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Crosstalk between the brain and systemic responses in blood is
increasingly suspected of playing critical roles in stroke. However,
how this communication takes place remains to be fully under-
stood. Here, we show that reactive astrocytes can release a dam-
age-associated molecular-pattern molecule called high-mobility-
group-box-1 (HMGB1) that promotes endothelial progenitor cell
(EPC)-mediated neurovascular remodeling during stroke recovery.
Conditioned media from reactive astrocytes increase EPC pro-
liferation in vitro. siRNA suppression of HMGB1 in astrocytes or
blockade of the HMGB1 receptor for advanced glycation end-
products in EPCs prevents this effect. In a mouse model of focal
cerebral ischemia, reactive astrocytes in the peri-infarct cortex up-
regulate HMGB1 at 14 d poststroke, along with an accumulation
of endogenous EPCs. In vivo siRNA suppression of HMGB1 blocks
this EPC response, reduces peri-infact angiogenesis, and worsens
neurological deficits. Taken together, these molecular and in vivo
findings support a previously undescribed mechanism of crosstalk
between reactive astrocytes and EPCs wherein HMGB1 promotes
neurovascular remodeling and functional recovery after stroke
and brain injury.

reactive glia | vascular repair | brain remodeling

The neurovascular unit was originally proposed as a concep-
tual framework for investigating the mechanisms of acute

stroke pathophysiology (1). A singular focus on neuronal cell
death alone was not enough. Integrated responses in neurons,
glia, and brain blood vessels all contribute to the development of
acute brain injury after stroke.
Analogous mechanisms may also operate during stroke re-

covery. Remodeling of the peri-infarct cortex is not driven by
neuroplasticity alone. Accumulating data now suggest that care-
fully orchestrated responses in neuronal, glial, and vascular com-
partments appear to be required for functional recovery (2).
However, the mechanisms underlying these endogenous cell–cell
interactions remain poorly understood.
In this context of neurovascular remodeling during stroke re-

covery, two recently proposed ideas may be especially important.
First is the suggestion that beyond cell–cell signaling within the
brain itself, there may also exist critical elements of crosstalk
between damaged brain and systemic responses in blood and
immune systems (3). Second, it has been proposed that neuro-
vascular mediators triggered after stroke may be biphasic in
nature (4); mediators that are deleterious during the acute stage
may, surprisingly, play beneficial roles during stroke recovery.
In this study, we examined the hypothesis that high-mobility-

group-box-1 (HMGB1), a member of the damage-associated-
molecular-pattern (DAMP) family of proteins, mediates cross-
talk between reactive astrocytes and endothelial progenitor cells
(EPCs) to promote functional recovery following focal cerebral
ischemia. This phenomenon provides a direct mechanism for
explaining how the damaged brain signals to the systemic blood
response to support neurovascular remodeling after brain injury.

Results
To investigate astrocyte-EPC crosstalk, we first used an in vitro
cell-culture system. Primary rat cortical astrocytes were stimu-
lated with low levels of IL-1β to mimic a reactive phenotype (5,
6). After 24 h, conditioned media from stimulated astrocytes
showed a clear accumulation of soluble HMGB1 (Fig. 1A). As-
trocyte-conditioned media (ACM) was then transferred to rat
EPC cultures (Fig. 1B). Compared with empty media or normal
astrocytes, conditioned media from stimulated astrocytes signif-
icantly increased EPC proliferation rates in vitro (Fig. 1C). To
show that this phenomenon required HMGB1, we performed
two additional experiments, either adding exogenous HMGB1 or
suppressing endogenous HMGB1 with siRNA. When exogenous
HMGB1 was added to EPC cultures, a biphasic pattern was
observed. Low levels of HMGB1 (1–10 ng/mL) increased pro-
liferation rates, but higher concentrations (100–1,000 ng/mL)
appeared to have no effect (Fig. 1D). In fact, it is known that
high concentrations of HMGB1 may actually be deleterious by
promoting endothelial inflammation (7) and inducing neuro-
toxicity (8). When endogenous HMGB1 in astrocytes were sup-
pressed with siRNA (Fig. 1D), the ability of stimulated astrocyte-
conditioned media (sACM) to enhance EPC proliferation was
blocked (Fig. 1F).
To further support this idea of crosstalk between astrocytes and

