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Abstract
In clinical trials mesenchymal stem cells (MSCs) are transplanted into cardiac ischemic regions to
decrease infarct size and improve contractility. However, the mechanism and time course of MSC-
mediated cardioprotection are incompletely understood. We tested the hypothesis that paracrine
signaling by MSCs promotes changes in cardiac excitation-contraction (EC) coupling that protects
myocytes from cell death and enhances contractility. Isolated mouse ventricular myocytes (VMs)
were treated with control tyrode, MSC conditioned-tyrode (ConT) or co-cultured with MSCs. The
Ca handling properties of VMs were monitored by laser scanning confocal microscopy and whole
cell voltage clamp. ConT superfusion of VMs resulted in a time dependent increase of the Ca
transient amplitude (ConT15min: ΔF/F0=3.52±0.38, n=14; Ctrl15min: ΔF/F0=2.41±0.35, n=14) and
acceleration of the Ca transient decay (τ: ConT: 269±18 ms n=14; vs. Ctrl: 315±57 ms, n=14).
Voltage clamp recordings confirmed a ConT induced increase in ICa,L (ConT: −5.9±0.5 pA/pF
n=11; vs. Ctrl: −4.04±0.3 pA/pF, n=12). The change of τ resulted from increased SERCA activity.
Changes in the Ca transient amplitude and τ were prevented by the PI3K inhibitors Wortmannin
(100 nmol/L) and LY294002 (10 μmol/L) and the Akt inhibitor V (20 μmol/L) indicating
regulation through PI3K signal transduction and Akt activation which was confirmed by western
blotting. A change in τ was also prevented in eNOS−/− myocytes or by inhibition of eNOS
suggesting an NO mediated regulation of SERCA activity. Since paracrine signaling further
resulted in increased survival of VMs we propose that the Akt induced change in Ca signaling is
also a mechanism by which MSCs mediate an anti-apoptotic effect.
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1. Introduction
The systematic review and meta-analysis of clinical studies indicate that transplantation of
bone marrow derived stem cells after myocardial infarction or ischemic cardiomyopathy is
beneficial [1,2]. Patients exhibit decreased infarct size, increased left ventricular ejection
fraction, and decreased left ventricular end systolic volume, leading to an overall improved
outcome [2–4]. However, even after direct injection into the ventricular wall the retention or
homing of cells to the cardiac muscle is low [5]. Differentiation of bone marrow derived
stem cells into cardiomyocytes was demonstrated in vitro [6,7], but transplanted stem cell
derived cardiomyocytes can be identified only in low numbers [8–12]. The low retention
rate together with the low potential for cardiac differentiation makes it likely that MSCs
improve cardiac contractile function through the secretion of paracrine factors rather than
the addition of functional cardiomyocytes. A direct effect on cardiac contractility has been
proposed but the mechanism has not been elucidated [13,14].

Experimental evidence that paracrine signaling of MSCs plays a significant role in cardiac
protection is derived from co-culture experiments with cardiomyocytes [9,15–17] and from
injection of stem cell conditioned media into the heart [14,17]. In addition, changes in the
MSC secretion profile by IGF [18], SDF [19], or Akt [20,21] overexpression also changed
their effect on cardiomyocytes or cardiac tissue. However, isolated application of a single
growth factor (e.g. IGF) did not replicate the benefit of MSC conditioned media [22].

The overall cardioprotective effect of MSCs after cardiac ischemic injury was attributed to
activation of pro-survival signaling including the Akt, JAK-STAT, and ERK signaling
pathways [23]. It has been speculated that an early improvement of cardiac contractility was
not due to the increased number of surviving cells but due to a direct effect of MSC released
inotropic factors onto the cardiomyocytes [24]. So far the mechanism by which these
changes in EC coupling are induced is not yet identified.

Presently we have tested the hypothesis that MSCs can induce an immediate change in
cardiac EC coupling through the release of paracrine factors producing an Akt mediated
activation of nitric oxide synthase (NOS) that can promote cell survival.

