


HMGB1 is released from neurons, some astrocytes, and micro-
glia in response to ischemic stress (Hayakawa et al., 2008;
Qiu et al., 2008), but it remains to be determined how the
HMGB1 release occurs following cerebral ischemia in terms of
time and cell-type specificity, and whether the release has
pathophysiological roles in the post-ischemic brain. In the
present study, immunohistochemistry showed that HMGB1

was completely released from nuclei of neurons at 3 hours after
cerebral ischemia (1-hour tMCAO). On the other hand, HMGB1
was not released from astrocytes in the early phase of cerebral
ischemia. It was found that neurons are the principal sources of
HMGB1 in the early phase of brain ischemia/injury and this
neuron-derivedHMGB1 functions as an early upstream cytotoxic
factor to cause ischemia-induced brain damage (Qiu et al., 2008;

Fig. 5. Cerebral ischemia-induced ex-
pression of HMGB1 in microglia. (A) Mice
were pretreated with amlexanox (Amx) at
a dose of 10 mg/5 ml (i.c.v.) 30 minutes
before 1 hour tMCAO and immunostain-
ing of Iba-1 and HMGB1 (Iba-1, green;
HMGB1, red) in the somatosensory cortex
using coronal brain sections was per-
formed at 3 hours after tMCAO. Follow-
ing Amx post-treatment (10 mg/5 ml, i.c.v.)
at 24 hours after 1-hour tMCAO, immu-
nostaining of Iba-1 and HMGB1 was
performed at 27 hours after tMCAO.
Insets indicate higher magnification view of
immunoreactive-HMGB1 in Iba-1-positive
microglia noted by dotted squares. (B) Triple
immunostaining (Iba-1, green; HMGB1, red;
Hoechst, blue) show the higher magnifica-
tion view ofHMGB1 localization inmicroglia
at 0 (untreated) and 3 hours after tMCAO
(vehicle- or Amx-pretreated mice), and
27 hours after tMCAO (ischemic vehicle or
Amx post-treated mice). (C) Quantitative
analysis of HMGB1-positive microglia in the
somatosensory cortex. Data are means 6
S.E.M. One-way ANOVA, Dunnett’s multi-
ple comparison tests, **P , 0.01 vs. un-
treated mice. (D) Following Amx treatment
(10 mg/5 ml, i.c.v.) at 24 hours after 1-hour
tMCAO, immunoreactive HMGB1 was still
observed in the nuclei of Iba-1-positive
microglia in the cortex at 48 or 96 hours
after 1-hour tMCAO. Insets in (D) indicate
higher magnification view of HMGB1 ex-
pression in microglia noted by dotted
squares; n = 3 in each group.

Fig. 6. Amlexanox pretreatment exacerbates the ischemia-induced damage. (A and B) Following amlexanox (Amx) pretreatment (10 mg/5 ml, i.c.v.)
30 minutes before 1-hour tMCAO, TTC staining (A) and infarct volume measurement (B) were performed at 24 hours after tMCAO. Data are means 6
S.E.M. Student’s t test (not significant); n = 3 in each group. (C–E) Mice were pretreated with Amx (10 mg/5 ml, i.c.v.) 30 minutes before 15-minute
tMCAO. Nonischemic (NI) mice also received Amx (10 mg/5 ml, i.c.v.). TTC staining (C), infarct volume measurement (D), and clinical score (E) were
performed at 24 hours after tMCAO. Data are means6 S.E.M. *P, 0.05 vs. ischemic vehicle. Untreated, n = 3; ischemic vehicle, n = 6; Amx + tMCAO, n
= 6; Amx + nonischemic (NI), n = 3.
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Sun et al., 2014). A previous study reported that HMGB1 is
absent in microglia in the normal mouse brain, whereas brain
microglia expressHMGB1 following seizure (Maroso et al., 2010).
Consistent with this, we observed the absence of immunoreactive

HMGB1 in microglia in the normal mouse brain. By contrast,
HMGB1 expression appeared in microglia as early as 3 hours
after cerebral ischemia, but no HMGB1 was released from
microglia in this early phase of cerebral ischemia. These findings

Fig. 7. Late treatment with amlexanox
protects the brain from ischemic damage.
(A and B) Following amlexanox (Amx) post-
treatment (10 mg/5 ml, i.c.v.) at 24 hours
after 30-minute tMCAO, TTC staining (A)
and infarct volume measurement (B) were
performed at 48 hours after ischemia. Data
are means 6 S.E.M. Student’s t test, *P ,
0.05 vs. ischemic vehicle; n = 3 in each
group. (C) Following Amx post-treatment at
24 hours after 30-minute tMCAO, evalua-
tion of clinical score was performed every
day for 7 days after tMCAO. Data are means
6 S.E.M. *P , 0.05 vs. ischemic vehicle; n =
6 in each group. (D–F) Following Amx post-
treatment (10 mg/5 ml, i.c.v.) at 48 hours
after 30-minute tMCAO, TTC staining (D),
infarct volume measurement (E), and clini-
cal score evaluation (F) were performed at
72 hours after tMCAO. Data are means 6
S.E.M. Student’s t test, *P , 0.05 vs.
ischemic vehicle; *P , 0.05 vs. ischemic
vehicle; n = 4 in each group.