EPCs, we explored a potential mechanism of HMGB1 signal-
ing. The receptor for advanced glycation endproducts (RAGE)
is known to be a critical receptor for HMGB1 (9). In our cell-
model system, blockade of RAGE with anti-RAGE antibodies
prevented sACM from enhancing EPC proliferation (Fig. 1G).
Because HMGB1-RAGE signaling is known to involve ERK
MAPK (10, 11), we next looked for evidence of this signaling
mechanism in our experiments. Exposure to conditioned media
from stimulated astrocytes rapidly increased phospho-ERK lev-
els in EPCs (Fig. 1H). As expected, the potent MEK/ERK in-
hibitor U0126 reduced phospho-ERK levels (Fig. 1H) and
significantly reduced EPC proliferation rates (Fig. 1I). Of course,
RAGE can bind other ligands besides HMGB1. One important
example may be amyloid-β. To further check the specificity of
our hypothesis, we exposed EPCs to amyloid-β-1-40 and amy-
loid-β-1-42. Neither of these agents appeared to alter EPC
proliferation (Fig. S1). Hence, at least within the limits of our
cell culture system, HMGB1 may be a critical mediator for
EPC function.
Our in vitro experiments showed that stimulated astrocytes

can release HMGB1 that binds the RAGE receptor on EPCs to
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promote cellular proliferation. However, does this mechanism
work in vivo? To answer this question, we turned to a mouse
model of focal cerebral ischemia. C57Bl6 male mice were sub-
jected to transient middle cerebral artery occlusion for 45 min,
and 14 d later brains were removed for analysis. As expected,
well-defined infarctions were present in striatum and cortex.
Within the peri-infarct cortex, a zone of GFAP+ reactive
astrocytes was readily observed (Fig. 2A). Western blots of brain
homogenates (Fig. 2 B and C) and immunostaining of brain
sections (Fig. 2D) confirmed that HMGB1 was indeed up-

regulated in these reactive astrocytes. The release of HMGB1
from reactive astrocytes requires the nuclear export protein
CRM1 (6). Hence, we also looked for CRM1 responses in our
mouse ischemia models. Western blots showed that CRM1
protein was elevated in the peri-infarct cortex at 14 d (Fig. 2 B
and C). Immunostaining confirmed that CRM1 was up-regulated
in reactive astrocytes (Fig. 2E).
Angiogenesis is an important feature of the peri-infarct cortex

during stroke recovery (12–14). It has been proposed that en-
dogenous EPCs may contribute to neurovascular remodeling in

