig. S16 D and H). Moreover,
genes in one of the complement clusters (Serping1, C3, C4b, C2,
C1qc, Cd93, and A2m) were significantly up-regulated in Cx47
icKO mice compared with Cx47 fl/fl mice at the acute phase, al-
though the overall expression of complement-related genes did
not differ significantly between the two genotypes (SI Appendix,
Fig. S20).

Oligodendroglia-Specific Cx47 Ablation Enriches Genes Related to
Innate Immune and Inflammatory Pathways in Microglia at the Acute
and Chronic EAE Phases. The gene expression data for isolated
microglia were subjected to Gene Ontology (GO) enrichment

analysis using the Database for Annotation, Visualization and
Integrated Discovery (DAVID). In the preimmunized phase, the
differentially expressed genes (DEGs) between Cx47 icKO and
Cx47 fl/fl mice microglia were enriched in neutrophil chemotaxis,
inflammatory response, and chemokine-related GO terms (SI
Appendix, Fig. S21A). At the acute and chronic phases of EAE,
the DEGs between Cx47 icKO and Cx47 fl/fl mice microglia were
enriched in inflammatory response, innate immune response,
neutrophil chemotaxis, monocyte chemotaxis, and leukocyte mi-
gration GO terms (SI Appendix, Table S3 and Fig. S21 B and C).
Notably, the DEGs between Cx47 icKO and Cx47 fl/fl microglia
were markedly enriched in inflammatory response GO terms in
the preimmunized and EAE phases, suggesting that Cx47 ablation
renders microglia more proinflammatory in the preimmunized
phase as well as the acute to chronic phases of EAE. We further
analyzed the functional pathways using only up-regulated genes
(SI Appendix, Fig. S22). The results using up-regulated DEGs
between Cx47 icKO and Cx47 fl/fl microglia were essentially the
same as those using all DEGs.

Oligodendroglia-Specific Cx47 Ablation Causes More Dysregulation in
Proinflammatory Gene Expressions in CNS Tissues at the Acute and
Chronic EAE Phases. Compared with Cx47 fl/fl mice, CNS tissues
from Cx47 icKO mice at the acute phase exhibited dysregulation
of antigen processing and presentation, phagosome, and cell ad-
hesion pathways, where most involved genes were up-regulated, by
a gene expression analysis with the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database (SI Appendix, Table S4 and Figs.
S23 and S24). Even at the chronic phase, leukocyte transendothelial
migration pathways were dysregulated in Cx47 icKO mice, in
which all involved genes were up-regulated (SI Appendix, Table
S4 and Figs. S23 and S24). A calcium signaling pathway was also
dysregulated at all clinical phases, including the preimmunized
phase in Cx47 icKO mice (SI Appendix, Table S4 and Fig. S25).
These findings are compatible with aggravation of acute and
chronic neuroinflammation in Cx47 icKO mice. Next, we ana-
lyzed the KEGG pathways using only up-regulated genes (SI
Appendix, Fig. S23). The results using the up-regulated DEGs
between Cx47 icKO and Cx47 fl/fl microglia were essentially the
same as those using all DEGs.

Oligodendroglia-Specific Cx47 Ablation Facilitates Helper T 17 Cell
Migration into CNS at the Acute EAE Phase. Although oligodendroglia-
specific Cx47 ablation did not significantly alter the percentages
of total CD4+ T cells in CNS-infiltrating lymphocytes between
Cx47 icKO and Cx47 fl/fl mice by flow cytometry, CXCR3−

CCR6+CD4+ (helper T [Th] 17) cell percentages in CD4+ T cells
were significantly increased in Cx47 icKO mice compared with
Cx47 fl/fl mice (P = 0.026), while CXCR3+CCR6−CD4+ (Th1),
CD4+CD25+ regulatory T (Treg), and CXCR3+CCR6+CD4+