Fig. 8. Late treatment with anti-HMGB1 anti-
body inhibits ischemia-induced brain damage.
(A and B) Following treatment with anti-
HMGB1 antibody (a-HMGB1) at a dose of 1 or
3 mg/5 ml (i.c.v.) at 24 hours after 30-minute
tMCAO, TTC staining (A) and infarct volume
measurement (B) were performed at 48 hours
after tMCAO. Data are means6 S.E.M. *P, 0.05
vs. ischemic vehicle; n = 3 in each group. (C and D)
Following a-HMGB1 treatment (3 mg/5 ml, i.c.v.)
at 24 hours after lethal cerebral ischemia (1-hour
tMCAO), TTC staining (C) and infarct volume
measurement (D) were performed at 48 hours
after 1-hour tMCAO. Data are means 6 S.E.M.
Student’s t test, *P , 0.05 vs. ischemic vehicle.
n = 3 in each group. (E) Following a-HMGB1
treatment (3 mg/5 ml, i.c.v.) at 24 hours after
1-hour tMCAO, clinical score was assayed every
day for 7 days after tMCAO. Data are means 6
S.E.M. *P , 0.05 vs. ischemic vehicle; ischemic
vehicle, n = 5; a-HMGB1 + tMCAO, n = 6.
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suggest that neurons are more sensitive to ischemia than
astrocytes or microglia in terms of HMGB1 release in the early
phase of cerebral ischemia. HMGB1, on the other hand, was
released from astrocytes but not neurons at 27 hours after
tMCAO. It is still unclear why astrocytes are more sensitive to
ischemia than neurons in terms of HMGB1 release in the late-
ischemic phase.
On the other hand, cerebral ischemia-induced HMGB1

release from astrocytes was reversibly blocked by late treat-
ment (24 hours after tMCAO) with amlexanox, without any
effect on immunoreactive HMGB1 in neurons and microglia.
On the basis of these results, we attempted to evaluate the
effect of amlexanox post-treatment against ischemia-induced
brain damage. Our findings suggested that late treatment
with amlexanox at 24 hours, but not at 48 hours after ischemia
(30-minute tMCAO) significantly inhibited ischemia-induced
brain damage in terms of TTC, motor dysfunction, and
lethality. Amlexanox-induced (late treatment) protection of
ischemic brain was confirmed by the late treatment (i.c.v.)
with neutralizing anti-HMGB1 antibody at 24 hours after
30-minute or 1 hour tMCAO, in which ischemic brain damage
was significantly ameliorated by the late treatment with anti-
HMGB1 antibody. Moreover, our finding with the anti-
HMGB1 antibody experiment is consistent with previous
studies in brain ischemia (Kim et al., 2006; Liu et al., 2007;
Muhammad et al., 2008). Thus, late release of HMGB1
particularly from astrocytes contributes to ischemic brain
damage. Pretreatment with amlexanox 30 minutes before
tMCAO reversibly blocked cerebral ischemia-inducedHMGB1
release from brain neurons at 3 hours after tMCAO, without
any effect on immunoreactive HMGB1 in nuclei of astrocytes
andmicroglia. On the basis of these findings, we observed that
ischemia-induced brain damage was significantly worse at
24 hours after the ischemic stress in amlexanox-pretreated
mice, as shown by TTC staining and behavioral experiments.
Recently, we demonstrated that ProTa, a signal peptide-