Fig. 1. Release of HMGB1 from IL-1β–stimulated astrocytes and its effects of EPC proliferation. (A) Western blot analysis confirmed that IL-1β (0.1 ng/mL)
caused astrocytes to release HMGB1 into conditioned media (sACM). No HMGB1 was detectable in normal ACM. (B) Early EPCs (5 d after seeding) were
identified by representative markers, including lectin-UEA1, vWF, CD31, CD34, and CD133. (Magnification, 20×.) (C) IL-1β sACM promoted EPC proliferation
in vitro, compared with nonstimulated ACM. **P < 0.01 vs. ACM. Importantly, treatment with vehicle (empty media that contained IL-1β at 0.1 ng/mL) did not
directly affect EPC proliferation. (D) Directly adding HMGB1 to EPC cultures also enhanced proliferation rates but a biphasic pattern was observed. Low levels
of HMGB1 (1–10 ng/mL) increased proliferation, but higher concentrations (100–1,000 ng/mL) appeared to have no effect. (E) HMGB1siRNA successfully
suppressed HMGB1 levels in IL-1β–stimulated astrocytes. Reduction of HMGB1 release in sACM was accompanied by HMGB1 down-regulation in cell lysates.
(F) The ability of IL-1β sACM to enhance EPC proliferation was significantly decreased after HMGB1 siRNA, suggesting that HMGB1 in ACMmay be responsible
for promoting EPC proliferation. *P < 0.05. (G) Blockade of RAGE, a major HMGB1 receptor in EPCs, significantly inhibited the ability of IL-1β sACM to
promote EPC proliferation. *P < 0.05 vs. IgG containing sACM. (H) Exposure to conditioned media from sACM rapidly increased phospho-ERK levels in EPCs;
the potent MEK/ERK inhibitor U0126 reduced phospho-ERK levels. (I) Correspondingly, U0126 significantly reduced the ability of IL-1β sACM to enhance EPC
proliferation. ##P < 0.01 vs. sACM.
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Fig. 2. Up-regulation of HMGB1 in reactive astrocytes
in the peri-infarct cortex after transient focal ischemia
in mice. (A) GFAP+ reactive astrocytes accumulate in
the peri-infarct cortex by 14 d poststroke. (Magnifi-
cation, 10×.) (B) Western blots of brain homogenates
show elevation of HMGB1 and its associated nuclear
export protein CRM1 in the peri-infarct cortex at 14 d
poststroke. (C) Densitometric quantitation of HMGB1
and CRM1 at day 14 compared with day 3 after stroke.
#P < 0.05 vs. day 3. (D and E) Immunostaining dem-
onstrates colocalization of both HMGB1 and its nu-
clear export protein CRM1 in GFAP+ reactive astrocytes
within the peri-infarct cortex.
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the recovering penumbra (15). There are no perfect markers of
EPCs, but Flk1 and CD34 have been previously used to identify
some subpopulations of EPCs (16, 17). At 14 d after cerebral
ischemia in our mouse models, Flk1 and CD34 double-positive
cells were found in close proximity with reactive astrocytes (Fig.
3A). To further characterize these cells, we first labeled cerebral
endothelial cells by intravenous lectin infusion (Fig. 3B). After
vascular labeling, we used flow cytometry to quantify Flk1/CD34
double-positive cells in the lectin-positive endothelial pop-
ulation; these cells were then operationally defined as EPCs in
our model system (Fig. 3B). EPC accumulation levels were low
but detectable (Table S1), consistent with previous studies where
relatively small elevations in EPCs can induce significant am-
plification of angiogenesis (18). From 3 to 14 d after ischemic
onset, EPCs were steadily increased in the peri-infarct cortex
(Fig. 3 C and D). Importantly, these EPC subsets were also
positive for the HMGB1 receptor RAGE (Fig. 3E).
EPC accumulation in the peri-infarct cortex coincides with

HMGB1-expressing astrocytes in our mouse models. However,
is crosstalk between reactive astrocytes and EPCs important for
functional stroke recovery? To answer this question, we used
in vivo siRNA to suppress HMGB1 signaling. Mice were

subjected to transient focal cerebral ischemia, then HMGB1
siRNA or control siRNA were injected into cerebral ventricles at
5 d after stroke onset. By 2 d after siRNA injections, total
HMGB1 expression in the peri-infarct cortex was successfully
down-regulated (Fig. 4A). There were no clear differences in
the levels of GFAP+ reactive astrocytes, but astrocytes that
expressed HMGB1 were significantly decreased (Fig. 4B). By 14
d poststroke, brains treated with HMGB1 siRNA showed a sig-
nificant reduction in EPC accumulation (Fig. 4C) as well as peri-
infarct microvessel density (Fig. 4D). Consistent with the cell-
culture data, siRNA against HMGB1 also appeared to slightly
reduce ERK MAPK signaling (Fig. S2). Finally, in parallel with
these neurovascular effects, suppression of HMGB1 signaling
worsened neurologic outcomes as measured with a battery of
behavioral tests, including neuroscore, foot-fault test, and corner
test (Fig. 4E).

