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Maintenance of white matter integrity in health and disease is
critical for a variety of neural functions. Ischemic stroke in the white
matter frequently results in degeneration of oligodendrocytes (OLs)
and myelin. Previously, we found that toll-like receptor 2 (TLR2)
expressed in OLs provides cell-autonomous protective effects on
ischemic OL death and demyelination in white matter stroke. Here,
we identified high-mobility group box-1 (HMGB1) as an endogenous
TLR2 ligand that promotes survival of OLs under ischemic stress.
HMGB1 rapidly accumulated in the culture medium of OLs exposed
to oxygen-glucose deprivation (OGD). This conditioned medium
exhibited a protective activity against ischemic OL death that was
completely abolished by immunodepletion of HMGB1. Knockdown
of HMGB1 or application of glycyrrhizin, a specific HMGB1 inhibitor,
aggravated OGD-induced OL death, and recombinant HMGB1 appli-
cation reduced the extent of OL death in a TLR2-dependent manner.
We confirmed that cytosolic translocation of HMGB1 and activation
of TLR2-mediated signaling pathways occurred in a focal white mat-
ter stroke model induced by endothelin-1 injection. Animals with
glycyrrhizin coinjection showed an expansion of the demyelinating
lesion in a TLR2-dependent manner, accompanied by aggravation of
sensorimotor behavioral deficits. These results indicate that HMGB1/
TLR2 activates an autocrine trophic signaling pathways in OLs and
myelin to maintain structural and functional integrity of the white
matter under ischemic conditions.
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hite matter in the vertebrate brain is characterized by the

presence of myelinated axonal fibers and glial cells, pre-
dominantly myelin-producing oligodendrocytes (OLs) (1). The
myelin sheath enables rapid communication of neural signals at a
millisecond timescale between different parts of the cerebral
cortex or different regions of the CNS (2). Therefore, maintaining
the integrity of white matter in health and disease, especially of
OLs and the myelin sheath, is critical to the performance of a
variety of brain functions. Furthermore, recent studies have shown
that myelination and OL generation in adulthood are actively
regulated in response to neural activities (3, 4), highlighting the
potential contribution of white matter plasticity to learning and
higher cognitive functions.

Ischemic stroke that occurs in the white matter often results in
degeneration of OLs and demyelination (5, 6). Consequently, pa-
tients with white matter stroke suffer from a wide range of neu-
rological dysfunctions. For example, focal ischemic stroke in the
internal capsule may result in severe hemiparesis (7). Furthermore,
both cognitive deficits and gait disturbance are hallmarks of
Binswanger’s subcortical vascular dementia that is the most severe
form of white matter stroke (8). How ischemia leads to OL de-
generation and demyelination is poorly understood. We previously
reported that toll-like receptor 2 (TLR2) expressed in OLs plays a
protective role in ischemic demyelination and OL death (9). The
purpose of the present study was to identify an endogenous ligand
that stimulates TLR2 to support OL survival. Here, we provide
evidence that high-mobility group box-1 (HMGBI1) derived from
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damaged OLs supports survival of neighboring OLs in a TLR2-
dependent manner. We also report that inhibition of HMGB1
leads to aggravation of ischemic demyelination and exacerbation
of neurologic dysfunction in an animal model of white matter
stroke, suggesting a hitherto uncharacterized function of HMGB1
as an autocrine trophic factor to maintain the structural and
functional integrity of the white matter under ischemic conditions.

Results

HMGB1 Is Released from OLs Damaged by Oxygen—Glucose Deprivation.
Our previous study showed that deletion of TLR2 worsened death
of purified OLs in culture after oxygen—glucose deprivation
(OGD), an in vitro ischemic insult (9). We speculated that an
endogenous ligand for TLR2 was present in the culture and ac-
tivated TLR2-mediated protective signaling in OLs. Because the
OLs were in dissociated cultures, any potential endogenous ligand
would have to be released from OLs in response to OGD insult.
Therefore, we screened the conditioned medium (CM) from cul-
tured OLs after OGD exposure for the presence of soluble known
TLR2 ligands, including heat shock protein family members and
HMGBI (10-13). Western blot experiments revealed the presence
of HMGBI, but not heat shock protein 90, 70, or 60, in the CM
collected 6 h after the 2-h OGD treatment (Fig. 14). HMGBI was
detected as early as 30 min after the outset of OGD, rapidly ac-
cumulated between 30 and 60 min, and reached a plateau by
90 min (Fig. 1B). Immunofluorescence staining confirmed ex-
pression of HMGBI in cultured OLs (Fig. 1C) and in OLs in the
internal capsule in the brain as well (Fig. 1D), indicating that OLs
are the likely source of HMGBI in the CM and could produce it
in vivo.

