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FIG. 6. Induced differentiation of adipose-Muse and -non-Muse cells. (A-D) Muse (A—C) and non-Muse (D) cells from

LA-MSCs were subjected to adipocyte induction. Cells with lipid droplets (A) that are stained with Oil Red-O (B) were
detected in adipose-Muse cells. Those cells were also positive for the adipocyte marker FABP-4. Adipose-non-Muse cells
also contained cells positive for FABP-4 but with lower ratio (D). (E-H) After hepatocyte induction, Muse cells were
positive for liver stem cell marker human-DLK1 (E) and hepatocyte markers human HepParl (F) and human albumin (G),
while non-Muse cells lacked these expression. An example of non-Muse cells was shown in human albumin expression (H).
(I-M) After neuronal induction, Muse cells demonstrated a morphology similar to neuronal cells (I), and some were also
positive for Tuj-1 (J). However, adipose-non-Muse cells were not like neuronal cells (K) and all cells were Tuj-1 negative
(L). Q-PCR consistently detected Tuj-1 signal only in Muse cells and not in non-Muse cells (M). Scale bars = 100 pm. Color

images available online at www.liebertpub.com/scd

and LA-MSCs (adipose-Muse) were subjected to next
generation sequencing to compare expression levels of
genes related to endodermal, mesodermal, and ectodermal
differentiation (Table 1). Analysis of mesodermal lineage
expression revealed that osteogenic, adipogenic, and
myogenic genes were generally higher in adipose-Muse
rather than BM-Muse or dermal-Muse cells, and some of
the factors, such as SP7, osteogenic factor, and Pax7
muscle stem cell marker, were only detected in adipose-
Muse cells. Different from mesodermal factors, endo-
dermal factors were more predominantly expressed in
BM-Muse cells than in adipose-Muse cells. However,
cholesterol 7, alpha-hydroxylase (CYP7A1), insulin gene
enhancer binding protein (ISL1), and hepatocyte nuclear
factor 4 alpha (HNF4A) were only expressed in adipose-
Muse cells and not in BM-Muse or dermal-Muse cells
(Table 1). Ectodermal genes that relate to neuronal dif-
ferentiation were higher in both BM-Muse and dermal-
Muse cells than in adipose-Muse cells while factors such
as genes encoding for musashi RNA-binding protein 1
(MSI1), ISL1, and myelin transcription factor 1-like
(MYTIL) were not expressed in BM-Muse or dermal-
Muse cells, but only in adipose-Muse cells (Table 1).
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Discussion

In this study, we demonstrate that both adult human
subcutaneous adipose tissue and commercially available
adipose-MSCs contain a small percentage of stem cells with
the capacity for triploblastic differentiation and self-
renewal. These cells do not undergo tumorigenic prolifera-
tion in vitro, nor do they elicit teratomas when transplanted
in vivo. These characteristics match those of previously
reported Muse cells that were isolated from the BM and
dermis [16,17,21], indicating that adipose tissue also con-
tains Muse cells.

In adipose tissue, single-cell-derived cluster formation
in suspension was unique to adipose-Muse cells; how-
ever, cluster formation ratio did not always reach 100%
(Supplementary Table S1). This may be in part because
of cellular damage caused by laser irradiation in the
process of FACS isolation. Alternatively, cells might
have been in an inactive dormant state, such that they did
not proliferate. This property of Muse cells requires
further study.

While MSCs are known to provide trophic and anti-
inflammatory effects, these effects are temporary and do not
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TABLE 1. COMPARISON OF GENE EXPRESSION RELATED TO THE DIFFERENTIATION OF ENDODERMAL,
MESODERMAL, AND ECTODERMAL LINEAGES AMONG ADIPOSE-MUSE CELLS VERSUS DERMAL- AND BM-MUSE CELLS

Mesodermal Endodermal Ectodermal
Adipose / Dermal| Adipose /BM Adipose / Dermal| Adipose /BM Adipose / Dermal Adipose /| BM
PPARG 1.8939 0.5843 Sox2
CEBPA 1.6335 0.8092 NEUROGZ ND
CEBPB 1.4336 1.0564 HES1 1.8092
CEBPD 0.8261 0.5665 HESS
KLF15 ASCL1 ND
LEP : 0.8650 0.7210 3 ZNF521 1.2807
ADIPOQ 1.2264 CTNNB1 0.8035 0.7119 NES
AP281 0.7541 0.9276 CXCR4 ND MSi1 0.7347
FOXO1 1.9200 1.4321 CYP7A1 OLIG2 ND
SLC2A4 1.2509 1.0284 FN1 0.9322 0.8965 iSL1
RUNX2 0.7576 iSL2
FOS 0.7956 GFAP 0.8829
JUN 0.6616 POU3F2 1.0385
STAT1 0.7229 0.7139 MYTIL
SMAD1 1.0395 1.3637 NR4A2 0.5149
DLX1 1.9342
BT 0.8514 DLX2
KRT7 0.7876 0.9359 MAP2 0.5471
1.0528 TP83
CRABP2 1.2002
0.7001 FN1 0.9322 0.8965
0.9118 NQOTCH1 0.8426 13712
ND NGFR
1.3704 $1008

Expression level in adipose-Muse cells that is higher than that in dermal- or BM-Muse cells is indicated by red, whereas lower is

indicated by blue colors.
BM, bone marrow.
Color images available online at www.liebertpub.com/scd

directly contribute to cell replacement or tissue regeneration
[24,25]. In the true sense of functional recovery, replen-
ishment of functional cells is essential; however, the major
consensus of the primary efficacy of adipose-MSC trans-
plantation is also attributed to trophic effects [25]. This
could be explained, in part, by the small percentage of ad-
ipose-Muse cells within adipose-MSC population. However,
if the ratio of adipose-Muse cells could be increased, then
there may be an improvement in the curative effect of adi-
pose-MSC transplantation. Recently, Muse cells derived
from adipose tissue were reported to have been efficiently
enriched from human lipoaspirated fat by long-term incu-
bation with collagenase. Such a simple approach would be
an extremely practical strategy to increase the overall yield
of Muse cells for stem cell therapy [26].

BM, dermis, and adipose tissue are representative mes-
enchymal sources for cell-based therapy because of their
easy accessibility and versatility. Even though core prop-
erties of Muse cells, namely, triploblastic differentiation,
self-renewal, nontumorigenicity, and surface marker ex-
pression, are the same among those three sources, Muse
cells are not the same in their gene expression that relate to
endodermal-, mesodermal-, and ectodermal-lineage differ-
entiation. Adipose-Muse cells exhibited the tendency toward
expressing mesodermal lineage genes more highly than BM-
and dermal-Muse cells. Conversely, genes related to endo-
dermal and ectodermal lineages were lower in adipose-Muse
cells than in those two sources. Therefore, the source for

Muse cells should be selected in accordance with target
tissues.

Our data show that expression of human peroxisome
proliferator-activated receptor gamma (PPARY), a gene of
mesodermal lineage, in adipose-Muse cells exceeds that of
dermal- and BM-Muse cells. Considering that PPARy ex-
pression is highly sensitive to the host environment, it may
play a role in the unique adipose-Muse cell response to
highly stressful conditions [27]. Other mesodermal genes
that are elevated in adipose-Muse cells include Kriippel-like
factor 15 (KLF15) and adiponectin (ADIPOQ), which en-
code prominent factors in adipocyte function, further sup-
porting the preferential adipose-Muse cell differentiation to
adipocytes [26].

Genes that are downregulated in adipose-Muse cells in-
clude FOS and JUN, genes that function paradoxically in
both oncogenesis and tumor suppression depending on the
cell type and its differentiation state and tumor stage [28].
CDHI1, which encodes Cadherin-1, was expressed more
highly in adipose-Muse cells than in BM- and dermal-Muse
cells. Low expression of Cadherin-1 can support tumor
progression, which may allude to the absence of tumori-
genesis in CDH1-rich adipose-Muse cells [29]. Further, al-
pha-6 integrin (ITGA6) that plays a role in mammary
tumorigenesis is decreased in adipose-Muse cells as com-
pared with dermal- and BM-Muse cells [30]. Together with
low telomerase activity and nontumorigenicity, this gene
expression pattern may support the safety of adipose-Muse
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cells for autologous transplantation. The uniqueness in the
nontumorigenicity of Muse cells has been reported previ-
ously [16,17]. Gene analysis has shown that Muse cells
exhibit extremely low expression of Lin28 [17], a gene that
plays a pivotal role in both maintaining pluripotency and
tumorigenesis that prevail in ES and iPS cells [31]. While
Muse cells retain their pluripotent capacity in the absence of
a Lin28 influence [17], they reap the benefits in their in-
susceptibility to tumor formation. Lin28 is likely only one of
the many genes that simultaneously play a role in plur-
ipotency as well as tumorigenesis, as these two prominent
aspects of stem cell character have been repeatedly de-
scribed to go hand-in-hand [26,31].

It is of significance to note that ectodermal genes are
primarily downregulated in adipose-Muse cells as compared
with dermal- and BM-Muse cells. Important genes in neural
stem cell differentiation, including HES5 and achaete-scute
homolog 1 (ASCL1), are poorly expressed in adipose-Muse
cells. This may indicate, perhaps, a decrease in suscepti-
bility to neural differentiation as compared with dermal- and
BM-Muse cells. Interestingly, POU domain, class 3, tran-
scription factor 2 (POU3F2), a gene that is imperative to
differentiation of pluripotent stem cells into neural cells
[32], is increased in adipose-Muse cells, which suggests a
capacity of adipose-Muse cells to, if not a susceptibility to,
neuronal differentiation.