(Th17/Th1) cell percentages were not significantly changed (Fig.
3 G–K and SI Appendix, Fig. S27). Furthermore, the intracellular
cytokine staining in isolated mononuclear cells from the CNS
tissues revealed a significant increase in IL-17+IFNγ−CD4+ T
(Th17) cell percentages in Cx47 icKO mice compared with Cx47
fl/fl mice (P = 0.0286), but not in IL-17−IFNγ+CD4+ T (Th1) or
IL-17+IFNγ+CD4+ T (Th17/Th1) cell percentages (SI Appendix,
Fig. S28).
We then measured the chemokine expressions in isolated

microglia from CNS tissues at the preimmunized and acute phases
by microarray analysis (SI Appendix, Table S5 and Fig. S29A).
Among them, Ccl3 (ratio, 11.79), Ccl2 (7.17), Cxcl13 (6.38), Ccl4
(3.92), Cxcl9 (2.48), Ccl8 (2.34), Cxcl16 (2.41), Ccl7 (2,111), Cxcl10
(2.10), and Cxcl2 (1.85) were significantly up-regulated in Cx47
icKO mice compared with Cx47 fl/fl mice at the acute phase.
Because Th17 cells express not only CCR6 but also other che-
mokine receptors, such as CCR2 and CCR5 (21, 22), the ex-
pression of ligands for these Th17 cell chemokine receptors, that
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is, CCL2, CCL7, and CCL8 for CCR2, and CCL3, CCL4, and
CCL8 for CCR5, is suggested to be significantly increased in
Cx47 icKO mice compared with Cx47 fl/fl mice. Thus, we mea-
sured the expressions of representative ligands for these che-
mokine receptors in isolated microglia from CNS tissues at the
acute phase by RT-PCR. The levels of CCL2 were significantly
increased (P = 0.0322), and those of CCL5 showed a tendency to
increase (P = 0.0986) in Cx47 icKO mice compared with Cx47 fl/
fl mice (SI Appendix, Fig. S29 B and C).
Effects of oligodendroglial Cx47 ablation on astroglia and microglia gene
expressions after TM injection without EAE. Compared with the pre-
immunized phase, the expression levels of A1-specific and Pan-
reactive genes were significantly greater at the acute phase in
Cx47 icKO mice with TM injection but without EAE (A1, nor-
malized P = 0.005; Pan, normalized P < 0.001), but not in Cx47
fl/fl mice with TM injection, while the A2-specific gene expres-
sion levels remained unchanged in both genotypes (SI Appendix,
Table S6 and Fig. S30). Comparisons between the two genotypes
revealed no significant changes in A1-specific, A2-specific, and
Pan-reactive gene expression levels, except for enhancement of
Pan-reactive gene expression levels at the acute phase time in
Cx47 icKO mice without EAE (normalized P = 0.008) (SI Ap-
pendix, Table S6 and Fig. S30).
Concerning microglia genes, expression levels of antiinflam-

matory and IR-related genes were significantly greater in both
genotypes at the acute phase time point compared with the
preimmunized phase time point (Cx47 icKO with TM but with-
out EAE: antiinflammatory, normalized P = 0.03 and IR-related,
normalized P < 0.001; Cx47 fl/fl with TM but without EAE:
antiinflammatory, normalized P = 0.007 and IR-related, nor-
malized P < 0.001), while the proinflammatory gene expression
levels were unchanged in both genotypes (SI Appendix, Table
S6 and Fig. S31). A comparison between the two genotypes
revealed no significant differences in these gene expression levels
except for a marginal increase in IR-related gene expression
levels in Cx47 icKO mice with TM but without EAE (P = 0.048)
(SI Appendix, Table S6 and Fig. S31).
Net effects of oligodendroglial Cx47 ablation and TM injection on astroglia
and microglia gene expressions without EAE. Finally, in the absence of
EAE induction, Cx47 icKO mice without TM injection at the
preimmunized phase time point showed significantly higher A1-
specific, A2-specific, and Pan-reactive gene expressions than
Cx47 icKO mice with TM injection (A1, normalized P = 0.021;
A2, normalized P < 0.001; Pan, normalized P = 0.041) (SI Ap-
pendix, Table S7 and Fig. S32). At the acute phase time point,
there were no differences between the two genotypes in A1-
specific and A2-specific gene expressions whereas Pan-reactive
gene expressions were greater in Cx47 icKO mice with TM in-
jection (Cx47-ablated) than in Cx47 icKO mice without TM in-
jection (Cx47-nonablated), reflecting the effects of Cx47 ablation
(SI Appendix, Table S7 and Fig. S32).
Regarding microglial genes, antiinflammatory and IR-related