Significance

Ischemic stroke in white matter induces degeneration of oligo-
dendrocytes (OLs) and myelin. How ischemia leads to white
matter degeneration remains elusive, and there is therefore no
specific treatment to prevent ischemic white matter damage. Here
we provide evidence that HMIGB1 released from ischemic OLs may
provide TLR2-dependent autocrine trophic effects on neighboring
OLs. Injection of an HMGB1 inhibitor exacerbated the structural
and functional outcomes in a focal white matter stroke model,
suggesting a function for HMGB1 as an endogenous trophic factor
for OLs and myelin sheath under ischemia. Thus, our study iden-
tified HMGB1 as a stress-induced signal that maintains structural
and functional integrity of the white matter and provides a target
for therapeutic development in white matter stroke.
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Fig. 1. Accumulation of HMGB1 in oligodendrocyte culture medium and translocation after oxygen—glucose deprivation (OGD). (A) Representative immunoblots
probed for heat shock protein family members and HMGB1 protein. Conditioned medium (CM) was collected from primary oligodendrocyte (OL) cultures 6 h after a
2-h OGD period. Control (CTL) CM was collected without OGD. Brain lysate was used as a positive control. (B) Representative immunoblot to illustrate the time course
of HMGB1 accumulation. CM was collected at the designated time points after the outset of OGD treatment. Quantification graph showing the level of HMGB1 at
different time points after the beginning of OGD. ***P < 0.001 compared with the condition without OGD (0’) by one-way ANOVA followed by Tukey’s post hoc
analysis. n = 3 for each time point. (C) Expression of HMGB1 in cultured OLs. OLs were identified by 2’,3'-cyclic-nucleotide 3’-phosphodiesterase (CNPase) immu-
noreactivity. (Scale bars, 50 um.) (D) Expression of HMGB1 in mature OLs in the internal capsule of the brain. Mature OLs were identified by APC-
CC1 immunoreactivity. (Scale bars, 100 pm.) (E) Representative images of cultured OLs with OGD or CTL condition (without OGD) immunostained using anti-
HMGB1 antibodies. Nuclear chromatin material was visualized by DAPI staining. Cultured OLs were fixed 10 min after completion of the 2-h OGD. Arrows indicate
the OLs with nuclear condensation and cytosolic translocation of HMGB1. (Scale bars, 20 pm.) (F) Quantification graph of the percentage of OLs with cytosolic
localization of HMGB1. **P < 0.01 compared with CTL by Student's t test. More than 800 OLs were examined for each independent culture and three independent
cultures for each group were used for statistical analysis (n = 3). (G) Representative immunoblots showing cytosolic location of HMGB1 immediately after 2-h OGD. C,
cytosolic fraction; N, nuclear fraction. (H) Quantification graph of relative HMIGB1 ratio to cytosolic a-tubulin. ***P < 0.001 compared with CTL. n = 3 independent
cultures. (/) Representative highly magnified images of individual OLs in CTL or OGD-treated cultures. The nuclear membrane was visualized by using antibodies
directed against lamin. Nuclear chromatin material was visualized by DAPI staining. (Scale bars, 5 pm.) (J) Time-lapse fluorescence images of a cultured OL transfected
with the HMGB1-GFP plasmid. To mimic OGD insult, CoCl,-containing glucose-free medium was used. The number above each image indicates the image-capture
time. Arrowheads indicate HMGB1-GFP signals in the nucleus. Arrows indicate HMGB1-GFP signals released into the extracellular space. (Scale bar, 10 pm.)

A previous study reported that HMGBI translocates from the
nucleus to the cytosol after ischemic insult (14). Consistent with
this study, we observed extranuclear translocation of HMGBI1
after OGD insult in cultured OLs (Fig. 1E). In the control con-
dition without OGD, extranuclear localization of HMGBI1 was
rarely detected. However, more than 20% of cultured OLs
exhibited cytosolic localization of HMGBI after OGD (Fig. 1 E
and F). In the majority of the cells showing extranuclear trans-
location of HMGBI, the DAPI signal was condensed, indicating
that the cells were damaged. HMGBI translocation to cytosolic
compartment was also confirmed by a biochemical fractionation.
OL lysates were fractionated into cytosolic and nuclear fractions,
and immunoblotting with HMGBI1 antibody showed cytosolic
immunoreactivity in OLs with OGD but not OLs without OGD
(Fig. 1G). Relative immunoreactivity of HMGBI1 to a-tubulin
showed a significant increase in the cytosolic compartment in OLs
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with OGD (Fig. 1H). In higher magnification images, HMGB1
was found exclusively in the area enclosed by the nuclear mem-
brane in OLs without OGD (Fig. 1I). In cells showing nuclear
condensation following OGD, HMGBI was located in the cyto-
solic space near the area of nuclear membrane disruption. To
obtain convincing evidence of HMGBI release from dying OLs
under ischemic stress, we performed time-lapse live imaging
of cultured OLs transfected with an HMGBI-GFP plasmid.
HMGBI release was observed after CoCl, application, which in-
duces hypoxia. The GFP signal accumulated transiently in the
vicinity of transfected OLs (Fig. 1/ and Movie S1), whereas there
was no evidence of extracellular GFP signal in OLs without is-
chemic stress (Movie S2). The intensity of extracellular HMGB1-
GFP signal accumulation decreased as nuclear HMGBI1-GFP
signals gradually disappeared over the course of the ~4 h of
CoCl, exposure.
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HMGB1 Provides Protective Effects on Cultured OLs Under OGD Insult.
To determine whether the HMGBI released into the CM is pro-
tective to cultured OLs, CM obtained from cultured OLs exposed
to OGD was applied to a separate batch of cultured OLs. CM
treatment significantly reduced OGD-induced OL death (Fig. 24).
When HMGBI in the CM was depleted by immunoprecipitation
using HMGBI1 antibodies (Fig. S1), this HMGBI1-depleted CM
(ACM) completely lacked the protective activity (Fig. 24). The
OL-protective effects of CM were not observed when the CM was
applied to TLR2 (—/-) OLs, and the extent of cell death was not
affected by ACM treatment in TLR2 (—/—) OLs (Fig. 2B). We
tested whether application of glycyrrhizin, a molecule that binds
HMGBI and can block its activity (15), would raise OGD-induced
OL death rate. Application of glycyrrhizin to control cultures
without OGD had no effect, but aggravated OGD-induced OL
death in a dose-dependent manner (Fig. 2C). We next determined
whether HMGBI1 knockdown could aggravate OGD-induced OL
death. In OL cultures transfected with HMGB1 siRNA, HMGB1
protein levels in OL lysates and CM were lowered effectively (Fig.
S2), and the rate of OGD-induced OL death substantially in-
creased (Fig. 2D). Addition of glycyrrhizin did not influence the
extent of OL death by siRNA treatment. These results indicate that
HMGBI released from OLs in response to OGD plays an essential
role in an endogenous mechanism that is protective against is-
chemic OL death in vitro. We next confirmed the protective effects

