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Abstract: Background: To investigate the effect of shock wave (SW) on brain-infarction volume (BIV) and neurologi-
cal function in acute ischemic stroke (AIS) by left internal carotid artery occlusion in rats. Methods and results: SD
rats (n=48) were divided into group 1 [sham-control (SC)], group 2 [SC-ECSW (energy dosage of 0.15 mJ/mm?2/300
impulses)], group 3 (AIS), and group 4 (AIS-ECSW) and sacrificed by day 28 after IS induction. In normal rats, cas-
pase-3, Bax and TNF-a biomarkers did not differ between animals with and without ECSW therapy, whereas Hsp70
was activated post-ECSW treatment. By day 21 after AIS, Sensorimotor-functional test identified a higher frequency
of turning movement to left in group 3 than that in group 4 (P<0.05). By day 28, brain MRI demonstrated lager BIV
in group 3 than that in group 4 (P<0.001). Angiogenesis biomarkers at cellular (CD31, a-SMA+) and protein (eNOS)
levels and number of neuN+ cells were higher in groups 1 and 2 than those in groups 3 and 4, and higher in group 4
than those in group 3, whereas VEGF and Hsp70 levels were progressively increased from groups 1 and 2 to group
4 (all P<0.001). Protein expressions of apoptosis (Bax, caspase 3, PARP), inflammation (MMP-9, TNF-a), oxidative
stress (NOX-1, NOX-2, oxidized protein) and DNA-damage marker (y-H2AX), and expressions of y-H2AX+, GFAP+,
AQP-4+ cells showed an opposite pattern compared to that of angiogenesis among the four groups (all P<0.001).
Conclusion: ECSW therapy was safe and effective in reducing BIV and improved neurological function.
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Introduction manpower in the economic structure of each

country [3, 4]. In the aspect of cerebrovascular

Stroke is always a very critical issue in devel-
oped countries [1, 2]. Not only is it associated
with a high mortality and prevalence in the
elderly, but it also shows an increasing tenden-
cy to attack a younger cohort which is the main

disorders, beside acute ischemic stroke, cere-
brovascular insufficiency and its associated
risk of dementia also contribute to the social
economic burden [5, 6]. The global increase in
the incidence of cerebrovascular disease and
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lack of satisfactory treatment indicate the need
for an effective therapeutic strategy to reduce
both the mortality and neurologic sequelae [7].

Shock wave (SW) therapy is characterized by
the deliverance of a sequence of transient
pressure disturbances of high peak pressure
(100 MPa), fast pressure rise (<10 ns), rapid
propagation, and short lifecycle (10 ps) pro-
duced by an appropriate generator and direct-
ed to a specific target area with an energy den-
sity in the range of 0.003-0.890 mJ/mm?[8, 9].
Thus, SW is a kind of physiotherapy popular in
initially treating bone nonunion and musculo-
skeletal disorder [10-12]. Recently, this thera-
peutic modality has been reported to be effec-
tive in treating ischemia-related organ disor-
ders [13], including ischemic heart disease [14,
15]. The underlying mechanism of extracorpo-
real shock wave (ECSW) for improving isch-
emia-related organ dysfunction have been sug-
gested to be increased angiogenesis via VEGF
regulation, enhanced homing effect of progeni-
tor cell via mechanical-activated pathway [16-
18], and protective effect through augmented
nitric oxide production. It may also reduce cell
death by means of reduced oxidative stress,
apoptosis, and inflammation [8, 19].

Surprisingly, while ECSW has been revealed to
be effective for improving ischemia-related
organ dysfunction in both experimental studies
[14, 16-19] and in clinical trial [20], there has
been no available data to address the impact of
ECSW in the setting of cerebral ischemia.
Based on the results of those studies [8, 14,
16-19], this study tested the hypothesis that
low-energy ECSW might offer benefit in reduc-
ing brain infarct size and improving hypoperfu-
sion-related neurological dysfunction through
enhancing angiogenesis as well as inhibiting
inflammatory reaction, cell apoptosis, and oxi-
dative stress.

Materials and methods
Ethics

All animal experiments were approved by the
Institute of Animal Care and Use Committee at
Kaohsiung Chang Gung Memorial Hospital
(Affidavit of Approval of Animal Use Protocol No.
2012051401) and performed in accordance
with the Guide for the Care and Use of
Laboratory Animals (NIH publication No. 85-23,
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National Academy Press, Washington, DC, USA,
revised 1996).

