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Efficacy of adult (bone marrow, BM) versus fetal (amniotic fluid, AF) mesenchymal stem cells (MSCs) to
replenish damaged rat heart tissues with new cardiovascular cells has not yet been established. We investi-
gated on the differentiation potential of these two rat MSC populations in vitro and in a model of acute
necrotizing injury (ANI) induced by cryoinjury. Isolated BM-MSCs and AF-MSCs were characterized by
flow cytometry and cytocentrifugation and their potential for osteogenic, adipogenic, and cardiovascular
differentiation assayed in vitro using specific induction media. The left anterior ventricular wall of syngeneic
Fisher 344 (n = 48) and athymic nude (rNu) rats (n = 6) was subjected to a limited, nontransmural epicardial
ANI in the approximately one third of wall thickness without significant hemodynamic effects. The time
window for in situ stem cell transplantation was established at day 7 postinjury. Fluorochrome (CMTMR)-
labeled BM-MSCs (2 x 10°) or AF-MSCs (2 x 10° were injected in syngeneic animals (n = 26) around the
myocardial lesion via echocardiographic guidance. Reliability of CMTMR cell tracking in this context was
ascertained by transplanting genetically labeled BM-MSCs or AF-MSCs, expressing the green fluorescent
protein (GFP), in rNu rats with ANI. Comparison between the two methods of cell tracking 30 days after
cell transplantation gave slightly different values (1420,58 £ 129,65 cells/mm? for CMTMR labeling and
1613.18 £ 643.84 cells/mm? for genetic labeling; p = NS). One day after transplantation about one half
CMTMR-labeled AF-MSCs engrafted to the injured heart (778.61 + 156.28 cells/mm?) in comparison with
BM-MSCs (1434.50 £ 173.80 cells/mm?, p < 0.01). Conversely, 30 days after cell transplantation survived
MSCs were similar: 1275.26 £ 74.51/mm? (AF-MSCs) versus 1420.58 £ 129.65/mm? for BM-MSCs (p =
NS). Apparent survival gain of AF-MSCs between the two time periods was motivated by the cell prolifera-
tion rate calculated at day 30, which was lower for BM-MSCs (6.79 £ 0.48) than AF-MSCs (10.83 + 3.50;
p <0.01), in the face of a similar apoptotic index (4.68 + 0.20 for BM-MSCs and 4.16 * 0.58 for AF-MSCs;
p =NS). These cells were also studied for their expression of markers specific for endothelial cells (ECs),
smooth muscle cells (SMCs), and cardiomyocytes (CMs) using von Willebrand factor (vWf), smooth muscle
(SM) a-actin, and cardiac troponin T, respectively. Grafted BM-MSCs or AF-MSCs were found as single
cell/small cell clusters or incorporated in the wall of microvessels. A larger number of ECs (227.27 + 18.91
vs. 150.36 £ 24.08 cells/mm?, p < 0.01) and CMs (417.91 £ 100.95 vs. 237.43 £ 79.99 cells/mm?, p < 0.01)
originated from AF-MSCs than from BM-MSCs. Almost no SMCs were seen with AF-MSCs, in comparison
to BM-MSCs (98.03 + 40.84 cells/mm?), in concordance with lacking of arterioles, which, instead, were well
expressed with BM-MSCs (71.30  55.66 blood vessels/mm?). The number of structurally organized capillar-
ies was slightly different with the two MSCs (122.49 + 17.37/mm? for AF-MSCs vs. 148.69 £ 54.41/mm?
for BM-MSCs; p = NS). Collectively, these results suggest that, in the presence of the same postinjury
microenvironment, the two MSC populations from different sources are able to activate distinct differentia-
tion programs that potentially can bring about a myocardial—capillary or myocardial—capillary—arteriole re-
constitution.
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INTRODUCTION

A dramatic hurdle to cardiac wound healing in rats
and other mammals is represented by the low regenerat-
ing capacity of the myocardium in the face of the high
regenerative ability of vascular endothelial cells (ECs)
and smooth muscle cells (SMCs) (14). These properties
in combination with scar tissue formation and low blood
supply, as a result of the postinjury inflammatory re-
sponse, produce a left ventricular dysfunction, possibly
culminating in heart failure (21). In principle, replace-
ment of damaged vascular tissue and myocardium with
new cardiovascular units should restore the contractile
function or, at least, regain part of the original structural
and functional properties (23). Cardiovascular cell re-
plenishment after acute myocardial infarction (AMI), or
reduction/slowing down of progressive functional dete-
rioration in the case of prolonged ischemia, are to be
addressed by two different strategies: 1) implementation
of angiogenesis and arteriogenesis along with cardiogen-
esis (via local activation or extracardiac mobilization of
cell precursors, or exogenous administration of commit-
ted or precursor cells) (1,15,19), or 2) inducing angio-
genesis/arteriogenesis followed by cardiogenesis if the
local conditions can permit this sequential cell coloniza-
tion (11).

To this end, the choice of stem cell type to be used
in therapeutic cardiovascular regeneration of acute or
chronic myocardial ischemia could be of paramount im-
portance if specific combinations of differentiated cell
phenotypes are to be obtained. Hence, which stem cell
is most suitable for transplantation in the injured heart?
Conceptually, the “immature” (embryonic, fetal, or early
postnatal) stem cells (42) seem to possess the ability to
deal with this “multilineage task” (5), but their efficacy
is still questionable, especially for their capacity to in-
crease electric instability in the heart (49) and because
of their immunostimulatory potential (37). On the other
hand, adult-type bone marrow (BM)-derived mesenchy-
mal stem cells (MSCs) differentiate into, besides other
cell lineages, ECs, SMCs, and cardiomyocytes (CMs)
but their availability is limited and their preparation re-
quires an invasive procedure (41). In the context of “im-
mature” stem cells, the use of fetal stem cells from ex-
tra-embryonic tissues may circumvent many of ethical
concerns related to use of embryonic ones. Indeed, hu-
man placenta (47), amnion (28), amniotic fluid (AF)-
derived (7,17,20,39), umbilical cord perivascular vein
(2), or blood (16,30) adherent MSCs display some prop-
erties relevant to a clinical application such as multipo-
tency and a low immunogenicity [at least for placenta-
derived MSCs (24)] (3). Our recent results on the effect
of BM-MSCs and AF-MSCs when transplanted in the
rat injured bladder suggest that these cells have a limited
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differentiation potential but they can regulate the postin-
jury remodeling (i.e., preventing compensatory hyper-
trophy of survived SMCs) (8).

