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Paracrine Mechanisms in Adult Stem Cell Signaling
and Therapy

Massimiliano Gnecchi,* Zhiping Zhang,* Aiguo Ni, Victor J. Dzau

Abstract—Animal and preliminary human studies of adult cell therapy following acute myocardial infarction have shown
an overall improvement of cardiac function. Myocardial and vascular regeneration have been initially proposed as
mechanisms of stem cell action. However, in many cases, the frequency of stem cell engraftment and the number of
newly generated cardiomyocytes and vascular cells, either by transdifferentiation or cell fusion, appear too low to
explain the significant cardiac improvement described. Accordingly, we and others have advanced an alternative
hypothesis: the transplanted stem cells release soluble factors that, acting in a paracrine fashion, contribute to cardiac
repair and regeneration. Indeed, cytokines and growth factors can induce cytoprotection and neovascularization. It has
also been postulated that paracrine factors may mediate endogenous regeneration via activation of resident cardiac stem
cells. Furthermore, cardiac remodeling, contractility, and metabolism may also be influenced in a paracrine fashion. This
article reviews the potential paracrine mechanisms involved in adult stem cell signaling and therapy. (Circ Res. 2008;
103:1204-1219.)
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Despite major advances in our understanding, as well as
treatment, of coronary artery disease, acute myocardial
infarction (AMI) still represents a significant cause of mor-
tality and morbidity worldwide. Indeed, following AMI,
cardiomyocytes begin to die, and if blood supply is not
quickly restored, all of the cardiac tissue served by the
infarcted related artery undergoes necrosis or apoptosis,
leading to chronic sequelae of ischemic cardiomyopathy and
congestive heart failure. The endogenous regenerative capac-
ity of the heart seems unable to replenish a significant loss of

tissue such as that after AMI.2 However, the recent discov-
ery of resident cardiac stem cells (CSCs),? together with the
demonstration of bone marrow (BM)-derived stem cells able
to home in the heart and transdifferentiate into cardiomyo-
cytes,*> has suggested the fascinating possibility that thera-
peutic myocardial regeneration might be achieved using adult
stem cells (ASCs). Over the past several years, ASC therapy
of the heart has generated significant interest in clinical and
basic scientific communities. To date, the majority of animal
and preliminary human studies of ASC therapy following
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Figure 1. Proposed mechanisms of adult stem cell action in cardiac repair. Transdifferentiation and cell fusion of transplanted stem
cells lead to cardiac regeneration and vasculogenesis. Paracrine effects can positively influence many processes, among them car-
diomyogenesis and neovascularization (see the text for details). Cardiac regeneration, vasculogenesis, and paracrine effects lead to car-

diac repair.

AMI have demonstrated an overall improvement of cardiac
function. The cell types used have included BM-derived
mononuclear cells (BM-MNCs), unfractionated BM cells
(BMCs), hematopoietic stem cells (HSCs), endothelial pro-
genitor cells (EPCs), mesenchymal stem cells (MSCs),°~° and
CSCS.S']O’H

Among ASCs, CSCs seem to possess the properties re-
quired to achieve cardiac regeneration because they are
autologous, can be expanded ex vivo, show proliferative
restraint, and, most importantly, can differentiate into endo-
thelial cells (ECs), vascular smooth muscle cells (VSMCs),
and cardiomyocytes.!3-'# It has been shown that, when in-
jected into infarcted murine hearts, CSCs regenerate cardiac
tissue that appear to become functionally integrated with the
surrounding native myocardium.>!-12 With regard to BM-
derived stem cells, transdifferentiation into cardiomyocytes
and into vascular lineage cells has been originally proposed
as the principal mechanisms underlying their therapeutic
action.'>~'7 For example, Tomita et al showed that transplan-
tation of MSCs pretreated with 5-azacytidine into cryoinjured
rat hearts could home and differentiate into cardiac-like
muscle cells and improve ventricular function.!” Many other
groups have confirmed that MSCs possess the ability to
differentiate into cardiomyocytes.'® Anversa and colleagues
demonstrated that Lin c-kit" (HSC-enriched) BM-derived
cells injected directly into mouse hearts after AMI were able
to engraft, transdifferentiate into cardiac cells, and regenerate

approximately 68% of the infarcted area with newly formed
cardiomyocytes.!¢

More recently, other investigators have failed to detect per-
manent engraftment and transdifferentiation of transplanted
BM-derived HSCs.!920 Furthermore, to date, it has not been
possible to reproducibly induce a functional cardiac pheno-
type in BM-derived ASCs in vitro using physiological growth
factors or nontoxic chemical compounds. These negative
results have questioned the plasticity of both endogenous and
transplanted BM-derived stem cells, and the scientific debate
is still ongoing. Recently, cell fusion of BM-derived donor
cells with recipient cardiomyocytes has been reported?'-23
and suggested to be a contributory mechanism. However, the
frequency of cell fusion is also debated.?*