There exists a cohort of genes that are present only in
adipose-Muse cells, and not in dermal- and BM-Muse cells.
Along the mesodermal lineage, adipose-Muse cells express
SP7, which encodes transcription factor Sp7, and PAX7,
which encodes paired box protein Pax7. SP7 regulates os-
teogenic differentiation [33] and the presence of SP7 in
adipose-Muse cells but not in dermal- and BM-Muse cells
suggests the high capacity of adipose-Muse cells to form
bone cells. It has been shown that PAX7 plays a critical role
in stem cell commitment to the myosatellite cell fate, which
represents a niche for a population of quiescent stem cells
that have the capacity for the regeneration of muscle tissue
[34,35]. PAX7 could therefore be a critical factor in the
maintenance of adipose-Muse cells to remain in quiescence
[26]. Along the endodermal lineage, adipose-Muse cells
express CYP7Al, which encodes cholesterol 7 alpha-
hydroxylase and plays a major role in maintaining hepato-
cyte function [36]. This supports adipose-Muse cell aptitude
for differentiation into functional hepatocytes. Along the
ectodermal lineage, adipose-Muse cells express MYTIL,
which encodes myelin transcription factor 1-like, and thus
also support the possibly of differentiation into myelin-
forming cells, such as oligodendrocytes [37].

Recently, a rare population of Lin—/CD754/CD90 -
pluripotent stem cells was isolated from normal human
breast tissue. Similar to adipose-Muse cells, this cell popu-
lation has low telomerase activity [38]. While Lin—/
CD75+/CD90— cells have low tumorigenicity, adipose-
Muse cells have nontumorigenic activity. This difference may
be attributable in part to the expression of CD90 in adipose-
Muse cells. CD90, also known as THY 1, is a classical marker
for mesenchymal stem cells. The role of CD90 in promoting
or suppressing tumorigenesis is still controversial likely de-
pending on the tissue target analyzed [39,40].

Several reports have indicated the presence of a popula-
tion of very small cells termed very small embryonic-like
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stem cells (VSELs) in BM or in circulation, which like
Muse cells have been described to have pluripotent potential
[41]. However, other labs have failed to replicate this data,
with only one lab demonstrating that VSELs could differ-
entiate to lung epithelium [42,43]. While Muse cells do not
share morphologic or molecular markers with VSELs, the
current controversy in VSELs regarding the reproducibility
emphasizes the importance of having both simple and re-
producible protocols as an essential aspects for the utiliza-
tion of cells.

Since AT-MSCs exhibited a higher concentration of
Muse cells and higher propensity for cluster formation than
in LA-MSCs, Muse cells can be obtained from adipose
tissue rather than commercially available adipose-MSCs.
Based on our results, ~15cm® human adipose tissue (eg,
4x9.5cm? subcutaneous adipose tissue) yields ~3x 10’
MSCs by week 3, which contain nearly ~3 x 10° of adipose-
Muse cells (corresponding to nearly 9% of total adipose-
MSCs; see Supplementary Fig. S1 and Table 1). Granted
that one million Muse cells are required for one-time
treatment, the same volume of ~15cm® adipose tissue for
1 week culturing is estimated to be necessary. Interestingly,
from 1 to 2mL of BM, ~3x 107 MSCs can be obtained after
3 weeks that contain ~0.3x10° BM-Muse cells (~1% of
BM-MSCs). From these calculations, adipose-Muse cells
can be considered a realistic cell source for regenerative
medicine as with BM-Muse cells. Cell safety is the most
important issue for the treatment of human disorders. Adi-
pose-Muse cells do not require additional gene transfer or
artificial modifications. They are naturally preexisting stem
cells in adult human adipose tissue that account for a small
percentage of adipose-MSCs, which have already been ap-
plied in clinical studies. Both the capacity for differentiation
and lack of teratoma formation make adipose-Muse cells an
attractive source for use in the clinical setting. However,
there are still several hurdles that must be overcome on the
way to making these cells a viable clinical resource, beyond
what is already observed in adipose stem cells utilized in
the clinical setting. Therefore, future experiments must in-
clude rigorous in vivo studies that explore the functional
capability and nontumorigenicity of transplanted adipose-
Muse cells, as well as further evidence of consistent and
predictable controlled differentiation for various directed
lineages.
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Vasculogenesis in Experimental Stroke After Human
Cerebral Endothelial Cell Transplantation

Hiroto Ishikawa, MD, PhD; Naoki Tajiri, PT, PhD; Kazutaka Shinozuka, PhD;
Julie Vasconcellos, BS; Yuji Kaneko, PhD; Hong J. Lee, PhD; Osamu Mimura, MD, PhD;
Mari Dezawa, MD, PhD; Seung U. Kim, MD, PhD; Cesar V. Borlongan, PhD

Background and Purpose—Despite the reported functional recovery in transplanted stroke models and patients, the
mechanism of action underlying stem cell therapy remains not well understood. Here, we examined the role of stem
cell-mediated vascular repair in stroke.

Methods—Adult rats were exposed to transient occlusion of the middle cerebral artery and 3 hours later randomly
stereotaxically transplantated with 100K, 200K, or 400K human cerebral endothelial cell 6 viable cells or vehicle. Animals
underwent neurological examination and motor test up to day 7 after transplantation then euthanized for immunostaining
against neuronal, vascular, and specific human antigens. A parallel in vitro study cocultured rat primary neuronal cells
with human cerebral endothelial cell 6 under oxygen-glucose deprivation and treated with vascular endothelial growth
factor (VEGF) and anti-VEGF.

Results—Stroke animals that received vehicle infusion displayed typical occlusion of the middle cerebral artery—
induced behavioral impairments that were dose-dependently reduced in transplanted stroke animals at days 3 and 7
after transplantation and accompanied by increased expression of host neuronal and vascular markers adjacent to the
transplanted cells. Some transplanted cells showed a microvascular phenotype and juxtaposed to the host vasculature.
Infarct volume in transplanted stroke animals was significantly smaller than vehicle-infused stroke animals. Moreover,
rat neurons cocultured with human cerebral endothelial cell 6 or treated with VEGF exhibited significantly less oxygen-
glucose deprivation—induced cell death that was blocked by anti-VEGF treatment.

Conclusions—We found attenuation of behavioral and histological deficits coupled with robust vasculogenesis and
neurogenesis in endothelial cell-transplanted stroke animals, suggesting that targeting vascular repair sets in motion a
regenerative process in experimental stroke possibly via the VEGF pathway. (Stroke. 2013;44:3473-3481.)

Key Words: endothelial cells m neurogenesis m stem cells m stroke

transplant-mediated solicitation of endogenous stem cells, a
key component of the neurovascular unit that has been largely
neglected is the repair of the vasculature. To this end, we

S tem cell therapy has reached limited clinical trials in
patients with stroke on the basis of safety and efficacy data
from preclinical studies.'** However, a major gap in our knowl-

edge is the mechanism of action underlying stem cell therapy.
Cell transplantation studies in stroke have mostly focused on
neuronal stem or progenitor cells as donor cell type,>'* pri-
marily to replace the dead or injured neuronal cells of the
stroke brain. Indeed, such transplantation of neuronal stem
or progenitor cells has resulted in neurogenesis with reported
functional recovery in transplanted stroke animals.>""> Despite
these positive observations, varying levels of behavioral and
histological improvement accompany transplanted stroke
animals. We posit that while new neurons have been gener-
ated from the either exogenously transplanted stem cells or

tested the hypothesis that stem cell transplantation in stroke
using endothelial cells, which are the main cell type of the
vasculature, should promote vasculogenesis and then likely
serve as substrate for enhanced endogenous neurogenesis.
During the neurodevelopmental period, vasculogenesis and
neurogenesis seem to occur at the same time,'*'3 suggesting
that these 2 cell lineage processes are critical. Recently, the
important role of endothelial cells in regulating both vasculo-
genesis and neurogenesis has been recognized.'”? Cerebral
endothelial cells serve many cerebrovascular maintenance
functions, including structural element, blood brain barrier
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formation, regulation of neurotransmitter and ion, and con-
trolling of blood flow.?* Interestingly, these same cerebro-
vascular functions are compromised after ischemic stroke. If
therapies could be designed to protect the brain vasculature
from stroke-induced alterations, then we should be able to
reduce the pathophysiological outcomes of stroke. Hence, the
present study sought to engage the endothelial cell component
of the neurovascular unit in an effort to abrogate stroke.

The potential therapeutic benefits of transplanting exog-
enous or mobilizing endogenous endothelial progenitor cells
in stroke animal models have been demonstrated,>?¢ but the
mechanisms remain not well understood. In this study, we
transplanted the immortalized cell line of human cerebral
endothelial cells (HENG6) into the striatum of experimentally
ischemic stroke rats and assessed endogenous and exogenous
vasculogenesis and neurogenesis to demonstrate the role of
vascular repair in stroke. We hypothesized that transplantation
of endothelial cells would afford behavioral and histological
benefits against stroke via the vasculogenic reparative path-
way in facilitating the neurogenic regenerative process.

Material and Methods
In Vivo Study

Subjects

We used adult Sprague-Dawley rats (weighing, 200-250 g at the
beginning of experiments; Harlan Sprague Dawley, Indianapolis,
IN) according to the approved guidelines of the University of South
Florida System Institutional Animal Care and Use Committee. They
were housed singly in a temperature and humidity controlled room
that was maintained on 12-hour light/dark cycles with free access to
food and water. All surgical procedures were conducted under aseptic
conditions, and every effort was made to minimize animal suffering
and to reduce the number of animals used.