Our goal in this comparative study is to ascertain ca-
pability of surviving and cardiovascular cell potential of
BM-MSCs versus AF-MSCs using a rat syngeneic model
of cardiac nontransmural acute necrotizing injury (ANI).

MATERIALS AND METHODS
Animals and ANI Model

Experiments were performed with 48 male Fisher
344 rats (Charles River, Milan Italy) weighing 220-250
g and six athymic nude rats weighing 200-220 g (rNu;
Charles River) (Table 1). The investigation conformed
to the Guide for Care and Use of Laboratory Animals
prepared by the Institute of Laboratory Animal Re-
sources, National Research Council, published by the
National Academy Press, revised 1996 (NIH Publication
No. 85-23) and the Italian Health Minister Guidelines
for Animal Research. The protocol was approved by the
University of Padua Animal Care Committee. The ani-
mals were anesthetized by tiletamine hydrochloride-
zolazepam (IM; 9 mg/100 g body weight; Zoletil; Vir-
bac, Carros, France) along with xylazin (SC; 0.4 mg/
100 g; Xilor; Bio 98, s.r.l., Bologna, Italy), and atropine
(IP; 5 ng/100 g; VaxServe, Scranton, PA), intubated,
and mechanically ventilated (Harvard, South Natick,
MA) with room air. The heart was exposed through a
left thoracotomy (third or four intercostal space) and an
ANI (freeze—thaw procedure) was created by two se-
quential exposures (15 s each, 30 s of nonfreezing inter-
val) of a liquid nitrogen-cooled cryoprobe (a stainless
steel cylinder, 5 mm of diameter). ANI was localized at
about 3 mm from the apex, in the left ventricular ante-
rior wall. ANI was confirmed by wall blanching fol-
lowed by hyperemia. The chest was then closed and the
animals weaned from the respirator, extubated, and
treated with antibiotics (20 mg/100 g; Baytril, Bayer,
Milan, Italy). A group of Fisher rats (n = 10; Group 1,
Table 1) was sacrificed at different intervals from ANI
induction for histological and immunohistochemical
evaluation of the best time window for intramyocardial
MSC transplantation.

Cell Preparation

BM-MSCs were obtained from femurs and tibias of
4-week-old male Fisher 344 or transgenic GFP-express-
ing rats (kindly provided by Dr. Masaru Okabe, Geneti-
cal Research Information Center, Osaka University,
Osaka, Japan). Cells were resuspended in MEMo. (Sigma,
St. Louis, MO) supplemented with 20% FBS (Invi-
trogen, Carlsbad, CA), 1% streptomycin and penicil-
lin solution (Sigma). AF-MSCs were prepared from the
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Table 1. Animal Groups Used in This Study
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Days After ANI Induction

Day 1 Day 7 Day 15 Day 21  Day 30

Group 1: ANI rats (for the study of lesion development)

Group 2: ANI rats (for open-chest practice of cell delivery)

Group 3: ANI rats (Fisher) + CMTMR-BM-MSCs
Group 4: ANI rats (Fisher) + CMTMR-AF-MSCs
Group 5: ANI rats (rNu) + GFP-BM-MSCs
Group 6: ANI rats (rNu) + GFP-AF-MSCs

Group 7: ANI rats (Fisher) + medium

n=2 n=2 n=2 n=2 n=2

Days After Transplantation

Day1 Day 10  Day 30

n=6% _ —
n=3 n=>5 n=>5
n=3 n=>5 n=>5
— — n=3
— — n=3

n=2 n=2 n=2

ANI, acute necrotizing injury; BM-MSCs, bone marrow mesenchymal stem cells; AF-MSCs, amniotic fluid mesenchymal stem
cells; CMTMR, 5-(and 6)-4-chloromethyl (benzoyl)amino-tetramethylrhodamine; GFP, green fluorescent protein; rNu, nude, athymic

rats.

*Three rats were sacrificed immediately after dye injection and three were killed 24 h after cell injection (see Materials and Methods).

AF of a pregnant rat of Fisher or GFP-expressing strain
at 16 days postcoitum. AF was picked up by a microsy-
ringe under magnification lens and resuspended in Amni-
otic Culture Medium (ACM) [63% MEMa (Sigma), 20%
Chang medium C (Irvine Scientific, Santa Ana, CA),
15% FBS, 1% streptomycin-penicillin solution, and 1%
L-glutamine]. Cell seeding was performed at a density
of 5000 cells/cm? on non-tissue culture petri dishes (BD
Falcon™, BD Biosciences). After 7 days, nonadherent
cells and debris were discarded and the adherent cells
cultivated until preconfluency. Adherent cells were de-
tached from the plastic plate using a trypsin-sodium-
EDTA solution (Sigma) and then repeatedly passaged.
Cell morphology was studied using a phase contrast
Leica DM IRB microscope (Leica, Wetzlar, Germany)
connected with a Canon Power Shot S40 camera.

Flow Cytometry and Cytocentrifugation

Flow cytometric analysis was performed at the sec-
ond and third passage. BM-MSCs and AF-MSCs were
detached by adding citrate buffer (Sigma), rinsed, and
resuspended in PBS at a concentration of 5 x 10° cells/
100 pl. Cells were stained directly with 10 pl of FITC
fluorochrome-labeled anti-rat CD90 (BD-Biosciences,
San Diego, CA), CD44 (BD-Biosciences), PE-conju-
gated anti-rat antibodies to the progenitor markers CD45
(BD-Biosciences), CD73 (BD-Biosciences), and MHC-
IT (BD-Biosciences). Cytometric analysis was performed
using a COULTER Epics XL-MCL cytometer (Beck-
man Coulter), and data were elaborated by means of
EXPO™ 32 ADC Software.