2. Methods
2.1. Cell culture

Mouse bone marrow was isolated from tibia and femur bones [7,12] and mesenchymal stem
cells were enriched for CD5, CD45R, CD11b, Gr1, TER119 (Murine Progenitor Enrichment
Cocktail, Stemcell Technologies) and found to be Sca-1+, CD34+, ckit+, CD105+, CD90.1+

positive and negative for CD45−. Cells were cultured in Mesencult medium (Stemcell
Technologies) supplemented with penicillin and streptomycin. Human MSCs were obtained
from Dr. DJ. Prockop (Texas A&M, Institute for Regenerative Medicine) and cultured as
previously described [25].

Ventricular myocytes were isolated from 3 to 5 month old C57BL/6, phospholamban
knockout (PLN−/−) and endothelial nitric oxide synthase knockout (eNOS−/−) mice by
Langendorff perfusion [26]. All animal procedures were performed with the approval of
IACUC at the University of Illinois at Chicago and in accordance with the National Institute
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of Health's Guide for the Care and Use of Laboratory Animals. Cells were plated on laminin
(Sigma Aldrich: 1 mg/mL) coated 25 mm coverslips in standard tyrode solution (in mmol/L:
NaCl 130, KCl 5.4, CaCl2 1, MgCl2 1.5, NaHCO3 10, Glucose 10, Hepes 25; pH 7.4). A co-
culture (CoC) of VMs and MSCs was established by plating the cells together on the same
coverslip at 1:1 ratio. To establish conditioned cultures (ConC), cell culture inserts
(Millipore: pore size: 1 μm) containing MSCs were added to the previously plated VMs.
Conditioned tyrode (ConT) was obtained by overnight incubation (15 h) of 80% confluent
MSC culture dishes (10 cm) with tyrode solution (10 mL) at 37 °C (in mmol/L: NaCl 130,
KCl 5.4, CaCl2 1, MgCl2 1.5, NaHCO3 10, glucose 10, HEPES 25, L-glutamine 4,
nonessential amino acids 0.1; pH 7.4). CoC and ConC cultures were used for measurements
of [Ca]i between 3 h and 7 h after plating. All experiments were performed at room
temperature.

2.2. Intracellular Ca2+ measurements
To visualize changes of the intracellular Ca2+ concentration, VMs were incubated (15 min)
at room temperature with fluo-4 acetoxymethyl ester (5 μmol/L; fluo-4/AM; Invitrogen).
After washout, 15 min was allowed for de-esterification of the dye. Ca2+ measurements
were performed as previously described [27,28]. Whole-cell Ca2+-transients were obtained
from confocal linescan images through single VMs by averaging the signal of an individual
cell. Ca2+-transients are presented as background-subtracted normalized fluorescence (F/F0).
VMs were stimulated at a frequency of 0.5 Hz for the duration of the experiment.

2.3. Calibration of [Ca]i
The calibration of Fluo-4/AM was performed based on the method published by Ward et al.
[29]. Briefly, F/F0=min (Fmin/F0) and F/F0=max (Fmax/F0) were determined for every VM at
the end of an experiment. For this purpose VMs were exposed to a solution containing
(mmol/L: NaCl 140, KCl 5.4, MgCl2 1.5, HEPES 5, glucose 10, EGTA 10, caffeine 10, 2,3-
butanedione monoxime 10, ouabain 1, ionomycin 0.005; pH=7.2) to obtain Fmin/F0.
Additionally cells were exposed to a solution where EGTA was replaced by CaCl2 (2 mmol/
L) and NaCl replaced by LiCl (140 mmol/L). The resulting fluorescence was designated
Fmax/F0. The following equation was used to convert Fluo-4 F/F0 fluorescence signals into
[Ca2+]i concentrations:

where Kd=770 nmol/L was used as the apparent Fluo-4 dissociation constant [30].

2.4. SDS-PAGE and immunoblotting
Plated ventricular myocytes were recovered following experimental treatment with the
addition of hot 1-X Laemmli sample buffer without β-mercaptoethanol (β-ME) or
bromophenol blue dye and heated to 95 °C for 5 min. Sample protein determinations were
made with a BCA protein assay kit (Pierce) and then β-ME and dye were added to the final
concentrations for 1-X sample buffer and heated as before. Cell lysates were separated using
pre-cast 4–20% Novex tris-glycine gels (Invitrogen) and following standard electrophoresis
protocols for SDS-PAGE and immunoblotting as previously described [31]. Typically 25–45
μg of protein was loaded per well. Primary antibodies used for western blotting were against
phospho-Akt (Thr308) and (Ser473), pan-Akt and phospho-GSK-3 α/β (Ser21/9) from Cell
Signaling Technology and p-PLN(Thr17) from Santa Cruz Biotech. Species-specific
horseradish peroxidase-conjugated secondary antibodies were used and visualization was
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accomplished using Western Lighting chemiluminescence reagents (PerkinElmer) and
Kodak BioMax film.

