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Abstract

A hyperadrenergic state is a seminal aspect of chronic heart failure. Also, “Takotsubo stress
cardiomyopathy,” is associated with increased plasma catecholamine levels. The mechanisms of
myocyte damage secondary to excess catecholamine exposure as well as the consequence of this
neurohumoral burst on cardiac stem cells (CSCs) are unknown. Cardiomyocytes and CSCs were
exposed to high doses of isoproterenol (1ISO), in vivo and in vitro. Male Wistar rats received a single
injection of 1SO (5 mg kg™1) and were sacrificed 1, 3, and 6 days later. In comparison with controls,
LV function was impaired in rats 1 day after ISO and started to improve at 3 days. The fraction of
dead myocytes peaked 1 day after ISO and decreased thereafter. ISO administration resulted in
significant ryanodine receptor 2 (RyR2) hyperphosphorylation and RyR2-calstabin dissociation.
JTV519, a RyR2 stabilizer, prevented the ISO-induced death of adult myocytes in vitro. In contrast,
CSCs were resistant to the acute neurohumoral overload. Indeed, CSCs expressed a decreased and
inverted complement of 1/f8>-adrenoreceptors and absence of RyR2, which may explain their
survival to 1SO insult. Thus, a single injection of 1SO causes diffuse myocyte death through Ca2*
leakage secondary to the acutely dysfunctional RyR2. CSCs are resistant to the noxious effects of
an acute hyperadrenergic state and through their activation participate in the response to the 1ISO-
induced myocardial injury. The latter could contribute to the ability of the myocardium to rapidly
recover from acute hyperadrenergic damage.
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Heart failure (HF),3 the complex clinical syndrome characterized by impaired ability of the
ventricle to fill with or eject blood, is the leading cause of death in the United States (1). Left
ventricular (LV) dysfunction is usually a progressive process, and the main morphological
manifestation of such progression is a poorly understood process known as cardiac remodeling.
The latter is a rather complex phenomenon secondary to, as well as responsible for, anatomical,
cellular, molecular, and humoral changes (2,3).

Recent data have added new pieces to the puzzle of cardiac remodeling. We and others (see
Ref. 4) have identified a population of cells with stem and progenitor cell characteristics in the
hearts of adult mammals, including humans. These cardiac stem/progenitor cells, hereafter
identified together as CSCs, are essential for maintaining normal cardiac cellular homeostasis
throughout life by regenerating myocardial cells lost by wear and tear (5). CSCs, when injected
into an infarcted myocardium, give rise to new functionally competent myocytes and vascular
structures (6). In addition, CSCs participate in the pathologic remodeling of hearts from aortic

3The abbreviations used are:

HF

LV

AR

PKA

RyR2

I1SO

ARVM

EKG

TdT

RT

GAPDH

PARP

CTRL

MHC

CaMKII

DAPI

cTnl

heart failure

left ventricle

adrenoreceptor

protein kinase A

ryanodine receptor 2

isoproterenol

adult rat ventricular myocyte

electrocardiogram

terminal deoxynucleotidyltransferase

reverse transcription

glyceraldehyde-3-phosphate dehydrogenase

poly(ADP-ribose) polymerase

control

myosin heavy chain

calcium/calmodulin-dependent protein kinase 11

4',6-diamidino-2-phenylindole

cardiac troponin |
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stenosis, myocardial infarction, and end stage cardiomyopathy (7-9). However, the role, if any,
of CSCs during cardiac adaptation to stress remains unclear. Also unknown is whether cardiac
insults that severely damage myocytes also affect the CSCs.

In HF, cardiac contractility is impaired by abnormalities in the structure and/or function of
molecules responsible for calcium (Ca?*) handling within the myocytes (3,10). Chronically
elevated concentrations of catecholamines are a hallmark of chronic HF and contribute to the
alterations in intracellular Ca* handling (11). Indeed, chronic hyperactivity of the /-
adrenoreceptor (AR) signaling pathway in HF leads to PKA-mediated hyperphosphorylation
of the ryanodine receptor 2 (RyR2) of the sarcoplamic reticulum, which in turn results in
continuous intracellular Ca2* leakage (12). Moreover, acute increased levels of catecholamines
are cardio-toxic (13-16) and cause significant myocyte death and hypertrophy in the long term
(14-16). In human HF, this increased myocyte death is accompanied by increased new myocyte
formation (4,7-9) produced by the differentiation of the CSCs. Interestingly, spikes of
excessive circulating catecholamines correlate with acute episodes of heart failure
(i.e.“Takotsubo stress” cardiomyopathy) (17).

Despite its biological and clinical significance, the mechanism(s) by which acute
cathecolaminergic overload causes LV impairment remains unknown. Furthermore, regardless
of the mechanism mediating myocyte damage and dysfunction, the effects of adrenergic
overload on CSCs remain to be elucidated.

Therefore, in the present study, a single injection of isoproterenol (ISO) was employed to
induce acute diffuse myocyte damage and RyR2 expression and function in adult rat ventricular
myocytes (ARVMs) were assessed in vivo and in vitro. We show here that acute g-
cathecolaminergic overload causes significant myocyte apoptosis and necrosis, leading to acute
but reversible cardiac failure, resembling “stress cardiomyopathy.” In addition, our data
suggest that the acute 1SO-induced myocyte damage is mediated by Ca2* leakage through
transiently dysfunctional RyR2 protein complex. The differentiation stage-specific pattern of
expression of f1- and f»-ARs and the absence of RyR2 in the CSCs partially accounts for the
resistance of these cells to ISO damage. Thus, CSCs are available to potentially contribute to
cardiac recovery following acute neurohumoral stress damage.
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EXPERIMENTAL PROCEDURES

Animals

Male Wistar adult rats (336 + 18 g) received a single injection (subcutaneously) of 5 mg
kg1 1SO or saline (CTRL), and they were killed (n = 7 per group) 1, 3, and 6 days later.