Cytospin preparations of BM-MSCs and AF-MSCs
were obtained with a Shandon Cytospin 4 centrifuge
(Thermo Fisher Scientific, Inc., Waltham, MA). Cytos-
pin-obtained cells were fixed in 2% p-formaldehyde in
PBS, pH 7.2, and then incubated with the primary anti-
body to cytoplasmic antigens of the cardiogenic and
noncardiogenic cell lineages as well as embryonic anti-
gens for 30 min at 37°C. The primary antibodies used
in the immunofluorescence experiments were the fol-
lowing: anti-SSEA4 (Chemicon, Temecula, CA); anti-
Oct-4 (Santa Cruz, Santa Cruz, CA); anti-CD117 (Santa
Cruz); anti-CD271 (BD-Biosciences), anti-CD105
(Cymbus, Chandlers Ford, UK); anti-Flk-1 (Santa Cruz);
anti-von Willebrand factor (vWf) (Dako, Dakopatts,
Denmark); anti-smooth muscle (SM) o-actin (Sigma);
anti-SM22 (Abcam, Cambridge, UK); anti-vimentin
(Dako); anti-pan-cytokeratin (Sigma). The secondary
antibodies were the Cy2-conjugated goat Fab” to mouse
or rabbit IgGs (Chemicon). Manual counting of cytocen-
trifuged cells positive with each antibody was performed
by two independent examiners and the corresponding
scores, expressed as percentage of total Hoechst-stained,
cells, distributed in five classes (see also legend to Table
2). Flow cytometry and cytocentrifugation analysis were
performed in triplicate using distinct MSC preparations.

In Vitro Phenotypic Profiling of BM-MSCs
and AF-MSCs

In vitro potential for osteogenic and adipogenic dif-
ferentiation as well as stability of antigenic marker ex-
pression and propensity to cell phenotypic conversion
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Figure 1. Flow cytometry pattern (A), osteogenic and adipogenic (B), and vascular (C) differentia-
tion potential of BM-MSCs and AF-MSCs. Note the different profile of the two MSCs with CD73.
(B) Control (a) and AP-positive reaction (b) after exposure of AF-MSCs to osteogenic medium;
(c, d) phase contrast and Oil-Red-O staining, respectively, of a AF-MSC culture treated with the
adipogenic medium. The black arrowhead in (c) shows a cell cluster filled with fat droplets. Scale
bar: 80 um. (C) Immunofluorescence patterns of cultured BM-MSCs (a, b) and AF-MSCs (c, d)
grown in differentiation media specific for SMCs (a, ¢) or ECs (b, d). Scale bar: 50 um.

for cardiovascular cell lineages were evaluated for BM-
MSCs and AF-MSCs. All experiments were performed
using cells passaged up to the third passage and then
incubated in specific differentiation media or cocultured
with neonatal CMs.

Osteogenic Differentiation

Cells were seeded at 2000 cells/cm? in 35-mm plates
(Falcon, BD) and cultured in DMEM low-glucose me-

dium (Sigma) with 10% FBS (Invitrogen), 1% penicil-
lin/streptomycin (Invitrogen), and osteogenic supplements
(100 nM dexamethasone, 10 mM B-glycerophosphate,
and 0.05 mM ascorbic acid-2-phosphate (Sigma-Ald-
rich)). Osteogenic condition was maintained for a week
with medium changes three times per week. Osteogen-
esis was assessed at day 7. Alkaline phosphatase (AP)
activity of these cultures was determined according to
the manufacturer’s instructions (Sigma-Aldrich). Briefly,
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Table 2. Immunophenotyping of Rat BM-MSCs and AF-MSCs
as Determined by Cytospin Analysis (Before Transplantation)

Antigen BM-MSCs AF-MSCs
SSEA4 +- (8%) + (15%)
Oct-4 +— (4%) ++ (34%)
vWf + (14%) + (10%)
Flk-1 +— (T%) + (12%)
CD117 - -
CD271 (NGF-R) + (16%) ++ (35%)
CD105 (endoglin) ++ (40%) +++ (81%)
SM a-actin + (15%) +—- (5%)
SM22 + (17%) +— (6%)
Vimentin ++++ (90%) ++++ (95%)

Pan-cytokeratin - -

—: no positive cells; +/— <10%; +: 10-30%; ++: 30-60%; +++: 60—
90%; ++++: >90%.

cells were fixed in acetone for 30 s. Substrate (fast blue
RR solution with naphthol AS-MX alkaline phosphate
solution) was added to the cells in culture dishes; nuclei
were counterstained with Mayer’s hematoxylin.

Adipogenic Differentiation

Cells were treated with adipogenic medium for 3
weeks. The medium was changed three times a week,
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and adipogenesis was assayed at days 7 and 21. Adipo-
genic medium was as follows: low-glucose DMEM sup-
plemented with 10% FBS, 1% antibiotics, and adipogenic
supplements [1 mM dexamethasone, 1| mM 3-isobutyl-
1-methylxanthine, 10 pg/ml insulin, 60 mM indometha-
cin (Sigma-Aldrich)]. Fat vesicles accumulated in these
cell cultures were determined by Oil-Red-O staining
(Sigma). After fixation in 10% formalin, cells were in-
cubated with Oil-Red-O staining solution and then coun-
terstained with Mayer’s hematoxylin.

Cardiovascular Differentiation

Cells were seeded at 1 x 10* cells/cm? and induction
of SMC or EC differentiation in both types of MSCs was
achieved by growing cells in DMEM with 10% FBS, 5%
horse serum (HS) (Invitrogen), and 50 UM hydrocortisone
(Sigma) (50) or endothelial cell growth medium (Promo
Cell, Heidelberg, Germany), respectively. Induction of
CM differentiation in MSCs was carried out according to
Shim et al. (33) using DMEM containing 10% FBS for 3
days. Before confluency, MSCs were shifted to Cardiac
Differentiation Medium and grown for 15 days.

Neonatal CM were obtained by trypsin-EDTA diges-
tion from newborn rat hearts resuspended in culture plat-
ing medium (CPM) [68% DMEM (Invitrogen), 17% M-
199 (Sigma), 5% FBS (Invitrogen), 10% HS (Invitrogen)].

Figure 2. Immunofluorescence patterns of BM-MSCs and AF-MSCs labeled with CMFDA (A-F)
or GFP (G-L) cocultured with neonatal CM. Green fluorochromes are shown in (A, D, G, J);
sarcomeric myosin (sm) binding is in red (B, E, H, K). White arrowheads indicate rare MSCs
expressing sarcomeric myosin; some of them appear multinucleated. Scale bar: 50 pwm.
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Figure 3. H&E staining of equatorial cardiac cryosections taken at 1, 7, 15, and 30 days after cryoinjury. Specific magnifications
of some areas pertaining to each cryosection are boxed and identified by letters (a, b). Note the progressive reduction of ANI size
with time and the scarring of lesion at day 30. Scale bar: 80 wm (in the boxes); 1 cm (whole cryosections).