Discussion
In summary, our in vitro and in vivo studies demonstrate that: (i)
reactive astrocytes release HMGB1, (ii) HMGB1 promotes EPC
proliferation via RAGE receptors, and (iii) signaling between
reactive astrocytes and EPCs mediates neurovascular remodeling
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Fig. 3. Accumulation of EPCs in the peri-infarct cortex during stroke recovery after transient focal cerebral ischemia in mice. (A) At 14 d poststroke, Flk1 and
CD34 double-positive cells were found in close proximity with GFAP+ reactive astrocytes. (Magnification, 40×.) (B) Endothelial cells in the brain were labeled
by lectin infusion, and Flk1/CD34 double-positive cells in the lectin-positive endothelial population were operationally quantified as EPCs with FACS.
(Magnification, 10× for imaging lectin positive capillary.) (C) Representative FACS distributions of EPCs from 3 to 14 d after ischemic onset. (D) FACS
quantitation showed that EPCs were steadily increased in the peri-infarct cortex over the 14-period of stroke recovery. *P < 0.05 vs. sham-operated group. (E)
Further FACS analysis confirmed that these EPC subsets were also positive for the HMGB1 receptor RAGE.
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and functional recovery after focal cerebral ischemia. The
astrocytic HMGB1 response appeared to track EPC accumula-
tion and, importantly, blockade of this signal interfered with
stroke recovery. Taken together, these data suggest a unique
mechanism of crosstalk between astrocytes and EPCs that may
help brain tissue recover after stroke and brain injury.
HMGB1 belongs to a the DAMP family of so-called “alar-

mins” (i.e., molecules thought to be released from dying cells
that in turn, amplify inflammation and exacerbate tissue damage)
(19, 20). During the acute stages of focal stroke, high levels of
HMGB1 are rapidly released from necrotic neurons that amplify
neuronal death in the penumbra (20). However, lower levels of
HMGB1 may have more subtle and potentially beneficial
actions. For example, HMGB1 promotes angiogenesis in vitro
(21, 22), and in neuronal cultures HMGB1 augments dendritic
growth (23, 24). Here, we showed that the secondary up-regu-
lation of HMGB1 in reactive astrocytes may contribute to neu-
rovascular remodeling and stroke recovery.
Vascular responses are important in stroke pathophysiology of

cerebral ischemia (25). In rat models of focal cerebral ischemia,

administration of CD34+ EPCs improves functional outcomes
(26, 27). In humans, circulating levels of EPCs tend to track the
temporal profile of recovery from 7 to 14 d after stroke onset (28,
29). However, it remains unclear how EPCs are triggered for
central neurovascular repair. Indeed, a rigorous definition of the
mechanisms that mediate EPC interactions with stroke-damaged
brains will be necessary before clinical trials can be successfully
designed (30). Our present findings may now provide a specific
mechanism that directly links the reactive astrocyte within the
neurovascular unit to the systemic EPC response. Furthermore, it
reinforces the idea that contrary to standard assumptions, reactive
astrocytes may not always be deleterious. Of course, inhibitory
substrates from reactive gliosis interfere with neuroplasticity
(31). However, reactive astroyctes may also be beneficial (32–34).
Here, we define a unique mechanism whereby astrocytes in the
recovering penumbra signal to EPCs to promote neurovascular
remodeling.
Nevertheless, there are a few caveats. Our data implicate