Human Cerebral Endothelial Cells

HENG6 were kindly provided by Dr Kim (University of British
Columbia, Vancouver, BC, Canada). Briefly, primary dissociated

--
--

cell cultures from the periventricular region of human telencephalic
tissues of 14-week gestation were prepared and grown for 10 days.
Thereafter, cells were infected with an amphotropic, replication-in-
competent retroviral vector containing v-myc. Finally, HEN6 were
subcultured at *90% confluence and subjected to further experiments.
Next, we phenotypically characterized HENG in vitro and found that
these cells were immunocytochemically positive against a human mi-
tochondrial marker (Mito), von Willebrand factor (vWF), and CD31
that the positivity was >99% for each phenotypic marker (Figure 1).

Stroke Surgery

The present ischemic stroke model used the middle cerebral artery
occlusion (MCAo) technique as described in our previous studies.”’-°
We used 46 rats for the surgery, and 40 rats reaching our criterion of
successful MCAo, as described elsewhere, were enrolled in the study.
Briefly, animals were anesthetized by a mixture of 1% to 2% isofluran
in NO/oxygen (69%/30%) via a face mask. Body temperature was
maintained at 37+0.3°C during the surgical procedures. The midline
skin incision was made in the neck with subsequent exploration of the
right common carotid artery, the external carotid artery, and internal
carotid artery. A 4-0 monofilament nylon suture (27.0-28.0 mm) was
advanced from the common carotid artery bifurcation until it blocked
the origin of the MCA. Animals were allowed to recover from an-
esthesia during MCAo. After 60 minutes of transient MCAo, ani-
mals were reanesthetized and reperfused by withdrawal of the nylon
thread. Animals receiving the sham operation were anesthetized with
the same gas via a face mask. A midline incision was made in the
neck and the right common carotid artery was isolated. The animals
were then closed and allowed to recover from anesthesia. We have
standardized the MCAo model, with stroke animals showing >80%
reduction in regional cerebral blood flow during the occlusion period
as determined by laser Doppler (Perimed). To ensure further similar
degree of stroke insults, physiological parameters, including Pao,,
PaCO,, and plasma PH measurements, were monitored, and we found
no significant differences in our stroke animals.

HENG Cells Transplantation

Forty rats (n=10 for each group) were randomly assigned to re-
ceive stereotaxic transplantation of PBS as a control, 100K, 200K,
or 400K HEN6/9 pL, 3 hours after MCAo. Transplantation targeted
the striatum via a single Hamilton (25 gauge) needle pass with 3
dorsoventral deposits (bregma, +1.2 mm; medial-lateral, +2.5 mm;
dorsal-ventral, —=5.0/-4.5/-4.0 mm).3!

Figure 1. Immunocytochemical analysis of
human cerebral endothelial cells (HENG),
immortalized HENG, immunocytochemi-
cally expressed human-specific mito-
chondrial marker (Mito), von Willebrand
factor (vVWF), and CD31. DAPI indicates

4' 6-diamidino-2-phenylindole.

--



Motor and Neurological Tests

All investigators testing the animals were blinded to the treatment
condition. Animals were subjected to elevated body swing test and
neurological examination before stroke surgery (baseline) then at days
3,5, and 7 after surgery. Elevated body swing test involved handling
the animal by its tail and recording the direction of the swings. The test
apparatus consisted of a clear Plexiglas box (40x40x35.5 cm). The
animal was gently picked up at the base of the tail and elevated by the
tail until the animal’s nose is at a height of 2 inches (5 cm) above the
surface. The direction of the swing, either left or right, was counted
once the animals head moves sideways =10° from the midline posi-
tion of the body. These steps are repeated 20x for each animal. Intact
rats displayed a 50% swing bias (ie, the same number of swings to
the left and to the right). A 75% swing bias was used as a criterion of
stroke-induced motor asymmetry. Animals were also tested in a modi-
fied neurological examination. Neurological score for each rat was ob-
tained using 3 tests that included (1) forelimb akinesia that measured
the ability of the animal to replace the forelimb after it was displaced
laterally by 2 to 3 cm, graded from O (immediate replacement) to 3 (re-
placement after several seconds or no replacement); (2) beam walking
ability, graded O for a rat that readily traversed a 2.4-cm-wide, 80-cm-
long beam to 3 for a rat unable to stay on the beam for 10 seconds; and
(3) paw grasp that measured the ability to hold onto a 2-mm-diameter
steel rod, graded O for a rat with normal forepaw grasping behavior to
3 for a rat unable to grasp with the forepaws. The scores from this bat-
tery of 3 neurological tests were pooled to obtain the mean neurologi-
cal score for each treatment group. A 2.5 mean neurological score
was used as a criterion of stroke-induced neurological impairment.

Histology and Immunohistochemistry

Twenty-four rats (n=6 for each group) were deeply anesthetized and
perfused transcardially with 4% paraformaldehyde 7 days after HEN6
transplantation. Brains were harvested and postfixed in the same fixa-
tive for 24 hours followed by 30% sucrose in PBS for 1 week. Frozen
sections were then cut at 30 um in a cryostat and stored at —20°C. To
demonstrate graft survival, neuronal and vascular phenotype expres-
sion and immunohistochemical investigations were performed. Free-
floating sections throughout the transplanted striatum and continuing
cortex involving the stroke area were incubated overnight at 4°C with
an anti-nestin antibody (mouse; anti-nestin antibody [ab6142]; abcam),
glial fibrillary acidic protein (GFAP) (mouse, anti-GFAP antibody
[MAB360]; Millipore), collagen IV (rabbit, anti-collagen IV antibody
[ab19808]; abcam), and HuNu (mouse, anti-human nuclei antibody
[MAB1281]; Millipore) for engrafted HEN6, with 5% serum and 0.2%
triton X-100 (Fischer Scientific, Pittsburgh, PA). After rinsing 3x in
PBS, sections were incubated for 2 hours at room temperature in goat
antimouse IgG Alexa Fluor 488 conjugate (Invitrogen) and goat anti-
rabbit IgG Alexa Fluor 594 conjugate (Invitrogen) with Hoechst33342
(Sigma). Next, the sections were washed again 3x in PBS and mounted
on glass slides using mounting medium. Control studies included ex-
clusion of primary antibody substituted with 10% goat serum in PBS.
No immunoreactivity was observed in these controls.

HENG Graft Survival Assessment

For evaluation of graft survival, HuNu-positive cells were counted
every fifth 30-um-thick coronal tissue section throughout the trans-
planted striatum by an observer blinded to the experimental group
assignment. Abercrombie formula was used to eliminate bias of
counting the same cell in 2 consecutive sections.

Infarct Measurement

The remaining 16 rats (n=4 for each group) were euthanized at 7 days
PBS or HENG transplantation. Coronal sections of the brains were
sliced at 2 mm, immersed in 2% 2,3,5-triphenyltetrazolium chloride
(TTC; T8877; Sigma), and then fixed with 4% paraformaldehyde.
The size of infarct area, which was devoid of red staining, was de-
termined on the digital images using ImageJ software and calculated
the ratio of infarct area toward whole brain by an observer blinded to
the experimental group assignment as described in our reports.”?-°

Ishikawa et al
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Analysis of Glial Formation and Blood Vessels

As described above, cryosections were processed for immunohisto-
chemical staining against GFAP for glial formation and collagen IV
for blood vessels. Glial formation is defined as the proportion of the
area occupied by GFAP-positive cells, which was calculated every
fifth 30-pum-thick coronal tissue section throughout the stroke striatal
penumbra. In a similar fashion, we measured vessel density defined
as the proportion of the area occupied by collagen IV—positive area
in the striatum. They were measured using Image] software by an
observer blinded to the experimental group assignment.

In Vitro Study

Vascular Endothelial Growth Factor Role in
Oxygen-Glucose Deprivation

Primary rat neonatal neuronal cells (PRNCs) were obtained from
BrainBit. According to the supplier protocol, cells (4x10* cells/
well) were suspended in 200-pL supplemented neurobasal medi-
um containing 2-mmol/L r-glutamine and 2% B27 in the absence
of antibiotics and grown in poly-L-Lysine-coated 96-well plate
(BD Biosciences) at 37°C in humidified atmosphere containing
5% carbon dioxide in 40% of the neuron and 60% astrocytes cell
population and validated immunocytochemically using vesicular
glutamate transporter-1. PRNCs were grown until reaching cell con-
fluence of =70% then subjected to 90-minute oxygen-glucose depri-
vation (OGD) as described previously.” Briefly, the PRNCs were
initially exposed to OGD medium (116 mmol/L NaCl, 5.4 mmol/L
KCl, 0.8 mmol/L. MgSO,, 1 mmolV/L NaH,PO,, 26.2 mmol/L
NaHCO,, 0.01 mmol/L glycine, 1.8 mmol/L CaCl,; pH 7.4) and
placed in an anaerobic chamber (PlasLabs) containing 95% nitro-
gen and 5% carbon dioxide for 15 minutes at 37°C, and finally the
chamber was sealed and incubated for 90 minutes at 37°C (hypoxic-
ischemic condition). After the hypoxic-ischemic exposure, the cell
culture was reintroduced to reperfusion-like condition containing
5 mmol/L glucose under normoxia for 2 hours.