Conditioned media from cultures of neonatal CM (“beat-
ing cell cultures”) were also collected and applied to
MSCs up to day 10 of cultivation.

Cocultures of BM-MSCs or AF-MSCs (from Fisher
or GFP strain) with rat neonatal CM (Fisher) were estab-
lished as follows. Each MSC type was mixed in the ratio
1:4 with freshly prepared CM and seeded at a density of
8 x 103 cells/cm?. MSCs obtained from the Fisher strain
had been previously labeled with 10 uM cell tracker
chloromethylfluorescein diacetate (CMFDA) following
the instructions of the manufacturer (Molecular Probes,
Eugene, OR) whereas GFP-MSCs were used as such.
Cell viability after cell labeling was monitored by trypan
blue exclusion test. After 9 days of cocultures in CPM,
cells were fixed in 2% p-formaldehyde (Sigma) in PBS,
pH 7.2. Alternatively, cells were then rapidly detached
with trypsin-EDTA and cytocentrifuged at 550 rpm. Co-
cultures were carried out in triplicate.

Antibody Labeling

Cover slips and cytospins with MSCs grown in the
differentiating or conditioned media or in cocultures
were fixed in 2% p-formaldehyde in PBS and tested in
single or double immunofluorescence using anti-vWf
(Dako); anti-SM a-actin (Sigma); anti-SM22 (Abcam);
anti-cardiac troponin T (cTnT; Abcam); MF-20 anti-sarco-
meric myosin (sm; Hybridoma Bank, Iowa City, IA) as
primary antibodies and Cy2-conjugated goat Fab’ to
mouse or rabbit IgGs (Chemicon) as secondary antibod-
ies. In coculture experiments, GFP was enhanced by a
rabbit anti-GFP antibody (Molecular Probes) and re-
vealed by a Cy2-conjugated goat Fab’ to rabbit IgG
(Chemicon), while ¢cTnT and sm were labeled with a
Alexa Fluor 594-conjugated goat Fab’ to mouse IgG
(Molecular Probes). Distribution of antigens was studied
using a Zeiss Axioplan epifluorescence microscope
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(Zeiss, Oberkochen, Germany), and images were ac-
quired using a Leica DC300F digital videocamera
(Leica, Wetzlar, Germany). Cells grown in coculture
conditions showing sm expression were counted as a
percentage of CMFDA-labeled or GFP-expressing MSCs.

Echocardiography

Transthoracic echocardiograms were obtained from
sham-operated and operated animals (7 and 30 days
after ANI). Rats were kept in lateral decubitus position
after being anesthetized with xylazine (0.16 mg/100 g)
and tiletamine-zolazepam (4.5 mg/100 g). A Sonos 5500
echocardiographic system (Philips Hewlett-Packard, Palo
Alto, CA) equipped with a 12.5-MHz transducer was
placed on the hemithorax. A two-dimensional short-axis
view of left ventricle (LV) was initially used at the level
of papillary muscles to obtain targeted M-mode tracings
that were recorded on videotape. This orientation al-
lowed for delineation of wall thickness and motion in
ANI and non-ANI regions. A veterinarian and a physi-
cian who where unaware of rat treatment analyzed the
images. Data were elaborated to calculate the fractional

Figure 4. Immunohistochemical staining of the cryoinjured re-
gion (7 days after injury) with antibodies to ¢TnT (A), EIIIA-
FN (B), procollagen I (C), vimentin (D), SM o-actin (E), vW{
(F), PMN (G), and M¢; (H). The cardiac scarring area is indi-
cated by the asterisk. Scale bar: 100 wm.
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Figure 5. Echocardiographic images of a representative rat
with a cryoinjured heart at day 7 after surgery, before BM-
MSC transplantation (A, B). (A) Imaging of the heart in the
parasternal short-axis view, in diastole. (B) M-mode echocar-
diogram. (C) The position of the needle (encircled with a red
line) used to deliver MSCs to the left ventricle.

shortening, ejection fraction, wall thickness, and ventric-
ular volume for each animal (34). Variability in the
echocardiographic measurements obtained by the two
examiners was less than 5% (both inter- and intraob-
server values).

Cell Transplantation

Because closed-chest intramyocardial delivery of
BM-MSCs or AF-MSCs in the rat heart via echocardio-
graphic guidance can be complicated by an inadvertent
injection into the LV cavity, we first practiced open-
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Table 3. Distribution (in %) of Cell Proliferation and Apoptosis in Transplanted
CMTMR-Labeled MSCs at Day 10 Versus Day 30 Postinjection Time

Day 10 Day 30
P-Histone H3" ApopTag" P-Histone H3" ApopTag"
BM-MSCs 20.95 £ 1.07* 12.37 £ 1.707F 6.79 £ 0.48* 4.68 £ 0.207
AF-MSCs 32.75 £ 1.66* 7.40 £ 0.607 10.83 + 3.50* 4.16 £ 0.587
%, ip <0.01.

chest cell transplantations to ensure a correct procedure
for closed-chest MSC delivery (35).

Under a general anesthesia, which reduced heart rate
to 200-250 beats/min, the optimal ultrasonographic
window (generally the left parasternal view) was se-
lected in a group of cryoinjured rats (Group 2; see Table
1) kept in dorsal decubitus. A 2% solution of Evans blue
dye in PBS or 10° GFP-labeled BM-MSCs in PBS (90
ul) was injected in the region surrounding the cryoinjury
using a 30-gauge needle of an infusion set. Using 30—

45° angles of injection with respect to the rat table sur-
face, the needle was advanced through the body wall via
a substernal approach. Animals injected with dye (n =
3) were sacrificed immediately whereas those injected
with fluorescent cells (n = 3) were killed after 24 h. Fro-
zen free cardiac wall was then analyzed for the histo-
chemical and immunohistochemical distribution of dye
and cellular fluorescence, respectively. In addition, cells
that might have been “escaped” from the injection site
or inadvertently injected in the ventricular cavity were

Figure 6. Comparative analysis of surviving CMTMR-positive MSCs after 24 h and 30 days in cryoinjured rat heart (A, B).
Density of capillaries (C) or arterioles (D) containing a variable number of CMTMR-positive MSCs after 30 days from injection
in cryoinjured heart. In (c) and (d) is shown a capillary and an arteriole, whose wall contains CMTMR* cells (yellow arrows)
positive for vWf or SM «i-actin, respectively, used in blood vessel counting. Scale bars: 10 pum (c); 20 um (d).
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Figure 7. Immunofluorescence cell tracking of injected CMTMR-positive BM-MSCs after 30 days
of transplantation tested with vWf (B), SM a-actin (E), cTnT (H, K), and SSEA4 (N). Yellow
arrows indicate double-positive cells for CMTMR and the specific differentiation marker. Note
that some injected cells are grouped in clusters (white arrowheads in L). Scale bars: 60 um (A-F,

M-0); 45 um (G-I), 30 um (J-L).

determined by examining the pulmonary parenchyma.
Each lung was sectioned and 20 sections/lung analyzed
by fluorescence microscopy.