2.5. Patch clamp recordings
Ventricular myocytes incubated (3 h) in either Ctrl tyrode or ConT were used for patch
clamp studies of the L-type Ca current (Ica,L). Experiments were performed in the ruptured
patch configuration. The microelectrodes had a resistance of 1–3 MΩ when filled with
pipette solution containing (mmol/L: CsCl 125, TEA-Cl 20, EGTA 10, HEPES 10,
phosphocreatine 5, Mg2ATP 5, GTP 0.3; pH=7.2). To isolate ICa,LVMs were voltage
clamped to a holding potential of −50 mV and voltage pulses of 300 ms duration were
applied from −50 to +50 mV in 10 mV increments.

2.6. Cell shortening
Cell length was recorded with a CCD camera and offline cell shortening was analyzed by
Metamorph software (Molecular Devices, Sunnyvale, CA) tracking the cell ends to
determine diastolic and systolic cell lengths.

2.7. Chemicals
Akt inhibitor V Tricirbine was purchased from EMD/Calbiochem, all other chemicals were
purchased from Sigma-Aldrich. Data sets were statistically evaluated using paired t-test. All
averaged data are presented as means ±S.E.M.

3. Results
To determine if MSCs influence the EC coupling of VMs we compared Ca transient
properties of isolated VMs under control conditions with those that were co-cultured with
MSCs (CoC) for 3 h at room temperature. During field stimulation (0.5 Hz) ventricular
myocytes in CoC conditions (Figs. 1A,B) exhibited increased Ca transient amplitude ([Ca]i:
Ctrl: 293±29 nmol/L, (n=8); CoC: 492±63 nmol/L, n=8; p<0.05; Fig. 1C), and decreased Ca
transient duration at 50% decay (TD50: Ctrl: 291±6 ms, n=151 vs. CoC: 247±4 ms, n=161;
Fig. 1D).

It was demonstrated in vivo as well as in vitro that MSCs can establish intercellular coupling
with adult myocytes [32–34]. To test the hypothesis that cell–cell contact or coupling
between MSCs and VMs is not necessary for the MSC induced changes in Ca signaling we
used an MSC conditioned culture model (ConC) and MSC conditioned tyrode (ConT). As
shown in Figs. 1C,D, after 3 h ConC VMs exhibited increased Ca transient amplitudes (Fig.
1C) and their TD50 (Fig. 1D) was significantly decreased in comparison to Ctrl ([Ca]i:
ConC: 572±75 nmol/L, n=7; TD50: 253±13 ms, n=46). Superfusion of VMs with ConT
resulted in a progressive change of the Ca transient (Fig. 2A). The TA increased from F/F0
t0: 2.5±0.23 to t15′: 3.52±0.38 (n=14; p<0.05) after 15 min of ConT superfusion which
correlated with an increase in fractional shortening (Fig. 2C). Over the same time period τ
decreased from t0′: 315±21 ms to t15′: 269±18 ms (p<0.05; Fig. 2B) and the time to 90%
relaxation (RT90) decreased (Fig. 2D). For VMs superfused with Ctrl solution TA and τ did
not change (ΔF/F0: t0: 2.28±0.3, n=6; t15′: 2.41±0.35; τ: t0′: 315±57 to t15′: 304±49 ms;
n=6). The results support the hypothesis that MSCs promote rapid changes in the EC
coupling of VMs independent of cell–cell contact.