of exogenously applied HMGB1 on OGD-induced OL death.
Recombinant HMGBI1 was applied to OLs after OGD. HMGBL1
at 0.1 or 1.0 ng/mL significantly reduced the extent of OL death
(Fig. 2E). Application of HMGBI at these concentrations failed to
reduce the death rate of TLR2 (—/—) OLs (Fig. 2F), confirming
that the protective effects of HMGBI1 are dependent on TLR2.
Treatment of glycyrrhizin to the OGD-exposed OLs effectively
blocked the prosurvival effects of exogenous HMGBI at concen-
trations similar to those that were effective for endogenous
HMGBI (Fig. 2E).

To determine the intracellular signaling pathways involved in the
HMGBI1/TLR2-mediated protective effects on OLs, we examined
the levels of IkB-a, phospho-ERK1/2, and phospho-CREB, which
are known signaling molecules downstream of TLR2 (16). OGD
insult resulted in a decrease in the level of IkB-a 15 min after the
2-h OGD treatment, with recovery occurring by 60 min (Fig. S34).
Glycyrrhizin treatment prevented the decrease of IkB-o, whereas
HMGBI1 treatment tended to augment the early reduction of
IxB-a (Fig. S3B). Levels of both phospho-ERK1/2 and phospho-
CREB changed similarly. Phosphorylation of both ERK1/2 and
CREB increased markedly after OGD: There was an approxi-
mate threefold increase at 15 min (Fig. S3 A4, C, and D). Inhibition
of HMGBI by applying glycyrrhizin substantially prevented the
OGD-induced phosphorylation of ERK1/2 and CREB. In con-
trast, HMGBI treatment significantly enhanced the OGD-induced
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Fig. 2. HMGB1 promotes survival of cultured oligodendrocytes after oxygen—glucose deprivation. (A and B) Quantification graph of LDH assays in cultured
oligodendrocytes (OLs) from wild-type (A) or TLR2 (/=) (B) mice. When indicated, the culture medium was replaced after the 2-h OGD treatment period with
conditioned medium (CM) collected from cultured OLs 6 h after completing OGD or CM collected in the same manner from which HMGB1 was immuno-
depleted (ACM). n = 3 independent cultures for both experiments. (C and D) Quantification graphs of LDH assays to examine effects of glycyrrhizin (GLY)
treatment (C) or siRNA-mediated HMGB1 knockdown (D) and on OL death after OGD. GLY at a 120-pL concentration was also treated in conditions as in-
dicated. Sc, scrambled control nontargeting siRNA. n = 3 independent cultures for both experiments. (E and F) Quantification graphs of LDH assays to ex-
amine the effects of applying recombinant HMIGB1 on cell death of wild-type (E) and TLR2 (—/-) (F) OLs. Escalating doses of GLY were treated in conditions as
indicated. n = 3 or 4 independent cultures for wild-type OLs. Ns, not significant. n = 3 independent cultures for TLR2 (-/-) OLs. *P < 0.05, **P < 0.01, and
**%P < 0.001 by one-way ANOVA followed by Tukey’s post hoc analysis.
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activation of both signaling molecules and prolonged their activa-
tion to at least 60 min (Fig. S3 4, C, and D).

Endothelin-1 Injection Induces Cytosolic Translocation of HMGB1 in Vivo
and Activates Its Downstream Signaling Pathways. Our previous study
showed that TLR2 provides endogenous protection against is-
chemic demyelination induced by endothelin-1 (ET-1) injection
(9). We therefore examined whether cytosolic translocation of
HMGBI1 occurs in the same model. HMGB1 was detected ex-
clusively in the nuclear fraction of lysates of the internal capsule
from the hemisphere contralateral to the injection (Fig. 34). In
contrast, overt HMGB1 immunoreativity was found in the cyto-
solic fraction of the internal capsule from the ipsilateral side. The
intensity of cytosolic HMGBI signal relative to that of a-tubulin
was markedly increased in the ipsilateral side (Fig. 3B). Further-
more, ET-1 injection induced phosphorylation of ERK1/2 and
CREB (Fig. 3 C-E), both of which were activated by HMGBI1
treatment in cultured OLs (Fig. S3). This in vivo activation of the
two signaling pathways was almost completely prevented by
coinjection of glycyrrhizin and did not occur in TLR2 (—/-) ani-
mals (Fig. 3 C-E). We also determined whether the activation of
the signaling proteins after ET-1 injection occurred in the cells
with OL lineage. Approximately 12% of Olig2* cells in the in-
ternal capsule in the vicinity of the ET-1 injection core colocalized

with phospho-CREB immunoreactivity in wild-type animals (Fig.
3 F and G). The colocalization of OL lineage cells with phospho-
CREB was virtually absent when ET-1 was coinjected with gly-
cyrrhizin or injected into TLR2 (—/—) animals (Fig. 3 F and G).

