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Cell-to-cell cross-talk between mesenchymal stem cells
and cardiomyocytes in co-culture
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Abstract

The goals of the study were: (1) to explore the communication between human mesenchymal stem cells (MSC) and rat cardiac myocytes
resulting in differentiation of the stem cells and, (2) to evaluate the role of mitochondria in it. Light and fluorescence microscopy as well
as scanning electron microscopy revealed that after co-cultivation, cells formed intercellular contacts and transient exchange with cytoso-
lic elements could be observed. The transport of cytosolic entity had no specific direction. Noticeably, mitochondria also could be trans-
ferred to the recipient cells in a unidirectional fashion (towards cardiomyocytes only). Transmission electron microscopy revealed signif-
icant variability in both the diameter of intercellular contacting tubes and their shape. Inside of these nanotubes mitochondria-resembling
structures were identified. Moreover, after co-cultivation with cardiomyocytes, expression of human-specific myosin was revealed in MSC.
Thus, we speculate that: (1) transport of intracellular elements to MSC possibly can determine the direction of their differentiation and,
(2) mitochondria may be involved in the mechanism of the stem cell differentiation. It looks plausible that mitochondrial transfer to recip-
ient cardiomyocytes may be involved in the mechanism of failed myocardium repair after stem cells transplantation.
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Introduction

Several cardiovascular diseases (myocardium infarction, ischaemic
cardiomyopathy, heart failure) have been shown to involve cell
death of cardiac myocytes and failure of myocardium excitation-
contraction coupling and subsequently contractility. Global occur-
rence of these diseases and minimal proliferative capacity of car-
diac myocytes make these diseases the great problem of heart
medicine. Accordingly, actively developing field of cell therapy used
for failed heart is aimed to meet these general demands [1].

Many studies, including clinical ones [2—-4], display efficiency
of stem and progenitor cells of different types in injured
myocardium function refinement. Since pioneer studies revealed
cardiomyocyte-directed differentiation of stem cells [5-7], possi-
bilities of using embryonic stem cells [8, 9], mesenchymal [10,
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11] and haematopoietic [12] stem cells, endothelial progenitor
cells [13], foetal myoblasts [14] and foetal cardiac myocytes [15,
16] and several other cell types for myocardial regeneration have
been investigated. However, despite the significant progress in
research of opportunities of cell therapy for cardiovascular dis-
eases some questions remain unclear: what types of stem and
progenitor cells are most effective for therapy; what are the mech-
anisms of positive influence of cell transplantation and whether
such therapy can have a prolonged effect [17].

Integration of transplanted cells into injured myocardial tissue
is of a particular interest. Recently, it was shown that mesenchy-
mal stem cells (MSC) integrate into myocardium [18] and mani-
fest expression of specific markers of heart tissue, moreover MSC
show ability to restore electric conductivity of cultivated cardiac
myocytes syncytium [19]. Different studies demonstrated ability
of cardiac myocytes to fuse with other somatic and progenitor cell
types [20, 21], with these newly formed hybrid cells having the
predominant phenotype of a cardiomyocyte.

However, there might be another mechanism of host myocardial
and donor stem/progenitor cells interaction revealed in several
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other studies: transdifferentiation of an endothelial progenitor cell
into a cardiac myocyte supposed to occur without cell fusion, but
due to cytoplasmic information transferred from a cardiac myocyte
to progenitor cells [22]. Koyanagi and coworkers [23] have specu-
lated that in this case, the mechanism of the transdifferentiation
signal is based on the transfer of cardiomyocyte mitochondria to a
progenitor cell. Nevertheless, some researchers challenge this
mechanism of transdifferentiation [24] considering it to be an arte-
fact of cultivation or cell staining techniques. However, besides the
mitochondria transport from cardio to progenitor cells described
by Koyanagi and coworkers, there is an evidence of mitochondria
being transferred from stem cells to recipient cells deficient by the
oxidative phosphorylation [25] resulting in restoration of aerobic
respiration in recipient cells.

