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Abstract

Ischemic stroke remains a serious threat to human life. There are limited effective therapies for the treatment of stroke.
We have previously demonstrated that angiogenesis and neurogenesis in the brain play an important role in functional
recovery following ischemic stroke. Recent studies indicate that increased arteriogenesis and collateral circulation are
determining factors for restoring reperfusion and outcomes of stroke patients. Danshensu, the Salvia miltiorrhiza root
extract, is used in treatments of various human ischemic events in traditional Chinese medicine. Its therapeutic mechanism,
however, is not well clarified. Due to its proposed effect on angiogenesis and arteriogenesis, we hypothesized that dan-
shensu could benefit stroke recovery through stimulating neurogenesis and collaterogenesis in the post-ischemia brain.
Focal ischemic stroke targeting the right sensorimotor cortex was induced in wild-type C57BL6 mice and transgenic mice
expressing green fluorescent protein (GFP) to label smooth muscle cells of brain arteries. Sodium danshensu (SDS, 700 mg/
kg) was administered intraperitoneally (i.p.) 10 min after stroke and once daily until animals were sacrificed. To label
proliferating cells, 5-bromo-2'-deoxyuridine (BrdU; 50 mg/kg, i.p.) was administered, starting on day 3 after ischemia and
continued once daily until sacrifice. At 14 days after stroke, SDS significantly increased the expression of vascular endo-
thelial growth factor (VEGF), stromal-derived factor-| (SDF-1), brain-derived neurotrophic factor (BDNF), and endothelial
nitric oxide synthase (eNOS) in the peri-infarct region. SDS-treated animals showed increased number of doublecortin
(DCX)-positive cells. Greater numbers of proliferating endothelial cells and smooth muscle cells were detected in SDS-
treated mice 2| days after stroke in comparison with vehicle controls. The number of newly formed neurons labeled by
NeuN and BrdU antibodies increased in SDS-treated mice 28 days after stroke. SDS significantly increased the newly
formed arteries and the diameter of collateral arteries, leading to enhanced local cerebral blood flow recovery after stroke.
These results suggest that systemic sodium danshensu treatment shows significant regenerative effects in the post-ischemic
brain, which may benefit long-term functional recovery from ischemic stroke.
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Introduction

Stroke is one of the most common causes of human death
and a primary cause of disability. However, so far, there are
limited effective therapies for the treatment of stroke.
Recent research has increasingly focused on therapies
improving tissue repair and functional recovery in the
post-stroke brain'. Prior studies have shown that cerebral
ischemia induces increased proliferation of endogenous
neural stem/progenitor cells in the subventricular zone
(SVZ), followed by their migration toward the ischemic
boundary® . Our previous results showed that peripheral
whisker stimulation enhanced endogenous neurogenesis,
accompanied with increased blood flow restoration in the
post-ischemic barrel cortex region®. On the other hand,
inhibition of neurogenesis by X-irradiation exacerbated the
outcome from cerebral ischemia®, and transgenic ablation
of doublecortin (DCX)-expressing cells resulted in
increased infarct size and more severe neurologic deficits
after focal cerebral ischemia’. Taken together, these studies
indicate that neurogenesis may contribute to brain tissue
repair after ischemic stroke.

However, it is known that endogenous neurogenesis can
be insufficient for effective tissue repair and functional
improvements after stroke®. Many newly formed cells die
due to multiple injurious mechanisms in the ischemic envi-
ronment. We propose that long-term survival of these neu-
roblast and neuronal cells depends heavily on the local blood
flow supply. In stroke patient cases, a greater density of
cerebral blood vessels in the ischemic border was correlated
with increased survival rate’. The growth of new capillaries
(angiogenesis) and the growth/remodeling of pre-existing
arterioles into physiologically relevant arteries (arteriogen-
esis) help local perfusion in the ischemic brain and may
benefit long-term functional recovery'’. This vascular
regeneration is likely coupled with neurogenesis in the brain
and provides a restorative microenvironment within the
ischemic tissue for an improved neurologic function after
stroke'' '3, Specifically, the most recent clinical data
demonstrate that collateral artery and collateral circulation
are determining factors for the outcomes of stroke patients.
In the DEFUSE-3 clinical trial, patients with richer collateral
circulation had a much better prognosis after thrombolysis
treatments'*. Meanwhile, angiogenic vessels produced
trophic factors and cytokines, including vascular endothelial
growth factor (VEGF) and brain-derived neurotrophic factor
(BDNF), that are beneficial and even critical for regenerative
repair of damaged brain tissues'>'®. Endothelial nitric oxide
synthase (eNOS) is primarily responsible for generating NO
in vascular endothelium. In eNOS™~ mice, the decreased
arteriogenesis resulted in more severe neurological func-
tional deficit; an NO donor treatment promoted arteriogen-
esis, as well as functional outcomes after stroke'®. Therefore,
we tested a strategy of enhancing vascular regenerative
effects by focusing on collaterogenesis as a potential treat-
ment for ischemic stroke.