Glycyrrhizin Aggravates ET-1-Induced Demyelinating Pathology and
Behavioral Deficits. We hypothesized that inhibition of HMGBI in
the ET-1 white matter stroke model would attenuate an endoge-
nous protective mechanism and therefore result in an expansion of
the demyelinating pathology. Glycyrrhizin (240 pM) or PBS was
coinjected with ET-1 into the internal capsule, and the volume of
the demyelinating lesion was compared 7 d after injection. The
average size of the demyelinating lesion after glycyrrhizin coin-
jection was approximately twice that in the PBS coinjection group
(Fig. 4 A and C). As expected, ET-1 injection (with PBS) in TLR2
(—/-) mice resulted in an expansion of the demyelinating lesion
compared with that in wild-type animals (Fig. 4 B and C). Fur-
thermore, coinjection of glycyrrhizin failed to aggravate ET-1-
induced demyelinating pathology in TLR2 (—/—) mice, indicating
that HMGBI signaling in vivo is transmitted through TLR2.
Finally, we determined whether expansion of the ischemic de-
myelinating lesion affected neurobehavioral outcomes by per-
forming the corner test and the pole test. Both tests are frequently
used in ischemic injury models: The corner test is used to assess

T-CREB

r T
LY - + - +

A cL L B D P-ERK1/2 E - P-CREB
—_ — 4.0 gexedkkk V9 e »
C N CN 3 50 e B o B
£ 40 2 5 3.0 Cwr c 1.5
HMGB1 2 E 5 [ TLR2 (-/-) 5
2E 30 3 2.0+ 3 1.0
g‘; 220 £
Histone H3 O S 20 K=} %
o £ 1.0 S 0.5
= 10 rl
ET-1 - + + - + + ET- = o et e
GLY - - + - - + GLY- = + - - +
C wT TLR2 (-/-) F—— wr TLR2 (-/-) G
ET-1 + GLY ET-1 ET-1 + GLY
ETA = + + - + + p P *kk
O
GLY - -+ - - o+ 3
~12.5_| T
s
P.ERK112 _ : 3 100
o
_ E .
&
T-ERK1/2 o 5.0
o
_ 2.5_
P-CREB ~ TP -
_ - | - rT_‘ e

Fig. 3.
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Endothelin-1 (ET-1) injection induces cytosolic translocation of HMGB1 and activates its downstream signaling pathways. (A) Representative blots illus-

trating cytosolic translocation of HMGB1 after ET-1 injection. Lysates from the internal capsules ipsilateral (/L) and contralateral (CL) to the lesion site were
obtained 3 h after injection and separated into cytosolic (C) and nuclear (N) fractions. Immunoreactivity for nuclear protein histone H3 was used to verify the
fractionation. (B) Quantification graph of the cytosolic HMBG1 immunoreactivity (expressed as a percentage of the intensity of a-tubulin immunoreactive bands)
in the ipsilateral and contralateral internal capsules. **P < 0.01 by Student’s t test. n = 4 animals for each group. (C) Representative blots examining phos-
phorylation of ERK1/2 and CREB in the internal capsule lysates obtained 24 h after ET-1 injection in wild-type and TLR2 (—/-) mice. When indicated, glycyrrhizin
(GLY) was coinjected with ET-1. (D and E) Quantification graphs of the levels of phosphorylated ERK1/2 (D) and CREB (E) in ipsilateral internal capsule lysates. *P <
0.05, **P < 0.01, and ***P < 0.001 by one-way ANOVA followed by Tukey’s post hoc analysis. n = 3 animals for each group. (F) Immunohistochemical detection of
phosphorylated CREB (red) in oligodendrocytes (OLs). OLs were identified by olig2 immunoreactivity (green). (Scale bars, 20 um.) (G) Quantification graph of the
percentage of Olig2* cells colocalized with phosphor-CREB immunoreactivity. ***P < 0.001 by one-way ANOVA followed by Tukey’s post hoc analysis. n=7,7, 7,
and 8 animals for WT animals without or with GLY, and TLR2 (—/-) animals without or with GLY, respectively.
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Fig. 4. Glycyrrhizin coinjection enlarges the endothelin-1-induced demyelinating lesion and aggravates behavioral deficits. (A and B) Representative images
of serial coronal sections stained with eriochrome cyanine from (A) WT or (B) TLR2 (-/-) animals. Animals in both groups were injected with ET-1 together
with PBS or glycyrrhizin (GLY). The brains were fixed at 7 d postinjection. The intersection distance is 80 um. Red lines represent lesion borders. (Scale bars,
500 pm.) (C) Quantification graph of the demyelinating lesion volume measured by Neurolucida 3D reconstruction. n =7, 7, 7, and 8 animals for WT with PBS,
WT with GLY, TLR2 (-/-) with PBS, and TLR2 (-/-) with GLY, respectively. **P < 0.01 and ***P < 0.001 by one-way ANOVA followed by Tukey’s post hoc
analysis. Ns, not significant. (D) Quantification graph of the corner test results performed before ET-1 injection and everyday after the injection for 7 d. Four
groups of animals were evaluated: WT animals with coinjection of PBS (n = 7), WT animals with coinjection of GLY, TLR2 (—/-) animals with coinjection of PBS
(n =7), and TLR2 (—/-) animals with coinjection of GLY (n = 8). (E) Quantification graphs of the pole test results measuring the latency to downward turning
of the head (time to turn) and the latency to reach the floor (time to floor) performed on the same days as for the corner test. *P < 0.05 and ***P < 0.001 by

repeated measures two-way ANOVA followed by Bonferroni’s post hoc analysis. Ns, not significant.