Cardiac Hemodynamics and Echocardiography

Rats were anesthetized with 30% chloral hydrate (400 mg kg1, intraperitoneally). A Millar
microtip pressure transducer (Houston, TX) was advanced into the LV cavity through the right
carotid artery, and LV end-diastolic and end-systolic pressures, LV developed pressure, and
dP/dtyax and dP/dty,in were measured (6,18). EKG tracing was obtained in anesthetized rats
by PowerLab/16e (ADInstruments, Australia). Also, parasternal long and short axis views were
obtained with both M-mode and two-dimensional echocardiography. LV dimensions (LVEDD
and LVESD) were measured perpendicular to the long axis of the ventricle at the midchordal
level. Fractional shortening and LV ejection fraction were calculated (6).

1duosnue Joyiny dnous) sispung DINAMN

Myocyte Death and Hypertrophy

At the time of sacrifice, the rat heart was excised, and LV and RV were separated and weighed.
In separate experiments, after obtaining LV wet weights, the LV dried weights were obtained
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by drying the cardiac tissue at 70 °C for 72 h. Heart tissue was fixed and embedded in paraffin
before 5-um LV cross-sections were prepared using a cryotome (Sakura). Total myocyte mass
was extrapolated through morphometric analysis (18). Myocyte-specific necrotic damage was
detected using a mouse anti-myosin monoclonal antibody injected in vivo (13). All animals
received 1 mg kg1 of the anti-myosin (intraperitoneally) 1 h before ISO injection and 3 h prior
to euthanasia at 1, 3, and 6 days. To detect cellular apoptosis, LV sections were stained with
rabbit anti-caspase-3 primary antibody (R&D Systems) as well as using the Terminal
deoxynucleotidyltransferase (TdT) assay (Roche Applied Science). Dead myocytes were
detected and quantified using fluorescent and confocal microscopy. Myocyte diameter was
measured across the nucleus in transverse hematoxylin and eosin sections of the
subendocardium layer. Myocyte volume was calculated assuming a spherical cross-section.

Blood samples were obtained from animals sacrificed 1 day after ISO injection. The
measurement of cardiac troponin | (cTnl) plasma level was performed using the Access 2
immunochemiluminometric assay (Beckman Coulter).

Myocyte and CSC Isolation, Immunocytochemistry, and Histochemistry

ARVMs and CSCs were isolated from hearts of male Wistar rats (268 + 30 g) by enzymatic
dissociation (6,18). CSCs were identified, in vivo or in vitro, using an antibody against c-Kit
(6). More specifically, c-KitP% CSCs were obtained by magnetic immunobead sorting (6), and
the purity of the preparation was assessed by flow cytometry. CSCs were identified as lineage-
negative (Lin"€9), by staining negative for markers of hematopoietic, neural, and skeletal
muscle lineages (6). f1-ARs and f-ARs on CSCs were detected with rabbit polyclonal
antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA).

In Vitro Response of CSCs And ARVMs to ISO

ARVMs were maintained in a-MEM medium for 16 h (19) and then were supplemented with
fresh ascorbic acid (0.1 mmol/liter) before being treated with 10 nwm, 100 nm,1 gm,0r 10 um 1SO.
The 1,4-benzothiazepine derivative, JTV519 (100 nw or 1.0 um; a kind gift of Dr. Andrew
Marks, Center for Molecular Cardiology, Columbia University, New York) was added 45 min
before 1SO. In separate dishes, the L-type Ca2* channel blockers, verapamil (20 zm) or diltiazem
(20 pm), were added 30 min before 1ISO. ARVMs were fixed with 3.7% paraformaldehyde, and
TdT staining was performed. The percentage of apoptotic TdT-positive (TdTP°S) myocytes
was determined and quantified using confocal microscopy. The same experiments were
repeated using freshly isolated ARVMs.

CSCs were plated on 35-mm dishes in modified F12K medium supplemented with 3% fetal
calf serum (Invitrogen) and were treated with 1SO at the same concentrations as ARVMs (see
above). All dishes were supplemented with ascorbic acid (0.1 mmol/liter). The ;- and 5>-AR
blockers, CGP20172A (0.3 um) and ICI 118551 (0.1 um), were added 30 min before 1SO,
respectively. Eight hours after ISO treatment, cells were fixed and stained, and the percentage
of apoptotic TdTP® CSCs was determined (18).

Quantitative Real Time RT-PCR Analysis

Total RNA was extracted from ARVMs and CSCs using the FastTrack® MAG kit (Invitrogen).
Real time RT-PCR was performed using the Tagman detection protocol in an ABI Prism 7700
thermocycler (Applied Biosystems, Foster City, CA). The results for 1-AR, f»-AR, and RyR2
real time RT-PCR assays were averaged and normalized to product produced by the
housekeeping gene, GAPDH, providing a relative quantitation value. Primers were designed
using the Primer Express™ program (Applied Biosystems), and the specific sequences were
as follows: AAGTCCTCCCTCAAGCTCCTAAGT (forward) and
TTGCTTTGCCTTTGCCC (reverse) for -MHC; 5-CCCGCCTCGCTGCTGCCTCC-3'
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(forward) and 5'-AGCCAGCAGAGCGTGAAC-3' (reverse) for f1-AR; 5'-
ACGAGCTCAGTGTGCAGGACGCGCC-3' (forward) and 5'-
TCAAATCCCTGCCTACAACACTCCA-3' (reverse) for 5,-AR; 5'-
GCAAACTTGGAGTTCTTGTCAGGCAT-3' (forward) and 5'-
TCGTTGACGTCAACAGAACTT-3' (reverse) for RyR2; 5'-
ATTGCTCTCAATGACAACTT-3’ (forward) and 5-GAACTTTATTGATGGTATTCG-3'
(reverse) for GAPDH.