3.1. Mechanism of Ca transient increase
The Ca transient amplitude depends on the voltage-dependent influx of Ca through ICa,L and
the subsequent Ca-induced Ca release (CICR) from ryanodine receptors (RyRs) that are
located in the sarcoplasmic reticulum (SR) [35]. To determine the contribution of ICa,Land
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SR Ca release to the MSC-induced increase in Ca transient amplitude we measured Ca
influx transients after inhibition of SR Ca-uptake with CPA [10 μmol/L]. The overall Ca
transient amplitude was significantly reduced in the presence of CPA (Figs. 3AB; ΔF/F0:
Ctrl: 2.48±0.34 vs. CtrlCPA: 0.8±0.09; n=4) however, in CoCCPA conditions the TAs
remained significantly increased in comparison to CtrlCPA (ΔF/F0: CoCCPA: 1.49±0.19;
n=5; Fig. 3C). To confirm that the increased influx transient can be induced by ConT alone,
we measured ICa,L in the whole cell voltage clamp configuration in VMs maintained in Ctrl
tyrode or ConT (3 h). As shown in Fig. 3D VMs in ConT (3 h) exhibited a significant
increase in ICa,L density (at − 10mV: Ctrl: 5.15±0.4 pA/pF, n=12 vs ConT: 7.43±0.7 SE pA/
pF, n=11; unpaired t-test p<0.01). To determine the SR load, Ctrl or ConT treated cells were
superfused with caffeine [10 mmol/L] (Figs. 4AB). The experiments revealed a significant
increase in the amplitude of the caffeine transient in the presence of ConT (Ctrl:
TAcaf=4.9±0.27, n=14; ConT: TAcaf 6.27±0.5, n=11, p<0.05; Fig. 4C) and support the
hypothesis that MSCs can enhance the VMs Ca transient by increasing Ca influx and SR
load.

3.2. Mechanism of accelerated Ca transient decay time
After the excitation induced rise in [Ca]i, Ca is predominantly removed from the cytoplasm
by the sarcoplasmic reticulum Ca ATPase (SERCA) and the sodium calcium-exchanger
(NCX). We aimed to determine if the accelerated decay constant in the presence of MSCs or
ConT results from a change in SERCA and/or NCX dependent Ca removal. To quantify
SERCA mediated Ca removal we blocked NCX by superfusion of VMs with nickel (5
mmol/L) in the absence of [Ca]o while SR Ca release was induced by caffeine [28]. The
decay time of the caffeine induced transient (Fig. 4D) was shorter in ConT (235±25 ms,
n=11) than in Ctrl (306±24 ms, n=14, p<0.05) conditions, indicating that SERCA activity is
increased by ConT. In contrast NCX activity which was monitored in the continued
presence of caffeine (Fig. 4E) [28], was not significantly different between Ctrl (A) and
ConT (B) treated cells (Ctrl: 2.60±0.19s, n=14; ConT: 2.51±0.18 s, n=11).

3.3. Akt signaling pathway
MSCs secrete an array of factors that have auto- and paracrine functions [24] many of them
are growth factors whose effect is mediated by the PI3K/Akt pathway. To determine if ConT
can induce Akt phosphorylation in cardiomyocytes we blotted whole cell lysates from VMs
(Fig. 5A) treated with ConT or Ctrl tyrode (15 min). In contrast to Ctrl, ConT treated cells
exhibited increased phosphorylation of Akt serine 473 (p-AktSer473). Also GSK-3α/β a
downstream target of Akt exhibited phosphorylation indicating its inactivation. Akt
promotes anti-apoptotic signaling therefore, we analyzed VM cell survival (24 h) by trypan
blue exclusion. In CoC, ConC and ConT conditions the percentage of trypan blue negative
VMs was significantly increased compared to Ctrl cultures (Figs. 5B,C) clearly indicating
that MSCs enhance cell survival. The secretion of paracrine factors is not unique to MSCs;
however, comparison of the effect of ConT derived from HL-1 cells and fibroblasts and with
that from human and mouse MSCs (ConTh, ConTm) revealed that Akt phosphorylation was
much more activated by MSC derived ConT relative to other cell types (Fig. 5D). The ConT
induced Akt phosphorylation can be directly linked to changes in EC coupling. When VMs
were superfused with ConTh a significant increase in Ca transient amplitude and
acceleration of τCa could be determined (Figs. 6A,B) while fibroblast derived ConT
remained without effect (Supplementary Figs. 3A,B).