sensory and motor asymmetries (17-19), whereas the pole test is
used to examine motor dysfunction (19, 20). In the corner test,
ET-1 injection with PBS to the right internal capsule resulted in a
slight preference to turn right (Fig. 4D). Wild-type mice with
glycyrrhizin coinjection showed a marked right turn preference
from 1 to 7 d postinjection, the last day of the test. Right turn
preference was also observed in TLR2 (—/—) mice following ET-1
injection alone (Fig. 4D). Glycyrrhizin coinjection did not ag-
gravate this behavioral outcome in TLR2 (—/—) mice. In the pole
test, two parameters were measured: the time taken to turn the
head downward (time to turn) and the time taken to descend the
pole and reach the floor (time to floor). In wild-type animals,
glycyrrhizin coinjection markedly prolonged time to turn, but time
to floor was not significantly affected (Fig. 4E). Time to turn was
significantly increased in TLR2 (—/—) animals compared with wild-
type animals when ET-1 alone was injected, and glycyrrhizin in-
jection did not affect time to turn in TLR2 (—/—) mice. Time to
floor was not significantly influenced by genotype. The values of
the right turning preference in the corner test and the time to turn

Choi et al.

in the pole test were significantly correlated with the volumes of
the ischemic demyelinating lesion (Fig. S4), suggesting that the
extent of the ischemic demyelination is a meaning determinant of
behavioral deficit in this model of white matter stroke.

HMGB1 Does Not Induce Proinflammatory Activation of Microglial Cells.
Extracellularly released HMGBI1 can activate microglial cells
thereby promoting neuroinflammation (21, 22). It is possible that
HMGBI1 released from OLs after ET-1 injection could affect
postischemic proinflammatory reactions mediated by microglial
cells. However, there was no difference in the intensity of Iba-1
immunoreactivity within the ischemic demyelinating lesions be-
tween the groups with coinjection of PBS and glycyrrhizin (Fig. 5 4
and B), indicating that HMGBI1 did not influence the extent of
microglial activation. To further investigate the potential influence
of HMGBI on phenotypic changes in microglial cells, cultured
microglial cells were treated with recombinant HMGBI1 and the
collected microglia conditioned medium (MCM) was applied to
cultured OLs exposed to OGD. The extent of OL death in cultures
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Fig. 5. HMGB1 does not induce proinflammatory activation of microglial cells. (A) Representative images of coronal brain sections containing the internal
capsule obtained from animals injected with endothelin-1 (ET-1) and PBS or glycyrrhizin (GLY). The brain sections were stained with antibodies against myelin
basic protein (MBP) (red) and Iba-1 (green). Dotted lines indicate the borders of demyelinating lesions. (Scale bars, 50 pm.) (B) Quantification graph of the
proportion of the MBP~ lesion area that was Iba-1" (bordered by the dotted lines). (C) Quantification graph of LDH assays to examine effects of microglia
conditioned media (MCM) on OL death after oxygen-glucose deprivation. MCM was collected from primary microglial cultures for 72 h after the 3-h in-
cubation with LPS (100 ng/mL) or HMGB1 (1 ng/mL). (D and E) Quantification graphs of mRNA levels for genes related to either M1 (D) or M2 (E) polarization
of microglial cells. Primary cultured microglial cells were incubated with control (CTL) PBS, GLY (120 pL) alone, recombinant HMGB1 (1.0 ng/mL) alone, or a
combination of both HMGB1 and GLY for 3 h and then harvested for mRNA extraction. n = 3 and 4 independent cultures for measurement of M1- and M2-
related genes, respectively. *P < 0.05, **P < 0.01, and ***P < 0.001 by one-way ANOVA followed by Tukey’s post hoc analysis.

with HMGBI1-treated MCM was not significantly different from
that under control conditions (OGD alone without any treatment),
whereas the treatment with lipopolysaccharides (LPS)-treated
MCM used as a positive control resulted in an aggravation of
OL death (Fig. 5C). HMGBI treatment of microglial cells sig-
nificantly up-regulated expression of a panel of proinflammatory
genes such as TNF-o, IL-6, and IL-1f, all of which have been
linked to induction of OL death (23-25) (Fig. 5D). HMGBI si-
multaneously increased expression of IGF1, which is known to
provide trophic effects on OLs (26) (Fig. 5SE). Moreover, expres-
sion of the antiinflammatory marker gene IL-10 was also sub-
stantially up-regulated by HMGBI1 treatment. HMGBI1 also
significantly up-regulated the expression of M2 marker genes such
as Arginase-1 and CD206. Addition of glycyrrhizin effectively
blocked the HMGBI1-induced up-regulation of all of the above
genes, whereas glycyrrhizin alone did not influence gene expres-
sion levels (Fig. 5 D and E). Collectively, these data suggest that
HMGBI1 does not skew the functional phenotype of microglial
cells toward one that is cytotoxic to OLs because the expression of
both M1 and M2 marker genes is simultaneously up-regulated
by HMGBI.