Western Blot Analysis

Immunoblots and immunoprecipitations were carried out using protein lysates obtained from
freshly isolated CSCs or ARVMs (18). Generally, the equivalent of ~50 ug of proteins were
separated on gradient (6-15%) SDS-polyacrylamide gels. After electrophoresis, proteins were
transferred onto nitrocellulose filters, blocked with either 5% dry milk or 5% bovine serum
albumin, and incubated with rabbit polyclonal Abs against $1-AR (Santa Cruz Biotechnology),
So-AR (Santa Cruz Biotechnology), calstabin, RyR2-5029, phospho-Ser?808.RyR2 (PKA site
of RyR2-phosphorylation), phospho-Ser2814-RyR2 (CaMKII site of RyR2-phosphorylation)
(a kind gift of Dr. A. R. Marks), CaMKII, phospho-CaMKII, cleaved caspase-3, cleaved poly
(ADP-ribose) polymerase (PARP) (Cell Signaling), PKA, phospho-PKAa (Abcam) at
dilutions suggested by the manufacturers. Proteins were detected by chemiluminescence using
horseradish peroxidase-conjugated anti-rabbit secondary antibodies and the Chemidoc XRS
system (Bio-Rad).
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Statistical Analysis

Data are reported as mean + S.D. Significance between two groups was determined by
Student’s t test and in multiple comparisons by the analysis of variance. The Bonferroni post
hoc method was used to locate the differences. Significance was set at p < 0.05.

RESULTS

ISO Produces Acute but Transient Cardiac Failure

Subcutaneous administration of 5 mg kg™ ISO resulted in ~20% mortality of the treated
animals. In these 1SO-treated rats, the EKG showed ST ischemic changes followed by rapid
sustained ventricular tachycardia, which developed into ventricular fibrillation and death of
the animal (Fig. 1, A-F). In the majority of the rats treated with ISO (n = 21), ST changes were
evident, and periods of short bursts of ventricular tachycardia were registered during the EKG
monitoring immediately after ISO administration (Fig. 1, G and H). Blood pressure of 1SO-
treated animals was lower than in CTRL at 1 day but returned to normal values at 3-6 days
after ISO injection (Table 1). Heart rates in 1SO-treated rats were significantly higher at 6-24
h but returned to normal at 3 days after ISO injection (Table 1). Since the plasma half-time for
ISO is typically in the range of 4-5 min, the presence of tachycardia at 1 day after ISO is mainly
the result of the pathophysiological adaptation of LV mechanics to the acute and temporary
decompensated functional state secondary to the ISO injection (see below).

Indeed, ventricular function parameters document that the single ISO injection caused marked
changes in LV performance (Table 1). At 1 day after injection, when compared with CTRL,
ISO-treated animals exhibited a significantly decreased (p < 0.05) LV developed pressure,
dP/dtyax and dP/dtyin and increased LV end-diastolic pressure, uncovering acute and severe
LV failure in all treated animals. These parameters started to improve 3 days after treatment
and had returned to control values by day 6 except for end-systolic pressure, which still was
lower than at 1 day after ISO (Table 1). Echo data confirmed that 1SO caused acute LV failure
at 1 day and that LV function spontaneously recovered at 6 days (Fig. 11 and Table 1).
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ISO Causes Myocyte Death through both Necrosis and Apoptosis

In the rat heart with patent coronary circulation, ISO exposure caused diffuse necrotic and
apoptotic myocyte death throughout the myocardium (Figs. 2 and 3). Hematoxylin and eosin
cross-sections from ISO-treated hearts displayed myocytes with disrupted sarcolemmal
membranes and pale cytoplasmic staining, implicating focal necrosis. This was most evident
in the subendocardium (Fig. 2A). Furthermore, 3 days after ISO-induced damage, an increased
inflammatory reaction was evident (Fig. 2A). Myocyte-specific necrosis was detected by
injecting in vivo a mouse anti-myosin monoclonal antibody, which exclusively tags necrotic
myocytes (13) (Fig. 2B). The fraction of necrotic myocytes was 8 + 2% at 1 day in the
subendocardial layer (p < 0.001 versus CTRL; 0 = 0%; Fig. 2C). The other two layers were
less affected by ISO (data not shown).

Necrotic myocytes progressively decreased from day 3 to 6 but were still higher than CTRL
(p < 0.05; Fig. 2C). All evidence indicates that most, if not all, of the cardiac damage occurred
during the first 24 h, but the scavenger system was overloaded to efficiently remove the cell
debris.

To confirm myocyte necrosis after 1SO injection, we measured cTnl in blood samples taken
from the animals sacrificed 1 day after ISO. Increased plasma levels of cTnl or cardiac troponin
T are highly specific for and correlate with the size of the damaged myocardium (20). ISO
treatment resulted in a significant increase (p < 0.001) in blood c¢Tnl (Fig. 2D), reaching 93 +
10 ng/ml, which in humans corresponds to large infarct sizes (20). These values are in
agreement with the loss of 17 + 4% of myocyte mass 1 day after ISO administration (see below).

ISO-induced myocyte apoptosis was identified by labeling for caspase-3 and was confirmed
using the TdT (terminal dUTP nick-end labeling) assay with dUTP (Fig. 3, A-D). The number
of apoptotic myocytes in CTRL animals was minimal (caspase-3-labeled myocytes, 0.02 +
0.01%; TdT-labeled myocyte nuclei, 0.01 £ 0.01%). In contrast, the percentage of apoptotic
myocytes in the LV of ISO-treated animals was significantly (p < 0.05) increased at 1 day
(caspase-3,0.4£0.16%; TdT, 0.7 £ 0.29%) in the severely damaged subendocardial layer (Fig.
3, C and D), being less in the midwall and subepicardial layers (data not shown), compared
with CTRL. Like necrotic myocytes, the myocyte apoptosis rate had decreased by 3-6 days
after 1SO but was still significantly greater than CTRL (Fig. 3, C and D). As was the case for
necrotic cell death, most death by apoptosis also occurred at the early time points. The cell
bodies evident at late time points could most likely represent a delay in their removal due to
saturation of the scavenger system, as indicated above, and not continuous cell loss.

To obtain further evidence of programmed myocyte death, ARVMs were isolated from 1SO-
treated rats at 1, 3, and 6 days and CTRL rats. Caspase-3 activation was assessed by detecting
both its active cleavage product and its activity by evaluating cleavage of PARP into its 89-
kDa form, which is considered a hallmark of apoptosis (21). Immunoblot analysis of protein
extracts from isolated ARVMs showed an absence of cleavage of caspase-3 in CTRL rats (Fig.
3E). In contrast, 1SO injection produced a remarkable caspase-3 cleavage in ARVMs 1 day
after ISO (Fig. 3E). Consistent with these findings, PARP cleavage was significantly increased
in ARVMs from ISO-treated compared with CTRL rats (Fig. 3E). In agreement with the
guantitative immunohistochemistry data, the molecular changes to caspase-3 and PARP
progressively decreased 3-6 days after 1SO (Fig. 3E).