Experimental model of acute ischemic stroke
and corner test for assessment of neurological
function

The protocol and procedure of the rodent model
of acute ischemic stroke (IS) have previously
been described in details [21]. Adult male
Sprague-Dawley rats, weighing 325-350 g,
were utilized (Charles River Technology,
BioLASCO Taiwan Co., Ltd., Taiwan). Each ani-
mal was anesthetized by 2% inhalational isoflu-
rane in a supine position on a warming pad
(37°C). After exposure of the left common
carotid artery (LCCA) through a transverse neck
incision, a small incision was made on the LCCA
through which a nylon filament (0.28 mm in
diameter) was carefully advanced into the dis-
tal left internal carotid artery for occlusion of
the left middle cerebral artery (LMCA) to cause
brain ischemia and infarction of its supplied
area. The nylon filament was removed 120 min
after occlusion, followed by closure of the mus-
cle and skin in layers. The rats were then placed
in a portable animal intensive care unit
(ThermoCare®) for 24 hours. The sensorimotor
functional test (Corner test) was conducted for
each rat at baseline and on day 21 after acute
IS induction as we previously described [21,
22]. Briefly, the rat was allowed to walk through
a tunnel and then into a corner, the angle of
which was 60 degrees. To exit the corner, the
rat could turn either left or right. The results
were recorded by a technician who was blind to
the study design. This test was repeated 10 to
15 times with at least 30 seconds between
each trial. We recorded the number of right and
left turns from 10 successful trials for each ani-
mal and used the results for statistical
analysis.

Animal grouping and the treatment protocol

Forty-eight rats were equally categorized into
group 1 [sham control (SC), i.e., by cutting open
the neck skin and exploring the LCCA only],
group 2 [SC + ECSW (energy dosage of 0.15
mJ/mm?/300 impulses), group 3 (IS only) and
group 4 [IS + ECSW (energy dosage of 0.15 mJ/
mm?/300 impulses)] at 3 h after acute IS
induction.

Rationale for ECSW [Eva Trode (Swaziland)]
dosage was first tested based on our previous
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reports [13, 14] with modified energy dosage
from (1) 0.15 mJ/mm?/300 impulses, (2) 0.22
mJ/mm?/300 impulses, (3) 0.26 mJ/mm?/300
impulses, (4) 0.30 mJ/mm?2/300 impulses, and
(5) 0.52 mJ/mm?/300 impulses. Additional
three rats were used in each dosage test in the
present study. The results showed that ECSW
of energy below 0.12 mJ/mm?2/300 impulses
could not be transmitted through the skull into
the brain tissue because the protein and cellu-
lar analyses by western blot and immunofluo-
rescent staining showed no significant change
after ECSW treatment with ECSW <0.12 mJ/
mm?2/300 impulses. On the other hand, 0.15
mJ/mm?2/300 impulses showed no damage to
the brain tissue and offer its therapeutic effect
(please see Figure 1). Thus, in consideration of
the effect and safety, the ECSW energy of 0.15
mJ/mm?/300 impulses was utilized in the pres-
ent study.

In vitro studies for identification of effects of
SW on enhancing angiogenesis and suppress-
ing the oxidative stress and inflammation

To elucidate the impact of ECSW on enhancing
angiogenesis, the human umbilical vein endo-
thelial cells (HUVECs) were cultured in M199
culture medium (in 10-cm discs) with or without
ECSW therapy (0.12 mJ/mm?/impulse for total-
ly 200 impulses). The cells were continuously
cultured in M199 medium for 36 h before being
collected for the assessment of angiogenesis
(i.e., Matrigel assay). The time for tubular for-
mation was 16 h in the present study.

To determine the impact of ECSW on inhibiting
oxidative stress, rat smooth muscle cells were
cultured in MEM-« culture medium with or with-
out subsequent ECSW treatment (0.12 mJ/
mm?/impulse for 200 impulses). After ECSW
treatment, the cells were cultured with menadi-
one (25 uM) for 30 minutes (i.e., for assessing
oxidative stress) for 30 minutes. The cells were
washed with PBS and then continuously cul-
tured for 48 hours after shock wave treat-
ment.

Additionally, to measure the effect of ECSW on
suppressing inflammation, mouse macrophage
(7.0x109) cell line (RAW 264.7: mouse macro-
phage; Bioresource Collection and Research
Center) was cultured in DMEM-HG medium that
contained 10% FBS and pretreated with with-
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out subsequent ECSW treatment (0.12 mJ/
mm?/impulse for 200 impulses). Three hours
after ECSW therapy, co-culture with lipopoly-
saccharide (LPS) (100 ng/mL) was done for 3 h
(i.e., for measuring inflammation). The cells
were then collected for the study.

Procedure and protocol of brain magnetic
resonance imaging (MRI) study

Magnetic resonance imaging (MRI) was per-
formed at days 3 and 28 after acute IS induc-
tion. Briefly, during MRl measurements, the
rats were anesthetized by 3% inhalational iso-
flurane with room air and placed in an MRI-
compatible holder (Biospec 94/20, Bruker,
Ettingen, Germany). Rectal temperature and
respiration were monitored throughout the pro-
cedure to ensure the maintenance of normal
physiological conditions. MRI data were col-
lected using a Varian 9.4T animal scanner
(Biospec 94/20, Bruker, Ettingen, Germany)
with a rat surface array. The MRI protocol con-
sisted of 40 T2-weighted images. Forty continu-
ous slice locations were imaged with a field-of-
view of 30 mm x 30 mm and an acquisition
matrix dimension of 256x256 and slice thick-
ness of 0.5 mm. The repetition time (TR) and
echo time (TE) for each fast spin-echo volume
were 4200 ms and 30 ms, respectively. A cus-
tom software, ImageJ (1.43i, NIH, USA), was
used to process the region of interest (ROI).
Planimetric measurements of images from MRI
T2 were performed to calculate the stroke vol-
umes of cortex.