Danshen, the dried root of Salvia miltiorrhiza, is a popular
traditional Chinese medicine and has been widely used in both
Asian and Western countries for boosting blood circulation,
dilating the coronary arteries and improving blood flow?*2!,
Danshensu is one of the major active hydrophilic components
from Danshen. In animal studies, it has been shown to dilate
coronary arteries, inhibit platelet aggregation and improve
microcirculation”'. Research on Danshen or S. miltiorrhiza
and its derivatives, has focused on cardiovascular ischemia
and shown pro-angiogenic, anti-inflammatory and anti-
oxidant effects*>2*. A derivative of salvianolic acid B,
SMND-309, may have a protective effect in a rat cerebral
ischemia and reperfusion injury model via activating the
Janus kinase 2 (JAK2)/signal transducer and activator of tran-
scription 3 (STAT3) pathway>>. Magnesium lithospermate B,
an active component of Danshen, as well as Salviaolate have
antioxidant properties in the heart and brain**?’. Salvianolic
acid B can attenuate apoptosis and inflammation via sirtulin 1
(Sirt-1) activation in a rat stroke model®®. Different compo-
nents of Danshen were neuroprotective and reduced cerebral
infarction in mice®”. In a mouse transient ischemic mouse
stroke model, salvianolic acid B increased the level of anti-
oxidant substances and decreased free radical production. Sal-
vianolic acid B may exert the neuroprotective effect through a
mitochondria-dependent pathway3°.

Due to its hydrophilic properties and paracellular absorp-
tion—transport pathway, danshensu, from Danshen extracts,
has poor intestinal permeability and presumably low perme-
ability through the blood—brain barrier (BBB). On the other
hand, sodium danshensu (SDS) showed enhanced oral
absorption and demonstrated to pass through the BBB>'.
Thus, SDS has a greater potential in clinical applica-
tions®>*3. The present investigation tested the novel hypoth-
esis that systemic administration of SDS could promote
neurogenesis and collaterogenesis in the post-stroke brain,
thus improving sustained local blood flow and functional
recovery after ischemic stroke.

Materials and Methods
Animals and Focal Ischemic Stroke Model of Mice

The investigation was performed in young adult male
C57BL/6 mice (20-25 g; Harlan, Indianapolis, IN), and male
C57BL/6 mice expressing the green fluorescent protein
(GFP) under the control of an of an alpha smooth muscle
actin («xSMA) promoter (Transgenic Mice Facility of the
National Eye Institute, National Institutes of Health (NIH),
Bethesda, MD). Expression of the GFP in smooth muscle
cells allows the visualization of brain arteries. Animals were
housed at Emory University Animal Facility in standard
cages in 12-h/12-h light-dark cycles. All experiments and
surgery procedures were approved by the Institutional Ani-
mal Care and Use Committee and met the NIH standards.
Focal cerebral ischemia targeting the sensorimotor cortex
was induced based on our previously established stroke
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model 2 Cell Transplantation modified with artery occlusion
procedures’®. Briefly, anesthesia was induced using 3.5%
isoflurane followed by a maintenance dose of 1.5% isoflur-
ane. Both the tail and paws of the animal were pinch-tested
for anesthetic depth. The right middle cerebral artery (MCA)
was permanently ligated using a 10-0 suture (Surgical Spe-
cialties Co., Reading, PA), accompanied by bilateral com-
mon carotid artery (CCA) ligations for 7 min. This modified
ischemic procedure is suitable and sufficient for the induc-
tion of focal ischemia in the mouse cortex, resulting in spe-
cific infarct formation in the right sensorimotor cortex.
During surgery and recovery periods, body temperature was
monitored and maintained at 37.0 + 0.5 °C using a tempera-
ture control unit and heating pad. Sham group received expo-
sure of the dura, but no ligation of the branches®>. Animals
were sacrificed by decapitation 14-28 days after ischemic
stroke. The brain was immediately removed and mounted in
optimal cutting temperature compound (Sakura Finetek
USA, Inc., Torrance, CA) at —80 °C for further processing.

Induced Pluripotent Stem Cell Culture and Neural
Induction

Mouse induced pluripotent stem cell-derived neural pro-
genitor cells (iPSC-NPCs) were differentiated from iPSCs
originally generated from mouse embryonic fibroblasts
(Stemgent Inc., Cambridge, MA) as previously described*®.
The pluripotent stem cells and the iPSC-NPCs used in this
study were harvested during passages 18 to 25. To maintain
the pluripotency of the stem cells, we used an inhibitor cock-
tail of small molecules with some modifications®’. Briefly,
iPSCs were cultured in the N2B27 serum free medium at
20% O,, 5% CO,, at 37° C. The medium was prepared with
45% Dulbecco’s modified eagle medium: nutrient mixture
F-12 (DMEM/F12; Sigma Aldrich, St Louis, MO), 45%
Neurobasal (Thermo Fisher Scientific, ), 0.5% N2 supple-
ment (Thermo Fisher Scientific), 1% B27 supplement
(Thermo Fisher Scientific), 1% GlutaMAX, 1% nonessen-
tial amino acids (Sigma Aldrich), 0.1 mM B-mercaptoetha-
nol (B-ME; Sigma Aldrich), 100 U/mL penicillin/
streptomycin (Sigma Aldrich), 5% knockout serum
replacement (KSR; Thermo Fisher Scientific). The small
molecules were recombinant leukemia inhibitory factor
(LIF; 10 ng/mL; Millipore, Billerica, MA), CHIR 99021
(3 uM; Tocris), (S)-(+)-Dimethindene maleate (2 uM;
Tocris) and minocycline hydrochloride (2 uM; Santa Cruz
Biotechnology, Santa Cruz, CA)*’. Before differentiation
experiments, the iPSCs were cultured in DMEM (Sigma
Aldrich), 10% ES-FBS (Thermo Fisher Scientific), Gluta-
MAX, nonessential amino acids, nucleoside mix, LIF,
B-ME (Sigma Aldrich), LIF, b-ME, and penicillin/strepto-
mycin. All cells used in this study were harvested and ready
for transplantation after an established ‘4—/4+’ retinoic
acid (RA, 1 uM; Sigma Aldrich) neural differentiation
protocol’®.