Not all myocytes were equally vulnerable to 1ISO damage and death by necrosis and/or
apoptosis. In all cases examined, the myocyte death affected almost exclusively the larger
myocytes while sparing those of normal and smaller size (Fig. 3F). As a consequence of the
selective death of the larger myocytes, the loss of myocardial mass in response to 1SO,
calculated as a fraction of myocardial volume corresponding to myocytes (18), is
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disproportionate to the number of myocytes lost. The discrepancy between this value with the
loss of only ~8% of myocytes by necrosis and ~0.5% dying by apoptosis translates into a loss
of 17 + 4% of myocyte mass 1 day after ISO administration.

Reactive Myocyte Hypertrophy Follows Diffuse Myocyte Death Produced by Acute
Catecholaminergic Overload

LV wet weight was significantly increased (p < 0.05) at 1-3 days, when compared with CTRL.
This was probably due to myocardial edema (Table 1). Indeed, LV dry weight slightly
decreased 1 day after ISO injection, strongly suggesting the presence of myocardial edema.
The fact that LV dry weight decreased but did not reach statistical significance at 1 day after
ISO despite the calculated myocardial mass loss of ~17% could be partially explained by the
persistence of the necrotic myocytes that have not yet been removed by the scavenger system.
Then LV dry mass increased at 3 days (Fig. 3G and Table 1), indicative of cardiac hypertrophy
after ISO-induced myocyte loss. Accordingly, a significant reactive myocyte hypertrophic
response was observed at 3 days after 1SO. The average myocyte volume was markedly
increased (p < 0.05) after 3 days, and it decreased slightly at day 6 but remained consistently
higher (p < 0.05) than CTRL (Table 1). These values were consistent with LV dry weight
(Table 1 and Fig. 3G). A myocyte hypertrophic response was further suggested by quantitative
real time RT-PCR, which showed increased transcription for S-MHC in myocytes isolated from
hearts 3 days after ISO injection (Fig. 3H), since it occurs during hypertrophy.

Acute ISO-induced Myocyte Damage Is Associated with Hyperphosphorylation of RyR2

RyR?2 is hyperphosphorylated in end stage heart failure (3,10). PKA- and CaMKII-dependent
hyperphosphorylation of RyR2 induces myocyte death secondary to Ca%* cell leakage (12,
22,23). Specifically, PKA phosphorylation dissociates the regulatory protein calstabin (also
known as FKBP 12.6) from RyR2, altering the gating of the channel, which results in Ca2*
leakage during diastole in failing hearts (10). Increased systemic catecholamine levels
produced by isoproterenol infusion can activate hyperphosphorylation of RyR2 in vivo (14).
Therefore, we investigated whether the myocyte death produced by a single dose of ISO
employed in the present study might be the consequence of RyR2 protein complex dysfunction.
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PKA and CaMKI| activity was significantly elevated as shown by the increased
phosphorylation of the two kinases in ARVMs isolated 1 day after ISO administration (Fig.
31). This resulted in significant PKA- and CaMKII-dependent RyR2 phosphorylation,
compared with CTRL (Fig. 3J). Importantly, PKA and CaMKI|I activation progressively
decreased and RyR2 returned from the hyperphosphorylated calcium-leaking form present at
1 day to the normal calcium-handling form at days 3-6 after ISO (Fig. 3, I and J).
Immunoprecipitation of RyR2 from myocytes isolated from 1SO-treated hearts showed
displacement of calstabin from the RyR2 complex at 1 day (Fig. 3K). The return of the normal
calcium-handling form of RyR2 at 3-6 days after ISO (Fig. 3, | and J) was associated with
reestablishment of a normal calstabin-RyR2 complex (Fig. 3K).

Hyperphosphorylation of RyR2 Mediates Myocyte Death in Vitro

To assess whether hyperphosphorylation of RyR2 directly mediates the high myocyte death
measured after 1ISO, we exposed ARV Ms isolated from CTRL rats to ISO in the absence or
the presence of JTV519 (1 uw) in vitro (Fig. 4, A-F). This molecule is a member of a class
known as calcium channel stabilizers, shown to increase calstabin binding to RyR2 (24) and
therefore to stabilize the RyR2. Increasing doses (10 nw to 10 um) of ISO led to increased
myocyte apoptosis (Fig. 4C). ARVMs at 5, 10, and 20 min after 1SO (10 um) exposure exhibited
an increased phosphorylation of PKA and CaMKII and significant PKA- and CaMKI|I-
dependent RyR2 phosphorylation compared with CTRL (Fig. 4G). This hyperphosphorylation
of the RyR2 by excess 1SO exposure was associated with dissociation of calstabin from the
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RyR complex (Fig. 4G). Interestingly, JTV519 (1 uw) significantly prevented myocyte
apoptosis induced by ISO (Fig. 4D). Furthermore, JTV519 prevented displacement of calstabin
from RyR2 complex, indicating that JTV519 acts downstream of PKA and CaMKI|I. This is
S0 because activation of the two kinases was not affected by JTV519 treatment (Fig. 4G). Thus,
despite the kinase activation, JTV-induced calstabin-RyR2 protein complex protection was
associated with a significant reduction of both PKA and CaMKII-dependent RyR
phosphorylation (Fig. 4G). Also at a concentration of 100 nw, JTV519 reduced 1SO-induced
ARVM apoptosis (data not shown).

On the other hand, both specific L-type calcium channel blockers verapamil and diltiazem had
no significant effect on 1ISO-induced ARVM death (Fig. 4, E and F). Thus, acute
catecholaminergic excess causes hyperphosphorylation of RyR2, which, in turn, destabilizes
the channel with consequent Ca?* leakage from the SR followed by myocyte death by either
apoptosis or necrosis.