To test the hypothesis that an activator of the Akt pathway can mimic the ConT induced
modulation of Ca signaling we superfused VMs with insulin [10 μmol/L] [36]. As described
for ConT, insulin induced Akt phosphorylation in cardiomyocytes (Supplementary Fig. 1),
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an increase in the Ca transient amplitude, and an acceleration of τ (ΔF/F0: t0: 2.88±0.28,
n=11; t15′: 3.4±0.44; τ: t0′: 332.8±27 ms to t15′: 301.5±33 ms; n=11; Figs. 6AB).

To establish the interdependence between the increase in Akt phosphorylation and the
enhanced EC coupling we determined the effect of ConT (30 min) in cells where PI3K was
blocked by wortmannin [WM: 100 nmol/L] and LY294002 [LY: 10 μmol/L] or Akt was
inhibited by the Akt inhibitor V [20 μmol/L]. The experimental results presented in Fig. 6
show that WM, LY and Akt inhibitor V attenuate ConT induced Akt phosphorylation (C)
and changes in Ca transient amplitude (A) and τCa (B). Superfusion of VMs with the Akt
inhibitor V also prevented ConT induced changes in EC coupling (D, E) confirming Akt as
the mediator of ConT induced signaling. The Akt inhibitor V by itself did not induce a
significant change in EC coupling (Supplementary Figs. 2A,B).

3.4. Mechanism of Akt-induced changes in EC coupling
A multitude of effector proteins are regulated by Akt. Aktmediated phosphorylation of
phospholamban (PLN) has been reported which would induce its dissociation from SERCA
and relieve its inhibitory function [37–39]. We used ventricular myocytes from mice
deficient for the expression of PLN (PLN−/−) to determine its role in MSC mediated changes
in EC coupling [37]. As shown in Figs. 7A,B while no change in Catransient amplitude was
determined, τCa was still shortened after 15 min ConT superfusion (Ctrl: 94±5 ms, n=7;
ConT: 82±5 ms, n=7) indicating that Akt-mediated PLN phosphorylation is not
predominantly involved in SERCA regulation. The pro-survival benefit of ConT was
maintained in PLN−/− VMs (Supplementary Fig. 4). Superfusion of PLN−/− VMs with Ctrl
solution induced no change in EC coupling (Supplementary Figs. 3C,D). PLN
phosphorylation was not significantly changed after 15 min ConT treatment of VMs (Fig.
7C). PLN independent regulation of SERCA has been described through PKA and CaMK
dependent phosphorylations as well as through nitric oxide synthase (NOS) dependent
snitrosylation. Since NOS is a downstream target of Akt we tested if ConT induced changes
in EC coupling could be induced in the presence of inhibitors against neuronal (n) NOS
(SMLT: 10 μmol/L) or endothelial (e) NOS (L-NIO: 1 μmol/L). While the nNOS inhibitor
did not prevent ConT induced changes in the Ca transient the eNOS inhibitor significantly
attenuated the ConT induced increase in Ca transient amplitude (ΔF/F0: t0: 2.27±0.35; t15′<:
2.43±0.42; n=6) and decrease in τ (τCa: t0′: 454±49ms to t15′>: 433.46±46ms; n=6). SMLT
and L-NIO by itself did not induce a significant change in EC coupling (Supplementary
Figs. 2A,B). In VMs isolated from eNOS−/− mice no ConT induced change in F/F0 (ΔF/F0:
t0: 1.67±0.2; t15′>: 1.73±0.2; n=8) or τCa (τCa: t0: 403±32; t15′: 400±32; n=8) could be
determined (Figs. 8C,D) supporting a ConT-mediated PLN-independent regulation of
SERCA by PI3K/Akt signaling (for control experiments see Supplementary Figs. 3E,F). A
schematic representation summarizing the experimental results and the proposed signal
transduction pathway is shown in Fig. 8E.