Regardless of whether stem cells transdifferentiate via
fusion-dependent or -independent mechanism, it has been
shown that in some settings, the number of newly generated
cardiomyocytes is too low to explain significant functional
improvement. Therefore, we and others have proposed that
the functional benefits observed after stem cell transfer in
animal models of cardiac injury might be related to secretion
of soluble factors that, acting in a paracrine fashion, protect
the heart, attenuate pathological ventricular remodeling, in-
duce neovascularization, and promote regeneration.?5-27 Ac-
cordingly, the 3 main established mechanisms of the action of
ASC in heart repair are: cardiomyocyte regeneration, vascu-
logenesis, and paracrine actions (Figure 1). In this review, we
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Table 1. Putative Paracrine Factors Secreted by ASCs

Putative Secreted Factor Abbreviation Proposed Function
Adrenomedullin ADM Cytoprotection
Angio-associated migratory protein AAMP Angiogenesis

Angiogenin ANG Angiogenesis; cell proliferation
Angiopoetin-1 AGPT1 Cell migration; vessel stabilization
Bone morphogenetic protein-2 BMP2 Development

Bone morphogenetic protein-6 BMP6 Cell differentiation; growth
Connective tissue growth factor CTGF Angiogenesis; cell growth
Endothelin-1 EDN1 Cytoprotection; cell proliferation
Fibroblast growth factor-2 FGF2 Cell proliferation and migration
Fibroblast growth factor-7 FGF7 Cell proliferation and stabilization
Hepatocyte growth factor HGF Cytoprotection; angiogenesis; cell migration
Insulin-like growth factor-1 IGF-1 Cytoprotection; cell migration; contractility
Interleukin-1 IL-1 VEGF induction

Interleukin-6 IL-6 VEGF induction
Interleukin-11 IL-11 Cytoprotection

Kit ligand/stem cell factor KITLG (SCF) Cell proliferation and migration
Leukemia inhibitory factor LIF Cell proliferation; cytoprotection
Macrophage migration inhibitory factor MIF Cell proliferation; inflammatory response
Matrix metalloproteinase-1 MMP1 Loosens matrix; tubule formation
Matrix metalloproteinase-2 MMP2 Loosens matrix; tubule formation
Matrix metalloproteinase-9 MMP9 Loosens matrix

Monocyte chemoattractant protein-1 MCP-1 Monocyte migration
Macrophage-specific colony-stimulating factor M-CSF Monocyte proliferation/migration
Placental growth factor PGF Cell proliferation
Plasminogen activator PA Degrading matrix molecules
Platelet-derived growth factor PDGF Cell proliferation and migration
Pleiotrophin PTN Cell proliferation

Secreted frizzled-related protein-1 SFRP1 Development

Secreted frizzled-related protein-2 SFRP2 Development

Stem cell-derived factor-1 SDF-1 Progenitor cell homing
Thrombospondin-1 THBS1 Cell migration
Thymosin-B4 TMSB4 Cell migration; cytoprotection
Tissue inhibitor of metalloproteinase-1 TIMP-1 Cell migration

Tissue inhibitor of metalloproteinase-2 TIMP-2 Cell migration

Transforming growth factor-3 TGF-B Vessel maturation; cell proliferation
Tumor necrosis factor-« TNF-a Degrade matrix molecules; cell proliferation
Vascular endothelial growth factor VEGF Cytoprotection; proliferation; migration; angiogenesis

focus our attention on stem cell paracrine actions in heart
repair.