Cardiac Stem Cells Are Resistant to the Damaging Effects of ISO because of Low Levels of
B-ARs and the Absence of RyR2

Apoptotic c-KitP° CSCs were a very rare, if not negligible, finding in the CTRL rat heart (Fig.
5A). Following 5 mg kg ISO injection, the fraction of apoptotic CSCs was not significantly
different from CTRL rats (Fig. 5A). Considering that 1SO cardiotoxicity is mediated via f1-
ARs (13,16), we investigated whether the low level expression of $1/6,-ARs in CSCs could
explain their resistance to the deleterious effects of ISO. To this aim, c-KitPS CSCs were freshly
isolated by magnetic bead immunosorting from CTRL rats (Fig. 5B) and analyzed for $,- and
S2-AR mRNA and protein expression using quantitative real time RT-PCR, Western blot, and
immunocytochemistry. Data analysis showed that c-KitP°® CSCs expressed both ;- and S,-
ARs, but in considerably lower, if not negligible, amounts when compared with ARVMs (Fig.
5, C-E; p < 0.01). Moreover, although 4 is the most abundant AR in myocytes, the 51/8,-AR
ratio was inverted in CSCs (Fig. 5, C-E; p < 0.01).

To further ascertain whether these phenotypic differences were in fact responsible for the
differential response to 1ISO in vivo, we directly tested in vitro the effects of the drug on survival
of CSCs (Fig. 6, A-E), as compared with ARVMs. Although ARVMs showed a progressive
increase of apoptosis with increasing 1SO concentrations (Fig. 4C), this was in fact 3-fold
higher than CSC apoptosis (Fig. 6, A-C). Importantly, the rate of apoptotic death in CSCs at
the highest dose of 10 xv was similar to that of ARVMs at 10 nu 1SO concentration (Figs.
4C and 6C). We then investigated separately the role of 51- and £>-AR signaling in CSC
apoptosis. Interestingly, we found that #1- and ,-ARs differentially trigger apoptosis in CSCs.
In the presence of ISO, a specific 1 blocker (CGP20172A; 0.3 um) prevented the CSC apoptotic
cell death (Fig. 6D). No such protection was apparent in the presence of the > blocker, ICI
118551 (0.1 um) (Fig. 6E). Similar results were obtained with ARVMs (data not shown). Thus,
the deleterious effects of f-adrenergic overstimulation in both myocytes and CSCs signals
preferentially through the f1-AR. However, whether S-AR signaling is functionally intact in
CSCs remains to be elucidated.

ISO induced myocyte death by Ca2* leakage through acutely dysfunctional RyR2.
Consequently, we evaluated the presence of RyR2 mRNA and protein in isolated CSCs. As
shown in Fig. 6, F and G, CSCs do not express RyR2, reflecting their undifferentiated state,
despite their potential to acquire the cardiac myocyte phenotype. Taken together, the difference
in expression of $1-ARs and RyR2 between CSCs and myocytes provides a satisfactory
explanation for the resistance of the former and sensitivity of the latter to the g-adrenergic
overload in vivo.

J Biol Chem. Author manuscript; available in PMC 2008 March 31.
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Cardiac Stem Cells Are Activated as a Consequence of ISO-induced Myocyte Damage

Considering the survival of CSCs after ISO exposure, we investigated their exact response to
the ISO challenge. A significant (p < 0.05) increase (~8-fold) in c-KitP° CSC number after
ISO injection in vivo was observed. This peaked at 3 days and remained elevated at 6 days,
compared with CTRL (Fig. 7A). When analyzed by quantitative immunohistochemistry, the
percentage of proliferating CSCs (c-KitPoS/Ki67P%) was 3% in CTRL rat hearts, reaching
~16% (p < 0.05), 1 day after 1SO injection (Fig. 7, B and C). Of note, CSC activation was not
the result of increased 1SO per se, since excess 1ISO exposure in vitro had no effect on CSC
proliferation (Fig. 7D). These findings document the responsive activation and reentry of the
cell cycle of CSCs after ISO, which is mediated by activators other than 1SO exposure per
se.

DISCUSSION

Five major findings emanate from the present study: (i) acute isoproterenol overload causes
extensive myocyte necrosis and apoptosis; (ii) this diffuse myocyte loss is followed by acute
but transient LV function impairment; (iii) the ISO-induced myocyte damage is due to
increased sarcolemmal Ca2* in the myocytes as a consequence of its leakage from the SR
through a dysfunctional RyR2; (iv) the CSCs are spared from the 1SO-induced myocardial
damage because of a very low level of expression and inverse ratio of 51/8,.ARs and the
absence of RyR2; (v) the resistance of CSCs to acute adrenergic overload and their subsequent
activation leave these primitive cells readily available to regenerate the myocyte cell loss
modulated by 1SO.
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Acute B-Adrenergic Overload Causes Myocyte Death through Hyperphosphorylation of
RyR2 and Calstabin Displacement

A variety of pathological states are associated with increased myocyte necrosis and apoptosis,
which can result in a “myocyte deficit” and impaired performance and/or failure (5,25,26). It
has been suggested that increased sympathetic activity that accompanies low cardiac output
states, through stimulation of 5-ARs, plays an important role in the pathophysiology of
myocardial failure (11). Chronic elevated levels of catecholamines can generate continuous
dropout of myocytes from the heart by apoptosis and necrosis, contributing to progressive
worsening of LV function (13-16).

As shown here, acute ISO injection produced extensive focal cell death by necrosis and
apoptosis, which in the first day affected 8 + 4% of the LV myocytes. Because the larger
myocytes are the most susceptible to stress and respond by triggering apoptosis and necrosis,
the total number of cells lost represented 17 + 4% of the myocyte mass. The greatest amount
of myocyte death occurred in the apical region and the subendocardial layer, which is in
agreement with our previous findings (13) and the regions that are also most susceptible to
ischemic injury (27). It is well documented that similar levels of myocyte loss are significantly
more deleterious to ventricular function when they occur dispersed throughout the
myocardium, as in certain myocardiopathies, than when they are restricted to a specific
segment, as occurs in a myocardial infarction (28). It is not surprising therefore that the
extensive cell death produced by the ISO overdose resulted in acute LV dysfunction.