Before transplantation, BM-MSCs or AF-MSCs (at
the third passage) were washed extensively in MEMao
and then labeled with 0.5 uM cell tracker 5-(and-6)-
(4-chloromethyl(benzoyl)amino)-tetramethylrhodamine
(CMTMR; Molecular Probes) according to the manufac-
turer’s instructions. Then, cells were collected by 0.05%

trypsin-EDTA treatment and viability after labeling was
monitored by trypan blue exclusion test. Under the con-
ditions used for labeling, 98% of the cells resulted posi-
tive for CMTMR and almost the same percentage (96%)
resulted viable. CMTMR-labeled or GFP-expressing
cells were first resuspended in MEMao without serum
and then injected in rat hearts (CMTMR-MSCs, Groups
3 and 4; GFP-MSCs, Groups 5 and 6; see Table 1).
Closed-chest intramyocardial MSC transplantations



688

IOP ET AL.

Figure 8. Immunofluorescence cell tracking of injected CMTMR-positive AF-MSCs after 30 days
of transplantation tested with vWf (B), SM a-actin (E), cTnT (H), and SSEA4 (K). Yellow arrows
indicate double-positive cells for CMTMR and the specific differentiation marker. A magnification
of a typical cTnT-expressing CMTMR" cell is shown in insets of (G-I). Scale bars: 60 um; insets:

45 um.

were carried out using an oblique axis view and the nee-
dle aligned to the ventricular wall. Cell suspension (2 X
10 cells in 90 pl of solution per animal) was delivered
in the periphery of the hypokinetic region (see also Figs.
4 and 5). Sham rats (Group 7, Table 1) were injected in
the ANI region with the same volume of MEMa follow-
ing the above-described procedure used for MSCs. Ex-
perimental animals (rats with ANI plus MEMa and rats
with ANI plus CMTMR-BM-MSCs or CMTMR-AF-
MSCs) were sacrificed at 1, 10, and 30 days after injec-
tions. Nude rats transplanted with GFP-BM- or AF-
MSCs were sacrificed at day 30 for a comparative study.
Hearts were gently rinsed in PBS, fixed in 4% p-formal-

dehyde and 30% sucrose, snap-frozen in liquid nitrogen,
and stored at —80°C.

Histology, Histochemistry, and Immunohistochenistry

Analysis of inflammatory cell response that follows
ANI induction was performed by histology, histochem-
istry, and immunohistochemistry (see also Fig. 5) on 7-
um-thick frozen cardiac sections. Extracellular matrix
deposition was studied by Masson trichrome staining;
angiogenesis by vWTf distribution; monocyte-macro-
phage (M¢) and granulocytes (PMN) infiltration by anti-
CD163 (Serotec, Oxford, UK) and anti-MCA149 (Sero-
tec) antibodies, respectively. In addition, the following
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antibodies were used to monitor the granulation tissue
formation: anti-vWf (Dako), M-38 anti-procollagen I
(Iowa Hybridoma Bank), anti-EIIIA fibronectin (Ab-
cam), anti-cTnT (Abcam), and anti-SM o.-actin (Sigma),
anti-vimentin (Dako). HRP-conjugated anti-mouse and
anti-rabbit IgGs (Dako) were used as secondary antibod-
ies. The substrate used to reveal bound primary antibod-
ies was 3-amino-9-ethylcarbazole (Sigma). Controls
were performed using nonimmune IgGs instead of the
primary antibodies or by applying the secondary anti-
bodies alone. Antigen distribution was studied using a
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Figure 9. Density of CMTMR-positive MSCs expressing vWt
(A), SM o-actin (B), or ¢TnT (C) 30 days after transplantation
in cryoinjured heart.
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Leica light microscope (Leica), and images were ac-
quired using a Leica DC300 digital videocamera (Leica).
The slides were scored in a blinded fashion by two ex-
pert pathologists to determine the degree of inflamma-
tion and histological/immunohistochemical changes in
cryoinjured hearts from 24 h to 30 days postinjury time.

Assessment of Transplanted MSC Survival,
Proliferation, and Differentiation

Survival of CMTMR-labeled BM-MSCs or AF-
MSC:s injected in hearts of ANI rats was established 1
and 30 days after MSC transplantation using five sec-
tions per animal. Three randomly chosen microscopic
fields at 100x magnification, corresponding to 0.0374
mm?, were examined by two independent operators who
counted CMTMR-positive MSCs.

Engrafted MSC proliferation and apoptosis were
evaluated at 10 and 30 days from transplantation by im-
munofluorescence on rat heart cryosections using, re-
spectively, an anti-phospho-Histone H3 antibody (Ser
10; Upstate, Lake Placid, NY) and the ApopTag® Plus
Fluorescein In Situ Apoptosis Detection Kit (Chemicon)
following the manufacturer’s instructions.

Detection of differentiation marker expression in
CMTMR- or GFP-transplanted BM-MSCs or AF-MSCs
was performed by immunofluorescence using the anti-
bodies to: vWf (Dako), SM a-actin (Sigma), cTnT (Ab-
cam), sm (Iowa Hybridoma Bank), and SSEA4 (Chemi-
con). Goat anti-mouse and anti-rabbit Cy2 antibodies
(Chemicon) were used as secondary antibodies. GFP-
transplanted cells were identified by a rabbit anti-GFP
antibody (Molecular Probes) and revealed by a Cy2-
conjugated anti-rabbit secondary antibody (Chemicon).
For double immunofluorescence on GFP-transplanted
hearts, differentiation markers were labeled with Alexa
Fluor 594-conjugated anti-mouse secondary antibody
(Molecular Probes).