Specimen collection and preparation for indi-
vidual study

For examination of protein expression, animals
in all groups (n=6) were sacrificed on day 28
after brain MRI, and the brain of each rat was
promptly removed, immersed in cold saline,
snap-frozen in liquid nitrogen and then stored
at -80°C for individual study. For immunofluo-
rescent (IF) and immunohistochemical (IHC)
staining studies, the brains of 6 other animals
in each group were reperfused with normal
saline via the carotid artery, removed, fixed with
4% paraformaldehyde in 1x PBS (pH 7.4), and
soaked in 20% sucrose in 1x PBS (freshly pre-
pared) until the brain took on a completely
sunken appearance. The sucrose was then dis-
carded and the brain soaked in 30% sucrose in
1x PBS (freshly prepared) for 48 h. The infarct-
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Figure 1. Safety and efficacy of shock wave (SW) therapy using energy dosage of 0.15 mJ/mm?/300 Impulses
to brain of living rats. (A and B) The protein expressions of tumor necrosis factor (TNF)-«, cleaved caspase 3 and
mitochondrial Bax did not differ in SW therapy at energy of 0.15 mJ/mm?2/300 impulse as compared with control
group, whereas this energy augmented the protein expression of heat shock protein 70 (Hsp70). (C) Additionally, the
grossly anatomy of the rat brain did not show an grossly pathological change as compare with normal control during
time courses (1, 16, 24 and 48 h) of follow-up in this SW energy application. (D) Time courses of protein expres-
sion of Hsp70 showed that this parameter was enhanced in relatively late state (i.e., 216 h) after SW therapy. (E)
Immunofluorescent microscopic finding (200 x) revealed that as compared with control group, SW therapy notably
augmented the Hsp70+ cell (green color) expression at 24 h. (F) Statistical analysis of (E), * vs. T, P<0.0001.
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ed and non-infarcted parts were then collected. Netherlands) was prepared for IHC and IF
Finally, the OCT block (Tissue-Tek, Sakura, staining.
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Immunofluorescent (IF) staining of brain speci-
mens

The procedure and protocol of IF and IHC stain-
ing were based on our previous reports [21-23].
In details, frozen sections (4 um thick) were
obtained from BIA of each animal, permeated
with 0.5% Triton X-100, and incubated with anti-
bodies against NeuN (1:1000, Millipore), glial
fibrillary acid protein (GFAP; 1:500, DAKO),
aquaporind (AQP4; 1:200, Abcam), vascular
endothelial growth factor (VEGF; 1:400,
Abcam), CD31 (1:100, BioSB), CD31 (1:100,
Abcam), and y-H2AX (1:5000, Abcam) at 4°C
overnight. Alexa Fluor488, Alexa Fluor568, or
Alexa Fluor594-conjugated goat anti-mouse or
rabbit 1gG were used to localize signals.
Sections were finally counterstained with DAPI
and observed with a fluorescent microscope
equipped with epifluorescence (Olympus IX-40).

Three brain sections were analyzed for each
rat. For quantification, three randomly selected
high-power fields (HPFs; 400x or 200x for IF
study) were analyzed in each section. The mean
number of positively-stained cells per HPF for
each animal was then determined by summa-
tion of all numbers divided by 9.

Western blot analysis of brain specimens

The procedure and protocol of Western blot
were based on our previous reports [21-23]. In
details, equal amounts (50 ug) of protein
extracts were loaded and separated by SDS-
PAGE using 12% acrylamide gradients. After
electrophoresis, the separated proteins were
transferred electrophoretically to a polyvinyli-
dene difluoride (PVDF) membrane (Amersham
Biosciences). Nonspecific sites were blocked
by incubation of the membrane in blocking buf-
fer [5% nonfat dry milk in T-TBS (TBS containing
0.05% Tween 20)] overnight. The membranes
were incubated with monoclonal antibodies
against CD31 (1:1000, Abcam), VEGF (1:1000,
Abcam), NOX-1 (1:1500, Sigma), NOX-2 (1:500,
Sigma), Cox 2 (1:1000, Cell Signaling), matrix
metalloproteinase (MMP)-9 (1:3000, Abcam),
tumor necrosis factor alpha (TNF-a; 1:1000,
Cell Signaling), macrophage inhibitor factor
(MIF) (1:2000, Adcam), endothelial nitric oxide
synthase (eNOS) (1:200, Abcam), poly (ADP-
ribose) polymerase (PARP) (1:1000, Cell
Signaling), mitochondrial Bax (1:2000, Abcam
), Caspase 3 (1:3000, Abcam), and heat shock
protein 70 (Hsp70) (1:1000, Abcam) for 1 h at
room temperature. Horseradish peroxidase-
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conjugated anti-rabbit or anti-mouse immuno-
globulin IgG (1:2000, Cell Signaling) was used
as a second antibody for 1 h at room tempera-
ture. The washing procedure was repeated
eight times within 1 h, and immunoreactive
bands were visualized by enhanced chemilumi-
nescence (ECL; Amersham Biosciences) and
exposure to Medical X-ray film (FUJI). For quan-
titation, ECL signals were digitized using
Labwork software (UVP). A standard control
sample was loaded on each gel.