Increased levels of circulating catecholamines activate 5-ARs, elevate intracellular cAMP, and
activate PKA (14). PKA as well as CaMKII modulates RyR2 and phospholamban function
both in vitro and in vivo, acutely increasing short term myocardial contractility (14). In the
long term, maladaptation of this pathway plays an important role in the pathophysiology of
heart failure (14). Accordingly, Zhang et al. (29) have recently shown that CaMKII is
dispensable for physiological “fight or flight” myocardial response, but CaMKII inhibition
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protects against myocardial infarction and damage produced by excessive f-AR stimulation.
RyR2 is PKA- and CaMKII-hyperphosphorylated in end stage heart failure, leading to
dissociation of calstabin, Ca2* leakage from the SR, and impaired contractility (3,10). The
results of Zhang et al. (29), together with the data presented here, suggest that phosphorylation
of RyR2 by CaMKI| is as significant as the phosphorylation by PKA in producing the functional
impairment of the RyR2 complex.

Defective Ca2* handling in the excitation-contraction cycle has been implicated not only in
heart failure but also in certain arrhythmias (30,31), supporting the conclusion that proper
regulation of the RyR2 channels are of key importance in determining myocyte cell fate (3,
10). Similar mechanisms induce cardiomyocyte death after acute high dose 1SO administration.
Indeed, myocytes from ISO-treated animals show hyperphosphorylation of the RyR2 and
displacement of calstabin from the RyR2 protein complex at 1 day, in correlation with the peak
of myocyte death. The hyperphosphorylated Ca?*-leaking form of RyR2 progressively
declined over the time period of examination and was replaced by the normofunctioning
phosphorylated form. The return of the normophosphorylated form of RyR2 at 3-7 days after
ISO was coupled with reestablishment of normal calstabin-RyR2 complex.

It should be pointed out that the antibodies used in this study only monitor two possible
phosphorylation sites on RyR2. Therefore, we cannot exclude that other unknown
phosphorylation sites on RyR2 can be activated by isoproterenol. However, it should be also
noted that PKA specifically phosphorylates Ser2898 on RyR2. Indeed, when this serine
phosphorylation site was genetically ablated, RyR2 could not be PKA-phosphorylated during
activation of the S-AR signaling pathway through isoproterenol infusion in vivo (32).

The dysfunctional RyR2 was associated with acute LV impairment, and the progressive
normalization of both RyR2 phosphorylation and RyR2-calstabin complex tracked with
restoration of LV function. This interpretation is supported by the finding that when the RyR2-
calstabin complex displacement was antagonized with JTV519, the rate of 1SO-induced
ARVM death was decreased by ~7-fold. In addition to enhancing calstabin binding to RyR,
JTV519 has been shown to inhibit annexin-V-dependent Ca?* influx and to block voltage-
gated Na*, K*, and Ca2* channels. However, because none of these other known targets of
JTV519 have been associated with therapeutic benefit in the treatment of heart failure, it is
unlikely that these off target activities of JTV519 are responsible for the beneficial effects of
the drug in preventing the detrimental consequences of excess catecolaminergic drive. Also,
itis important to highlight that JTV519 did not improve cardiac function in calstabin-2"- mice,
strongly suggesting that the main therapeutic effect of JTV519 depends on calstabin-2 binding
to RyR2 (24).

Together, these findings support the view that catecholamine cardiotoxicity to myocytes results
from increased CaZ* secondary to the dysfunction of the homotetrameric RyR2-calstabin
complex and consequent leakiness of this channel (3,10,24).

CSCs Are Resistant to Acute Hyperadrenergic Stimulation

Recent data tend to present a new view of a more plastic cardiac cellular homeostasis (4,5,
33). Although the vast majority of adult myocytes are unquestionably terminally differentiated
and incapable of reentering the cell cycle (34), evidence of actual new myocyte formation in
the adult heart has been obtained (5). These cells are the result of the differentiation of CSCs,
which represent a “cardiac cellular reserve” involved in maintaining cardiac cell homeostasis
throughout life and potentially could be a valuable resource for myocardial cell replacement
protocols (4,5,33).

J Biol Chem. Author manuscript; available in PMC 2008 March 31.
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The understanding of CSC biology and their roles under different physiological and
pathological conditions is still in its infancy and is likely to take significant experimental work
to be fully elucidated (33). One of the key questions is whether the mature myocytes and their
progenitors, the CSCs, are similarly or differentially affected by specific insults. In the first
case, it would be expected that damage to the working myocardium would, at the same time,
hamper the prospects for recovery because of the concomitant loss of the cells with regenerative
potential, the CSCs. In contrast, another alternative would be to expect that under proper
conditions the myocardial damage should be reversible by the spared CSCs. The latter appears
to be the case.

CSCs displayed a differential and apparently opposite response to acute g-adrenergic
overstimulation compared with myocytes in vivo. Indeed, whereas myocytes were severely
damaged, CSC survival was not affected by ISO injection. Interestingly, when CSCs were
exposed to serial and increasing concentrations of 1SO in vitro, CSC death was apparent only
at the highest dose (10 uw), compared with myocytes.

The low level of expression of ;- and #,-AR together with the absence of RyR2 in CSCs
explains their resistance to 1SO-induced death and their preferential survival. Additionally, it
is speculated that CSC resistance to 1SO-induced apoptosis could also be improved by the
relatively higher abundance of 5,-ARs and an inverted $1/6,-AR ratio compared with
myocytes, probably reflecting the presence of immature CSC-derived myogenic progenitors/
precursors in the CSC pool. This could produce a fo-AR-mediated antiapoptotic effect through
the Gj-stimulatory pathway (19,35,36). Since the S-adrenergic receptor system is
developmentally less defined in CSCs, whether the 8-AR signaling system is functionally intact
in CSCs warrants further investigation.

The fact that CSCs are resistant to ISO overload leaves these cells viable and functional for
their physiologic/pathophysiologic regenerative potential. Indeed, CSC number increased, and
the percentage of proliferating CSCs rapidly elevated after 1ISO-induced myocardial damage.
Thus, one intriguing possibility, still under investigation, is that following ISO injury, LV
functional progressive recovery is also due to a phenomenon of myocyte replacement by CSC
activation along with adaptative myocyte hypertrophy.* Nevertheless, it could also be
speculated that LV cardiac function amelioration after the single high dose of ISO is the product
of progressive recovery from catecholamine-induced myocardial stunning.