To reveal the involvement of vascular endothelial growth fac-
tor (VEGF) in HEN6 neuroprotection, we initially examined the
therapeutic benefits of exogenous VEGF by manipulating the basal
medium when the reperfusion started (Figure I in the online-only
Data Supplement) as follows: group A: basal medium as a control;
group B: low concentration (0.5 ng/mL) of VEGF; group C: high
concentration (5.0 ng/mL) of VEGF; group D: group A with anti-
VEGEF; group E: group B with anti-VEGF; and group F: group C
with anti-VEGE. Two hours after the reperfusion, the supernatant
was collected from the culture and the PRNCs were subjected to the
mitochondrial activity assay. For the mitochondrial activity assay,
reduction of 3-(4, 5-dimethyl-2-thiazoyl)-2,5-diphenyltetrazolium
bromide (MTT) by cellular dehydrogenases was used as described
in our previous report.*®

Coculture of Neuronal Cells After the OGD
Condition With HENG or Fibroblasts

HENG and fibroblasts, as control cells, were separately grown to a
subconfluent monolayer in 10-cm dishes, and then they were rinsed
twice with PBS before being plated in culture plate inserts (3-pm
membrane pore size; BD Biosciences). In parallel, the 4x10* of
PRNCs were plated in 96-well companion plates (BD Biosciences)
and subjected to 90-minute OGD condition. After the OGD condi-
tion for PRNCs, the inserts containing HEN6 and fibroblasts were
transferred to these wells, and the coculture was introduced to one
of the conditions (Figure I in the online-only Data Supplement) in
the normoxic incubator for 2 hours (these conditions corresponded
to reperfusion with or without VEGF and anti-VEGF). The coculture
was assigned to further experiments. Before cell viability analyses,
the culture plate inserts containing HENG6 or fibroblast were removed,
and then we used the bottom of the plate cultured with only neuronal
cells for analyses.

For the neuronal cell viability, we used the fluorescent live/dead
cell assay.>* The green fluorescence of the live cells was measured
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by the Gemini EX fluorescence plate reader (Molecular Device). To
evaluate the VEGF levels in the supernatants collected from pre and
post reperfusion process, we used ELISA VEGF detection kits (R&D
systems). To reveal the localization of damaged cells, we examined
immunocytochemical against caspase 3.

Statistical Analysis

We used repeated ANOVA followed by Fisher protected least sig-
nificant difference post hoc tests to reveal any statistical significance
between treatments (P<0.05). All data were presented as mean+SEM.
In addition, Pearson R coefficient of correlation was performed to
show interactions between neuroprotective mechanisms and func-
tional recovery. In the statistical analyses of in vitro data, because
of the differences in the baseline of treatment conditions, basal me-
dia data were normalized among single culture, coculture with basal
media, and coculture with HEN6.

Results

Transplanted HEN6 Cells Survive Dose
Dependently in Stroke Brain

To reveal transplanted HEN6 survival, we used immunohis-
tochemical detection of the specific human antigen HuNu.
The number of HuNu-positive cells per visual field in 400K
group (106.9+43.3) was significantly higher than that in
200K (70.4+31.7) and 100K (34.8+23.6) transplanted groups
(P<0.05; Figure II in the online-only Data Supplement), thus
the number of surviving transplanted HEN6 was dose depen-
dent. However, the percentage of survival was comparable and
not significantly different across all transplanted animals: 400K
(0.23+0.08%), 200K (0.26+0.12%), 100K (0.26+0.18%).
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HENG6 Transplantation Dose Dependently
Ameliorates Stroke-Induced Behavioral Deficits

All animals included in this study did not display any detect-
able behavioral deficits at baseline (Figure 2). After MCAo
stroke surgery, animals exhibited significant impairments
in both motor and neurological performance, which were
evident during the 1-hour MCAo (data not shown), and
was maintained throughout the 7-day study period in those
stroke animals that received vehicle infusion. In contrast,
stroke animals that received HEN6 exhibited a dose-depen-
dent improvement in behavioral outcomes (pairwise com-
parisons between groups, P<0.05), with the highest dose
of 400K displaying the most pronounced functional recov-
ery (F,,=83.26; P<0.01). This dose-dependent behavioral
recovery was consistent for both motor and neurological
assays and across all times points examined (ie, days 3, 5,
and 7). Sham-operated animals (normal) did not show any
detectable deficits throughout the study period. The HEN6
transplanted stroke animals, while demonstrating 20% to
45% improvement versus the vehicle-infused stroke animals,
were still significantly impaired compared with this normal
group (P<0.05).

HENG6 Transplantation Reduces Infarct

Volume, Suppresses Reactive Gliosis, and

Induces Vasculogenesis

We used TTC to determine the therapeutic effect of HEN6 on
the brain infarct. The infarct volumes (total, in cortex, and in
transplanted striatum) were 87.7+17.4 (27.1£5.4%), 57.4+11.1,
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and 30.2+9.6 mm?® in control; 73.2x14.1 (23.9£3.1%),
52.848.0, and 20.4+10.0 mm® in 100K group; 40.4+15.8
(13.1+4.5%), 32.4+7.7, and 8.0+9.2 mm? in 200K group; and
30.8+14.3 (10.4+4.7%), 27.1x£11.0, and 3.7+3.4 mm? in 400K
group (Figure 3). The infarct volume was significantly reduced
in 400K and 200K HENG transplanted groups compared with
control group, which received PBS injection (P<0.05). Next,
we used GFAP immunostaining to reveal reactive gliosis on
peri-infarct area. The intensity ratio of GFAP-positive area
in control, 100K, 200K, and 400K was 29.5+10.0, 26.7+9.2,
12.7£2.5, and 13.3+4.6% (Figure 3). Glial formation was
significantly reduced in 400K and 200K HENG6 transplanted
groups compared with 100K and control groups (P<0.05).
In addition, we used collagen IV immunostaining to reveal
vascularization within the area of the transplanted striatum.
The intensities of collagen IV—positive area in control, 100K,

:
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200K, and 400K were 0.2+0.3%, 6.3+6.9%, 18.2+10.7%, and
25.4+9.3% (Figure 3). Vasculogenesis within the striatum was
significantly increased in 400K and 200K HENG6 transplanted
groups compared with 100K and control groups (P<0.01).

HENG6-Mediated Neuroprotective Cellular

Processes Correlate With Infarct Volume and
Reactive Gliosis

All brain repair parameters, including survival of trans-
planted cells, reduction in infarct volume, suppression of
gliosis change, and enhanced vasculogenesis, showed good
correlations. The dose-dependent survival of transplanted
cells correlated with infarct volume, gliosis (GFAP immuno-
reactivity), and vasculogenesis (collagen IV immunoreactiv-
ity; Figure 3B). The correlation matrix of these brain repair
parameters showed positive correlations between infarct

C Correlation matrix
;Egg Stroke GFAP -
SOrival wvolume intensity intensity
HENS
graft 1.000 -0813 -0651 0.805
survival
Stroke 0813 1.000 0912 -0.886
volume
GFAP
intensity -0651 0912 1.000 -0.765
Collagen .
v 0.805 -0.886 -0.765 b
intensity

Figure 3. Human cerebral endothelial cells (HENG) attenuates stroke-induced histological deficits. Transplantation of HEN6 reduced
infarct volume (2,3,5-triphenyltetrazolium chloride [TTC]), suppressed reactive gliosis (GFAP), and induced vasculogenesis (collagen 1V;
A). Graphical rendition of correlations among GFAP (green), collagen IV (red), and infarct volume (line) are presented (B), indicating that
with HENG reducing the infarct volumes in 400K and 200K transplanted stroke animals, there was a corresponding suppression of reac-
tive gliosis (GFAP) and elevation of collagen IV. Numeric coefficients of correlation are shown (C). Scale bar in TTC-stained brains is 5
mm. Scale bar in GFAP and collagen IV equals 50 pm. GFAP indicates glial fibrillary acidic protein.
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volume and gliosis and a negative correlation between the
infarct volume and the vasculogenesis. In addition, the corre-
lation matrix showed that HEN6 graft survival was positively
correlated with vasculogenesis but negatively correlated with
gliosis, and gliosis was negatively correlated with vasculogen-
esis (Figure 3C).

HENG Induces Vasculogenesis in Endogenous

and Exogenous Cells

To answer the question whether transplanted HEN6 afford
neovascularization, we used double-immunolabeling of HuNu
and collagen IV in the stroke brain. Surviving HuNu-positive
transplanted HENG6 in ischemic striatum formed a new micro-
vascular-like structure that was positive against collagen IV
and juxtaposed to the host vasculature that was also positively
stained against collagen IV (Figure 4). The formation of this
microvascular-like structure was dose dependent, reflecting
the dose-dependent HENG6 graft survival.

HENG6 Promotes Endogenous Neurogenesis

To reveal whether the HENG6 histological benefits extend to
neurogenesis, we used double-immunolabeling of HuNu and
nestin in the stroke brain. Nestin-positive cells were detected
migrating from centrally located HuNu-positive-transplanted
cells. In addition, colocalization of nestin-positive cells around
HuNu-positive cells was observed (Figure 4).