less nuclear protein, was nonclassically released from the
nuclei of cultured C6 astroglioma cells through interaction
with cargo molecule S100A13 following ischemia, and this
extracellular release of ProTa was reversibly blocked by
amlexanox (Matsunaga and Ueda, 2010; Ueda et al., 2012).
Most recently, we also reported that ProTawas nonclassically
released from the nuclei of neurons as early as 3 hours after
cerebral ischemia (1-hour tMCAO) and this ProTa release is
reversibly blocked by the pretreatment with amlexanox
(Halder et al., 2012). On the other hand, microglia did not
release ProTa in the presence of cerebral ischemia, owing to
absence of S100A13 expression in this glial cell (Halder et al.,
2012). Taken together, it is interesting to speculate that the
initiation of ischemia-induced mechanism for HMGB1 release
from neurons is less important than that of the release of
neuroprotective molecules such as ProTa in the early phase of
cerebral ischemia. Furthermore, HMGB1, which was released
from astrocytes in the late-ischemic phase, may cause the
deterioration of ischemic brain damage by induction of
cytotoxic cascades. Since ProTa, a neuroprotective DAMPs,
is expressed in neurons and astrocytes on day 1 (27 hours)
after cerebral ischemia independently of amlexanox
(Halder et al., 2012), the blockade of HMGB1 release from
astrocytes either by amlexanox or anti-HMGB1 antibody
late treatment may be a novel approach to protection
against ischemic brain damage.

Further studies would be necessary to examine the effects of
amlexanox on HMBG1 level in the CSF under cerebral
ischemia, the effects of amlexanox late treatment on brain
HMGB1 levels at later time points, and whether the gene
silencing of amlexanox targets such as S100A13 mimics the
amlexanox effects. In addition, it would also be interesting to
see how pretreatment with anti-HMGB1 antibody affects
ischemia-induced brain damage, since the neuroprotective
DAMPmolecule ProTa is also released upon ischemic stress in
an amlexanox-reversible manner (Halder et al., 2012). As
many other DAMPs molecules would also be released upon
acute ischemic stress, detailed analysis of the contribution of
released HMGB1 needs more extensive analysis, including
the effects of gene silencing of HMGB1.
Amlexanox reversibly blocked ischemia-induced early re-

lease of HMGB1 from neurons and late release from astro-
cytes, but we do not know how HMGB1 release is inhibited by
amlexanox. As there are reports that amlexanox has multiple
pharmacological actions (Bell, 2005; Zhang et al., 2015), the
molecular-based mechanisms underlying ischemia-induced
nonclassical release of HMGB1 may not be simple. However,
as amlexanox inhibits the nonclassical release of various
DAMPs molecules, including IL-1a, fibroblast growth factor
(FGF)-1 and ProTa (Prudovsky et al., 2003, 2008; Matsunaga
and Ueda, 2008, 2010), which commonly use S100A13 as a
cargo protein, the study of interaction between HMGB1 and
S100A13 represents an obvious approach to clarify the
mechanisms underlying HMGB1 release.
In conclusion, pretreatment with amlexanox blocked cere-

bral ischemia-induced early release of HMGB1 from neurons
but failed to protect the brain from ischemic damage. Late
treatment with amlexanox blocked HMGB1 release from
astrocytes 27 hours after ischemia and subsequently limited
the extent of ischemic brain damage. In addition, ischemia-
induced brain damagewas ameliorated by late treatmentwith
the anti-HMGB1 antibody. Although amlexanox is clinically
used as a safe antiallergy medicine, this compound has
multiple cellular targets in the periphery of the body. There-
fore, the present discovery of pharmacological regulation of
delayed and harmful HMGB1 release may provide a new
strategy for developing antistroke medicines that possess a
wide therapeutic time frame.
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Supplementary Fig. 1. Amlexanox inhibits ischemia-induced HMGB1 release from astrocytes 

in the striatum and hippocampus of mouse brain. (A-D) Mice were subjected to 1 h tMCAO. (A) 

Immunostaining of GFAP (astrocyte marker) and HMGB1 (GFAP, green; HMGB1, red) using 

brain coronal sections was performed at 3 h after tMCAO. Following amlexanox (Amx) (10 µg/5 

µL) or PBS (ischemic vehicle) treatment (i.c.v.) at 24 h after tMCAO, immunostaining of GFAP 

and HMGB1 was performed at 27 h after tMCAO. (B) Quantitative analysis of HMGB1-positive 

astrocytes in striatum in the brain at 3 and 27 h after tMCAO. Data are means ± SEM. One-way 

ANOVA, Dunnett’s multiple comparison tests, *p < 0.05 versus untreated mice, #p < 0.05 versus 

ischemic vehicle at 27 h. (C) Immunostaining of GFAP and HMGB1 in the stratum radiatum (Str 
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rad) of hippocampus at 3 and 27 h after tMCAO in ischemic vehicle and Amx post-treated (24 h) 

mice. (D) Quantitative analysis of HMGB1-positive astrocytes in the Str rad at 3 and 27 h after 

tMCAO. Data are means ± SEM. One-way ANOVA, Dunnett’s multiple comparison tests, *p < 

0.05 versus untreated mice, #p < 0.05 versus ischemic vehicle at 27 h. n = 3 in each group. 

 