ISO-induced Damage, a Model for Takotsubo Cardiomyopathy?

The pattern of damage (mainly apical and endomyocardial) and rapid restoration of LV
function after ISO shock has many similarities to the stress (Takotsubo) cardiomyopathy,
which occurs predominantly in women after an episode of acute emotional distress (37). The
mechanism responsible for this phenomenon is still under investigation.

Wittstein et al. (17) reported that exaggerated sympathetic stimulation in stress
cardiomyopathy patients is central to the syndrome. Acutely, these patients exhibited elevated
cTnl levels and supraphysiologic plasma catecholamine levels. Endomyocardial biopsies were
consistent with cell death and an elevated catecholamine state. Furthermore, all had severe LV
dysfunction, which resolved in ~21 days (17). Thus, if the stress cardiomyopathy is due to
direct myocyte injury from increased catecholamines, it should be determined whether CSC
activation is an important contributor to the rapid clinical recovery.

ISO-induced Damage: An in Vivo Assay to Study Myocardial Regeneration

Despite a burgeoning set of data on CSCs, the role of CSCs in the cardiac response to injury
is still questioned and challenged (see Refs. 4 and 33). This skepticism is mainly due to the

J Biol Chem. Author manuscript; available in PMC 2008 March 31.
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absence of myocyte regeneration sufficient to restore myocardial integrity and function after
coronary occlusion. Unfortunately, most animal models of myocardial regeneration have
consisted of acute myocardial infarction produced by permanent ligation of a major coronary
artery, which minimally resembles the human situation. That leaves without coronary flow the
area to be regenerated and sets a very high and probably unrealistic hurdle to be overcome by
the regenerative process. Indeed, in the myocardial area supplied by the infarct-related artery,
practically all of the myocytes as well as CSCs rapidly die following the permanent artery
ligation (38). Therefore, this also represents an extreme and difficult experimental setting to
study CSC function and regenerative potential in vivo.

In the present study, we have shown that an acute high dose of isoproterenol causes extensive
myocyte loss without affecting coronary patency and CSC survival. After a transient period of
LV dysfunction, the heart compensates for the damage, recovering to a normal function.
Although it can be argued that myocardial damage by ISO overdose is not a physiological
situation, we propose that diffuse damage throughout the myocardium in the presence of a
patent coronary circulation could represent a more helpful experimental method by which to
study the endogenous myogenic potential of CSCs. However, it is not our aim to downplay the
value of established experimental myocardial infarction techniques, which remain of
paramount importance. The two experimental approaches are likely to provide complementary
information about the regenerative potential of CSCs in ischemic cardiomyopathy and chronic
heart failure.
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FIGURE 1. Representative EKG tracings monitoring the acute effects of subcutaneous
administration of 1SO (5 mg kg™1)

EKG monitoring was continued for up to 6 h after ISO or placebo administration. After this
time period, no deaths have been observed. From every representative tracing, an insert was
created to highlight the specific morphologic EKG modifications (A-H). A, EKG output of
CTRL animals (BASELINE). B-F, in ~20% of the treated rats, the EKG showed ST ischemic
changes (B and C) followed by rapid sustained ventricular tachycardia, which turned into
ventricular fibrillation and death of the animal (D-F). G and H, in the majority of the rats treated
with ISO, the same acute ST changes were evident, and periods of short bursts of ventricular
tachycardia were registered during the EKG monitoring after 1ISO administration. I, the

C
e
i)
<
@)
T
c
S
o
)
-~
7
@)
-
o
c
©
>
c
S
=
o
-
<
Y
S
c
7
o}
S.
o
=4

J Biol Chem. Author manuscript; available in PMC 2008 March 31.



Ellison et al. Page 15

representative two-dimensional echocardiogram of a surviving animal shows a dramatic
dilatation of the LV at day 1, as compared with the recording prior to ISO administration
(CTRL). The chamber dimensions have returned to normal at day 6.
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FIGURE 2. Isoproterenol caused extensive acute myocardial necrosis in the LV

A, low magnification (x2.5) representative hematoxylin and eosin cross-sections of the apical
LV wall, epi- to endocardial, from CTRL and ISO-treated hearts. The higher magnification
(%20) inset at 1 and 3 days after ISO shows myocytes with disrupted sarcolemmal membranes
and pale cytoplasmic staining, implicating focal necrosis. B, representative picture of specific
necrotic myocytes labeled in vivo with anti-myosin antibody (green). C, the fraction of necrotic
myocytes were significantly increased at 1 day in the LV and decreased over time. *, p <0.05
versus CTRL. D, plasma cTnl was significantly elevated at 1 day after 1SO. *, p < 0.001
versus CTRL.
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FIGURE 3. Isoproterenol caused acute myocyte apoptosis along with RyR2 dysfunction and
reactive myocyte hypertrophy in the LV

A-D, representative picture of apoptotic myocytes stained by activated caspase-3 (A)(green)
and TdT (B) (TdT (green), MHC (red), and DAPI (blue)). C and D, apoptotic (caspase-3- and
TdT-positive) myocytes were significantly increased at 1 day in the LV and progressively
decreased over time. *, p < 0.05 versus CTRL. E, representative Western blots of cleaved
caspase-3 and PARP in isolated myocytes after ISO injection. Changes to caspase-3 and PARP
progressively decreased over 6 days. F, distribution of myocyte sizes (open bars) at 1 day after
ISO showing the fraction of dead myocytes (necrotic and apoptotic; solid bars) only in the
largest myocytes. G, LV dry weight was slightly decreased at 1 day but significantly increased
at 3 days, indicating net loss of myocytes followed by reactive cardiac hypertrophy at days 1-3
after 1ISO injection. *, p < 0.05 versus CTRL. H, quantitative real-time RT-PCR showed
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increased MRNA transcripts of f-MHC in ARVMs isolated from ISO-treated hearts at 3 days
when compared with CTRL and 1 day. Data are presented as the ratio between numbers of S-
MHC and GAPDH mRNA molecules per ug of RNA. *, p < 0.01. I and J, representative
Western blots of phospho-PKA, PKAa, phospho-CaMKII, CaMKI|, total RyR2, and PKA-
and CaMKII-mediated RyR2 phosphorylation levels in ARVMs isolated from hearts of rats at
1, 3, and 6 days after ISO or saline vehicle (CTRL). K, the levels of calstabin were not affected
by ISO injection, whereas calstabin was displaced from the RyR2 complex at 1 day as shown
by the immunoprecipitation with RyR2 and the Western blot for calstabin.
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FIGURE 4. Isoproterenol induces myocyte death through RyR-2 hyperphosphorylation and
calstabin complex dissociation