gene expression levels were significantly greater in Cx47 icKO
mice without TM injection than in those with TM injection
(antiinflammatory, normalized P = 0.012; IR-related, normalized
P < 0.001), but proinflammatory gene levels were unchanged at
the preimmunized phase, probably because of the overwhelming
immunosuppressive effects of TM (SI Appendix, Table S7 and
Fig. S33). At the acute phase, no significant changes in proin-
flammatory and antiinflammatory gene expression levels in
microglia were found between Cx47 icKO mice with and without
TM injection in the absence of EAE induction, while IR-related
gene expressions were significantly higher in Cx47 icKO mice
with TM injection (Cx47-ablated) than those without TM in-
jection (Cx47-nonablated) (normalized P < 0.001) (SI Appendix,
Table S7 and Fig. S33). These findings suggest that the aug-
menting effects of Cx47 ablation on Pan-reactive astroglial and

IR-related microglial gene expressions become evident as the
immunosuppressive effects of TM subside.

Discussion
The most important finding of the present study is that
oligodendroglia-specific Cx47 ablation is sufficient to induce severe
neuroinflammation upon autoimmune demyelination, suggesting
that exacerbation of acute and chronic EAE is not simply attrib-
utable to energy failure caused by loss of oligodendroglia−astroglia
GJs but rather that Cx47 plays a critical role in controlling
neuroinflammation.
As increased infiltration of CD3+ T cells together with activated

microglia and macrophages in the lumbar spinal cord corresponded
to the augmented demyelination in Cx47 icKOmice compared with
Cx47 fl/fl mice, the exacerbation of acute EAE is likely to be caused
by increased infiltration of these immunocytes into the spinal cord,
particularly Th17 cells, as shown by flow cytometry of isolated
T cells from the CNS tissues. Because MOG-specific Th1 or
Th17 cell responses of splenocytes were not altered by the geno-
types, the enhanced migration of peripheral immunocytes may
be attributable to the proinflammatory milieu in the Cx47 icKO
CNS. Previous articles described that experimental oligoden-
droglial death did not induce acute neuroinflammation (23, 24).
Given the lack of increased inflammatory infiltrates in Cx32
KO mouse EAE with suspected remyelination failure compared
with WT mouse EAE (7), we consider that oligodendroglial
death or remyelination failure is not sufficient to induce acute
neuroinflammation.
The comparisons of microglia gene expressions by GSEA be-

tween Cx47 icKO and Cx47 fl/fl mice with TM and EAE, and
between TM-injected Cx47 icKO mice with and without EAE,
indicated that augmented induction of proinflammatory and IR
phenotype microglia is a characteristic of Cx47 ablation upon
acute autoimmune demyelination. The GO enrichment analysis
of isolated microglia using DAVID indicated that the up-regulated
DEGs between Cx47 icKO and Cx47 fl/fl mice were more enriched
in inflammatory response and chemokine-related pathways in the
acute EAE phase. Among the genes involved in these dysregulated
pathways, isolated microglia from Cx47 icKO mouse CNS tissues
exhibited increased expressions of various chemokines, which can
activate Th17 cells (21, 22). Reactivation of myelin-specific T cells
through recognition of relevant antigens on antigen-presenting
cells in the CNS is indispensable for parenchymal invasion of
T cells and emergence of EAE (25). Microglia constitutively
expressing MHC class II molecules can serve as nonprofessional
antigen-presenting cells in the CNS (25, 26). Moreover, activated
microglia can present myelin antigens and activate unprimed and
primed myelin antigen-specific T cells (27). Thus, MHC class II-
up-regulated microglia in Cx47 icKO mice are likely to reinforce
the CNS-migrated peripheral blood CD3+ T cells by antigen pre-
sentation through markedly enriched proinflammatory cytokine
gene expressions.
Although the overall antiinflammatory gene expressions in

isolated microglia did not differ significantly between Cx47 icKO
and Cx47 fl/fl mice with TM and EAE, some antiinflammatory
transcripts, including Arg-1, and Arg-1+ microglia were more
enriched immunohistochemically in Cx47 icKO mice compared
with Cx47 fl/fl mice. Because Arg-1 is known to possess not only
antiinflammatory but also proinflammatory effects (28), the el-
evation of Arg-1 in Cx47 icKO mice may exert both beneficial
and detrimental effects in our model.
The enrichment of A1-specific and Pan-reactive astroglia-