Sodium Danshensu and 5-Bromo-2'-deoxyuridine
Administration

Sodium danshensu (Sigma Aldrich, St Louis, MO) was dis-
solved in dimethyl sulfoxide (DMSO) and then diluted in
saline (0.1% DMSO final concentration). In animal studies,
SDS (700 mg/kg) or vehicle solution was administrated by
intraperitoneal injection (i.p.) 10 min after ischemia and
continued once per day after ischemic surgery until sacrifice.
To label proliferating cells, 5-bromo-2'-deoxyuridine (BrdU;
Sigma Aldrich) was administrated to all animals (50 mg/kg/
day, i.p.) beginning on day 3 after ischemia and continued
once daily until sacrifice.

For cell culture study, sodium danshensu (100 uM) or
vehicle solution was added into the culture medium for 8 h
on the last day of the designated ‘4—/4+’ RA (1 uM) induc-
tion. To label proliferating cells, BrdU (10 pM) was added
into the medium 1 h before phosphate-buffered saline (PBS)
wash and 10% formalin fixation (Azer Scientific, Morgan-
town, PA). When analyzing by immunostaining, BrdU was
co-stained with Nestin (mouse anti-Nestin; 1:400; Millipore,
Burlington, MA). The colabelled BrdU and Nestin cells were
counted as newly formed neural progenitor cells.

Sensorimotor Measurement

Adhesive removal test is a sensitive and accurate measurement
of the integrity of the sensorimotor pathway involving periph-
eral sensation to central reception and motor control*’. To
evaluate sensorimotor function, time for a mouse to remove
adhesive pads from both forepaws was measured as previously
described*’. In brief, a small adhesive dot was placed on one
forepaw, and the time needed to contact and remove the sticker
from each forepaw was recorded. Mice were trained three
times before stroke surgery and the average time was used in
data analysis. Animals with response time of more than 120 s
were considered insensitive to the tactile stimulus and were
excluded from further examinations. Stroke animals usually
undergo spontaneous sensorimotor functional recovery during
the first 1-2 weeks after stroke. This process is facilitated by
repeated functional tests due to activity-dependent neuroplas-
ticity and effects of learning. To detect the SDS effect in a
delayed time point, animals were not subjected to multiple tests
on different days after stroke (Table 1)*'.

Collateral Arterial Diameter Measurement

The aSMA-GFP mouse was used to visualize the brain
arteries. After sacrifice, fresh brains were immediately exam-
ined by photographing under the fluorescein isothiocyanate
(FITC; green) excitation wavelength at x4 fluorescent micro-
scopy (BX61; Olympus, Tokyo, Japan). Photoshop Profes-
sional (Adobe Photoshop CS 8.0, San Jose, CA) was used
to make an image mosaic. Diameter was measured using the
imaging software ImageJ (NIH Image, Bethesda, MD, USA).
Six collaterals and six areas of each collateral were measured.
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Table I. Experimental design and sample sizes for in vivo experiments.

Figure Experiment Post-stroke days Sample size
| Western 14 6
3 DCX/BrdU for neuroblast proliferation 14 6
3 NeuN/BrdU for neurogenesis 28 6
4 Col IV/BrdU for angiogenesis 14 6
4,5 aSMA/BrdU for arteriogenesis 21 5
6 GLUT-1/BrdU for angiogenesis 21 6
6 Laser Doppler for blood flow 21 6-10
6 Adhesive removal test 21 12-16

The time points for different assessments after stroke were based on the consideration of the time course of the event. Immature DCX-positive cells and
vascular marker Col IV were inspected early (14 day post-stroke) because they label neural progenitor cells and vascular cells during the early stage (within 7—
14 days after stroke) of neurogenesis and angiogenesis”>"7"72, while the delayed time point of 28 days post-stroke was selected for measuring neurogenesis
due to the longer time needed for neuronal differentiation of mature neurons (up to 4 weeks) (http://www .functionalneurogenesis.com/blog/tag/timecourse/).
Sample sizes for different groups were chosen based on preliminary studies that were performed with a small group of animals per group (n = 2 for Westerns
and immunohistochemistry, and n = 3 for behavior). Using the difference in means (estimate of effect size) determined with the preliminary studies and the
sample sizes used, priori power analysis was performed (two tailed, o error probability = 0.05, power (1-B error probability = 0.8) using G Power (version

3.1.9.2, Universitat Diisseldorf, Germany). Detailed sample sizes for each experimental group are specified in figure legends.
DCX: doublecortin; BrdU: 5-bromo-2'-deoxyuridine; Col IV: collagen IV; GLUT-I: glucose transporter |; aSMA: alpha smooth muscle actin.