Vessel density in brain infarct area

The procedure and protocol for identification of
small vessel in brain infarct area were basic on
our previous reports [13, 15]. In details, IHC
staining of small blood vessels was performed
with a-SMA (1:400) as primary antibody at
room temperature for 1 hour, followed by wash-
ing with PBS thrice. Ten minutes after the addi-
tion of anti-mouse-HRP conjugated secondary
antibody, the tissue sections were washed with
PBS thrice. Then 3,3’ diaminobenzidine (DAB)
(0.7 gm/tablet) (Sigma) was added, followed by
washing with PBS thrice after one minute.
Finally, hematoxylin was added as a counter-
stain for nuclei, followed by washing twice with
PBS after one minute. Three brain sections
were analyzed in each rat. For quantification,
three randomly selected HPFs (100x) were ana-
lyzed in each section. The mean number per
HPF for each animal was then determined by
summation of all numbers divided by 9.

Statistical analyses

Quantitative data are expressed as mean + SD.
Statistical analysis was performed by ANOVA
followed by Bonferroni multiple-comparison
post hoc test. All analyses were conducted
using SAS statistical software for Windows ver-
sion 8.2 (SAS institute, Cary, NC). A probability
value <0.05 was considered statistically
significant.

Results

Application of ECSW with energy dose of 0.15
mJ/mm?3/300 impulses to rat brain was safe
and effective

The results of Figure 1 showed that ECSW ther-
apy with energy dose of 0.15 mJ/mm?2/300
impulses to the normal rat brain did not
enhance the protein expressions (Figure 1A) of
inflammation (TNF-a), and apoptosis (cleaved

Am J Transl Res 2015;7(6):976-994
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Figure 2. Shock wave (SW) therapy promoted angiogenesis and suppressed inflammation and oxidative stress
(n=6). A. Microscopic findings of matrigel assay results showing that as compared with control group, the angio-
genesis was remarkably increased in human umbilical vein endothelial cells (UVECs) after SW therapy. B. Analytical
results of total tubular length, control vs. SW, P<0.0001. C. Analytical results of branch point formation, control vs.
SW, P<0.0001. D. Analytical results of total loop formation, control vs. SW, P<0.0001. E. Protein expression of matrix
metalloproteinase (MMP)-9, * vs. other group with difference symbols (7, , ¥), P<0.001. F. Protein expression of Cox-
2, " vs. other group with difference symbols (*, T, ¥), P<0.0001. G. Protein expression of macrophage inhibitor factor
(MIF), ™ vs. other group with difference symbols (%, T, ), P<0.001. H. Protein expression of tumor necrosis factor
(TNF)-a, * vs. other group with difference symbols (, , ¥), P<0.001. I. Oxidized protein expression, " vs. other groups
with different symbols (%, T, ¥), P<0.001. M.W. = molecular weight; DNP = 1-3 dinitrophenylhydrazone. J. Protein
expression of NOX-1, * vs. other group with difference symbols (7, , ¥), P<0.001. K. Protein expression of NOX-2, *
vs. other group with difference symbols (%, T, ), P<0.001. All statistical analyses were performed by one-way ANOVA,
followed by Bonferroni multiple comparison post hoc test. Symbols (%, T, ¥) indicate significance (at 0.05 level). SC =
sham control, SW = shock wave. N=6 for each group.

caspase 3, mitochondrial Bax) or the grossly
anatomic brain change (Figure 1B). However,
this therapy increased the protein (Figure 1A,
1C) and cellular (Figure 1D) expressions of
Hsp70 (upregulated in response to ischemia/
stress stimulation for protecting the ischemic
organ) which occurred relative late state (i.e., >
16 h) after ECSW therapy. These findings sug-
gest that the energy dose of 0.15 mJ/mm?2/300
impulses of ECSW was effective and safe to the
rat brain.

ECSW therapy enhanced angiogenesis and
inhibited inflammation and oxidative stress

The results of matrigel assay showed that as
compared with control group, the ECSW thera-
py significantly enhanced angiogenesis of
HUVECS (i.e., total tubular length, branch point
formation, total network formation). Additionally,
the protein expressions of MMP-9, MIF, TNF-«
and Cox-2, four indicators of inflammation were
significantly higher in LPS-treated group than in
control group and control group-treated by
ECSW that were reversed after ECSW treat-
ment. On the other hand, these parameters did
not differ between the control group and con-
trol group-treated by ECSW. Furthermore, the
protein expressions of NOX-1, NOX-2 and oxi-
dized protein, three indicators of oxidative
stress, showed an identical pattern of inflam-
mation among these four groups (Figure 2).
These findings implicated that the ECSW thera-
py promoted angiogenesis and suppressed the
inflammation and generation of oxidative
stress.