Discussion

Our study demonstrated that damaged OLs exposed to ischemic
conditions in culture release HMGB1 and that the released
HMGBI exerts protective effects on neighboring OLs in a TLR2-
dependent manner. We also found in vivo evidence of HMGBI1
translocation with activation of TLR2-dependent signaling path-
ways in a focal white matter stroke model induced by ET-1 in-
jection. Inhibition of HMGBI1 by glycyrrhizin resulted in an

E4992 | www.pnas.org/cgi/doi/10.1073/pnas.1702035114

expansion of the demyelinating lesion, and this was accompanied
by aggravation of sensorimotor behavioral deficits. Therefore, our
data reveal a function of HMGBI as an autocrine trophic factor
for OLs implicated in the preservation of white matter integrity in
response to ischemic stress.

HMGBI is ubiquitously expressed in almost all eukaryotic cells
(27). In the brain, HMGBI expression has been observed in
neurons, astrocytes, microglial cells, and endothelial cells (28-30).
Our study showed that HMGBI is expressed in cultured OLs and
OLs in the white matter in vivo. Only a few studies have reported
HMGBI expression in OLs (14, 31), but there is no report of
cytoplasmic translocation or extracellular release of HMGBI in
OLs in response to cellular stress as demonstrated in our study.
Our time-lapse imaging of OLs transfected with HMGB1-GFP
and Western blot analysis of HMGBI in the culture medium
revealed that extracellular release of HMGBI started to occur
within an hour after ischemic insult. This is consistent with the
finding that HMGBI release occurs in the striatum as early as
30 min after middle cerebral artery occlusion (30). HMGBI1 can
be released passively from dying cells or secreted actively upon
inflammatory stimuli without accompanying cell death (27). The
HMGB]I release from OLs in our study is highly likely to be a
passive process because it was accompanied by OGD-induced OL
death. The relatively rapid occurrence of the HMGBI release is
also compatible with passive release because active secretion
usually begins only several hours after proinflammatory stimula-
tion (32). Damaged cells release various factors other than
HMGBI that can function as danger-associated molecular pattern
(DAMP) proteins (33). Because we did not attempt to identify
secreted proteins in CM in an unbiased manner, it is highly likely
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that there may be factors other than HMGB1 with similar func-
tions and future studies will be required to identify these factors.

HMGBI released from damaged or dying cells stimulates in-
nate immunity in neighboring cells (34, 35). The inflammatory
reactions are thought to prevent initial damage that has caused
cell death from spreading to adjacent tissue. It is possible that
extracellularly released HMGBI could be a signal to evoke innate
immunity when it binds to TLRs expressed in microglial cells.
However, our data showed that inhibition of HMGBI1 by glycyr-
rhizin did not affect the extent of microglial activation in our white
matter stroke model, suggesting that the presence of HMGB1 did
not promote poststroke inflammation. Furthermore, CM obtained
from cultured microglial cells treated with HMGBI1 did not ag-
gravate the OL death in response to OGD, whereas CM from
LPS-treated microglial cells did. The distinct outcomes may derive
from activation of different TLRs by the two ligands: LPS binds to
TLR4 and HMGBI to both TLR2 and TLR4 (36). LPS is one of
the prototypical stimuli that drives M1 polarization and proin-
flammatory activity (37). Recent studies have shown that selective
TLR2 activation leads to M2 polarization of microglial cells and
provides neuroprotective and proregenerative effects (38, 39).
Because HMGBI released from dying OLs can bind to both
TLR2 and TLR4, it may activate M2-like properties in microglial
cells through TLR2 to counterbalance the cytotoxic effects of
proinflammatory cytokines stimulated by TLR4. Thus, it is con-
ceivable that the effects of HMGBI release from dying neural
cells on inflammation could be modulated by the differential ex-
pression of pattern recognition receptors in microglial cells (39).

In addition to their proinflammatory roles, recent studies have
linked DAMPs to noninflammatory functions such as promoting
cellular migration and proliferation, angiogenesis, and tissue re-
pair (33, 40). In particular, HMGB1 was shown to contribute to
spinal cord regeneration in animal models where spontaneous
regeneration occurs (41, 42). Our data, showing that HMGBI1
released from damaged OLs provides protective effects on OLs
under ischemic stress, add a cellular trophic function to the list of
the noninflammatory biological effects of HMGB1. HMGBI in-
volved in tissue repair or angiogenesis often stimulates cell types
different from its origin. For example, HMGBI released from
grafted skin mobilizes bone marrow-derived epithelial progenitors
to repair epidermal defects (43). In the brain, astrocyte-derived
HMGBI1 promotes proliferation of endothelial progenitor cells to
contribute to neurovascular remodeling following stroke (44). In
our study, the source and target cell types are the same and
HMGBI therefore provides an autocrine trophic signal for OLs.
OLs use other autocrine signaling mechanisms. For example, de-
veloping OLs regulate their own survival and differentiation via
the neuregulin—erbB receptor autocrine loop (45, 46), and galanin
was identified as an autocrine trophic signal in cytokine-treated
OLs and in the cuprizone-induced demyelination model (47). The
HMBG1-mediated autocrine trophic signaling evidenced in our
study may harnesses neighboring OLs with a sort of self-defense
system against ischemic injuries to the white matter.