The data are presented as average diameter and further com-
pared between the two groups.

Western Blot Analysis

Angiogenic and neurogenic gene expressions were detected
at 14-28 days after stroke. This was based on different time
courses of angiogenesis and neurogenesis (Table 1). The
peri-infarct region was defined as previously described by
a 500 pM boundary extending from the edge of the infarct
core, medial, and lateral to the infarct*?. Tissue samples were
taken from the peri-infarct region of the cortex and proteins
were extracted by homogenization in protein lysis buffer (25
mM Tris-HCI (Sigma Aldrich) (pH 7.4), 150 mM NaCl, 5
mM ethylenediaminetetraacetic acid (EDTA), 0.1% SDS, 2
mM sodium orthovanadate (Na3VO4), 100 mM sodium
fluoride (NaF), 1% Triton (Sigma Aldrich), leupeptin, apro-
tinin, and pepstatin). Tissue was centrifuged at 13,000 RPM
(16,200 g) for 20 min to pellet insoluble fraction and super-
natant was collected. Protein concentration of each sample
was determined using the Bicinchoninic Acid Assay (Sigma,
St Louis, MO). Proteins from each sample (50 pg) were
separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis in a Hoefer Mini-Gel system (Amersham
Biosciences, Piscataway, NJ) and transferred in the Hoefer
Transfer Tank (Amersham Biosciences) to a polyvinylidene
difluoride (PVDF) membrane (BioRad, Hercules, CA).
Membranes were blocked in 7% evaporated milk diluted in
Tris-buffered saline containing 0.1% tween-20 (TBST) at
room temperature for at least 2 h, and then incubated over-
night at 4°C with one of the following primary antibodies:
VEGF, BDNF, stromal-derived factor-1 (SDF-1), eNOS
(1:500-1:4000; Santa Cruz Biotechnology). Mouse a-tubulin
antibody (Sigma) was used for protein loading control. After
primary antibody incubation, membranes were washed with
TBST and incubated with alkaline-phosphatase-conjugated

anti-mouse or anti-rabbit immunoglobulin G (IgG) antibodies
(Promega, Madison, WI) for 2 h at room temperature. Finally,
membranes were washed with TBST, followed by three
washes with TBS. The signal was detected by the addition
of 5-bromo-4-chloro-3-indolylphosphate/nitroblue tetrazo-
lium (BCIP/NBT) solution (Sigma), quantified, and analyzed
using the imaging software Image J and Photoshop Profes-
sional. The intensity of each band was measured and sub-
tracted by the background. The expression ratio of each
target protein was then normalized against o-tubulin.

Brain Infarct Measurement

Staining 2,3,5-triphenyltetrazolium chloride (TTC; Sigma)
was performed as previously described®®. Briefly, at three
days post-stroke, animals in different groups were sacrificed
and TTC staining was used to reveal damaged/dead brain
tissue. The brain was removed and placed in a brain matrix
and then sliced into several 1-mm coronal sections. Slices
were incubated in 2% TTC at 37 °C for 5 min, followed by
storage in 10% buffered formalin for 24 h. Digital images of
the caudal aspect of each slice were obtained by a flatbed
scanner. Infarct, ipsilateral hemisphere, and contralateral
hemisphere areas were measured using ImageJ software.
Infarct volume was calculated using the indirect method.