specific gene expressions by GSEA and increase in C3+ astroglia
in Cx47 icKO mice at the acute phase indicate that ablation of
oligodendroglial Cx47 activates astroglia toward proinflammatory
characteristics at least in the acute EAE phase. Such proinfla-
mmatory astroglia may contribute to proinflammatory activation
of microglia and recruitment of peripheral immunocytes to the
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CNS via proinflammatory cytokine production. Presumably,
strongly activated A1 astrocytes and proinflammatory microglia
act in concert to facilitate neuroinflammation at the acute EAE
phase in Cx47 icKO mice.
In the chronic phase, CD3+ T cells infiltrated more abundantly

into the spinal cord in Cx47 icKO mice compared with Cx47 fl/fl
mice, corresponding to the increased relapse numbers and greater
clinical severity in Cx47 icKO mice. Importantly, Cx47 icKO mice
still exhibited activated proinflammatory and IR2 type microglia,
according to the GSEA and heat map results, although antiin-
flammatory microglia were more enriched compared with the
preimmunized phase in both Cx47 icKO and Cx47 fl/fl mice. GO
enrichment analysis of isolated microglia also showed that Cx47
icKO microglia had more up-regulated gene expressions in in-
flammatory response and chemokine activity GO terms compared
with Cx47 fl/fl microglia, even at the chronic phase. The expression
levels of NOS2 messenger RNA (mRNA) were slightly decreased
at the chronic phase of EAE in Cx47 icKO mice, while the protein
levels of NOS2 were increased. However, it is well known that
mRNA levels of NOS2 do not always correlate with the protein
levels (29, 30). Overall, proinflammatory microglia-related genes
were significantly up-regulated in Cx47 icKO mice compared with
Cx47 fl/fl mice at the chronic phase. By contrast, oligodendroglia-
specific gene expressions were more restored in Cx47 icKO mice
than in Cx47 fl/fl mice. This may partly arise through the emer-
gence of newly differentiated oligodendroglia from oligoden-
droglia progenitor cells, upon which TM-induced Cx47 ablation
would not work. Collectively, increased demyelination and exac-
erbation of clinical signs of chronic EAE in Cx47 icKO mice are
not merely caused by oligodendroglia remyelination failure but
rather by potentiation of proinflammatory conditions, in clear
contrast to chronic EAE in Cx32 KO mice (7). Although it is
possible that Cx47 ablation may exert peripheral immunomodu-
latory effects only in the chronic EAE phase, this appears unlikely,
because infiltration of CD3+ T cells and macrophages into the
CNS tissues decreased over time in the chronic phase of EAE in
Cx47 icKO mice. Therefore, in Cx47 icKO mice, proinflammatory
microglia are likely to recruit CD3+ T cells from the periphery and
directly damage neural tissues, leading to increased relapse rates
and progressive demyelination.
Cx32/Cx47 double-KO mice exhibited thin and vacuolated

myelin sheaths, demyelinated axons, and axonal loss (14), as well
as reduced expressions of oligodendroglia-specific genes (31).
Interestingly, these mice also showed activation of microglia and
astroglia and infiltration of T and B cells into the CNS paren-
chyma, which coincided with the increased expressions of microglia-
related and lymphocyte-related genes and cytokine/chemokine path-
way genes (32, 33). The fact that augmented inflammation in EAE
was only seen in Cx47 icKO mice, and not in Cx32 KO mice (7),
suggests that Cx47 rather than Cx32 plays a pivotal role in regu-
lating CNS inflammation. Because Cx47 forms most heterotypic
oligodendroglia−astroglia GJs with Cx43 (10, 32) and astroglial
Cx43 expression was unchanged in Cx47 icKO mice, the remaining
Cx43 after loss of oligodendroglia−astroglia GJs could exist as
hemichannels. Such Cx43 hemichannels can secrete microglia che-
moattractant and toxic molecules, like adenosine 5′-triphosphate
and glutamate, and inflammatory chemokines into the extracellu-
lar milieu (31, 32). Indeed, Cx43 hemichannel blockade reduced
neuroinflammation by suppressing chemokine release (34). Taken
together, oligodendroglia-specific Cx47 ablation disrupts oligoden-
droglia−astroglia GJs and drives CNS tissues toward a proin-
flammatory condition, leading to strong attraction of autoimmune
T cells and subsequent induction of more severe autoimmune in-
flammatory demyelination in the CNS at the acute phase.
TM clinically and histologically reduced the severity of acute