Differentiation of CMTMR- or GFP-labeled MSCs
attained in the ANI context was studied by calculating
the expression of specific markers in both organized
vascular vessels (capillaries and arterioles) and nonorga-
nized cell clusters. Capillaries were considered when
stained by anti-vWf and negative for SM «a-actin in se-
rial sections. Arterioles were taken into account when
parietal cells were stained by anti-SM «-actin (see also
Fig. 6C and D). CM-like cells, identified by cTnT or sm
expression, were counted both as single cell and cell
clusters. Capillary density was calculated for microves-
sels of about 20-60 um diameter and arteriole density
was calculated for vessels of about 70—100 pm diame-
ter. Three randomly chosen fields per section were eval-
uated. Only the stained vessels oriented with the lumen
cut transversely were counted. The number of vessels
was expressed per mm?Z.
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Immunofluorescence observations were carried out
using a Zeiss Axioplan epifluorescence microscope and
results obtained reevaluated by Leica SPS2SL confocal
microscope.

Statistical Analysis

Data are expressed as the mean = SD. Statistical dif-
ferences between BM-MSCs versus AF-MSCs were de-
termined by paired or unpaired Student z-tests. Results
were considered statistically significant if p < 0.01.

RESULTS
Characterization of BM-MSCs and AF-MSCs

BM-MSCs and AF-MSCs used for cell transplanta-
tion were studied by flow cytometry and cytocentrifuga-
tion assays (Fig. 1A, Table 2). Both cell types appeared
reactive for CD44, CD90, and MHCII antigens but they
behaved differently for other MSC markers (i.e., CD73)
(Fig. 1A). Likewise, differences in some antigen expres-
sion were also evident in cytocentrifugation assay (Table
2), especially for MSC markers CD271 and CD105, the
embryonic stem cell markers SSEA4 and Oct-4, and to
a lesser extent in some cell lineage-specific markers
such as Flk-1 and vWf (ECs), SM22/SM «-actin
(SMCs). No immunoreactivity was found for CD117
(hematopoietic stem cells) and the pan-cytokeratin anti-
gen. Vimentin expression was similar in both MSCs.

The potential of AF-MSCs for phenotypic conver-
sions to osteogenic, adipogenic, and cardiovascular cell
lineages was evaluated in specific media and the results
are shown in Figure 1B and C. AP- and Oil-Red-O-posi-
tive staining could be demonstrated after treatment with
osteogenic and adipogenic inducer media, respectively
(Fig. 1B). SM «-actin/SM22, which were originally
weaker in AF-MSCs (Table 2), after 15 days in vitro
stimulation improved their expression but to a limited
extent (Fig. 1C, a, c; in both cultures the positive cells
were about 15%). Conversely, vW{ was present in about
50% of the respective cell populations (Fig. 1C, b, d).
MSCs grown in CM-inducing media or CM-conditioned
media did not show any labeling with anti-cTnT or sm
antibodies (not shown). It is only with cocultures that a
minority of CMFDA-labeled BM-MSCs or AF-MSCs
(3.5 £ 1.0% of the respective cell population with both
MSCs) also expressed the sarcomeric marker sm (Fig.
2A-F) or cTnT (not shown). Coculture experiments car-
ried out using GFP-expressing BM-MSCs and AF-
MSCs along with rat neonatal CMs (Fig. 2G-H) gave
similar results (4.0 £ 1.0% of the respective cell popula-
tion with both MSCs). This finding suggests that inde-
pendently from genetic or nongenetic labeling the ten-
dency of both MSCs to be converted to CM-like cells is
quite low and many cells appear with more than one
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nucleus. We cannot say whether these cells are dividing
cells or “fused” cells.

ANI Induction and MSC Transplantation

Our cryoinjury protocol applied to rat hearts was able
to consistently induce an ANI that is restricted to one
third to one half of the left ventricular myocardial wall
(Fig. 3), the endocardial side always being spared.
Thirty days from surgery only a small myocardial region
still presented signs of postinjury remodeling. Echocar-
diographic values did not show statistically relevant
changes in structural and hemodynamic parameters stud-
ied at day 7 versus day 30, suggesting that size (about
19 mm?) and LV localization (anterior and close to the
apex) of the cryolesion did not produce significant func-
tional consequences (data not shown).

Time-related inflammatory cell infiltration, accumu-
lation of new blood vessels, and changes in CM struc-
ture/biology and ECM matrix accumulation were moni-
tored up to 30 days to identify the time window for cell
transplantation in which the acute inflammatory re-
sponse was markedly attenuated (see the Discussion sec-
tion). This analysis revealed that at 7 days postinjury
(Fig. 4) there were only traces of acute inflammatory
cells but an abundant network of capillaries and arteri-
oles. Hence, this time was selected for MSC transplanta-
tion and the corresponding animals injected with GFP-
or CMTMR-labeled MSCs.

At this time point, MSCs were injected in the periph-
ery of cryoinjured and control rat hearts via echocardio-
graphic guidance (Fig. 5) and the animals sacrificed
after 24 h, 10 or 30 days.

Taking into account that genetic cell tracker GFP can
evoke a marked immune response (see the Discussion
section), we adopted a labeling procedure based on the
cellular dye CMTMR. On the other hand, we reasoned
that the use of CMTMR-labeling as a tracking agent
could underestimate the counting of survived trans-
planted cells, caused by the progressive dilution of the
fluorochrome emission with cell proliferation. Prelimi-
nary data suggest that in vitro after 20 BM-MSC dou-
blings the number of cells expressing this marker is re-
duced to 50% of the original staining (our unpublished
data). To determine whether this also happens in our
model we performed a comparative study using cryoin-
jured hearts from immunodeficient (rNu) rats trans-
planted with GFP-expressing MSCs (Groups 5 and 6,
Table 1). It turned out that after 30 days from intramyo-
cardial injections marker distribution was as follows:
GFP versus CMTMR labeling was seen in 1613.18
643.84 versus 1420.58 £ 129.65 cells/mm? (p = NS). Car-
diovascular cell phenotypes were as follows: vWf* cells,
179.84 £ 6.33 (GFP) versus 150.36 +24.08 (CMTMR);
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SM o-actin® cells: 88.34 £35.20 (GFP) versus 98.08 =
40.84 (CMTMR); cTnT* cells: 277.01 £55.97 (GFP)
versus 237.43 £79.99 (CMTMR) (p =NS). Thus, the
two procedures gave slightly different results which
were, however, not statistically significant.