HMGB1 as an extracellular signal that promotes EPC-mediated
recovery in the peri-infarct cortex. However, DAMPs comprise
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Fig. 4. Effects of HMGB1 siRNA on EPC accumulation, peri-infact vascular density, and neurological recovery after focal cerebral ischemia in mice. (A) HMGB1
expression in the peri-infarct area at day 7 was successfully down-regulated by siRNA injection on day 5 postischemia. Adequate injection of siRNA was
confirmed by Evans blue and FITC-labeled or -unlabeled control siRNA . Fluorescence of labeled control siRNA was observed in (i) intraventricular areas as well
as (ii) the targeted cerebral cortex. Western blots of brain homogenates confirmed that siRNA successfully down-regulated HMGB1 expression in the peri-
infarct cortex. (Magnification, 20× for fluorescent images.) (B) Immunostaining showed that siRNA decreased the numbers of HMGB1-expressing reactive
astrocytes in the peri-infarct cortex. (Magnification, 20× for fluorescent image.) (C) By 14 d poststroke, brains treated with HMGB1 siRNA showed a significant
reduction in EPC accumulation, as quantified via FACS analysis. *P < 0.05 vs. control siRNA. See Table S1 for numerical data. (D) Correspondingly, brains
treated with HMGB1 siRNA showed a significant reduction in lectin-stained microvessel density in the peri-infarct cortex at day 14 poststroke. Standard
quantitation performed as lectin-positive percent area of region of interest analysis. *P < 0.05 vs. control siRNA. (Magnification, 10× for lectin positive
capillary.) (E) Suppression of HMGB1 signaling interfered with spontaneous stroke recovery in our mouse focal ischemia model. A battery of neurologic tests
including neuroscore, foot-fault test, and corner test demonstrated that mice treated with HMGB1 siRNA performed worse than stroke-only controls. #P <
0.05, ##P < 0.01 vs. control siRNA.
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a large family of molecules, and RAGE on EPCs can bind many
other ligands. For example, S100-β is a major DAMP that is
known to influence tissue remodeling after injury (35, 36). Fur-
thermore, astrocytes may also release other prorecovery mole-
cules, such as tissue plasminogen activator (34), and other
mediators, including various growth factors may also play a role.
How HMGB1 interacts with these other networks and pathways
remain to be fully dissected. A second caveat involves the spatial
and temporal pattern of astrocyte-EPC responses poststroke. In
our in vivo cerebral ischemia models, siRNA was administered
on day 5, and then effects on stroke recovery were detected
on day 7, which persisted until day 14. Although these in vivo
responses after HMGB1 silencing seemed to be quite fast, they
may partly agree with the cell-culture results, where siRNA
rapidly down-regulated HMGB1 within 24 h. How the persisting
effects on day 14 take place requires more detailed mapping of
ongoing signaling of HMGB1 in EPCs over time. Our data on
EPC numbers and microvessel density only exist for a single
timepoint at 14 d. How crosstalk mechanisms evolve between day
7 and day 14 remain unknown. Further studies are required to
define spatial and temporal patterns, and also explore parallel
mechanisms involving other mediators for EPCs and neuro-
vascular remodeling. A third caveat involves the potential role of
other cell types in gliosis after CNS injury. Our in vitro and
in vivo results directly implicate the reactive astrocyte. Whether
and how other glial types, such as microglia or pericytes, may
also signal to EPCs deserves further study. A fourth limitation is
that we cannot be definitive about the source of our EPC re-
sponse. For cell cultures, we are certain that these cells are of
hematopoietic origin and can be operationally defined as EPCs.
However, for the in vivo stroke models, the unequivocal source
of EPCs in the recovering brain is unknown. It is also impossible
to say if there is a resident Flk1/CD34 population in brain or
cerebral vasculature that contributes to the observed phenom-
ena. Further detailed studies using transgenic mice with bone-
marrow transplants or splenectomy would be required. Finally,
as mentioned above, the temporal profile of neuro-recovery in
our mouse models is limited. How our relatively restricted as-
trocyte and EPC time-frames (2 wk) in mice may truly correlate
with long-term outcomes in humans (months to years) remains
to be fully assessed.
The present study demonstrates that HMGB1 released from

reactive astrocytes provides a signal for EPC-mediated neuro-
vascular remodeling, and this signaling between glial and vas-
cular compartments may be critically important for brain repair
and stroke recovery. These findings provide a unique mechanism
for crosstalk between central and systemic responses, and may
also provide an opportunity for therapeutic interventions aimed
at promoting neurovascular repair and remodeling after stroke.