In our white matter stroke model with ET-1 injection, we
observed cytoplasmic translocation of HMGBL. It is highly likely
that HMGB1 was ultimately released extracellularly in response
to ischemic stress induced by ET-1. Our finding that TLR2-
dependent activation of ERK1/2 and CREB signaling following
ET-1 injection was largely attenuated by glycyrrhizin suggests that
extracellularly released HMGBI1 binds to TLR2 as an endogenous
ligand in vivo. Coinjection of glycyrrhizin resulted in a substantial
expansion of the ET-1-induced demyelinating pathology, dem-
onstrating that HMGBI released by ischemic insult provides
protective effects in myelinated white matter. The volume of the
demyelinating lesion correlated with the degree of behavioral
deficits, indicating that limiting the extent of demyelinating pa-
thology is functionally meaningful. In addition to effects on OLs,
HMGBI1 may have beneficial effects on endothelial remodeling,
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another physiological process relevant to ischemia. A recent study
showed that astrocytic HMGBL in the periinfarct cortex stimu-
lated endothelial progenitor cell proliferation and contributed to
neurovascular remodeling in a focal cerebral ischemia (48). Fur-
thermore, HMGBI1 also enhances accumulation of endothelial
progenitors in damaged white matter (44). Therefore, it is possible
that OL-derived HMGB1 could promote endothelial cell remod-
eling in the vicinity of the lesion core.

In conclusion, HMGBI is a stress-induced endogenous signal
whose function is to maintain structural and functional integrity
of the white matter under ischemic conditions. Manipulating this
endogenous pathway may aid in developing new therapies for
white matter stroke.

Materials and Methods

Primary OL and Microglial Cell Culture. Primary OL and microglial cell cultures
were prepared from cortices of postnatal day 0 (P0) or P1 newborn wild-type
and/or TLR2 (—/-) mice as previously described, with some modifications (49—
51). The animal protocols were approved by Ajou University Institutional An-
imal Care and Use Committee. The cortices were dissociated into single cells
and plated into a T25-cm? flask with DMEM supplemented with 10% FBS, 1%
penicillin—streptomycin, and 1% GlutaMAX. Confluent mixed glial cultures
were obtained after 9-10 d in vitro. Mixed glial cultures were shaken at
200 rpm at 37 °C for 1 h to remove microglial cells. Separated microglia were
filtered through a nylon mesh to remove remnant astrocytes and cell clumps and
maintained in DMEM with 10% FBS. A second cycle of shaking was performed at
250 rpm at 37 °C for 18 h to remove OLs from the monolayer of astrocytes. Cell
suspensions were plated onto a bacterial grade Petri dish for 1 h to separate OLs
from remaining astrocytes. Purified OLs were plated onto a poly-p-lysine—coated
12-well (1.5 x 10° cells per well) or 96-well (1.5 x 10* cells per well) plates or
9-mm coverslips (1.0 x 10* cells per coverslip) in serum-free differentiation
media consisting of high glucose DMEM, 2% B27, 1% GlutaMAX, 0.1% BSA,
transferrin (100 pg/mL), putrescine (20 pg/mL), progesterone (12.8 ng/mL), se-
lenium (10.4 ng/mL), insulin (50 pg/mL), and thyroxine (0.8 pg/mL).

In Vitro OGD Insult and Collection of CM. For OGD insult, OLs cultured for 24 h in
serum-free differentiation medium were washed with PBS and transferred to
an anaerobic chamber (Forma Scientific). The culture medium was replaced
with the glucose-free differentiation medium that had been saturated with N,
gas for 1 h. The cultured OLs were exposed to OGD for 2 h and then trans-
ferred to a normoxic chamber. The culture medium was replaced with fresh
medium containing glucose and various pharmacological reagents, including
recombinant HMGB1 (Sigma) in sterile endotoxin-free PBS or glycyrrhizin
(Sigma) in distilled water with pH adjusted to 7.4. In experiments to examine
effects of various CMs on OL death, the culture medium was replaced with CM
collected from cultured OLs or microglial cells. Microglial CM (MCM) was col-
lected from primary microglial cultures for 72 h after the 3-h incubation with
LPS (100 ng/mL) or HMGB1 (1 ng/mL). To collect CM from cultured OLs exposed
to OGD, OLs were incubated for 6 h after OGD completion because we found
consistent HMGB1 immunoreactivity in the media at this time point (Fig. 1A).
Collected CMs were centrifuged at 100 x g for 2 min and passed through a
0.2-pm filter (BD Biosciences) to remove any remnant cellular debris before
application to cultured OLs for lactate dehydrogenase (LDH) assay. Immuno-
depletion of CM was performed as previously described with a slight modifi-
cation (52). Briefly, collected CM was incubated with anti-HMGB1 antibody
(Abcam, ab18256; 4 pg/mL) overnight at 4 °C. The CM-antibody complexes
were further incubated with 30 pL of protein A/G-agarose beads (Pierce) for
2 h. After centrifugation, the supernatant was recollected as HMIGB1-depleted
CM (ACM) and the beads were thoroughly washed with washing buffer and
heated in 2x sample buffer for immunoblotting to confirm the presence of
HMGB?1 in the fraction containing the agarose beads.

LDH Assays. For quantification of OGD-induced OL death, LDH assays were
performed 24 h after the onset of OGD (22 h after the end of the 2-h OGD
session) using an assay kit (Takara Bio). The LDH level corresponding to
complete cell death was determined in sister cultures exposed to 1.5% Triton
X-100 for 24 h [complete death (CD)]. Baseline LDH levels were determined in
a condition of media alone without any cells [baseline (BL)]. The percentage
of cell death in each experimental condition was calculated using the fol-
lowing formula: % of OL death = 100 x (experimental value — BL)/(CD — BL).