VEGTF Protects PRNCs Against OGD Condition

We examined cultured PRNCs with VEGF treatment under
OGD condition as a prelude to assessing a VEGF role in
HENG6 neuroprotection in stroke. The number of apoptotic
caspase 3-—positive cells in both VEGF treatment group
(groups B [41.47+4.39%] and C [44.85+7.85%]) was sig-
nificantly reduced than no VEGF treatment group [group
A [59.15+8.62%]). Treatment with anti-VEGF in com-
bination with VEGF in groups E (66.28+3.89%) and F
(61.97+9.84%) abolished the VEGF neuroprotective effect
(P<0.05). Moreover, anti-VEGF treatments alone (with-
out VEGF; group D [89.75+3.92%]) significantly exac-
erbated the OGD-induced neurotoxicity compared with
other groups (P<0.05; Figures I and V in the online-only
Data Supplement). Relative mitochondrial reductase activ-
ity in VEGF treatment group (groups B [32.72+2.47%] and
C [35.3£1.13%]) was significantly higher than in the basal
medium (group A [25.77+0.57%]) and anti-VEGF treat-
ment groups (groups D [13.35+£2.21], E [16.02+1.45], and F
[18.52+2.62%]; P<0.05; Figure 5).

Coculture of PRNCs and HEN6 Combined With
VEGF Treatment Optimally Attenuates
OGD-Induced Neuronal Cell Death

PRNCs exposed to the OGD condition were then cocul-
tured with HEN6 or fibroblasts in the medium containing
VEGF and anti-VEGF. Additional 12 treatment groups
(groups G-R) are provided in Figure I in the online-only
Data Supplement. On the basis of the apoptosis caspase
3 immunohistochemistry and the MTT assay, we found
that PRNCs cocultured with fibroblasts (groups G-L)
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Nestin

Figure 4. Human cerebral endothelial cells (HEN6) induces
endogenous and exogenous vasculogenesis and neurogenesis.
HENG grafts were labeled with human-specific antigen HuNu
(A-C; green). The vascular marker collagen IV (A; red) revealed
labeling of the exogenous transplanted HENG (asterisk in A) and
the endogenous vasculature (arrowhead in A). Double positive
cells, using the other vascular marker von Willebrand factor
(VWF; B; red) colabeled with HuNu, correspond to exogenous
vasculature (arrow in B), whereas vWF-positive cells but negative
for HuNu represent endogenous vasculature (arrowhead in B). In
addition, cells positive for the immature neural marker nestin

(C; red) and colabeled with the HuNu-positive transplanted HEN6
indicate exogenous neurogenesis, whereas the nestin-positive
cells but negative for HuNu represent endogenous neurogenesis.
Abundant nestin-positive cells (D; green) surrounding the trans-
plants suggest that endogenous neurogenesis within the striatum
was enhanced by the HENG grafts. Scale bar, 50 pm.

displayed significant cell death when compared with the
singly cultured PRNCs subjected to OGD as described
above. However, PRNCs cocultured with HEN6 (groups
M-R) exhibited significantly reduced OGD-induced cell
death. In addition, VEGF treatments boosted the HEN6



neuroprotective effects that not only blocked the anti-VEGF
treatment, but also exacerbated the OGD-induced neurotox-
icity. These results were summarized in Figures I and V in
the online-only Data Supplement. In the ELISA analysis,
VEGF concentrations across all VEGF treatment groups
alone and HENG6 alone were comparable and did not dif-
fer significantly, except for the combination of HEN6 and
VEGEF that showed a trend of much higher VEGF upregula-
tion (data not shown). These VEGF-treated groups, as well
as the HENG alone groups, showed significantly increased
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levels of VEGF in comparison with no VEGF/no HEN6
coculture and anti—-VEGF-treated groups (data not shown).

Discussion
We demonstrated in the present study that transplantation of
the human endothelial cell line, HENG6, reduced infarct vol-
ume and behavioral deficits accompanied by enhanced endog-
enous vasculogenesis and neurogenesis and with some grafted
cells exhibiting a new microvasculature indicating exogenous
vasculogenesis. The mechanism of HEN6 neuroprotective
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Figure 5. Human cerebral endothelial cells (HEN6) reduces oxygen-glucose deprivation (OGD)-induced cell death in cocultured primary
neuronal cells (PRNSCs). Representative caspase 3 immunocytochemical (ICC) images of control (no OGD) vs OGD under single cul-
ture of PRNCs or cocultured with HENG in the routine DMEM culture condition or supplemented with vascular endothelial growth factor
(VEGF), anti-VEGF or combination of both (A). In addition, as appropriate coculture control condition, PRNCs were cocultured with fibro-
blasts (FB; ICC images not shown but comparable with single culture condition). Quantifications of all treatment conditions revealed that
OGD produced significant apoptotic cell death (caspase 3; B) and impaired the oxidative metabolism (relative mitochondrial activity; C),
which were blocked by VEGF treatment, and such neuroprotective effects were further enhanced by coculture with HEN6 but not with

FB. *P<0.05. Scale bar, 50 um. BM indicates basal medium.
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effects was likely mediated by the VEGF signaling pathway.
Altogether, repairing the endothelial component of the neuro-
vascular unit was shown here as a key neuroprotective process
for stroke therapy.

Despite the reported functional recovery in transplanted
stroke animals and limited clinical trials in patients with
stroke,'* a major gap in our knowledge is the mechanism of
action underlying cell therapy. We speculated that vascular
repair is a vital neuroprotective process in stroke as docu-
mented previously.?*?¢35-3% However, it is not clear whether
the cell graft-induced neovascularization has endogenous and
exogenous components. Furthermore, the correlation between
vasculogenesis and neurogenesis in stroke after cell transplan-
tation remains uncertain. Here, we demonstrated that HEN6
transplantation exerted both endogenous and exogenous neo-
vascularization. To this end, we show both collagen IV and
vWF as markers of vasculogenesis. In support of delineating
endogenous from exogenous vasculogenesis, we observed
blood vessels stained with the human-specific antigen marker,
HuNu, that colabeled with collagen IV or vWF correspond-
ing to exogenous vasculogenesis (Figure 4). In addition, we
detected that juxtaposed to this exogenous vasculogenesis is
collagen IV or vWF-stained vessels but without HuNu label-
ing indicating endogenous vasculogenesis. However, our pres-
ent data do not distinguish between new vessels and preserved
cells after stroke and transplantation. An equally important
finding here is that graft-induced vascularization is accompa-
nied by enhanced neurogenesis.?'*® Similar to our observed
exogenous and endogenous vasculogenesis, we found nes-
tin-labeled cells positively or negatively stained with HuNu,
suggesting exogenous and endogenous neurogenesis, respec-
tively. Of note, the robust nestin expression enveloping the
HuNu-positive cells implies enhanced endogenous neurogen-
esis. Further characterization of HEN6 graft effects on both
angiogenesis and neurogenesis is warranted.

That HEN6 showed VEGF upregulation, and that a trend of
improved VEGF elevation detected in the combination group
of VEGF and HENG, both of which blocked by anti-VEGEF,
suggest that the neuroprotection afforded by HENG is regu-
lated by the VEGF pathway. Alternatively, other trophic factors
secreted by HENG6 (not examined here) might be contributing
additive effects to the exogenous VEGF in producing the neuro-
protection against OGD-induced cell death. These therapeutic
substances seem to be specific to HEN6 because the fibroblasts
coculture did not afford protection against OGD. In addition,
the HENG cell-to-cell contact with PRNCs, as opposed to the
substrate produced by fibroblast-PRNC coculture, could have
also mitigated the observed therapeutic benefits. The detection
of microvascular morphology in HEN6-grafted stroke animals
might have been similarly achieved in the in vitro condition,
although likely masked by the short period and incomplete
neurovascular unit in the cell culture system. The host micro-
environment, in particular the notion of a vasculome in the
brain,*® may also contribute to the fate and function of trans-
planted cells. These speculative secretory and cell substrate
mechanisms warrant further investigations.

HENG6 may display multiple endothelial cell functions, such
as enhancing vasculogenesis and fostering the integrity of the
blood brain barrier. An important molecule that interacts with
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endothelial cells is VEGF that could induce vasculogenesis by
promoting proliferation and migration of endothelial cells to
the site of injury.*® Furthermore, VEGF is a key factor stimu-
lated within a few hours after cerebral ischemia.*'** The pres-
ent study suggests that a combination of increased VEGF level
(as detected in vitro) and enhanced HENG6/host endothelial
cell proliferation, migration, and microvasculature-like struc-
ture formation within the ischemic brain contributed to the
observed therapeutic benefits in this stroke model.

As we translate these findings to the clinic, basic questions
on safety and efficacy of the transplant regimen arise. The pres-
ent intracerebral transplantation targeting the striatal penum-
bra in the supra-acute stroke stage while effective may not be
practical in the clinic. Extending such neurosurgical procedure
to a few days after stroke may be more feasible in the clinic.
For cell dose, we demonstrated the minimum effective dose of
200K for purified HENG6 transplantation that is comparable with
other kinds of cell type.!%*" In view of our findings that VEGF
contributed to the therapeutic benefits, combination therapy of
VEGEF and cell therapy is indicated as described previously.>>

This proof-of-concept study demonstrated efficacy and
mechanism of action mediating immortalized cerebral endo-
thelial cell transplantation in stroke. The present 7-day graft
maturation period requires long-term assessment of benefit
and safety. The present study is focused on the acute thera-
peutic effects of HEN6 transplantation, warranting the need
for determining the chronic effects of cell therapy on angio-
genesis and neurogenesis. Although stroke has been widely
considered as an acute neurological disease, an equally del-
eterious secondary cell death ensues after the initial ischemic
insult that will require aggressive therapeutic intervention
with stable neurostructural and functional benefits over time.
Highly regulated immortalized®* or nonimmortalized endo-
thelial progenitor cells*®**363 have potential cell-based trans-
plant applications in stroke.
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Ischemic Stroke Brain Sends Indirect Cell Death
Signals to the Heart

Hiroto Ishikawa, MD, PhD; Naoki Tajiri, PT, PhD; Julie Vasconcellos, BS; Yuji Kaneko, PhD;
Osamu Mimura, MD, PhD; Mari Dezawa, MD, PhD; Cesar V. Borlongan, PhD

Background and Purpose—Ischemic stroke is a leading cause of mortality and morbidity in the world and may be
associated with cardiac myocyte vulnerability. However, it remains uncertain how an ischemic brain contributes to
cardiac alternations. Here, we used experimental stroke models to reveal the pathological effects of the ischemic brain

on the heart.