Paracrine Mechanisms
There is a growing body of evidence supporting the hypoth-
esis that paracrine mechanisms mediated by factors released
by the ASCs play an essential role in the reparative process
observed after stem cell mobilization or injection into in-
farcted hearts. It has been shown that ASCs, particularly
MSCs, produce and secrete a broad variety of cytokines,
chemokines, and growth factors that may potentially be
involved in cardiac repair (Table 1).28 Furthermore, hypoxic
stress increases the production of several of these factors.?®

Tissue concentrations of proteins such as vascular endothelial
growth factor (VEGF), basic fibroblast growth factor (bFGF),
hepatocyte growth factor (HGF), insulin-like growth factor
(IGF)-1, and adrenomedullin, just to name some, are signifi-
cantly increased in injured hearts treated with MSCs or
multipotent human BM stem cells (hBMSCs).30-3! Strong
support of a paracrine mechanism for cardiac repair comes
from experimental studies in which the administration of
conditioned medium (CM) from ASCs is able to recapitulate
the beneficial effects observed after stem cell therapy. We
have demonstrated that CM from MSCs, particularly from
genetically modified MSCs overexpressing Akt-1 (Akt-
MSCs), exerts cardiomyocyte protection.?>2¢ Takahashi et
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Figure 2. Paracrine/autocrine mechanisms in stem cell signaling and therapy. ASCs release biologically active substances in a temporal
and spatial manner in response to specific environmental stimuli such as ischemia. These factors influence the microenvironment by
exerting paracrine actions on different cell types, leading to tissue protection, repair, and regeneration. The putative factors may also
exert autocrine actions modulating the biology of stem cells including self-renewal and proliferation.

al®? injected CM from BM-MNCs into acutely infarcted
hearts and observed increased capillary density, decreased
infarct size, and improved cardiac function compared with
controls.

The paracrine factors may influence adjacent cells and
exert their actions via several mechanisms. Myocardial pro-
tection and neovascularization are the most extensively stud-
ied. Furthermore, the postinfarction inflammatory and fibro-
genic processes, cardiac metabolism, cardiac contractility,
and/or endogenous cardiac regeneration may also be posi-
tively influenced in a paracrine fashion (Figure 2). It is likely
that the paracrine mediators are expressed/released in a
temporal and spatial manner exerting different effects de-
pending on the microenvironment after injury. In addition,
these released factors may have autocrine actions on the
biology of stem cells themselves (Figure 2).3* Thus, the
paracrine/autocrine hypothesis extends the traditional concept
of stem cell niche to include the influence of stem cell
released factors on the microenvironment modulating stem
cell biology and tissue response.

Myocardial Protection
An immediate paracrine effect of stem cells in an ischemic
environment is the release of cytoprotective molecules that

increase cardiomyocyte survival (Figure 3). Our group char-
acterized the spectrum of BM stem cell paracrine actions and
demonstrated that MSCs exert direct cytoprotective action on
ischemic cardiomyocytes. In particular, we showed that cell
culture medium conditioned by hypoxic MSCs can reduce
apoptosis and necrosis of isolated rat cardiomyocytes ex-
posed to low oxygen tension.?s The cytoprotective effect was
greatly enhanced in MSCs overexpressing the gene Akt-1
(Akt-MSCs) in vitro. To further validate the protective
properties of the MSCs, we studied the effect of the CM in
vivo, using a rat experimental model of coronary occlusion.
Concentrated CM was injected into the heart at the infarct
border zone 30 minutes after left coronary occlusion. After 72
hours, the infarct size and the cardiomyocyte apoptotic index
were reduced, albeit modestly, in animals treated with CM
from MSCs (MSC-CM) compared with those treated with
saline. In contrast, a dramatic reduction of infarct size and
cardiac apoptosis was observed after administration of CM
from Akt-MSCs (Akt-MSC-CM). These data showed that
MSCs exert cardiac protective effect through the release of
paracrine factors and that the activation of the Akt pathway
markedly enhances the production/release of these putative
molecules. In a follow-up study, we confirmed our previous
results and documented how the limitation of the infarct size was
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Figure 3. Proposed factors and signaling pathways involved in stem cell-mediated myocardial protection.®26.90-95 |t has been shown
that ASCs mediate cardioprotection by producing and releasing soluble mediators with known cytoprotective properties. Most of these
factors act through the activation of the prosurvival phosphatidylinositol 3-kinase (PI3K)/Akt pathway. Factors such as FGF-2 and eryth-
ropoietin (EPO) can activate the protein kinase C pathway, which has been shown to mediate cardioprotection. IL-11 (IL11) also acti-
vates survival signaling cascades in PISBK/Akt and extracellular signal-regulated kinase (ERK)1/2/STAT3-dependent fashion. The mecha-
nisms of action through which Sfrp2 and TB4 lead to cardioprotection are partially undetermined and need to be further clarified.
Finally, other factors and pathways are certainly involved but are still unidentified. TB4 indicates thymosin p4; GF, growth factor; C,
cytochrome c; GLUT, glucose transporter; VDAC, voltage-dependent anion channel.