To analyze the survival pattern of MSCs transplanted
into cryoinjured hearts (Table 1, Groups 3 and 4), we
first counted CMTMR-positive cells at 1 and 30 days by
immunofluorescence. At 24 h after injection, BM-MSCs
were more abundant than AF-MSCs (1424.50 £+ 173.80
vs. 778.61 + 156.28; p < 0.01), but at day 30 the number
of the two MSC types was very similar (1420.58
129.65 vs. 1275.26 £ 74.5; p = NS). Despite the same
number of cells used in the two types of transplants, 24
h after injection the survived AF-MSCs were about one
half that of BM-MSCs but with time they recovered and
approached the number of BM-MSCs. This result may
be compatible with a superior ability of AF-MSCs to
proliferate and/or a reduced tendency to apoptosis. This
issue was tackled by analyzing the distribution of phos-
pho-Histone H3* CMTMR* MSCs in comparison to
ApopTag* cells 10 and 30 days after cell transplantation
in cryoinjured heart (Table 3). At day 10 AF-MSC mi-
totic cells were higher than BM-MSCs. At day 30 post-
injection time, apoptotic cells were 4.68 +0.2 (BM-
MSCs) versus 4.16 £ 0.58 (AF-MSCs) per mm? (p =
NS) whereas mitotic cells were 6.79 + 0.48 (BM-MSCs)
versus 10.83 + 1.5 (AF-MSCs) per mm? (p < 0.01). Al-
together these data suggest that indeed AF-MSCs pos-
sess an in situ superior proliferative capacity, in the face
of a similar apoptotic profile, and irrespective of postin-
jury time.

Regarding to the phenotypic potential of survived
MSCs to be converted to cells expressing myocardial
(cTnT* cells) and vascular (vW{* or SM o-actin® cells)
antigens, only 34.6% of BM-MSCs and 49.6% of AF-
MSCs were able to pursue this process. In turn, cardio-
vascular antigens were found expressed in cells that
belong to organized microvessels (capillaries and arteri-
oles) or dispersed in the cardiac parenchyma. About the
former, 51.2% of BM-MSCs and 35.2% of AF-MSCs
were found in the wall of microvessels.

Density of capillaries and arterioles containing
CMTMR-positive cells (Fig. 6Cc, Dd) in this content
were 148.69 +54.41 (BM-MSCs) and 122.49 +17.37
(AF-MSCs; p = NS), whereas arterioles with CMTMR-
positive cells were obtained almost exclusively with
BM-MSCs (71.30 £ 55.66).

Concerning single isolated cells or small cell clusters,
immunofluorescence staining patterns of the two types
of MSCs are shown in Figures 7 and 8. In both trans-
plants the “embryonic stem cell” marker SSEA4 still
remained expressed in the MSCs (Fig.7M-O for BM-
MSCs; Fig. 8J-L for AF-MSCs). In addition, the cardio-
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vascular cell markers ¢cTnT, SM o-actin, and vW{ were
variably expressed among the injected CMTMR-positive
MSCs. In particular, injected AF-MSCs seemed not be
able to giving rise to SM a-actin* cells (Fig. 8A—C) and
appeared mostly able to give rise to single cTnT* cells
(insets in Fig. 8G-I). On the other hand, BM-MSCs ap-
peared as single cTnT* cells (Fig. 7G-I) or clusters
of positive cells (Fig. 7J-L). A comparative score of
CMTMR-labeled cells positive for vW{, SM o-actin, or
c¢TnT is shown in Figure 9. vWf-positive cells were
150.36 £24.08 with BM-MSCs and 227.27 +18.91
with AF-MSCs (p <0.01). SM o-actin-positive cells
were 98.03 + 40.84 with BM-MSCs whereas almost no
positive cells were found with AF-MSCs. Interestingly,
these last cells were, however, able to gave a marked
expression with ¢TnT (i.e., 417.91 = 100.95), which was
higher than BM-MSCs (237.43 £ 79.99; p < 0.01).

DISCUSSION

The major finding reported in this study is that fetal-
or adult-type MSCs derived from AF or BM, despite a
similar biological profile, do not possess an equal differ-
entiation potential when examined in a nontransmural
model of myocardial injury.

While the notion of MSCs in BM is well established,
that of MSCs in AF is less common, although it has
recently demonstrated that these cells are found in hu-
mans (7,17,20,39) and studied in a model of bladder cry-
oinjury in rats (8). Rat AF-MSCs in their “undifferenti-
ated state” (i.e., when cultivated in the absence of
specific differentiation conditions) share a common anti-
genic profile with rat BM-MSCs as well as the human
counterpart (7,17,20,39) and MSCs from other human
tissues (31). Rat AF-MSCs express CD44, CD73, CD90,
CD105, CD271, and vimentin but are negative no for
CD45, CD117, MHCII, or the pan-cytokeratin antigen.
In addition, rat AF-MSCs can be induced to osteogenic
and adipogenic cell lineages in vitro, which make these
cells similar to BM-MSCs (27). A similar behavior has
recently been reported for amnion-derived MSCs iso-
lated from embryonic day 18.5 rat fetuses (27). We can-
not exclude that part of rat MSCs from the AF described
here can indeed derive from the amnion as may also
occur in humans (7,28).

Some phenotypic features are, however, distinct in
rat AF-MSCs (e.g., lower expression of the stromal-
associated cell marker CD73 and higher expression of
the “embryonic stem cell” markers Oct-4 and SSEA4)
(Table 2). BM-MSCs seem inherently more “disposed”
to a myofibroblast phenotype (a higher proportion of
SM a-actin and SM22, markers of SMC lineage).
Unique functional features, colony formation capacity,
cell proliferation, and gene expression profile have been
described in MSCs from different tissue sources (38,
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43.48). More recently, transcriptome analysis of human
AF and BM has confirmed that MSCs display both a
specific gene profile and a common ‘“gene core” in-
volved in the regulation of extracellular matrix and ad-
hesion and signaling (38).