Methods—For the in vitro study, primary rat neuronal cells were subjected to 90-minute oxygen—glucose deprivation (OGD).
Two hours after OGD, the supernatant was collected and cryopreserved until further biological assays. Primary rat cardiac
myocytes were exposed to ischemic-reperfusion injury and subsequently to the supernatant derived from either the OGD
or non—OGD-exposed primary rat neuronal cells for 2, 6, 24, or 48 hours. Thereafter, we measured cell viability and
mitochondrial activity in rat cardiac myocytes. For the in vivo study, we subjected adult rats to transient middle cerebral
artery occlusion, and their brains and hearts were harvested for immunohistochemical analyses at 3 months later.

Results—The supernatant from the OGD, but not the non—-OGD-exposed primary rat neuronal cells, caused significant
reduction in cell viability and mitochondrial activity in rat cardiac myocytes. Ischemic stroke animals displayed
phenotypic expression of necrosis, apoptosis, and autophagy in their hearts, which paralleled the detection of these same

cell death markers in their brains.

Conclusions—Ischemic stroke was accompanied by cardiac myocyte death, indicating a close pathological link between
brain and heart. These results suggest a vigilant assessment of the heart condition in stroke patients, likely requiring the
need to treat systemic cardiac symptoms after an ischemic brain episode. (Stroke.2013;44:3175-3182.)

Key Words: apoptosis m autophagy m brain ischemia m myocytes, cardiac ® necrosis

Ischemic heart and cerebrovascular disease are the first and
second leading causes of death in the world. The United
States spends $206.8 billion for cardiac disease and $53.9 bil-
lion for ischemic stroke, including expenses for healthcare
services, medications, and loss of productivity.? The risk
factors of cardiovascular or cerebrovascular diseases involve
environmental and genetic entities, most notably high blood
cholesterol levels, high blood pressure, diabetes mellitus, obe-
sity, and history of cardiovascular diseases.*”

In the clinic, most deaths following ischemic stroke are a
direct result of neurological damage. Second to neurologi-
cally linked fatalities are deaths caused by cardiac failure.®’
Of note, 2% to 6% of deaths are of cardiac origins in the 3
months following ischemic stroke.”® Although this percentage
of cardiac cell death declines after the early stage, data show
that those who have ischemic stroke are more likely to present
with cardiac death than age-matched nonstroke victims, with
the former exhibiting abnormal rhythms in ECG, as well as
large changes in cardiac enzyme and plasma catecholamines.’
Cardiac enzymes are most closely associated with elevated

troponin and creatine phosphokinase levels, which become
evident when cardiac cells are under stress and dying.'®
Increased catecholamine levels are associated with high blood
pressure and tachycardia and are present also during stress.!!
For years, the correlation between cerebrovascular inci-
dents had been ascribed primarily to overlapping risk factors.
However, damage to the insular cortex has been shown to pro-
duce a high incidence of cardiac death compared with other
brain regions, in that up to 88% of patients with insular cortical
stroke present with cardiac symptoms in the following weeks
after stroke.!? The role of the insular cortex in sympathetic and
parasympathetic nervous system control has been implicated
in the observed cardiac alterations.!* Cardiac autonomic tone
is controlled by the insular cortex, and with the loss of this
regulatory function after stroke, cardiac compromise is more
likely to ensue.'® Disagreement remains on whether a specific
region of the insular cortex or as a whole differentially causes
cardiac myocyte death. Indeed, insular cortex damage is rarely
seen without injury to other structures in the brain when mid-
dle cerebral artery occlusion (MCAOo) is induced. Therefore,
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the direct involvement of the insular cortex in cardiovascular
disorders following stroke is still not well established.

In the present study, we explored the relationship between
neuronal cell death and cardiac myocyte compromise using
both in vitro and in vivo stroke models. For the in vitro study,
we used the oxygen—glucose deprivation (OGD) condition in
primary rat neuronal cells (PRNCs) and used the supernatant
to explore cellular changes in rat cardiac myocytes (RCMs)
following ischemic—reperfusion (I/R) injury. For the in vivo
study, we induced transient MCAo in adult rats and performed
immunohistochemical analyses on the brains and hearts of
stroke rats to reveal different cell death markers. We hypoth-
esized that the ischemic brain compromises cardiac myocytes
through secretion of cell death factors.

Material and Methods
In Vitro Study

Cell Culture

PRNCs were obtained from BrainBits. As per the manufacturer’s
protocol, cells (4 x 10* cells/well) were suspended in 200 pL supple-
mented neurobasal medium containing 2 mmol/L L-glutamine and 2%
B27 in the absence of antibiotics and grown in Poly-L-Lysine-coated
96-well (BD Biosciences) at 37°C in humidified atmosphere contain-
ing 5% carbon dioxide. PRNCs were grown until reaching =70%
cell confluence. We immunocytochemically determined that PRNCs
expressed the vesicular glutamate transporter-1. Thereafter, PRNCs
were subjected to OGD condition as described below.

RCMs were obtained from Lonza. As per the manufacturer’s pro-
tocol, cells (1.5 x 10° cells/well) were suspended in 200 pL supple-
mented rat cardiac myocyte basal medium (Lonza) containing rat
cardiac growth medium SingleQuots and incubated for 4 hours in
nitrocellulose-coated 96-well at 37°C in humidified atmosphere con-
taining 5% carbon dioxide. At day 1 in vitro (DIV1), 80% of medium
was removed from the cells and treated with prewarmed rat cardiac
myocyte basal medium containing 200 pmol/L BrdU for 4 hours. At
DIV3, 50% of the medium was removed from the cells and changed
to a fresh rat cardiac myocyte basal medium containing 200 pmol/LL
BrdU. Thereafter, at DIVS, RCMS were subjected to further experi-
ments as described below.

OGD in PRNCs

At DIVS, PRNCs were subjected to 90 minutes OGD condition as de-
scribed previously.' Briefly, the neuronal cells were initially exposed

to OGD medium (116 mmol/L NaCl, 5.4 mmol/L KCI, 0.8 mmol/L
MgSO,, 1 mmol/L. NaH PO,, 26.2 mmol/L. NaHCO,, 0.01 mmol/L
glycine, 1.8 mmol/L CaCl, pH 7.4), placed in an anaerobic chamber
(PlasLabs) containing 95% nitrogen and 5% carbon dioxide for 15
minutes at 37°C, and finally the chamber was sealed and incubated
for 90 minutes at 37°C (hypoxic-ischemic condition). After the hy-
poxic-ischemic condition, the culture was reintroduced to the nor-
moxic condition containing 5 mmol/L glucose for 2 hours resembling
a reperfusion. Thereafter, the supernatant was collected from the cul-
ture and subjected to the following experiments described below.

I/R Injury in RCMs

At DIV5, RCMs were subjected to I/R injury using OGD condition.
After /R injury, RCMs were incubated with DMEM or the superna-
tant from PRNCs in normoxic condition. To determine the exposure
period that was most toxic, we preset the reperfusion at different time
points as follows: Group A: 2 hours incubation with DMEM without
I/R injury as a control; Group B: 2 hours reperfusion with DMEM;
Group C: 6 hours reperfusion with DMEM; Group D: 24 hours re-
perfusion with DMEM; Group E: 48 hours reperfusion with DMEM;
Group F: 2 hours incubation with the supernatant from PRNCs with-
out I/R injury; Group G: 2 hours reperfusion with the supernatant
from PRNCs; Group H: 6 hours reperfusion with the supernatant;
Group I: 24 hours reperfusion with the supernatant; and Group J: 48
hours reperfusion with the supernatant, which are summarized in the
Table. Thereafter, RCMs were subjected to further analyses.