but not chronic EAE, consistent with its immunosuppressive
effects and short degradation time (17). By comparing astroglial
and microglial gene expressions between Cx47 icKO mice with

and without TM, we examined the net effects of the immuno-
suppressive effects of TM and immunopotentiating effects of
Cx47 ablation in the absence of EAE, and found decreased ex-
pressions of A1-specific, A2-specific, and Pan-reactive astroglial
genes and antiinflammatory and IR-related microglial genes in
Cx47 icKO mice with TM compared with mice without TM at the
preimmunized phase. These gene expressions are assumed to be
dampened by the stronger immunosuppressive effects of TM
over the immunopotentiating effects of Cx47 ablation at this
phase. However, when the effects of TM subsided at the acute
phase, increased expressions of Pan-reactive astroglial and IR-
related microglial genes became evident in Cx47 icKO mice with
TM, which are likely related to Cx47 ablation. Furthermore, the
comparison of gene expressions by microarray analysis between
Cx47 fl/fl and Cx47 icKO mice after TM injection but without
EAE induction revealed that, in the absence of EAE, Cx47 ab-
lation by TM injection caused modest changes in astroglial and
microglial gene expressions at time points corresponding to the
preimmunized and acute phases, except for enhanced Pan-reactive
astroglial gene expressions. Thus, it is suggested that the proin-
flammatory effects of Cx47 ablation become more apparent upon
autoimmune demyelination.
This study has several limitations. First, we focused on in vivo

evaluation of the effects of oligodendroglia-specific Cx47 abla-
tion, but did not perform in vitro functional assays of isolated
glial cells. Although the present in vivo assessments have pro-
vided a large amount of information on the effects of Cx47 ab-
lation from mature oligodendroglia, further in vitro functional
assays of isolated microglia and other glial cells will complement
the present findings. Second, TM-induced Cx47 ablation using
PLP/CreERT mice does not work on newly formed oligoden-
droglia from oligodendroglia progenitor cells after the com-
pletion of TM injections. Therefore, such newly differentiated
oligodendroglia may express Cx47, while oligodendroglial Cx47
is persistently lost in chronic MS plaques (2, 3). Thus, it is
plausible that chronic MS lesions may be more prone to neu-
roinflammation than those in our EAE model, because of sus-
tained loss of Cx47 regulatory control for glial inflammation.
Third, we did not to examine the detailed effects of TM on EAE,
especially at the chronic phase. Because of the short degradation
period of TM (17), the immunosuppressive effects of TM were
overwhelmed by the immunopotentiating effects of Cx47 abla-
tion, even at the acute phase. It is important to note that, despite
the immunosuppressive effects of TM as previously reported
(15–17), Cx47 ablation was sufficient to augment acute autoim-
mune CNS demyelination characterized by enhanced migration
of Th17 cells to the CNS and activation of proinflammatory and
IR2 microglia and A1 astroglia.

Methods
The experimental procedures were designed to minimize the number of
animals used and animal suffering. All animal experiments were performed
according to the guidelines for proper conduct of animal experiments published
by the Science Council of Japan and theARRIVE (Animal Research: Reporting of In
Vivo Experiments) guidelines for animal research. Ethical approval for the study
was granted by the Animal Care and Use Committee of Kyushu University (#A29-
146). See SI Appendix, SI Methods for detailed information regarding animals,
EAE induction by MOG35-55, tissue preparation and immunohistochemistry,
quantification of myelin density and cell infiltration, immunoblotting, prolifer-
ation assay, multiplexed fluorescent immunoassay, microglia isolation and flow
cytometry, gene expression microarray, differential expression analysis, func-
tional analysis of DEGs, and statistical analysis.

Data Availability. The gene array results were uploaded to the Gene Expression
Omnibus repository (accession no. GSE121339) on the National Center for
Biotechnology Information homepage (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE121339). Detailed materials and methods are provided
in SI Appendix, Supplementary Methods and Tables S1–S9.
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