Immunohistochemistry and Cell Counting

Fresh frozen brains were sliced into coronal sections at 20
pum thickness using a cryostat vibratome (Ultapro 5000, St
Louis, MO, USA). Immunohistochemistry was performed as
previously described (Whitaker et al., 2007 ). Primary anti-
bodies used for double-staining or triple-staining were as
follows: goat anti-collagen IV (1:400; Chemicon, Temecula,
CA) for endothelial cells, mouse anti-aSMA for smooth
muscle cells (1:1000; Chemicon, Temecula, CA), mouse
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anti-NeuN (1:400; Chemicon, Temecula, CA) for mature
neurons, rat anti-BrdU (1:400; Abcam, Cambridge, UK) for
cell proliferation, goat anti-doublecortin (anti-DCX; 1:200;
Santa Cruz Biotechnology) for migrating neuroblasts, rab-
bit anti-glucose transporter 1 (GLUT-1) (1:400, Chemicon,
Millipore) for vessels. Secondary antibody Alexa Fluor 488
anti-rabbit, anti-goat, anti-mouse IgG (1:200; Invitrogen,
Carlsbad, CA), cyanine-3 (Cy3)-conjugated anti-rat, anti-
rabbit IgG (1:1000; Invitrogen) or Cy5-conjugated anti-
goat IgG (1:400; Invitrogen). Hoechst 33342 was applied
at a concentration of 1:25,000 for 5 min and washed with
PBS. Staining was visualized by fluorescent and confocal
microscopy (BX61; Olympus, Tokyo, Japan). For systema-
tic random sampling in design-based stereological cell
counting, six coronal brain sections per mouse were
selected, spaced 100 pm apart across the same region of
interest in each animal. Coronal sections of 10-um thick-
ness were used for counting NeuN-labeling cells. For multi-
stage random sampling, six fields per brain section were
randomly chosen in the ischemic border region under x40
magnification of a light microscope or in confocal images.
Neurogenesis in the ischemic border region was evaluated
by counting the number of NeuN/BrdU-colabeled cells.
Angiogenesis in the ischemic border region was evaluated
by counting the number of collagen IV/BrdU-colabeled
cells. Arteriogenesis in the ischemic border region was
evaluated by counting the number of aSMA/BrdU-
colabeled cells. Neuroblast migration was evaluated by
counting the number of DCX-positive cells in white matter
between the SVZ and ischemic cortex. All counting assays
were performed under blind conditions.

Local Cerebral Blood Flow Measurement (LCBF)

Laser scanning imaging was used to measure LCBF as
previously described** at three time-points: immediately
before ligation, right after occlusion, and 21 days after
ischemia. Briefly, under anesthesia, a crossing skin inci-
sion was made on the head to expose the whole skull.
Laser scanning imaging measurements and analyses were
performed using the PeriScans system and LDPIwin (Peri-
med AB, Stockholm, Sweden) on the intact skull. The
scanning region had a center point of medial-lateral
(ML) + 4.1 mm, and the six edges of the infarct arca were
ML + 2.9 mm, ML + 5.3 mm, anterior—posterior (AP) —
1.5 mm, and AP + 2.0 mm, respectively. In laser scanning
imaging, the ‘single mode’ with medium resolution was used
to scan the photo image of LCBF. The laser beam was
pointed to the center of the ischemic core (ML + 4.1 mm,
AP 0 mm), the scan range parameter was set up as 5 x 5 and
the intensity was adjusted to 7.5-8.0. The conventional
‘duplex mode’ was used to record the Doppler image with
the laser beam pointed to exact the same point on the border
of the stroke core (ML — 0.5 mm, AP 0 mm). Corresponding
areas in the contralateral hemisphere were similarly surveyed
as internal controls.

Statistical analysis

Student’s two-tailed ¢ test was used for the comparison of the
two experimental groups. Multiple comparisons were done
using one-way analysis of variance (ANOVA) followed by
Tukey test for multiple pairwise examinations. Changes
were identified as significant if P was less than 0.05. Mean
values were reported together with the standard error of the
mean (SEM).

Results

Sodium Danshensu Increased Expression of Trophic
Factors and Neurovascular Regulatory Proteins in the
Peri-Infarction Cortex

In ischemic stroke mice, SDS (700 mg/kg, i.p.) was
injected 10 min after the onset of the ischemic insult.
This acute treatment did not show significant reductions
in the infarct size measured at 3 days after stroke (23.67
+ 836 mm’, n = 6 and 20.29 + 6.05mm’, n = 7; P >
0.05, for stroke control and stroke plus SDS, respec-
tively). The present investigation, therefore, focused on
chronic effects on regenerative activities on different days
after stroke. In the focal ischemic stroke model of the
mouse, sham control and stroke animals received vehicle
or SDS treatment (700 mg/kg, i.p., 10 min after ischemia
and once daily) for 14 days. At 14 days after stroke and
SDS or vehicle treatment, Western blot analysis showed
that the SDS treatment enhanced the expression of VEGF,
BDNF, SDF-1, and eNOS in the perfi-infarct region com-
pared with vehicle controls (Fig. 1A to E).

Sodium Danshensu Enhanced Cell Proliferation in
Neural Progenitor Cultures and Neurogenesis after
Focal Ischemic Stroke

Microtubule-associated protein doublecortin (DCX) is a
marker for migrating neuroblasts as well as for endogen-
ous neurogenesis after brain injuries*>*®. Testing in mouse
iPSC-NPC cultures, SDS (100 pM) significantly increased
Nestin and BrdU co-labelled cells (Fig. 2), indicating
increased proliferation of neural progenitor cells. In ani-
mal experiments of the focal ischemic stroke of the mouse,
the SDS treatment of 14 days increased the number of
DCX-positive cells in the SVZ and peri-infarct region
compared with stroke vehicle groups, supporting increased
proliferation of neural progenitor cells in stroke animals
(Figs. 3A and 3B).

To verify the proliferation activity, the proliferation mar-
ker, BrdU (50 mg/kg/day, i.p.) was injected 3 days after
stroke and repeated once a day. At 28 days after stroke, SDS
treatment significantly increased the number of NeuN and
BrdU co-labeled cells in the peri-infarct region compared
with stroke vehicle controls (Figs. 3C and 3D). These results
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Fig. 1. Effects of sodium danshensu on expression of neurovascular
regulatory factors.