ECSW therapy limited brain infarct size and
improved recovery of neurological function

By day 3 after acute IS procedure, brain MRI
findings demonstrated that the ratio of left
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brain infarct volume to total left brain volume
(LIV/TLBV) was significantly higher in group 3
(IS) and group 4 (IS + ECSW) than in group 1
(SC) and group 2 (SC + ECSW), but it showed no
difference between groups 1 and 2 or between
groups 3 and 4. Additionally, by day 28, the
ratio of LIV/TLBV was still higher in groups 3
and 4 than in that in groups 1 and 2, and it dis-
played no difference between groups 1 and 2.
However, by day 28, this parameter was signifi-
cantly lower in group 4 as compared with that in
group 3 (Figure 3).

Corner test for determining neurological func-
tion showed no difference among the four
groups at day O prior to acute IS induction.
However, by day 21 after acute IS, the neuro-
logical function was significantly impaired in
groups 3 and 4 as compared with that in groups
1 and 2, and significantly impaired in group 3
than in group 4, but it showed no difference
between groups 1 and 2 (Figure 3). These find-
ings (i.e., brain MRI and corner test results)
imply that ECSW attenuated brain infarct size
and improved neurological function in rats after
acute IS.

ECSW therapy significantly augmented angio-
genesis in brain infarct region by day 28 after
acute IS

Cellular (CD31+ cells) and protein (CD31)
expressions of angiogenesis were significantly
lower in groups 3 and 4 than those in groups 1
and 2, and significantly lower in group 3 than
those in group 4, but they exhibited no differ-
ence between groups 1 and 3 (Figure 4). In
addition, the number of smooth muscle actin
(SMA) + cells (i.e., number of small vessels), an
indicator for angiogenesis/neovascularization,
showed an identical pattern compared to that
of CD31+ cell expression among the four groups

Am J Transl Res 2015;7(6):976-994
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Figure 3. Brain magnertic resonance imaging (MRI) findings of brain infarction volume (n=6) and corner test for de-
termining neurological function (n=12). A. 6 of 12 rats in each group were randomized into receive brain MRI study
by days 3 and 28 after acute IS indcution (i.e., same rat for twice). The yellow arrow indciated the infarction area in
IS group and IS + SW group. B. Left brain infarct volume (LIV) divied by total left brain volume (TLBV) (%) by day 3, *
vs. T, P<0.0001. C. LIV divied by TLBV (%) by day 28, * vs. other groups with different symbols (%, T, ¥), P<0.0001. D.
Corner test showing the state of neurological functional did not differ among four groups at day O prior to acute IS. E.
Significant impairment of neurological function was found in IS group than in IS + SW group on day 21 after acute IS,
*vs. other groups with different symbols (%, T, ¥), P<0.001. All statistical analyses were performed by one-way ANOVA,
followed by Bonferroni multiple comparison post hoc test. Symbols (%, T, ¥) indicate significance (at 0.05 level). SC =
sham control, IS = ischemic stroke, SW = shock wave.

(Figure 4). Furthermore, the protein and cellu- angiogenesis, was significantly progressively
lar expressions of VEGF, another indicator of increased from groups 1 and 2 to group 4

983 Am J Transl Res 2015;7(6):976-994



ECSW reduces BIV and improves neurological function after IS

'SC+SW E
10
_ 8t
3
+ 64 —:t
®
(]
S 4
(o]
2
2-
T
. =
F
cD31 J—
(83 kDa) - -
ol - - — —
(43 kDa)
> 0.4"
B i *
2 = 0.3 T
) Q i
- < =
o >~ 0.2
25 1
® 0 0.1
°Q
0.0
¢ BiTinieuee T SEEsW «
/1] T 1
S 81 t
@ 1
7]
(4]
> 6+
©
£
4
o 1
=2 21
0