4. Discussion
We demonstrate that bone marrow-derived MSCs when cocultured with ventricular
myocytes have an immediate impact on the myocyte physiological properties of EC
coupling. While MSCs do establish intercellular coupling by gap junction channels, the
changes in EC coupling characterized here are solely mediated by paracrine signals released
by the MSCs. We further demonstrate that the mechanism of EC coupling change depends
on a PI3K/Akt mediated increase of ICa,L and enhanced Ca extrusion from the cytoplasm
depends on an eNOS mediated increase in SERCA activity.
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4.1. Enhanced EC coupling is independent of cell–cell contact
When cells are co-cultured they can influence each other through cell adhesion, intercellular
communication through gap junction channels, and the secretion of paracrine factors. The
role of MSC induced paracrine signaling is supported by the injection of conditioned media
or tyrode into cardiac infarct regions where the thickness of the ventricular wall is
maintained [40] and the capillary density is increased [15,17]. A modulation of the MSCs
secretome by i. hypoxia, ii. over-expression of Akt [14], VEGF, or HGF [5] and iii. down-
regulation of IGF [18] concomitantly resulted in an alteration of the MSCs cardioprotective
effect.

MSCs express connexin (Cx) 43, the major cardiac gap junction channel isoform [32,41,42]
and can establish intercellular coupling with ventricular myocytes within 1–2 h of co-culture
[32]. Intercellular coupling of cardiomyocytes with unexcitable cells can result in a change
of the VMs membrane potential and consequently its electro-physiological properties
[43,44]. While we see that cell–cell coupling can be established between VMs and MSCs
the changes in cardiomyocyte EC coupling can be reproduced in conditioned cultures or
with ConT. In addition, the increase in ICa,L supports the idea that observed changes do not
solely depend on a change of the VMs passive electrical properties like membrane potential
and capacitance; nevertheless, we would like to acknowledge that cell–cell contact could
change parameters in VMs that have not been determined with our method of detection.
While the changes we observe in EC coupling are comparable under ConT and ConC
conditions we cannot rule out that the secretome varies. MSCs could influence the secretory
properties of the ventricular myocytes and vice versa [45]. However, when we superfuse the
myocytes with ConT, factors released by the myocytes should be of minor importance since
they are immediately washed out.

4.2. Paracrine signaling of ConT
Stem cells secrete cytokines, chemokines and growth factors known to have autocrine as
well as paracrine functions. Among these are adrenomedullin, bone morphogenetic protein-2
and -6 (BMP), endothelin (ET-1), and growth factors (GF) like fibroblast-GF (-2 and -7;
FGF), transforming-GF (TGF), insulin like-GF (IGF), platelet derived-GF (PDGF), and
vascular endothelial-GF (VEGF) (for review see [24]). Many of these factors have been
demonstrated by themselves to be cardioprotective. The protective mechanism has been
linked to the PI3K→Akt→eNOS (IGF, insulin), the PI3K→Akt→BAD (insulin), or the
RAS→MEK→ERK (FGF, TGF, VEGF) signaling cascades [46–48]. Some of the secreted
factors were reported to modulate cardiomyocyte EC coupling through the activation of
signal transduction cascades (e.g. IGF-1 [49]) or even through genetic reprogramming [45].
We have not yet identified the primary active components in ConT that are required for the
changes seen in EC coupling and it is likely that not one but a combination of active
components are involved. This is supported by experiments with MSCs deficient for IGF
expression where the cardioprotective effect was reduced but not eliminated [50] and by the
fact that insulin despite significant Akt activation has a more attenuated effect on EC
coupling than ConT. Therefore, this could also point to i. the inhibition of signaling
pathways (e.g. phosphatases) that counteract Akt phosphorylation under control conditions
or ii. to a differential activation of Akt isoforms by ConT and insulin. Recent evidence
suggests that mircoparticles or exosomes from MSCs mediate pro-survival signaling and
transfer microRNAs [51,52]. While we cannot rule out the role of microparticles, the
reported changes in EC coupling are independent of transcription events given the rapid
induction time and more extended periods of ConT treatment were not evaluated. We
obtained comparable results with human and mouse MSCs that were selected under different
constraints. However, that does not exclude that factors secreted by these cells are part of
both secretomes, where analysis of conditioned media by mass spectroscopy shows
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significant overlap [53–55]. Stem cell specificity of the effects is suggested, given that the
effect is not simply reproduced by other mesenchyme derived cell types. However, this may
also result from quantitative differences in their secretome.