Immunocytochemistry

To confirm that the OGD condition produced neuronal death in
PRNCs, immunohistochemistry was performed. After OGD condi-
tion, PRNCs were rinsed twice in PBS and fixed in 4% paraformal-
dehyde fixative for 5 minutes at room temperature. After the fixation,
cells were rinsed in PBS and PBS containing Tween-20 (ab 64247;
abcam) (PBST) twice each. Then they were blocked by 5% goat serum
(50062Z; Invitrogen) for 30 minutes at room temperature. They were
incubated with first antibodies; an anti—tumor necrosis factor (TNF)-
o antibody (mouse monoclonal [ab1793]; abcam) for necrosis, anti—
active Caspase 3 antibody (rabbit polyclonal [ab13847]; abcam) for
apoptosis, anti-Fas Ligand antibody (rabbit polyclonal [ab15285];
abcam) for apoptosis, and anti-MAPILC3A antibody (rabbit poly-
clonal [ab64123]; abcam) for autophagy, with 5% serum and 0.2%
triton X-100 (Fischer Scientific, Pittsburgh, PA) for 1 hour at room
temperature. After primary antibody incubation, they were rinsed
twice in PBST again. Next, they were incubated in secondary anti-
bodies; goat anti-mouse IgG Alexa Fluor 488 conjugate (Invitrogen)
and goat anti-rabbit IgG Alexa Fluor 594 conjugate (Invitrogen) for
1 hour at room temperature. After incubation with secondary antibod-
ies, they were rinsed in PBST and PBS twice each. Thereafter, they

Table. Summary of Experimental Groups and Immunohistochemical Results of Cell Death Markers in the In Vitro Study

Groups A B C D E F G H | J
Injury No I/R I/R I/R I/R No I/R I/R I/R IIR
Medium DMEM DMEM DMEM DMEM DMEM Supernatant Supernatant Supernatant Supernatant Supernatant
from PRNCs  from PRNCs  from PRNCs  from PRNCs  from PRNCs
Reperfusion 2 2 6 24 48 2 2 6 24 48
time (h)
TNF-a. 11.0£7.0%  27.5+13.5% 35.8+22.6% 32.8+14.0% 45.2+19.3% 15.3x14.2% 36.4+19.9% 38.6x24.9% 51.4+31.7% 60.2+30.1%
Caspase 3 27.9+12.3% 32.6+£17.1% 53.1x11.4% 59.8+16.7% 73.5+12.0% 27.5+11.7% 34.7x10.1% 69.8+10.4% 71.3+8.4% 89.4+4.6%
Fas Ligand 35.4+9.0% 44.3x17.6% 61.0£12.9% 59.6+151% 76.1+16.5% 42.4+19.9% 55.6+18.7% 59.4+15.6% 73.0x17.6% 87.2+7.7%
MAP1LC3A 30.7£8.7% 27.2+8.3% 51.7x152% 86.5+11.2% 82.9+10.4% 42.0+18.6% 59.9+31.6% 73.3+13.4% 85.5+12.4% 95.2+3.3%

Rat cardiac myocytes were cultured for 5 days and then subjected to ischemic—reperfusion (I/R) injury. Group A: 2 hours incubation with DMEM without I/R injury
as a control, Group B: 2 hours reperfusion with DMEM, Group C: 6 hours reperfusion with DMEM, Group D: 24 hours reperfusion with DMEM, Group E: 48 hours
reperfusion with DMEM, Group F: 2 hours incubation with the supernatant from primary rat neuronal cells (PRNCs) without I/R injury, Group G: 2 hours reperfusion with
the supernatant from PRNCs, Group H: 6 hours reperfusion with the supernatant, Group I: 24 hours reperfusion with the supernatant, and Group J: 48 hours reperfusion
with the supernatant. TNF-o indicates tumor necrosis factor-.
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were incubated with Hoechst 33342 (Sigma) for 10 minutes at room
temperature for nucleus staining and rinsed twice in PBS.

Next, to reveal the toxicity of the supernatant harvested from
PRNCs on RCMs, RCMs were subjected to I/R injury (as described
above), then subsequently exposed to the supernatant from OGD- or
non-OGD-exposed PRNCs and processed for immunocytochemical
analyses of cell death.

Cell Viability Assay

Measurement of RCMs viability was performed using fluorescent
live/dead cell assay.'” A 2-color fluorescence cell viability assay was
performed using calcein-AM (Invitrogen) that revealed an intense
uniform green fluorescence in live cells and ethidium homodimer
(EthD-1, Invitrogen) characterized by red fluorescence bound to the
nuclei of damaged cells. Following IR injury, the cells were incubated
with 2 pmol/L calcein-AM and 4 pmol/L EthD-1 for 45 minutes at
room temperature in darkness. After washing with PBS, the green
fluorescence of the live cells was measured by the Gemini EX flores-
cence plate reader (Molecular Device), with excitation at 485 nm and
emission at 538 nm. To calibrate the cell viability precisely, the values
were standardized from florescence intensity.

Mitochondrial Activity Assay

Changes in 3-(4, 5-dimethyl-2-thiazoyl)-2, 5-diphenyltetrazolium
bromide (MTT) as revealed by cellular dehydrogenases has been used
as a measure of mitochondrial activity. MTT assay was performed
according to the manufacturer’s protocol (Roche) as previously de-
scribed.'® After I/R injury, the RCMs were incubated with 0.5 mg/mL
MTT 37°C and 5% CO, and incubated with lysis buffer overnight in
a humidified atmosphere at 37°C and 5% CO,. The optical density of
solubilized purple formazan was measured at 570 nm on a Synergy
HT plate reader (Bio-Tex).

In Vivo Study

Stroke Surgery

Stroke surgery was performed using the transient MCAo model as
previously described."'* Animals were anesthetized with 1% to 2%
isoflurane in nitrous oxide/oxygen (69%/30%) using a face mask.
Body temperature was maintained at 37°C +0.3°C during the surgical
procedures. A midline skin incision was made in the neck with sub-
sequent exploration of the right common carotid artery, the external
carotid artery, and internal carotid artery. A 4-0 monofilament nylon
suture (27-28 mm) was advanced from the common carotid artery
bifurcation until it blocked the origin of the MCA. Animals were al-
lowed to recover from anesthesia during MCAo. After 60 minutes
of transient MCAo, animals were reanesthetized and reperfused by
withdrawal of the nylon thread. The animals were then closed and
allowed to recover from anesthesia. We have previously standardized
the MCAo model, with stroke animals showing 280% reduction in
regional cerebral blood flow during the occlusion period as deter-
mined by laser Doppler (Perimed). To further ensure similar degree
of stroke insults, physiological parameters including Pao,, PaCO,,
and plasma pH measurements were monitored, and we found no sig-
nificant differences in our stroke animals. We initially used 10 rats
for the stroke surgery and subsequently included 8 rats that reached
the criterion of 80% cerebral blood flow reduction during occlusion.
Age-matched animals that were exposed to sham surgery served as
controls. However, during the initial conduct of analyses, only trace
levels or nondetectable signals of all cell death markers were obtained
from these sham animals, thus subsequent analyses (reported here)
focused on stroke animals.

Histology and Immunohistochemistry

Rats were deeply anesthetized and perfused transcardially with 4%
paraformaldehyde fixative at 3 months after MCAo. Brains and
hearts were harvested and postfixed in the same fixative for 24 hours,
followed by 30% sucrose in PBS for 1 week. Frozen sections were
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then cut at 30 pum in a cryostat and stored at —20°C. To demonstrate
cell death, immunohistochemical investigations were performed.
Frozen sections were incubated overnight at 4°C with first antibod-
ies tested for in vitro study. After rinsing 3 times in PBS, sections
were incubated for 2 hours at room temperature in the same second-
ary antibodies as noted above for immunocytochemistry and with
Hoechst33342 (Sigma) as counterstain. The sections were washed
again 3 times in PBS and mounted on glass slides using mounting
medium. Control studies included exclusion of primary antibody
substituted with 10% goat serum in PBS. No immunoreactivity was
observed in these controls.

Evaluation of Immunostained Cells

To evaluate the number of immunopositive cells, we semiquantita-
tively defined cells as follows: no positive cells (no cells/1 visual
filed): (=), low (1-3 cells): (+), medium (4-9 cells): (++), high (>10
cells): (+++).

Statistical Analysis

Analysis of variance and post hoc ¢ test were used for statistical anal-
yses. All data were presented as mean=SEM. In all analyses, P<0.05
was considered statistically significant.

Results

PRNCs and RCMs Are Vulnerable to Cell Death
After I/R Injury

PRNC:s after OGD displayed significant cell death. Necrotic
cells (TNF-o—positive cells) were widespread under OGD
(20.3+9.0%), but limited under normal condition (8.2+4.7%)
(P<0.05). Apoptotic Caspase 3-positive cells were rampant in
PRNCs under OGD (78.4+19.1%) and higher than PRNCs in
normal condition (43.1+9.8%) (P<0.05). Fas Ligand—positive
apoptotic cells were markedly increased in OGD (77.7+7.0%)
compared with normal condition (14.6+4.9%) (P<0.01). In
addition, autophagic MAP1L3CA-positive cells were sig-
nificantly higher in OGD (86.3+6.4%) than normal condition
(39.4+8.3%) (P<0.01) (Figure 1).

In immunocytochemical analyses of RCMs, all cell death
markers were significantly increased after I/R injury com-
pared with normal condition (summarized in Table). Analyses
of necrosis revealed TNF-o immunoreactivity was increased
and reached over 40% at 48 hours after I/R injury. Analyses
of apoptosis showed the number of cells expressing Caspase
3 and Fas Ligand immunoreactivity were increased time
dependently and reached over 70% at 48 hours after I/R injury.
In the analyses of autophagy-related cell death, the number of
cells with MAPILC3A immunoreactivity reached over 80%
and peaked at 24 hours after I/R injury (Figure 2).

Supernatant From PRNCs Is Toxic to RCMs

Next, we used the supernatant from OGD-exposed PRNCs
as a medium in RCMs culture after I/R injury to examine
whether the supernatant produced an exacerbating toxic effect
on the cardiac myocytes. In immunocytochemical analyses
of RCMs with the OGD supernatant, all cell death markers
were detected (summarized in Table). Analyses of necrosis
revealed TNF-a immunoreactivity in the OGD supernatant
groups (Group I and J) was significantly higher at 24 and 48
hours after /R injury compared with the non-OGD groups
(Group D and E) (P<0.05), with >60% necrotic cells detected
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Figure 1. Immunocytochemical analyses
of primary rat neuronal cells after oxygen-—

glucose deprivation (OGD) condition. Cell
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evidenced by significantly increments in
tumor necrosis factor-a (TNF-a), Caspase
3, Fas Ligand, and MAP1LC3A labeled
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at 48 hours after /R injury. Analyses of apoptosis demon-
strated time-dependent increments in Caspase 3 and Fas
Ligand immunoreactivity. Significant increments in Caspase
3 immunoreactivity started as early as 6 hours after I/R injury,
whereas Fas Ligand exhibited significant increments not until
24 hours after I/R injury (P<0.05). Both Caspase 3 and Fas
Ligand in the OGD supernatant groups reached over 80%
immunoreactivity at 48 hours after I/R injury. In the analy-
ses of autophagy-related cell death, significant elevation of
MAPILC3A immunoreactivity was detected as early as 2
hours after I/R injury (P<0.05) and reached over 90% immu-
noreactivity at 48 hours after I/R injury (Figure 2).