A, ARVMs were isolated and plated in culture dishes before 1ISO was administered in vitro,
and cell apoptosis was measured by TdT labeling (B, TdT (green), MHC (red), and DAPI
(blue)). C, ISO caused increased apoptosis of ARVMs in a dose-dependent manner (all dishes
were supplemented with 0.1 mw ascorbic acid (AA); hatched bars). *, p < 0.001 versus CTRL
and ascorbic acid alone. D, the presence of JTV519 (1.0 um) prevented 1SO-induced myocyte
apoptosis. E and F, on the other hand, verapamil (20 xv) and diltiazem (20 um) had no effect
on attenuating 1SO-induced apoptosis. *, p < 0.001 versus CTRL and ascorbic acid alone. G,
representative Western blots of phospho-PKA, PKAa, phospho-CaMKII, CaMKIl, total RyR2,
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and PKA- and CaMKII-mediated RyR2 phosphorylation levels and calstabin in in vitro
ARVMs cultured with 1SO for 0, 5, 10, and 20 min in the absence or presence of JTV. Also,
representative immunoprecipitation with RyR2 antibody and the Western blot for calstabin is
shown.
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FIGURE 5. Adult ¢-KitP% CSCs exhibit decreased and inverted ;- and f,-AR expression

A, fraction of apoptotic c-KitP% CSCs in the hearts of CTRL and 1SO-treated (1 day) rats (p =
not significant). B, c-KitP% CSCs sorted by immunomagnetic beads showed a purity of ~90%
when analyzed by flow cytometry. C and D, representative real time RT-PCR and Western
blot results showing decreased mRNA transcripts and protein expression of f1- and $-ARs in
isolated c-KitP% CSCs compared with ARVMs. c-KitP% CSCs exhibited an inverted
expression of ;- and f,-ARs. RT-PCR data are presented as the ratio between numbers of
S1- or Bo-ARs and GAPDH mRNA molecules per g of RNA. *, p < 0.01 versus f1-AR; £, p
< 0.01 versus ARVMs. E, p1- and B>-ARs were also detected on isolated c-KitP° CSCs using
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immunocytochemistry. Left, 81-ARs (green), c-Kit (red), and DAPI (blue). Right, f>-ARs
(green), c-Kit (red), and DAPI (blue). Merged images (yellow) are shown at the bottom.
Insets, magnified images.

C
2
0
<
O
T
=
>
o
®
-
n
@
o
=
©
>
=
—
=
o
=
<
Q
>
=
0
)
=
—

1duosnuen Joyiny dnols siapund JDINAMN

J Biol Chem. Author manuscript; available in PMC 2008 March 31.



Ellison et al. Page 23

A

@
=
=

C
2
i)
<
O
T
c
>
o
@
-
(2}
®
=
o
c
©
>
c
=
>
o
-
<
Q
>
c
%2}
o
=k
o
—

21 = 1 21
3 & g
8 14 8 14 + 8 14
w w 1]
o o o
o o o
:O: TF § TF § TF
g g g [ =
< < // <
0 : 0 Vi
CTRL AA 10nM 100nM 1uM 10uM CTRL AA 10nM 100nM 1pM 10pM CTRL AA 10nM 100nM 1uM 10uM
ISO ISO+p,-Blocker ISO+p,-Blocker
ARVMs c-kitr*s CSCs - Real Time RT-PCR
- 1 ] 12
" - |
° I
= =
Total-RyR 3 Dos|
$3
(14
E 2
Actin S o04r
F o
E 5
200

ARVMs CSCs

FIGURE 6. Adult ¢-KitP CSCs are resistant to the damaging effects of 1SO

A and B, representative immunostaining showing apoptotic CSCs (c-Kit (red), TdT (green),
and DAPI (blue)) in CTRL (A) and ISO-treated (B) CSCs in vitro. C, isolated c-KitP° CSCs
exposed to the same doses of 1SO as ARVMs (Fig. 4C) were 2 orders of magnitude more
resistant. Subsequently, only the highest dose of ISO (10 um) caused significant CSC apoptosis.
*,p <0.01 versus CTRL and AA alone. D, the specific f1-AR blocker, CGP20172A (0.3 uw),
attenuated CSC apoptosis. E, in contrast, in the presence of a specific f,-AR blocker (ICI
118551, 0.1 ;) CSC apoptosis increased with 1ISO dose. F and G, representative Western blot
and quantitative real time RT-PCR results showing the absence of RyR2 in c-KitP% CSCs when
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compared with ARVMs. Data are presented as the ratio between numbers of RyR2 and GAPDH
MRNA molecules per ug of RNA. *, p < 0.01 versus ARVMs.
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FIGURE 7. Adult c-KitP% CSCs are activated in response to 1SO-induced damage

A, ¢c-KitP% CSC number was elevated in the myocardium after 1ISO administration. *, p < 0.05
versus CTRL (B). The percentage of c-KitP% CSCs positive for the cell cycle marker, Ki67,
increased after 1ISO injection, peaking at 1 day. *, p < 0.05 versus CTRL. C, representative
immunohistochemistry staining of ¢c-KitP°S/Ki67P% CSCs in ISO-treated rat myocardium (c-
Kit (green), Ki67 (white), a-sarcomeric actin (red), and DAPI (blue)). D, ISO exposure had
no effect on CSC proliferation, measured by bromodeoxyuridine incorporation, in vitro (p =
not significant).
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