The protein levels of VEGF, BDNF, SDF-1, and eNOS were
detected by Western blot analysis. (A) Representative electrophor-
esis gels show the expression level of VEGF, BDNF, SDF-I, and
eNOS in the ischemic peri-infarct region at |14 days after stroke.
(B—E) densitometry analysis for comparisons of each factor. Gray
intensity was normalized against tubulin and quantified by Image |
software. Sodium danshensu enhanced the expression of VEGF,
BDNF, SDF-1, and eNOS when compared with vehicle control
group. n = 6 animals for each test. Data are shown as mean + SEM.
P < 0.05 compared with sham group, #P < 0.05 compared with
vehicle control group. VEGF: vascular endothelial growth factor;
BDNF: brain-derived neurotrophic factor; SDF-1: stromal-derived
factor-1; eNOS: endothelial nitric oxide synthase; SEM: standard
error of the mean.

indicated that the SDS treatment promoted neurogenesis in
the post-stroke brain.

Sodium-Danshensu-Enhanced Collaterogenesis in the
Peri-Infarct Cortex

Functional collateral circulation relies on intact capillary and
small artery networks. It was shown that therapies promoting
angiogenic and arteriogenic factors remarkably improve col-
laterogenesis in cardiomyocytes*’. Angiogenesis and arter-
iogenesis in the peri-infarct region were determined by
newly generated endothelial cells and smooth muscle cells,
respectively. In immunohistochemical staining 14 days after
stroke, collagen-IV-labeled vessel density and the number of

newly generated BrdU and collagen IV double-positive cells
increased in the SDS-treated mouse brain compared with
vehicle-treated mice (Figs. 4A and 4B). Increased new capil-
lary was shown using the BrdU and collagen IV double
labeling after stroke, and shown an increase in the SDS-
treated brain (Fig. 4B). In the ®SMA transgenic mouse, col-
lateral arteries can be visualized by the green fluorescence of
aSMA (Fig. 4C). Co-labeling of BrdU and «SMA was used
to reveal proliferating arterial smooth muscle cells, and the
SDS treatment showed a marked effect of increasing the
number of BrdU and «SMA double-positive cells measured
at 21 days after stroke (Fig. 4D). In the peri-infarct region,
where collaterogenesis is active in the post-ischemic brain,
the diameter of ipsilateral collaterals was significantly
higher than that in the contralateral cortex. The SDS treat-
ment further increased the diameter of these collaterals in the
ipsilateral cortex, suggesting a remodeling of collateral
arteries (Fig. 5).

Restoration of Local Cerebral Blood Flow and
Functional Activity by Sodium Danshensu Treatment

In the peri-infarct region 21 days after stroke, we identified
BrdU-labeled GLUT-1-positive endothelial cells
co-localized with the collagen IV staining (Fig. 6A). To
understand whether the newly formed vessels could benefit
reperfusion, local blood flow was measured using laser Dop-
pler imaging. Enhanced blood flow was seen in SDS-treated
ischemic cortex compared with vehicle treatment; the flow
level recovered to a near-normal level (Fig. 6B). To assess
sensorimotor function, the adhesive removal test was
employed. Rodents show prolonged times in perceiving and
removing of the attached sticky dot from their affected fore-
paws after stroke, indicating the damaged sensorimotor cor-
tex and the neuronal pathway. The SDS treatment
significantly reduced the delay in removing the adhesive
tape in the test (Fig. 6C).

Discussion

In the present investigation, we examined regenerative effects
of sodium danshensu in a mouse focal ischemic stroke model.
SDS increased NPC proliferation and several key trophic and
regenerative factors from these cells. A chronic SDS treat-
ment after an ischemic insult promoted endogenous neurogen-
esis and collaterogenesis, demonstrated by increased
newborn neurons, endothelial cell/vessel proliferation, and
generation of collateral arteries. The SDS treatment helped
to restore local blood flow, which is consistent with
increased functional angiogenesis, arteriogenesis, and col-
lateral circulation. The improved regenerative activities
ultimately lead to long-term sensorimotor functional recov-
ery from the focal ischemic stroke. Thus, this study demon-
strates a strong regenerative property of the active element
from the herb plant Danshen and its central effects for a
regenerative treatment after ischemic stroke.
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Fig. 2. Effects of sodium danshensu on proliferation of neural stem cells.

Proliferation of iPSC-derived neural progenitors cultures were analyzed by immunostaining. Representative image showing the Nestin-
expressing and BrdU positive cells of neurospheres upon the end of the 4—/4+ RA induction. Sodium danshensu increased the Nestin and
BrdU double-labelled cells when compared with those in the vehicle group. Green: Nestin, red: BrdU and blue: Hoechst 33342. n = 5 assays.
Data are shown as mean + SD. 'P < 0.05 compared with the vehicle group. iPSC: induced pluripotent stem cell; BrdU: 5-bromo-2'-

deoxyuridine; RA: retinoic acid; SD: standard deviation.