In analyzing cell viability and mitochondrial activity in
RCMs, I/R injury alone without the supernatant from OGD-
exposed PRNCs (DMEM treatment group) did not lead to
cardiac myocyte cell death, even up to 48 hours after I/R
injury. With the addition of the supernatant from OGD-
exposed PRNCs, calcein assay showed that RCM viability
significantly decreased at 24 hours after I/R injury com-
pared with normoxic condition (control) or versus non-OGD
(DMEM) treated groups (P<0.01). In the MTT assay, the
relative mitochondrial reductase activity of RCMs was also
significantly reduced with the additional of the supernatant
from OGD-exposed PRNCs at 48 hours after I/R injury
(P<0.05) (Figure 3).

(**: p<0.01)

Both Brain and Heart in Chronic Ischemic Stroke
Rats Exhibit Cell Death

Immunohistochemical results revealed cell death in the isch-
emic stroke brain and heart. In the brain analyses, all cell death
markers were positive in ipsilateral side; TNF-o—positive and
Fas Ligand—positive cells were mostly found in the ipsilateral
side, while Caspase 3 and MAP1LC3A were positive in both
hemispheres, the contralateral side immunoreactivity was less
intense than ipsilateral side (Figure 4). In the heart analyses,
all cell death markers were detected in cardiac myocytes; low
number of TNF-a—positive and Fas Ligand—positive cells (+),
moderate number of Caspase 3-positive cells (++), and high
number of MAP1LC3A-positive cells (+++) were detected in
the heart after ischemic stroke. The immunoreactivity of the
same cell death markers in brains and hearts from sham animals
was less intense than those from stroke animals (Figure 4).

Discussion

In the present study, we explored whether ischemic stroke
conferred cell death signals to the heart. The in vitro study
showed that the supernatant from ischemic (ie, OGD exposed)
PRNCs rendered toxic effects on RCMs. Similarly, the in vivo
study showed that ischemic stroke animals exhibited RCM
cell death. Altogether these results suggest a close pathologi-
cal link between ischemic stroke and cardiac arrest.
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Figure 2. Immunocytochemical
analyses of rat cardiac myo-
cytes (RCMs) after ischemic—
reperfusion (I/R) injury and
treatment with supernatant har-
vested from primary rat neuronal
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Heart failure and ischemic brain stroke are major causes of
mortality and disability around the world.”” Sometimes, the
failure of these 2 organs occurs simultaneously, resulting in a
more severe condition. The present study focused on cardiac
myocyte death following ischemic stroke, using experimental
in vitro and in vivo stroke models. Cardiac arrest leading to
brain damage has been previously reported.>*® Here, we show
that ischemic stroke could also lead to cardiac alterations.

How does the ischemic stroke disrupt heart function? A nor-
mal, nonpathogenic heart autonomously beats while the brain
controls heart rate via adrenergic pathways affected by exer-
cises and emotions.?! Previous clinical studies have shown that
the damaged brain, as a consequence of ischemic stroke, is
not able to control the heart rhythms suggesting that the heart
compromise may be a direct result of ischemic stroke.3!> The
insular cortex in the brain is most closely linked to the heart
rhythm control,”> as documented in laboratory and clinical
studies,”? indicating a close interaction between heart altera-
tions and insular cortex damage following ischemic stroke.
Interestingly, an ischemic event increases inflammation in
atherosclerotic plaques and extramedullary monocytopoiesis
via progenitor cells released from the bone marrow stromal

(*: p<0.05, **: p<0.01)

niche, resulting in plaque rupture.’® However, heart compro-
mise following ischemic stroke unrelated to insular cortical
damage has also been reported,”’ supporting the notion of
an indirect control of heart alterations by the ischemic brain.
Accordingly, a key rationale in the present study is to explore
this indirect cell death pathway between the brain and heart.
An unexpected finding of this study is that the direct I/R
injury to the RCMs (without OGD supernatant from PRNCs,
only DMEM; Figure 3) actually did not cause cardiac myocyte
death (see calcein and MTT assays), which might reflect a com-
pensatory protective mechanism during the acute stage of injury
(048 hours). The addition of OGD supernatant was shown
here to trigger the massive cell death to the heart, suggesting
that the indirect pathway of ischemic stroke regulating cardiac
cell death plays an important role in cardiac failure which until
now has not been fully recognized. Other potentially parallel
pathways linking stroke and cardiac cell death also need to be
considered including systemic inflammatory responses,?’
roendocrine-mediated myocardial suppression,’® and changes
in circulating endothelial progenitor cells.*
Immunocytochemical analyses of PRNCs after OGD and
RCMs after I/R injury showed that all cell death markers were

neu-
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Figure 3. Cell viability and mitochondrial activity

in rat cardiac myocytes (RCMs) after ischemic~
reperfusion (I/R) injury and supernatant from
oxygen—glucose deprivation (OGD)-exposed
primary rat neuronal cells (PRNCs). Cell viability

of RCMs as revealed by calcein assay was down-
regulated at 24 hours after I/R injury and treatment
with supernatant harvested from PRNCs exposed
to OGD compared with the addition of superna-
tant from non-OGD-exposed PRNCs. Similarly,

MTT assay

RCM Relative Mitochondrial
reductase activity (%)

OEM

REP Bhr

Cortrol

REP 24hr

mitochondrial activity using the 3-(4, 5-dimethyl-
2-thiazoyl)-2, 5-diphenyltetrazolium bromide

(MTT) assay revealed that the relative mitochon-
drial reductase activity of RCMs was significantly
reduced at 48 hours after I/R injury and treatment
with supernatant harvested from PRNCs exposed
to OGD compared with the addition of supernatant
from non-OGD-exposed PRNCs. Interestingly,
both calcein and MTT assays revealed that I/R
injury alone without the supernatant from the OGD-
exposed PRNCs (DMEM treatment group repre-
sents the mean values over 48 hours) did not cause
cardiac myocyte death.
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positive. Moreover, RCMs cultured with the supernatant from
OGD-exposed PRNCs showed significant time-dependent
increase of positive cells against all cell death markers com-
pared with the control. Consistent RCM alteration was rec-
ognized in all cell death markers by 24 hours after I/R injury.
Of note, MAPILC3A positivity was the most sensitive
cell death marker altered in RCMs which was significantly
increased even in the early phase (2 and 6 hours) after /R
injury, suggesting that the ischemic stroke robustly affected
the autophagic pathway over the apoptotic and necrotic cell
death mechanisms, in rendering toxic effects on the heart.

RCM viability as revealed by calcein assay supported the
immunocytochemical results. By 24 hours of reperfusion, the
treatment groups exhibited significantly lower viability than
the other groups. In the mitochondrial activity assay, the group
exposed to 48 hours of reperfusion exhibited the lowest viabil-
ity compared with all groups.

In vivo results revealed all cell death markers were detect-
able in both the brain and heart. Interestingly, Caspase 3
(apoptosis marker) and MAPILC3A (autophagy marker) are
positive in contralateral side of brain, suggesting that the isch-
emic cell death in the ipsilateral side of brain (damaged brain
area) may spread to the contralateral side of brain (intact area).

The converging results between the present in vitro and
in vivo studies support the notion of an indirect pathological
pathway of cell death originating from the brain to the heart.
In particular, that the supernatant from the PRNCs after
OGD produced toxic effects on RCMs suggests that soluble
factors secreted by the ischemic brain cells may convey cell
death signals to cardiac myocytes. It is likely that extractions
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of tissues (albeit, soluble factors) from stroke brain may ren-
der toxicity to the heart. The cell death cascade associated
with ischemic stroke regulating the cardiac cell death sug-
gests that the damaged or dead neuronal cells likely started
to secrete soluble toxic factors at the early stage of ischemic
insult, then the soluble factors subsequently reached the
heart via the circulatory system at the later stage of ischemic
injury. The present study thus offers a complementary indi-
rect pathological link between ischemic stroke and cardiac
failure, adding to the reported direct insular cortex regula-
tion of heart rhythms.”?!

The toxic molecule’s identify secreted by the ischemic
brain remains to be determined, and subsequently, the spe-
cific mechanism is still unknown. With soluble toxic factors,
adverse effects to the other vital organs in addition to the heart
may be recognized and warrant further investigations. The
routine clinical procedure is to check for any brain dysfunc-
tion following heart compromise. The present study suggests
that a closer examination of heart function should be consid-
ered as part of the diagnosis following ischemic stroke.

The present study examined the effects of ischemic stroke
on heart alterations, which parallels a series of studies dem-
onstrating that cardiac arrest may lead to or accompany
ischemic stroke.'®203233 Altogether, these 2 lines of investiga-
tions implicate an overlapping cell death signaling pathway
between ischemic stroke and cardiac arrest. The understand-
ing of the molecular, cellular, and anatomic changes that
occur in stroke and cardiac failure may reveal novel treatment
strategies that will aid the clinical outcomes of patients suf-
fering from these 2 maladies.