Transfection of Primary OLs. For transfecting the HMGB1-GFP plasmid (Ori-
gene) or HMGB1 siRNA (Santa Cruz, sc37983) into cultured primary OLs, we
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used the Amaxa Nucleofactor electroporation system (Lonza). Briefly, purified
OLs were grown in neurobasal medium supplemented with 2% B27 and PDGF
(10 ng/mL) for several days, allowing continuous proliferation. After conflu-
ence was reached, OLs were detached from the cell culture plates, transferred
to a conical tube, and centrifuged at 90 x g for 10 min. Pelleted OLs were
resuspended with Nucleofactor solution and HMGB1-GFP plasmid or
HMGB1 siRNA and transferred to an electroporation cuvette. Finally, resus-
pended OLs in a cuvette were electroporated using the Nucleofactor Il ma-
chine (program no. A-033). OL media were replaced immediately after
electroporation. OLs were plated onto culture dishes for immunoblotting or
LDH assays or onto glass-bottom culture dishes for time-lapse live cell imaging.

Fluorescence Time-Lapse Imaging. Cultured OLs transfected with HMGB1-GFP
plasmid were plated on a culture dish with a glass bottom and incubated
within a chamber attached to the fluorescence time-lapse microscope (Nikon
Eclipse) for 24 h. The live imaging system is not equipped with a cell culture
chamber enabling hypoxia. Therefore, we induced chemical hypoxia using
CoCl,, which is a frequently used hypoxia-mimetic reagent (53). To mimic
OGD insult, the bathing medium was replaced with glucose-free medium
containing CoCl, (200 uM; Sigma). Hoechst 33342 dye was added into the
bathing media to stain nuclei 30 min before CoCl, application. GFP* cells
were identified under the microscope and the time-lapse images were
captured immediately after the CoCl, application for 4 h at 5-min intervals.

Animals and Surgical Procedures. Nine- to 10-week-old adult male C57BL/6
mice, weighing 25-28 g, were used. The animal protocols were approved by
Ajou University Institutional Animal Care and Use Committee. Mice were
anesthetized with i.p. injection of 4% chloral hydrate (400 mg/kg) injection.
After anesthetization, the head was anchored to a stereotaxic frame and a
craniotomy was made with a drill. Stereotaxic injection of drugs was performed
as described previously (9). The target coordinates were as follows: —1.0 poste-
rior from the bregma, —2.8 mm lateral from the midline, and —4.3 mm ventral
from the skull surface. The needle was angled away from the injection site at
20° from the midline to avoid potential damage to the hippocampal structures.
One microliter of ET-1 (1 mg/mL; Bachem) with sterile PBS or glycyrrhizin
(240 uM) was injected for 5 min, the needle was left in place for 10 min, and
then it was slowly removed from the brain.

Behavioral Analysis. The corner test assesses sensory and motor asymmetries
after ischemic injuries (17-19). The corner apparatus consists of two wooden
boards (30 cm x 20 cm x 1 cm) that are attached to each other at a 30° angle.
There is a small slit-like opening where the two boards join (corner) to
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encourage animals to enter into the corner end of the apparatus. Mice are
allowed to walk into the corner after placement at the midline in the open
end. As mice walk into the corner, boards at each side stimulate bilateral
vibrissae, and then the animals rear up on their hindlimbs and turn back to
face the open end. We considered a trial as complete only when rearing up
preceded turning back to the open end (17). The direction of rearing up
and turning back was recorded for a total of 10 trials per animal. The
percentage of ipsilesional turns was calculated as an indicator of deficit
severity because ischemic mice showed a preference for turning toward the
nonimpaired side (ipsilesional side). The tests were performed once before
ET-1 injection to record the baseline percentage value as a control and
every day after ET-1 injection until 7 d postinjection.

The pole test is used to examine motor dysfunction after ischemic injuries
(19, 20). The pole apparatus is made by placing a 50-cm-long pole with a
10-cm-diameter flat top inside a home cage. The pole surface is wrapped in
adhesive tape to provide traction. Mice are positioned head upward at the top
of pole. There are two outcome parameters in the pole test. One is time to
turn, the duration from starting with the head positioned upward at the top
of the pole to turning the head downward completely. The other parameter is
time to floor, the time taken to descend the pole apparatus and reach the
home cage floor. Mice were tested five times per day and the average of the
five trials was obtained as the data for each day. If mice dropped to the floor
before completing the descent, a retrial was done. Mice were trained and the
baseline values were obtained before ET-1 injection and then tested every day
after ET-1 injection until 7 d postinjection.

Statistical Analysis. All numerical values and error bars in the quantification
graphs are expressed as mean + SEM. Statistical comparison of mean values
was performed using Student's t test for two independent groups or one-way
ANOVA followed by Tukey’s post hoc test for three and more independent
groups. For statistical comparison of behavioral tests performed at multiple
time points, repeated-measures two-way ANOVA was performed with Bon-
ferroni’s post hoc test. Pearson’s correlation analysis was performed to ex-
amine the relationship between the behavioral outcomes and the volumes of
the demyelinating lesions. All quantification graphs were generated using
GraphPad Prism software version 5.0 (GraphPad Software). Additional mate-
rials and methods are available in S/ Materials and Methods.
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