[TT] 1s+sw

984 Am J Transl Res 2015;7(6):976-994



ECSW reduces BIV and improves neurological function after IS

Figure 4. Angiogenesis biomarkers of CD31 and a-smooth muscle actin-positively stained vessels in brain infarct
area by day 28 after IS induction. A-D. The immunofluorecent microscopic findings (200x%) of CD31+ cells (green
color) in brain infarct area (BIA). E. Statistical analysis of numbers of CD31+ cells, * vs. other groups with different
symbols (%, T, ¥), P<0.0001. The scale bars in right lower corner represent 50 um. F. The protein expression of CD31
in BIA, “ vs. other groups with different symbols (7, T, ¥), P<0.001. G-J. Microscopic finding (100x) of a-smooth muscle
actin staining for identfication of small vessels (yellow arrows). K. Statistical analysis of numbers of small vessels
(i.e., diameter <25 um) in BIA. " vs. other groups with different symbols (*, T, ¥), P<0.001. The scale bars in right lower
corner represent 100 pm. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple
comparison post hoc test. Symbols (*, T, ¥) indicate significance (at 0.05 level). SC = sham control, IS = ischemic
stroke, SW = shock wave. N=6 for each group.
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Figure 5. Angiogenesis biomarkers of VEGF and eNOS in brain infarct area by day 28 after IS induction. A-D. Immu-
nofluorecent microscopic findings (400x) of vascular endothelial growth factor (VEGF)+ cells (green color) in brain
infarct area (BIA). E. Statistical analysis of numbers of VEGF+ cells, * vs. other groups with different symbols (%, , ¥),
P<0.0001. The scale bars in right lower corner represent 20 um. F. Protein expression of VEGF, " vs. other groups
with different symbols (%, T, ¥), P<0.001. G. Protein expression of endothelial nitric oxide synthase (eNOS), " vs. other
groups with different symbols (%, T, ¥), P<0.001. All statistical analyses were performed by one-way ANOVA, followed
by Bonferroni multiple comparison post hoc test. Symbols (%, T, ¥) indicate significance (at 0.05 level). SC = sham
control, IS = ischemic stroke, SW = shock wave. N=6 for each group.
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Figure 6. Apoptotic and DNA-damaged biomarkers in brain infarct area by day 28 after IS induction. A. Protein
expression of mitochondrial Bax, * vs. other groups with different symbols (%, T, ¥), P<0.01. B. Protein expression
cleaved caspase 3 (c-Casp 3), * vs. other groups with different symbols (%, T, ¥), P<0.001. C. Protein expression of
cleaved poly (ADP-ribose) polymerase (c-PARP), * vs. other groups with different symbols (%, T, ¥), P<0.001. D. Pro-
tein expression of histone-2AX (H2AX) phosphorylation (y-H2AX), * vs. other groups with different symbols (%, T, %),
P<0.001. E-H. Immunofluorecent microscopic findings (400x) of y-H2AX + cells (red color) in brain infarct area. I.
Statistical analysis of numbers of y-H2AX+ cells, * vs. other groups with different symbols (*, T, ¥), P<0.0001. The
scale bars in right lower corner represent 20 um. All statistical analyses were performed by one-way ANOVA, fol-
lowed by Bonferroni multiple comparison post hoc test. Symbols (%, T, ¥) indicate significance (at 0.05 level). SC =
sham control, IS = ischemic stroke, SW = shock wave. N=6 for each group.
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Figure 7. Protein expression of reactive oxygen species and oxidative stress in brain infarct area by day 28 after IS
induction. A. Protein expression of NOX-1, * vs. other groups with different symbols (, T, ), P<0.01. B. Protein ex-
pression of NOX-2, " vs. other groups with different symbols (%, T, ), P<0.01. C. Protein expression of oxidative index
(protein carbonyls). * vs. other group with different symbols, P<0.001. (Note: right and left lanes shown on the upper
panel represent protein molecular weight marker and control oxidized molecular protein standard, respectively).
DNP = 1-3 dinitrophenylhydrazone. Symbols (%, T, ) indicate significance (at 0.05 level). All statistical analyses were
performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test. Symbols (%, T, ¥) indicate
significance (at 0.05 level). SC = sham control, IS = ischemic stroke, SW = shock wave. N=6 for each group.

(Figure 5). Moreover, the protein expression of pattern identical to that of CD31 protein expres-
eNOS, an angiogenesis biomarker, exhibited a sion among the four groups (Figure 5).
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ECSW therapy significantly attenuated apopto-
sis and DNA damage in brain infarct region by
day 28 after acute IS

The protein expressions of mitochondrial Bax,
and cleaved caspase 3 and PARP, three indica-
tors of apoptosis, was significantly higher in
groups 3 and 4 than in groups 1 and 2, and
significantly higher in group 3 than in group 4,
but they showed no difference between groups
1 and 2. Besides, the protein and cellular
expressions of y-H2AX, a DNA damage marker,
exhibited an identical pattern compared to that
of apoptotic biomarkers among the four groups
(Figure 6).

ECSW therapy significantly ameliorated gener-
ation of reactive oxygen species and oxidative
stress in brain infarct region by day 28 after
acute IS

The protein expression of NOX-1 and NOX-2,
two indices of reactive oxygen species (ROS),
was significantly increased in groups 3 and 4
than that in groups 1 and 2, and significantly
increased in group 3 than that in group 4, but
they exhibited no difference between groups 1
and 2. In addition, oxidized protein expression,
an indicator of oxidative stress, demonstrated
a pattern identical to that of ROS among the
four groups (Figure 7).