Experimental Procedures
Reagents. Rat recombinant IL-1β, human recombinantHMGB1werepurchased
from Sigma-Aldrich; U0126, were purchased from Calbiochem.

EPC Isolation from Rat Spleen. For each independent experiment, spleens
from 11- to 12-wk-old Sprague-Dawley rats were kept in HBSS solution.
Under the hood, spleens were mechanically minced, placed at 37 °C for
15 min, and run through a 40-μm nylon membrane to obtain cell suspension.
Mononuclear cells (MNCs) were obtained by density-gradient centrifugation
with Ficoll-Paque Plus (Amersham Biosciences). Isolated MNCs were shortly
washed with red blood cell lysis solution and gently washed twice with
complete growth media EGM-2MV (Lonza). MNCs were finally resuspended
in EGM-2MV and 3 × 107 MNCs per well were seeded on collagen I-coated
six-well plates (Becton Dickinson Labware) and incubated in a 5% CO2 in-
cubator at 37 °C. Under daily observation, the first media change was per-
formed 3 d after plating. Early EPCs were used for each independent
experiment between days 5 and 7 after seeding.

Immunophenotyping of Spleen-Derived EPCs. Immunophenotyping of EPCs
were performed day 5 after seeding. Direct fluorescent staining was used to
detect lectin binding with FITC-labeled Ulex Europaeus Agglutinin (UEA)-1
(Sigma). In parallel, surface-antigen expression of markers such as CD34,

CD133 (Prominin-1), Flk-1 (VEGFR2), and von Willebrand Factor (vWF) were
performed to use each antibody in immunohistochemistry. All cells were
counterstained with Vectashield mounting media with DAPI (Vector Labo-
ratories) and cells visualized with a fluorescent microscope. Cells showing
fluorescence for lectin and positivity CD133, CD34, vWF, and Flk-1 markers
were identified as differentiating early EPCs.

Primary Astrocyte Cultures. Primary astrocyte cultures were prepared from
cerebral cortices of 2-d-old neonatal Sprague-Dawley rats (6). Briefly, dissoci-
ated cortical cells were suspended in DMEM (NBM, Life Technology) contain-
ing 25 mM glucose, 4 mM glutamine, 1 mM sodium pyruvate, and 10% (vol/
vol) FBS, and plated on uncoated 25-cm2

flasks at a density of 6 × 105 cells/cm2.
Monolayers of type 1 astrocytes were obtained 12–14 d after plating. Non-
astrocytic cells, such as microglia and neurons, were detached from the flasks
by shaking and removed by changing the medium. Astrocytes were dissociated
by trypsinization and then reseeded on uncoated 6- and 24-well plates at
a density of 1 × 105 cells/cm2. After the cells reached confluence (2–3 d after
seeding), cultures were switched to serum-free EBM-2 medium containing 1%
(vol/vol) penicillin/streptomycin, and experiments were initiated 1 h later.

Astrocyte-Conditioned Media. To prepare ACM, we used cells at 90–95%
confluence grown in EBM-2 medium containing 1% (vol/vol) penicillin/
streptomycin for 24 h. sACM or no cell-conditioned media was collected 24 h
with or without IL-1β (0.1 ng/mL). Conditioned media was collected and
filtered using 0.20-μm filter before use in EPC studies. The ACM was used
without dilution in all experiments.