When in vitro differentiation of MSCs is “pushed”
by culturing these cells in the presence of EC- or SMC-
inducing media or neonatal CM, both MSCs respond to
the changes in the microenvironment by improving their
propensity for vascular cell differentiation and only
slightly for the CM cell lineage. The role played by
cell-cell contact or soluble factors in inducing BM-
MSC-to-CM phenotype conversion is controversial (4,
25,45). In our hands, both MSCs seem to require mostly
a physical interaction to achieve expression of a sarco-
meric markers, but this is probably a first step in the
differentiation—maturation pathway and does not neces-
sarily imply that a complete phenotypic maturation has
been achieved (e.g., the SSEA4 marker is still expressed,
data not shown). This behavior is shared with other stem
cell populations such as the c-kit" multilineage, cardio-
genic stem cells that display in vitro an incomplete mor-
phological and functional pattern (12). We cannot rule
out that the apparent CM-like phenotype shown in vitro
(Fig. 2) or in vivo (Figs. 7 and 8) is due to fusion of
MSCs with CMs as an alternative to transdifferentiation
(12).

The differentiation potentials of MSCs observed in
vitro need a definitive in vivo confirmation for future
cell therapy experiments/trials aimed at replenishing
damaged cardiovascular tissue. As a first step in this
bench-to-bed pathway we set up a cryoinjury model that
generates a restricted epicardial-myocardial lesion. It
was not our intention to ascertain if MSC transplantation
is able to reverse a potential cardiac dysfunction, possi-
bly caused by the cryolesion (6,26). We have simply
chosen the cryoinjury model and syngeneic rats to study
the phenotypic potential of these two types of MSCs
because in our experience this procedure gives a well-
delimited and reproducible damage (8), low or no mor-
tality, and a necrotic inflammatory healing process that
can be reminiscent of the one found in the ischemic in-
jury (see, e.g., Fig. 4) (6). With this procedure, which
entails a small cryoprobe, a limited number of applica-
tions of the cryoprobe on the epicardial surface, a pecu-
liar anatomical localization of injury, we induced a non-
trasmural lesion with no echocardiographic evidence for
functional changes or a significant structural remod-
eling.

One important advantage of the ANI model is that it
allows for a precise identification of reproducible postin-
jury spatiotemporal changes (inflammatory cell infiltra-
tion, in particular) and the localization of the border
zone between the necrotic area and surrounding tissue
(which includes the reactive granulation tissue) to inject
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MSC:s. In addition, with this model it becomes possible
to select precisely the “time window” that is thought
to be appropriate for MSC delivery. In this regard, the
postinjury administration of cells to be injected intra-
myocardially is tackled in two different ways: some au-
thors postulate that stem cells can attain a better homing,
survival, engraftment, and differentiation if adminis-
trated soon after injury whereas others point to the pre-
sumed role of cytokines, chemokines, and loss of surviv-
ing factors in causing death of grafted cells (10,13,18).
Another potential effect of time-dependent delivery of
MSC:s in the injured heart relies on the capacity to exert
an efficacious paracrine role on the surrounding, revers-
ible damaged CMs. This aspect has not been taken into
account and it will be targeted in future studies. Ongoing
studies confirm that when AF-MSCs and BM-MSCs are
injected at the time of ANI the cell survival at day 30
postinjury is about one half of that obtained with injec-
tions made 7 days after injury (unpublished data). In
addition, the targeted delivery of MSCs to the tissue sur-
rounding the organizing ANI region carried out by echo-
cardiographic guidance may allow a better survival and
a higher MSC commitment for cardiovascular cell con-
version (18). In fact, MSCs can take advantage of the
peculiar environment, almost devoid of inflammatory
cells (see Fig. 4) at the time of intramyocardial trans-
plantation, but still containing cytokines and growth fac-
tors (such as VEGF) useful for MSC-mediated cardio-
vascular cell repair (46).

We have, on purpose, selected to use the cell tracker
CMTMR instead of the “classic” genetic marker GFP
to monitor the in vivo phenotypic potential of MSCs.
Injection of MSCs in immunocompetent ANI rats is po-
tentially able to evoke a humoral and cellular immune
response in the time period of 30 days, thus contributing
to cell graft rejection (29,36). Once transplanted in the
cryoinjured rat hearts the two types of MSCs do not
show any graft rejection but reveal a different survival
pattern and cardiovascular cell potential. AF-MSCs after
24 h from injection are less numerous than BM-MSCs
but this difference becomes less evident after 30 days,
suggesting that the initial loss of AF-MSCs in the new
cardiac environment can be recovered by cell prolifera-
tion and/or long-term resistance to cell apoptosis. In
fact, while a paracrine antiapoptotic effect of BM-MSCs
on CMs surrounding the damaged myocardial region is
known (40), nothing is acknowledged about a possible
autocrine action of released factors from BM-MSCs or
AF-MSCs. More importantly, while the two MSCs can
contribute roughly at the same extent to capillary forma-
tion, AF-MSCs are not able to participate in the forma-
tion of arterioles and hence to vascular SMCs. This be-
havior is also confirmed by the absence of AF-MSCs
expressing SM o-actin not only in the forming arterioles
but also in CMTMR-positive dispersed cells. On the
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other hand, AF-MSCs display an inherent higher pro-
pensity for expressing the EC marker vWf and the CM
marker cTnT. The in vivo pattern observed with trans-
planted MSCs is mirrored by the in vitro profile (i.e.,
BM-MSCs seem to be inherently more inclined to form
myofibroblasts). It is known that MSCs are present in
several adult organs/tissues (31), but this does not imply
that they have equal differentiation potentials. For exam-
ple, synovium-derived MSCs and BM-MSCs show a
similar ability to suppress T-cell response in a mixed
lymphocyte reaction but different transcriptional profiles
and osteogenic capacities (9). Clearly, the existence of a
peculiar differentiation potential in a given MSC popula-
tion is likely to be relevant when the MSCs are trans-
planted in a new “niche” (e.g., in the heart) or are de-
rived from donors of different ages. In general, fetal
MSCs have higher proliferative capacity and are less lin-
eage committed than adult MSCs (22,44).

We cannot say what makes AF-MSCs less suitable
for a complete vascular recovery in this ANI model, but
it is clear from our previous studies that these cells,
when transplanted in a porcine model of myocardial is-
chemia, can be converted to vascular cells but not to
cardiomyocytes (32). This suggests a species-specific or
microenvironment-dependent (myocardial cryoinjury,
rat vs. coronary artery thrombosis, pig) differentiation
potential. On this ground, the differential ability of
MSCs to form new cardiovascular cells/tissue must be
carefully taken into account if they are to be used in a
context of human cell therapy of myocardial ischemia.
Certainly, the scarce capacity of AF-MSCs, as such, to
form arterioles may hamper their application in cardio-
pathic patients that cannot rely solely on neoangiogen-
esis for blood perfusion of damaged heart (44).
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