Considering that neurogenesis occurs in the adult brain*®,
we analyzed newly formed NPCs in the post-stroke brain.
Cells in normal animals regularly migrate to the olfactory
bulb, differentiate into interneurons and join the neural net-
work**°. After brain injuries such as cerebral ischemic
stroke, the SVZ neuronal precursors proliferate and migrate
into the ischemic lesion and differentiate into neurons and

forming synapses with neighboring striatal cells®'~>*. Unfor-
tunately, the number of new cells and surviving neurons
from the SVZ are far from sufficient for tissue repair. In the
examination of this regenerative mechanism, DCX is
regarded as a marker for migrating neuroblasts and used to
follow stroke-induced neurogenesis***. We showed in our
previous study that stroke induces increased DCX-positive
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Fig. 3. Doublecortin expression in subventricular zone and ischemic boundary region.
(A) Double labeling for DCX (red) and BrdU (blue) in the SVZ region of vehicle and SDS-treated mice. The total number of both DCX and
BrdU positive cells in SVZ of SDS treatment group is more than vehicle control group. (B) More DCX positive cells were found in the
boundary region of stroke in SDS treatment group. Green, DCX-positive cells; red, NeuN positive cells. (C, D) SDS enhanced neurogenesis.
Neurogenesis in the peri-infarct region was examined by the colocalization of the neuronal marker NeuN (blue) and the proliferation
marker BrdU (red) 28 days after stroke (C). In SDS-treated mice, there were more both NeuN- and BrdU-positive cells compared with
vehicle control mice. In the bar graph of (D), cell count was performed in six randomly chosen fields in the peri-infarct region; six regions per
section. The total number of cells in three sections was summarized for each animal. Cell counts showed increased number of NeuN-/BrdU-
positive cells in SDS-treated mice compared with vehicle control mice. n = 6 animals in each group. Data are shown as mean + SEM.

“P < 0.05 compared with vehicle control group. DCX: doublecortin; SVZ: subventricular zone; BrdU: 5-bromo-2'-deoxyuridine; SDS:

sodium danshensu; SEM: standard error of the mean.
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Fig. 4. Enhanced angiogenesis and collaterogenesis by sodium danshensu.

(A) Representative images of vascular density in the peri-infarction cortex of vehicle control mice and SDS-treated mice at 14 days after
stroke. (B) Endothelial cell proliferation was revealed by co-staining with collagen IV and BrdU. At 14 days after stroke, more BrdU-positive
endothelial cells were seen in SDS-treated mice compared with vehicle control mice. Vessel ratio and BrdU-positive endothelial cells in the
peri-ischemic cortex at 14 days after MCAO for each group were quantified. Administration of SDS significantly increased vascular density
and endothelial cell proliferation 14 days after focal cortical infarction. n = 6 animals in each group. Data are shown as mean + SEM. P<
0.05 compared with vehicle control group. (C) Enhanced arteriogenesis by SDS. Colocalization of the smooth muscle cell marker aSMA
(green) and the proliferation marker BrdU (red) in the peri-infarct region was examined 21 days after stroke. In SDS-treated mice, there
were more both «SMA- and BrdU-positive cells compared with vehicle control mice. (D) Cell count was performed in six randomly chosen
fields in the peri-infarct region; six regions per section. The total number of cells in six sections was summarized for each animal. Cell counts
showed increased number of aSMA-/BrdU-positive cells in SDS-treated mice compared with vehicle control mice. n = 5 animals in each
group. Data are shown as mean + SEM. “P < 0.05 compared with vehicle control group. SDS: sodium danshensu; BrdU: 5-bromo-2’'-
deoxyuridine; MCAO: middle cerebral artery occlusion; SEM: standard error of the mean; aSMA: alpha smooth muscle actin.
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The diameter of collaterals was measured by the imaging software Image] 2| days after stroke. (A, B) The arteries’ image of vehicle control
mice (A) and SDS-treated mice (B). (C) The enlarged representative collaterals in vehicle control mice (a, b, ) and SDS-treated mice (d, e, f).
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presented as mean + SEM. P <0.05 compared with vehicle control group. SDS: sodium danshensu; SEM: standard error of the mean.
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(A) Representative images of double labeling for GLUT-I and BrdU in the peri-infarction cortex of vehicle control mice and SDS-treated
mice. (B) Local cerebral blood flow (LCBF) was measured by PeriScans laser image scanner. Laser scanning images of LCBF in the stroke
region 2| days after ischemia in the sham-operated group, stroke + vehicle group and stroke + SDS treatment group were presented.
Marked LCBF recovery can be seen in the mice receiving SDS after stroke. SDS-treated mice showed significantly higher local blood flow
compared with vehicle control mice. n = 6 animals in each group. Data are shown as mean + SEM. P <0.05 compared with vehicle control
group. (C) Adhesive removal performance. Bars represent mean + SEM. Time to removal of the adhesive tape on the contro-lesional paw in
each group of animals before or after ischemic stroke are presented. After stroke, time to removal of the adhesive tape was markedly
increased, and after SDS treatment, it was reduced. 'P < 0.05 compared with the sham group; #P < 0.05 compared with the vehicle control
group. n = 6 in the sham and vehicle control group, and n = 10 in the danshensu treatment group. GLUT-1: glucose transporter |; BrdU: 5-
bromo-2'-deoxyuridine; SDS: sodium danshensu; SEM: standard error of the mean.