Cell Proliferation Assays. Cell proliferation was assessed by WST reduction
assay (Dojindo), which detects dehydrogenase activity of viable cells. The cells
were incubated with 10% (vol/vol) WST solution for 1 h at 37 °C. Then the
absorbance of the culture medium was measured with a microplate reader
at a test wavelength of 450 nm and a reference wavelength of 630 nm.

Western Blot Analysis. To determine HMGB1 in ACM, ACM or sACM was
concentrated 20 times by using Vivaspin 500 centrifugal concentrator
(Vivaproducts). Cultureswere rinsed twicewith ice-cold PBS and the cells were
collected into Pro-PREPTM Protein Extraction Solution (BOCA Scientific). Each
sample was loaded onto 4–20% Tris-glycine gels. After electorophoresis and
transferring to nitrocellulose membranes (Novex), the membranes were
blocked in Tris-buffered saline containing 0.1% (vol/vol) Tween 20 and 0.2%
(wt/vol) I-block (Tropix) for 90 min at room temperature. Membranes were
then incubated overnight at 4 °C with following primary antibodies, anti–
p-ERK1/2 antibody (1:2,000, Cell Signaling Technology), anti-ERK1/2 antibody
(1:2,000; Promega), monoclonal anti-HMGB1 (1:10,000; Abcam), anti-CRM1
(1:1,000; BD Biosciences) after incubation with peroxidase-conjugated sec-
ondary antibodies, and visualization by enhanced chemiluminescence (GE
Healthcare). Optical density was assessed using the National Institutes of
Health Image analysis software.

siRNA Experiment in Astrocyte Culture. Control siRNA and HMGB1 siRNA were
obtained from Santa Cruz Biotechnology. Control siRNA (sc37007) consists of
a scrambled sequence that will not lead to the specific degradation of any
known cellular mRNA. HMGB1 siRNA (sc270015) is a pool of three target-
specific 19- to 25-nt siRNAs designed to knock down gene expression. The
sequences for rat HMGB1 siRNAs are designed as follows: sequence 1: 5′-
GCAUAUUAGUACCAGUUGU-3′; sequence 2: 5′-CUGCUUAGUUUAGGGAAC-
A-3′; sequence 3: 5′-GAGUCCUGGAUGAUACUAA-3′.

The siRNA were prepared according to the transfection protocol for cell
cultures from Santa Cruz Biotechnology. Briefly, siRNA transfection reagent
mixture of 1 mL (transfection reagent, sc-29528; transfection medium,
sc36868) was coincubated with astrocytes for 6 h in a 5% CO2 incubator at
37 °C, and then same amount of DMEM 20% FBS was added. An additional
incubation was performed for 18 h, and then the procedure for conditioned
media was carried out.

Mouse Focal Cerebral Ischemia Models. All experiments were performed fol-
lowing an institutionally approved protocol in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals. Ba-
sically, male C57Bl6 mice (11–12 wk) were anesthetized with 1% isoflurane,
and rectal temperatures and cerebral blood flow were monitored. After
midline skin incision, a 7-0 nylon monofilament coated with silicon resin was
introduced through a small incision into the common carotid artery. Ade-
quate cerebral ischemia was assessed by laser Doppler flowmetry and by
examining forelimb flexion after the mice recovered from anesthesia. Forty-

Hayakawa et al. PNAS | May 8, 2012 | vol. 109 | no. 19 | 7509

N
EU

RO
SC

IE
N
CE

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
26

, 2
02

1 



www.manaraa.com

five minutes after occlusion, the mice were reanesthetized and reperfusion
was established by withdrawal of the filament.

Immunohistochemistry. Immunohistochemistry was performed as described
earlier (6). After staining with primary antibody (anti-HMGB1, Abcam; anti-
GFAP, BD Biosciences; anti-CRM1, BD Biosciences; anti-RAGE, Abcam; anti-
CD31, BD Biosciences; anti–p-ERK, Cell Signaling) and fluorescent-tagged
secondary antibody, nuclei were counterstained with DAPI, and cover-slips
were placed. Immunostaining was analyzed with a fluorescence microscope
(Olympus BX51) interfaced with a digital charge-coupled device camera and
an image analysis system.