4.3. MSC mediated changes in EC coupling
We demonstrate that mouse MSCs and mouse and human MSC-derived ConTs induce an
immediate time-dependent increase in the Ca transient amplitude and a decrease in its time
constant of decay. A positive inotropic and lusitropic effect is often related to a beta
adrenergic stimulation of myocytes where a G-protein mediated increase in cAMP enhances
ICa,L open probability and SERCA activity through PKA mediated phosphorylation of
Cavα1 and PLN. However, recent literature suggests a role of the PI3K/Akt signaling
pathway in the regulation of cardiac EC coupling [56–58]. The regulatory potentials of this
pathway are many fold. They can include direct protein phosphorylation through Akt (e.g.
PLN, CAvα1, eNOS), NO and cGMP productions, and changes in protein expression (NCX,
SERCA [59]). All of these mechanisms are known to have a profound impact on cardiac EC
coupling. For example insulin mediated Akt activation has been described to phosphorylate
the Cavα1 subunit, prevent its degradation and consequently increase ICa,L [56,58]. This
result could be reproduced by over-expression of PI3Kα [60] or Akt [61] and could explain
the ConT-induced increase in the Ca transient amplitude and ICa,L that was attenuated by
Akt inhibitors (Figs. 6A–E).

Akt has further been proposed to phosphorylate PLN thereby enhancing Ca removal from
the cytoplasm by SERCA [39,61]; however, the MSC induced acceleration of τCa in PLN−/−

mice suggests that PLN is not the dominant mechanism of Akt-mediated regulation of the
Ca transient decay constant. SERCA activity can further be enhanced in a PLN-independent
manner by direct phosphorylation through calmodulin kinase [62], or S-nitrosylation
[63,64]. If Akt mediated NO production is induced, also a nitrosylation of the α1-subunit of
ICa,L which was reported to result in reduced current could be expected. An overall increase
in ICa,L could be due to the minor role of caveolar ICa,L in EC coupling in mouse ventricular
myocytes. The reported decrease in Ca transient amplitude by eNOS inhibition does not
contradict this interpretation. In mouse VMs 90% of the Ca that contributes to the twitch
transient derives from the SR which exhibits a decreased load when eNOS dependent
SERCA nitrosylation is suppressed. In contrast to eNOS, nNOS was shown to localize to the
SR and to regulate SERCA in a PLN dependent manner [65]. While we do not exclude a
SERCA regulation by nNOS, our experiments using the nNOS inhibitor SMLT, and the fact
that ConT mediated SERCA regulation was independent of PLN support the hypothesis that
the regulation described is mediated primarily by eNOS.