matched by preservation of cardiac function.?¢ To verify whether
Akt overexpression upregulated the expression of secreted fac-
tors, we tested by quantitative RT-PCR some candidate genes
encoding for molecules known to be released by MSCs. Our
data showed that VEGF, bFGF, HGF, IGF-1, and thymosin 34
(TB4) were significantly upregulated in the Akt-MSCs at base-
line normoxia and increased further after exposure to hypoxia.
After exposure to hypoxia, native MSCs also upregulated
VEGF, bFGF, HGF, and TB4, albeit to a lesser extent than the
Akt-MSCs. Recently, our original findings in rodents have been
successfully replicated by others also in a large animal model.
Indeed, Akt-MSCs injected into pig infarcted hearts led to
limitation of infarct size and preservation of heart function.*
Other groups have confirmed the paracrine cytoprotective
effects exerted by BM-derived stem cells on ischemic car-
diomyocytes.??3>3¢ Uemura et al recapitulated our in vitro
data adopting a different approach.?> Freshly isolated adult
mouse cardiomyocytes were exposed for 3 hours to hypoxia.
Positive annexin V staining and DNA laddering were both
indicative of apoptosis. However, if the cardiomyocytes were

cocultured with BM-MSCs, hypoxia-induced apoptosis was
significantly reduced. High levels of VEGF, bFGF, IGF-1,
and stromal cell-derived factor (SDF)-1 were present in the
MSC-CM, especially after exposure to hypoxia. To confirm
the cytoprotective effect in vivo, the authors injected green
fluorescent protein—labeled MSCs into infarcted mouse
hearts. Three groups were considered: sham, MSCs and
hypoxia-preconditioned MSCs. The cells engrafted mostly in
the border area. However, the frequency of green fluorescent
protein—positive cardiomyocytes was very low and did not
differ between the 2 cell groups. TUNEL staining showed
that the number of apoptotic cardiomyocytes was signifi-
cantly reduced in MSC-treated animals, particularly when
preconditioned cells were administered. Accordingly, in-
farcted area and ventricular remodeling were significantly
prevented in animals treated with hypoxic MSCs compared
with those receiving normoxic MSCs.

Takahashi et al showed that rat BM-MNCs also produce
and release various cytoprotective factors, including VEGF,
PDGF, IL-18, and IGF-1, some of which are significantly
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upregulated by hypoxia.?> Administration of CM from BM-
MNC:s cultured under normoxia or hypoxia inhibited apopto-
sis in vitro and reduced infarct size in vivo. Also, human
BM-MNCs exert potent cytoprotective effects.?” Kubal et al
exposed muscle cells from the atrial appendage of patient
undergoing elective cardiac surgery to hypoxia/reperfusion
stress. When cardiac cells were coincubated with BM-MNCs,
harvested from the same patients, reduction of cell necrosis
and apoptosis was documented. Of note, coincubation with
control ECs or keratinocytes did not result in cytoprotection,
suggesting that the effect was specific for BM-MNCs. Fi-
nally, it has been shown that also hBMSCs induce cardiac
protection.*°