cells starting from 1 day after stroke®. In DCX knockout
mice, severe morphological defects in the rostral migratory
stream and delayed neuronal migration were found>. These
studies indicate that DCX-positive cells and endogenous
neurogenesis are important regenerative mechanisms®*>*°,
The present investigation examined long-term effects of SDS

on the chronic phase of neurogenesis 14 to 28 days after
stroke. SDS increased the number of cells double-labeled with
DCX, BrdU, and/or NeuN in the peri-ischemic cortex. SDS
may achieve this effect by reducing cell death, increasing
proliferation of NPCs, enhancing migration of the DCX-
positive cells, and promoting trophic supports in peri-infarct



Wei et al

633

regions. Danshen is a clinically used herb medicine with few
side effects. The new sodium compound danshensu has the
ability to cross the BBB*>'**%_ With the recent observation
that collateral circulation is critical for the outcomes of stroke
patients, the effect of SDS on promoting collaterogenesis has
promising potential to be used clinically for improving post-
stroke reperfusion and functional recovery of ischemic stroke
patients.

Danshensu and Danshen derivatives decreased inflamma-
tion’® and might protect against the secondary injury
responses following ischemia. Other S. miltiorrhiza active
components were shown to reduce inflammation caused by
ischemic stroke®”. Salvianolic acid B reduced chronic oxi-
dative stress in animals with a high-fat diet, decreased
nuclear factor-xB, cyclooxygenase-2, and inducible NO
synthesis, and increased nuclear factor-erythroid 2-related
factor 2. Salvianolic acid B was also inhibited glial fibrillary
acidic protein, Iba-1 , interleukin 1f (IL-1P), IL-6, and
tumor necrosis factor o in ischemic brains®’. We believe that
further tests using S. miltiorrhiza extract can clarify its rela-
tionship to brain inflammation. Whether danshensu alone
regulates inflammation needs to be investigated as well in
future studies.

The key mechanism proposed in this study is the
increased trophic support in the peri-infarct regions. The
promoted migration of neuronal cells to the peri-infarct
regions may be due to increased chemoattractant and neuro-
trophic molecules. Among them, the chemokine SDF-1 and
its receptor CXCR4 play an important role after cerebral
ischemia in directing the migration of neuroblasts to
ischemic lesion®2. After stroke, the SDF-1 expression is
markedly up-regulated in and around the lesion site®*-**,
Blocking the SDF-1/CXCR4 chemoattractant axis by neu-
tralizing antibody against CXCR4 significantly attenuated
stroke-induced NPC migration®®. In the current study, SDS
administration enhances SDF-1 expression and promotes
homing of NPCs after cerebral ischemia. SDF-1/CXCR4
signaling has also been reported to promote VEGF-
mediated angiogenesis through the protein kinase
pathway®. Treatment with SDF-1 after stroke resulted in
more neurovascular structures in the ischemic peri-infarct
region. VEGF is essential for endothelial cell proliferation
and formation of new microvessels that are linked to neuro-
genesis'®%”. BDNF is another link between neurogenesis
and angiogenesis, which is secreted by endothelial cells after
angiogenic stimulation and induces neurogenesis'’. SDS
treatment increases both VEGF and BDNF expression,
which contributes to the enhancement of neurogenesis and
angiogenesis in the post-stroke brain.

VEGF may also contribute to native collateral formation
and arteriogenesis. Blocking VEGF by antagonists
attenuated ischemic collateral remodeling and growth®®.
Attenuated perfusion and impaired collateral remodeling
after stroke were also found in VEGF low-expressing
mice®. This is consistent with our finding that SDS
increased VEGF expression, as well as arteriogenesis/

collaterogenesis. We also found an eNOS increase by SDS
in the ischemic brain. Remarkably, eNOS plays important
roles in the post-ischemic revascularization process. It can
participate in endothelial cell proliferation and migration,
smooth muscle cell differentiation, angiogenic processes,
and arterial-venous differentiation’®’". Significant
decreases in vascular smooth muscle cell proliferation and
arteriogenesis after stroke were reported in the eNOS knock-
out mice, suggesting its important role in arteriogenesis and
long-term repair from ischemia'®.

In summary, sodium danshensu shows strong effects on
enhancing endogenous neurogenesis and collaterogenesis by
upregulating different factors to promote NPCs to proliferate
and differentiate to mature neurons, promoting endothelial
cell proliferation and formation of new microvessels, as well
as collateral remodeling and growth. All these events benefit
tissue repair and functional recovery after ischemia. Our
study provides new insights into the therapeutic mechanism
of SDS against ischemia-induced injury. Further studies may
identify the specific molecules and signaling pathways that
are involved in the regulation of neurovascular plasticity and
collateral circulation by SDS treatment.
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