ECSW therapy significantly suppressed ex-
pressions of inflammation, glial fibrillary acid
protein (GFAP) and aquaporin4 (AQP4) in brain
infarct region by day 28 after acute IS

The protein expressions of TNF-ac and MMP-9,
two indicators of inflammation, were signifi-
cantly higher in groups 3 and 4 than those in
groups 1 and 2, and significantly higher in group
3 than that in group 4, but they showed no dif-
ference between groups 1 and 2. Moreover,
immunofluorescent microscopy showed that
the expression of GFAP, the principal intermedi-
ate filament of mature astrocytes, and AQP4,
an indicator of brain edema, were significantly
higher in groups 3 and 4 than those in groups 1
and 2, and significantly higher in group 3 than
those in group 4, but they did not differ between
groups 1 and 2, suggesting reduction in gliosis
and edema after ECSW treatment (Figure 8).
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ECSW therapy significantly preserved number
of NeuN+ cells and enhanced Hsp70 expres-
sion in brain infarct region by day 28 after
acute IS (Figure 9)

The IF stain showed that the number of neuN+
cells, an index of neuron, was significantly high-
er in groups 1 and 2 than in groups 3 and 4,
and significantly higher in group 4 than in group
3, but it showed no difference between groups
1 and 2. On the other hand, the protein expres-
sion of Hsp70, an protective indicator in setting
of ischemia, were highest in group 4 and lowest
in group 1, and significantly higher in group 3
than in group 2 (Figure 9). This finding suggest-
ed that the Hsp70 was upregulated under the
ischemic stimulation for cell survival that was
further enhanced after ECSW therapy.

Discussion

This study tested the impact of ECSW therapy
on rats after acute IS yielded several striking
implications. First, the use of a standard meth-
od of brain MRI measurement showed that
ECSW therapy significantly reduced rat brain
infarct volume by day 28 after IS induction.
Second, not only the image finding, but also the
functional test (i.e., Sensorimotor function
test), disclosed that neurological function was
remarkably improved by day 21 in rats with IS
after receiving ECSW. Third, the cellular prolif-
eration marker of neuN+ cells (i.e., day 28, late
phase of IS) were substantially increased as
reflected in the IF microscopic findings. Fourth,
ECSW therapy markedly reduced inflammatory
response and apoptosis, and the generations
of oxidative stress and ROS. Finally, ECSW ther-
apy notably enhanced the angiogenesis in BIA
and protective factor of Hsp70 in normal and
acute IS animals.

Novel findings in the present study

This is the first study to address the use ECSW
against acute IS in an experimental setting. Of
importance in the present study is the signifi-
cant reduction in brain infarct volume by day 28
after IS compared to those without ECSW ther-
apy after IS induction as shown in the results of
MRI studies. Therefore, our findings, based on
the results of imaging analysis and neurological
function test, suggest that ECSW may be an
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Figure 8. Portien expressions of inflammatory biomarkers and Immunofluorecent staining for identification of
GFAP+ and AQP-4+ cells in brain infarct area by day 28 after ischemic stroke induction. A. Protein expression of
matrix metalloproteinase (MMP)-9, " vs. other groups with different symbols (%, T, ¥), P<0.001. B. Protein expression
of tumor necrosis factor (TNF)-a, * vs. other groups with different symbols (%, T, ¥), P<0.01. C-F. Inmunofluorescent
staining (400x) of glial fibrillary acid protein (GFAP) (red color) in brain infarct area. G. Statistical analysis of num-
bers of GFAP+ cells, " vs. other groups with different symbols (%, T, ¥), P<0.0001. The scale bars in right lower corner
represent 20 um. H-K. Immunofluorescent staining (400x) of aquaporin 4 (AQP-4) (green color) in brain infarct area.
L. Statistical analysis of numbers of AQP-4+ cells, " vs. other groups with different symbols (*, T, ¥), P<0.0001. The
scale bars in right lower corner represent 20 um. Symbols (%, T, ¥) indicate significance (at 0.05 level). All statistical
analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test. Symbols (7,
T, ¥) indicate significance (at 0.05 level). SC = sham control, IS = ischemic stroke, SW = shock wave. N=6 for each
group.
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Figure 9. NeuN+ cell and Hsp70 expression in brain infarct area by day 28 after IS induction. A-D. Immunofluores-
cent staining (400x) of neurons (red color stained by DAPI) in brain infarct area. E. Statistical analysis of numbers of
neuN+ cells, * vs. other groups with different symbols (%, T, ¥), P<0.0001. The scale bars in right lower corner repre-
sent 20 ym. Symbols (%, T, ) indicate significance (at 0.05 level). F. The protein expression of heat shock protein 70
(Hsp70), * vs. other groups with different symbols (%, T, #, §), P<0.001. The scale bars in right lower corner represent
20 ym. Symbols (%, T, ¥, 8) indicate significance (at 0.05 level). All statistical analyses were performed by one-way
ANOVA, followed by Bonferroni multiple comparison post hoc test. Symbols (%, T, ¥, §) indicate significance (at 0.05
level). SC = sham control, IS = ischemic stroke, SW = shock wave. N=6 for each group.
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accessory therapeutic modality for patients
after acute IS.

Mechanism of ECSW therapy underlying BIV
reduction and neurological functional im-
provement - role of angiogenesis, Hsp70 and
NeuN+ cell proliferation

A principal finding in the present study was that
as compared with IS animals without ECSW
treatment, the number of neuN+ cells was sig-
nificantly increased in animals after ECSW ther-
apy. This finding could partially explain why the
BIV was significantly reduced the recovery of
neurological function was notably improved in
IS rats following ECSW treatment.