Neovascularization

Another important biological process positively influenced
by stem cells in a paracrine fashion is neovascularization.
Despite evidence that BM-derived stem or progenitor cells
incorporate into vascular structures, several studies suggest
that only a small number of vessels contain donor cells. The
molecular processes leading to angiogenesis and arteriogen-
esis involve mediators such as nitric oxide, VEGF, bFGF,
HGF, angiopoietin, and others. These molecules lead to EC
and VSMC migration, proliferation, vessel enlargement and
maturation, and synthesis of extracellular matrix. As de-
scribed earlier, it has been shown that BM stem cells can
express proangiogenic molecules.?® Accordingly, it has been
hypothesized that the release of putative proangiogenic fac-
tors may play an important role in determining the increase in
capillary density and collateral development observed in
ischemic tissues of animals treated with stem cells. For
example, it has been reported that the injection of BM-MNCs
into a zone of swine heart made ischemic by coronary ligation
resulted in a significant increase of regional blood flow and
capillary density at 3 weeks.?® The authors showed that the
BM-MNCs injected expressed bFGF, VEGF, and
angiopoietin-1 and that the cardiac levels of these angiogenic
ligands were significantly increased 3 weeks after stem cell
injection compared with controls. Furthermore, the cardiac
levels of interleukin (IL)-13 and tumor necrosis factor
(TNF)-a were markedly increased after BM-MNC adminis-
tration. Because IL-183 and TNF-« also were shown to have
angiogenic activity, the authors concluded that the released
factors likely contributed to stimulate angiogenesis in BM-
MNC-treated animals. The proangiogenic paracrine action of
BM-MNCs has been validated by the documentation of
increased microvessel density in ischemic hearts injected
solely with CM from MNCs.??

We and others have demonstrated that MSCs represent a
source of paracrine proangiogenic and proarteriogenic fac-
tors.2-2939 Data from Epstein and colleagues have suggested
that in vivo local delivery of MSCs augments collateral
perfusion through paracrine mechanisms.?” These authors
injected 1X10° MSCs in the adductor muscle of mice 24
hours after femoral artery ligation. Compared with controls
injected with medium or mature ECs, distal limb perfusion
improved and conductance vessels increased in number and
total cross-sectional area. Surprisingly, labeled MSCs were
dispersed between muscle fibers but were not seen incorpo-
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rated into mature collaterals. On the other hand, protein levels
of VEGF and bFGF were significantly increased in the
muscle of MSC-treated animals compared with controls;
furthermore, colocalization of VEGF and transplanted MSCs
within adductor tissue was documented. The authors con-
cluded that MSCs contributed to collateral remodeling
through paracrine mechanisms. Gene expression profiling of
MSCs grown under normal conditions or under hypoxia
stimulation allowed to document that these cells express a
wide range of arteriogenic cytokines at baseline and that
several of them are upregulated by hypoxia.?® The gene array
data were confirmed using ELISAs and immunoblotting of
the MSC-CM. Furthermore, it was shown that MSC-CM
promoted proliferation and migration of ECs and VSMCs in
a dose-dependent manner in vitro and enhanced collateral
flow recovery and remodeling in a model of hindlimb
ischemia in vivo. Other studies testing MSC transplantation
in experimental infarcted hearts reported an increase in
capillary density in treated animals compared with controls,
despite the presence of few ECs of donor origin.*°-42 In these
cases, even though not directly proven, a proangiogenic
paracrine action seems the most reasonable explanation to the
effects observed.

Finally, it has been shown that EPCs can enhance angio-
genesis by releasing cytokines and chemokines. In particular,
VEGF and SDF-1 released in the CM by EPCs seem to
promote the migration of mature ECs in vitro through
differentiation-independent mechanisms.** In addition, sev-
eral reports showed that transplantation of EPCs into ische-
mic hearts promotes angiogenesis and arteriogenesis in
vivo.#4-4¢ Taken together, all of these reports show that,
besides direct vasculogenesis, ASCs improve neovasculariza-
tion of ischemic tissues through proangiogenic and proarter-
iogenic paracrine effects (Figure 4).