FACS Analysis. For analyses of the peri-infarct cortex in ischemic brain, tissues
were minced and then digested at 37 °C for 30 min with an enzyme mixture
(Collagenase type I, DNase I; Sigma-Aldrich). Single-cell suspensions were
prepared by filtering through a 40-μm strainer. Brain endothelial cells were
labeled by lectin-tomato (Vector Laboratory) before being killed. Cell sus-
pensionswere preblockedwith 3%BSAand then incubatedwith the following
primary antibodies against CD34: VEGFR2/Flk1/KDR from BD Biosciences.
Fluorescent-tagged Fab-specific secondary antibodies from Jackson Labora-
tories were incubated for 30 min at room temperature. Labeled cell pop-
ulations were measured by FACSCalibur (BD Biosciences). FACS data were
analyzed by Cellquest pro software (BD Biosciences). FACS analysis are per-
formed using a variety of controls including unstained samples, isotype anti-
bodies, and single-stained samples for determining appropriate gates,
voltages, and compensations required in multivariate flow cytometry.

siRNA Infusions in Mouse Brain. Five days after cerebral ischemia, mice were
stereotaxically injected control siRNA or HMGB1 siRNA intracerebro-ven-
tricularly. The placement coordinates for the left lateral ventricle were
anteroposterior: 0.5 mm from bregma; lateral: 0.8 mm from bregma; depth:
2.5 mm from the skull surface.

Control siRNA and HMGB1 siRNA were obtained from Santa Cruz Bio-
technology. HMGB1 siRNA is a pool of three target-specific 19- to 25-nt siRNAs
designed to knock down gene expression. The sequences for mouse HMGB1

siRNAs are designed as follows: sequence 1: 5′-GGAGAGAUGUGGAACAACA-
3′; sequence 2: 5′-CCAUUGUGGUAGGGUAACA-3′; sequence 3: 5′-GUACCUU-
CUAAUCCUUACA-3′.

siRNAs for intracerebro-ventricular injection were prepared according
to the in vivo siRNA transfection protocol for brain delivery from PolyPlus
Transfection. Four microliters of the siRNA complexes were intracerebro-
ventricularly injected as 1 μL/min of flow rate of mice under anesthesia.

Behavioral Test. Neuroscore. Neuroscores were: 0, normal motor function; 1,
flexion of torso and of contralateral forelimb upon lifting of the animal by
the tail; 2, circling to the ipsilateral side but normal posture at rest; 3, circling
to the ipsilateral side; 4, rolling to the ipsilateral side; 5, leaning to the
ipsilateral side at rest (no spontaneous motor activity).
Corner test. We used two boards each with dimension of 30 × 20 × 1 cm.
Briefly, the edges of the two boards were attached at a 30° angle with
a small opening along the joint. The mouse was placed between the boards
facing the corner. When the mouse goes into the corner closely, the boards
are moved to the mouse and both sides of the vibrissae are stimulated at
once. The turns in one versus the other direction were recorded from 10
trials for each test.
Foot-fault test. Mice performed the foot-fault test on elevated 8 × 10-square
grids of 2 × 2 cm size. Mice placed their forelimb and hindlimb on the wire
while moving along the grid. The paw may fall or slip during moving be-
tween grid and grid and this was recorded as a foot fault. The total number
of steps for 1 min was counted, and total number of foot faults for each paw
was recorded.

Statistical Analysis. Results were expressed as mean ± SEM. When only two
groups were compared, Student t test was used. Multiple comparisons were
evaluated by Tukey–Kramer’s test after one-way ANOVA or two-way
ANOVA. P < 0.05 was considered to be statistically significant.
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