4.4. ConT mediated cell survival
We demonstrate an Akt-mediated change in EC coupling and enhanced cell survival 24 h
after VM isolation. While Akt-mediated pro-survival signaling is mostly referred to in
context with proteins like GSK-3β or Bcl-2β that prevent the opening of the mitochondrial
permeability transition pore (MPTP), the ConT-mediated decrease in [Ca]i could also
produce a cardioprotective effect. ConT could i. reduce mitochondrial Ca uptake and
prevent the Ca-induced opening of MPTP [66–68], or ii. it could attenuate the risk of
spontaneous Ca release from the SR and the generation of arrhythmic activity. Given the
involved mechanism proposed and demonstrated here it appears likely that the changes in
EC coupling induced by PI3K/Akt signaling can also contribute to the pro-survival signaling
of ConT.
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5. Conclusion
We demonstrate for the first time that MSCs can induce immediate changes in cardiac EC
coupling upon co-culture. The effect is mediated through paracrine factors in the
conditioned tyrode which induce a PI3K/Akt mediated increase in ICa,L and an eNOS
mediated increase in SERCA activity. While Akt signaling is cardioprotective by preventing
the opening of MPTP, its positive inotropic and lusitropic signaling promotes cardiac
contractile function and can be seen as an additional mechanism of cardioprotection by
preventing mitochondrial Ca overload or the induction of arrhythmic activity.
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Fig. 1.
MSCs modulate cardiac excitation–contraction coupling. Confocal linescan images (top)
and F/F0 plots of field stimulated isolated VMs that were maintained (3 h) alone (A) or in
the presence of MSCs (B; arrows). (C) Ca transient amplitudes are increased in CoC (gray)
and ConC (white) cultures, [Ca]i is presented after calibration. (D) Transient duration
measured at 50% decay is shortened in CoC and ConC conditions.
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Fig. 2.
MSCs modulate E-CC through paracrine signaling. Time dependent changes of (A) Ca
transient amplitude and (B) time constant of inactivation (τCa) during superfusion of VMs
with Ctrl (●) or ConT (o) solution. (C) Fractional shortening was enhanced and (D) time to
90% relaxation was decreased upon superfusion with ConT (*=p<0.05).
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Fig. 3.
MSC paracrine signaling induces an increase in ICa,L. (A) Representative confocal line scan
images and F/F0 plots from a cardiomyocyte in control conditions (Ctrl) and (B) during
superfusion with CPA. (C) Representation of the mean Ca transient amplitude in Ctrl (black)
and CoC (white) conditions in the presence of CPA. (D) Current voltage relationship of
ICa,L measured by whole cell voltage clamp in Ctrl (●, n=12) and ConT treated (3h; o,
n=11) VMs (*=p<0.05).
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Fig. 4.
MSC paracrine signaling increases SERCA mediated Ca uptake. Representative F/F0 plots
from field stimulated VMs incubated in (A) Ctrl and (B) ConT where the SR was depleted
by application of caffeine (10 mM). (C) Summary data of caffeine transient amplitude in
Ctrl (black) and ConT (white) treated cells. Summary data of the time constant of caffeine
transient decay (τcaf) in the presence of (E) caffeine and (D) 0 Ca + Nickel. (*=p<0.05).
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Fig. 5.
MSC derived paracrine factors induce pro-survival Akt signaling in VMs. (A) Western
blotting shows 3 representative experiments of cell lysate from VMs that were treated with
Ctrl or ConT (15 min). Immunoblotting for p-Akt(Ser473), p-GSK-3α/β(21/9), and pan-Akt
as a loading control are shown. (B) The percentage of VMs surviving after isolation is
significantly increased in CoC (gray) and ConC (white) and ConT (C) conditions in
comparison to Ctrl (black). (D) Western blot of Akt phosphorylation for HL-1 cells treated
with ConT (30 min) derived from mMSCs, HL-1 cells, mouse fibroblasts or hMSCs show
that increased Akt phosphorylation is mediated primarily by MSCs. Total Akt (pan-AKT)
and GAPDH are shown as loading controls.
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Fig. 6.
Changes in EC coupling are induced by ConT mediated activation of PI3K and Akt. (A)
Change in Ca transient amplitude and τCa (B) as % of Ctrl after 15 min superfusion with
ConTm, ConTh (white), insulin (light gray), or ConT in the presence of the PI3K inhibitors
wortmannin [WM: 100 nmol/L] (gray) or LY294002 [LY: 10 μmol/L] (black). (C) Western
blotting shows that LY, WM and Akt iV [25 μM] suppress ConT (30 min) mediated
phosphorylation of Akt. Total Akt (pan-Akt) is shown as a loading control. (D) ConT (●)
induced changes in [Ca]i or (E) τCa are suppressed by pretreatment with the Akt inhibitor V
[20 μmol/L] (■).
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Fig. 7.
Lack of PLN does not prevent ConT induced shortening of Ca transient. (A) Ca transient
amplitude and (B) τCa in PLN−/− VMs recorded during superfusion with Ctrl (O) or ConT
(■). (C) Western blotting analysis of 3 representative experiments shows that while ConT
(15 min) activates Akt phosphorylation (p-AktSer473) PLN phosphorylation (p-PLNThr17) in
WT myocytes remains almost unchanged. Total PLN and GAPDH are shown as loading
controls.
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Fig. 8.
Changes in EC coupling depend on the activation of eNOS. Changes in Ca transient
amplitude (A) and τCa (B) upon superfusion with ConT (o), ConT plus nNOS inhibitor
SMLT (10 μmol/L; gray ◊), or eNOS inhibitor L-NIO (1 μmol/L; ▲). Summary of the
experimental results for Ca transient amplitude (C) or τCa (D) after 15 min of superfusion
(*=p<0.05). (E) Pictoral summarizing the signal transduction pathway proposed based on
the experimental results.
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