Cardiac Remodeling

Besides cytoprotection and neovascularization, paracrine fac-
tors released by transplanted stem cell may alter the extra-
cellular matrix, resulting in more favorable postinfarction
remodeling and strengthening of the infarct scar. It has been
shown that direct hMSC injection into ischemic rat hearts
decreases fibrosis, apoptosis, and left ventricular (LV) dila-
tation, whereas it increases myocardial thickness; this results
in the preservation of systolic and diastolic cardiac function
without evidence of myocardial regeneration.#’ In animal
models, MSC transplantation decreases fibrosis in the heart?!
and other organs such as lung,*® liver,** and kidney.>° It has
been show that MSCs express a number of molecules
involved in biogenesis of extracellular matrix such as colla-
gens, metalloproteinases (MMPs), serine proteases, and
serine protease inhibitors, suggesting that transplanted MSCs
can inhibit the fibrosis through paracrine actions.?® Xu et al
evaluated the effects of grafting MSCs on extracellular matrix
in infarcted rat hearts.>! They showed that MSC transplanta-
tion significantly attenuated the increased cardiac expression
of collagen types I and III, tissue inhibitor of metalloprotein-
ase (TIMP)-1, and transforming growth factor (TGF)-f8
observed in infarcted control hearts. Nagaya and colleagues>?
found that MSC-CM significantly attenuated cardiac fibro-
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Figure 4. Mechanisms involved in neovascularization. In contrast to the embryonic heart vasculature, the adult heart vessels are quies-
cent. Only when under stress or in the presence of pathological conditions, such as myocardial infarction, does the coronary vascular
bed expand. ASCs are involved in postnatal neovascularization, which encompasses 3 different mechanisms. The first is referred to as
postnatal vasculogenesis, which consists in the assembly of new blood vessels by fusion and differentiation of endothelial precursor
cells originating from the bone marrow. The second mechanism is angiogenesis and consists of the sprouting of new vessels from pre-
existing vessels. The third mechanism is collateral enlargement and muscularization, namely arteriogenesis. The release of proangio-
genic and proarteriogenic factors by transplanted stem cells positively influences neovascularization in a paracrine fashion.

blast proliferation and inhibited type I and type III collagen
expression in cardiac fibroblasts; in addition, they showed
that collagen activity in the MSC-CM was as high as the
activity in the medium conditioned by cardiac fibroblasts.
The authors concluded that MSCs exerted paracrine antifi-
brotic effects, at least in part, through inhibition of cardiac
fibroblast proliferation and types I and III collagen synthesis.

Important data supporting the antiremodeling effect ex-
erted via paracrine action by BM-derived cells come from
studies testing stem cell therapy to treat nonischemic cardio-
myopathy. Nagaya and colleagues injected BM-MSCs into
the myocardium of rats in which dilated cardiomyopathy was
produced by inducing experimental myocarditis.3! Compared
with vehicle injection, MSC administration significantly in-
creased capillary density and, most importantly, decreased
the collagen deposition in the myocardium, resulting in
decreased LV end-diastolic pressure and increased LV max-
imum dP/dt. The importance of paracrine mechanisms in this
particular experimental model was underscored by the limited
number of MSC-derived cardiomyocytes, which was clearly

insufficient to result in the recovery of cardiac function
reported. Of note, relative quantification of cardiac proteins
showed that MMP-2 and MMP-9 significantly increased in
dilated cardiomyopathy, whereas in MSC treated hearts,
MMP levels were comparable to sham. Even though the
underlying mechanism remains unclear, taken together, these
data suggest that BM-derived ASC transplantation may in-
fluence extracellular remodeling in heart failure.

Stem cells may also produce and release local signaling
molecules that limit local inflammation when injected into
injured tissues. This hypothesis seems to be supported by
the fact that expression profiling of adult progenitor cells
has revealed expression of genes typically associated with
enhanced DNA repair, antioxidant enzymes, and genes
linked with detoxifier systems.>® Ohnishi et al>* demon-
strated that MSC transplantation into a rat model of acute
myocarditis attenuated the increase in CD68" inflamma-
tory cells and monocyte chemoattractant protein (MCP)-1
expression in the myocardium and improved cardiac func-
tion. Isolated adult rat cardiomyocytes (ARVCs) cultured
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in standard conditions were injured by MCP-1, which may
play an important role in myocarditis>3; in contrast, in the
presence of MSC-CM, the MCP-1-induced injury was
significantly attenuated.

Cardiac Contractility and Metabolism
Some evidence suggests that the administration of ASCs
positively influences also cardiac contractility. For example,
with regard to the early functional improvement of acutely
infarcted hearts after injection of Akt-MSC-CM, the effect
may be the consequence of myocardial protection leading to
infarct size limitation and/or the direct action of inotropic
factors released by the cells. As for the former mechanism, it
has been well documented that therapies able to limit myo-
cardial infarct size can prevent ventricular dysfunction.>® In
support of the latter, we observed, in the presence of the CM
from hypoxic Akt-MSCs, a marked increase in spontaneous
contractile activity in ARVCs exposed to prolonged hypox-
ia.26 Such contractile activity was very different from the
typical spontaneous contractility observed when the ARVCs
are maintained in standard growth conditions. In this case, the
vigorous and synchronized contrac