Another principal finding in the present study
was that the protein and cellular expressions of
Hsp70 was found to be rapidly increased in nor-
mal rats in the acute phase after ECSW thera-
py. Additionally, this protein expression was
also found to be increased in IS rats by day 28
and furthermore increased in IS rats after
receiving ECSW therapy. Interestingly, previous
studies have revealed that Hsp70 expression
was critical to neuron survival following isch-
emia [24, 25]. Furthermore, other previous
study has shown that Hsp70 reduced ischemic
injury, infarct area lost and behavioral outcome
[26]. Accordingly, the findings of previous stud-
ies [24-26] and the results of our study could
partially explain for why the number of neurons
was preserved in setting of acute IS after ECSW
therapy.

An essential finding in the present study is that,
as compared with IS animals without treat-
ment, the cellular and protein levels of angio-
genesis biomarkers were markedly enhanced
in IS animals after ECSW treatment. These find-
ings, in addition to supporting the ECSW capac-
ity of enhancing neo-angiogenesis and tissue
regeneration, could, at least in part, explain the
preservation of number of neurons, ameliora-
tion of BIV and enhancement of recovery of
neurological function in IS rats following ECSW
treatment. Intriguingly, ECSW therapy has been
demonstrated to augment the expressions of
VEGF [13, 14, 18], stromal cell-derived factor
(SDF)-1ax [13, 14] and angiogenesis [13, 14,
18], as well as to upregulate the proliferating
cell nuclear antigen [27, 28]. Besides, experi-
mental studies [21, 22], clinical observational
studies [29], and clinical trials [30] have previ-
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ously revealed that angiogenesis play a crucial
role in neurological functional recovery and
prognostic outcome after acute IS. Accordingly,
our findings were consistent with those of previ-
ous studies [13, 14, 18, 21, 22, 29, 30].

Mechanism of ECSW therapy underlying BIV
reduction and neurological functional improve-
ment - role of suppression of inflammation,
apoptosis, DNA damage, and oxidative stress

Undoubtedly, abundant previous studies [13,
14, 21-23, 31, 32] have supported the findings
that ischemia elicits vigorous inflammatory
response and the generations of oxidative
stress and ROS which, in turn, cause DNA dam-
age, cell apoptosis, and death, and ultimately
organ dysfunction, and poor prognostic out-
come [31]. The principal findings in the present
study are that not only was the inflammatory
biomarkers, but also the oxidative stress and
ROS biomarkers were substantially increased
in animals after IS. These findings could explain
the significant increase in apoptosis and DNA
damage biomarkers in IS animals compared
with those without IS. Importantly, the expres-
sions of these parameters were remarkably
reduced in IS animals after ECSW treatment. In
this way, our findings, in addition to reinforcing
those of previous studies [13, 14, 21-23, 31,
32], could partially explain the notable decrease
in BIV and improvement in neurological func-
tional recovery in rats with IS following ECSW
treatment.

Mechanism of ECSW therapy underlying BIV
reduction and neurological functional improve-
ment - role of suppression of GFAP and AQP4
expressions

Our previous studies have revealed that the
expressions of GFAP, an indicator of glial cells
that respond to stimulation and produce che-
mokines and perpetuate the local inflammatory
process, and AQP4, an indictor of brain edema,
were remarkably augmented in animals after IS
[21, 22] and were notably reduced after stem
cell treatment [16, 21]. Consistently, these two
parameters were significantly upregulated in IS
animals without treatment in the present study.
However, these two biomarkers were signifi-
cantly downregulated in animals with IS after
ECSW treatment. These findings, perhaps, also
explain the reduction of BIV and improvement
of neurological function in the animal model of
IS.
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Figure 10. Proposed mechanisms underlying the effects of ECSW therapy on Reducing brain infarct volume and improving neurological function in a rodent model of
acute ischemic stroke based on findings of the present study. eNOS = endothelial nitric oxide synthase; VEGF = vascular endothelial growth factor; MMP-9 = matriax
metalloproteinase 9; MIF = macrophage inhibitor factor; TNF-a = tumor necrosis factor-o; Hsp70 = heat shock protein 70; Mito-Bax = mitochondrial Bax; Csp 3 =

caspase 3; PARP = poly (ADP-ribose) polymerase; gGFAP = lial fibrillary acid protein; AQP4 = aquaporin4.
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Study limitations

This study has limitations. First, although the
28-day short-term outcome was promising in
the present study, the impact of ECSW on long-
term outcome in rats with IS remains uncertain.
Second, the exact mechanisms by which ECSW
reduced BIV and improved neurological func-
tion are still unclear. The schematic illustration
in Figure 10 shows our proposed mechanisms
of the therapeutic effects of ECSW against
acute IS based on our findings.

In conclusion, the results of our study support
that ECSW treatment in rats after acute IS
effectively inhibited neurological dysfunction
and reduced BIV through the possible mecha-
nisms of enriching angiogenesis and Hsp70
expression and preserving neuron cells, as well
as attenuating inflammation, cell apoptosis,
and oxidative stress.
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