In our study, we examined the possibility of transient cell-to-cell
exchange of cytoplasm and organelles between bone marrow MSC
and cultivated rat embryonic cardiac myocytes during co-culturing.

Materials and methods

Cell culture

Primary culture of cardiac myocytes was isolated from hearts of 15-17
days of gestation rat embryos. Heart tissue was dissociated in 0.1% col-
lagenase type Il in Hanks solution, followed by centrifugation at 1000 g
for 3 min. Cells were re-suspended in Dulbecco’s Modified Eagle Medium
(DMEM)/F12 (4:1) medium, containing 10% foetal bovine serum and
5% horse serum. This technique allowed to harvest attached cardiac
myocytes associates demonstrating spontaneous contractility during whole
cultivation period.

MSC were isolated from human foetal long bones (11-12 weeks of
gestation), received by routine pregnancy termination carried out in a
licensed medical procedure (according to the Ministry of Public Health
order N302 of 28.12.1993 and supplement N3 of 05.04.1994). These cells
were proved to be MSC since they were positive to the surface epitope,
CD90 and negative to CD34, CD45 and CD31 [26]. Also, they were shown
to differentiate into adipocytes and osteoblasts [26, 27]. Cells were washed
out of bone marrow with DMEM, containing 2 mM of ethylenediaminete-
traacetic acid (EDTA). Further, cell suspension was layered on ficoll (den-
sity 1.077 g/ ml) and centrifuged at 2000 g for 30 min. Mononuclear cells
were collected, washed out and suspended in DMEM/F12 (1:1) containing
10% foetal bovine serum. After 24 hrs, unattached cells were removed,
and adherent cells were cultivated until forming monolayer.

The percentage of cells carrying contacting nanotubes was evaluated in
20 independent fields of view (at 63 X objective) for each culture.

For determination of a fraction of cells undergoing an exchange of their
contents in 10 separate fields of view (at 63X objective) the number of
cells carrying both fluorescent cytosolic probes was evaluated as a per-
centage of the total number of cells.

Foetal tissue sampling was approved by the Institutional Ethics
Committee of the Research Center of Obstetrics, Gynecology and
Perinatology in compliance with national guidelines regarding the use of
foetal tissue for research. Handling of animals and experimental proce-
dures were conducted in accordance with the international guideless for
animal care and use and were approved by the Institutional Ethics
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Committee of A.N. Belozersky Institute of Physico-Chemical Biology at
Moscow State University.

Co-cultivation of rat cardiomyocytes and MSC

MSC used for co-culture experiments were dissociated in 0.25% Tripsin-
EDTA and this suspension was added to cultured cardiomyocytes. Cell sus-
pension contained nearly 10° cells per ml. Mixed culture was incubated in
DMEM:F12 (4:1) for different time intervals.

Fluorescent probes staining

Mitochondrial probes, tetramethylrhodamine ethyl ester (TMRE), Mitotracker
Green FM and Mitotracker Red (Molecular Probes, USA) were used to visual-
ize mitochondria. Cells were stained with 200 nM Mitotracker Green FM or
Mitotracker Red dissolved in DMEM: F12 containing 20 mM HEPES. Excess
of the dye was washed out with medium.

Transport of cytoplasmic entity was documented using calcein-AM
(Molecular Probes, USA) cell staining. Cells were incubated with 2.5 pM
calcein-AM for 60 min at 37°C, and then cells were washed out in
the medium.

Cell cultures were studied using laser scanning confocal microscope
LSM510 (Carl Zeiss, Germany) with manufacture’s software. Fluorescence
analysis was performed in glass-bottom dishes with the excitation at 438
nm (for Mitotracker Green and calcein) and 543 nm (for Mitotracker Red),
and emission collected at 500-530 nm and >560 nm, respectively.

Flow cytometry analysis

Comparative analysis of calcein content in cells on different stages of co-
cultivation was undertaken using flow cytometric analyser Beckman
Coulter. Excitation laser 488 nm was used to detect calcein and emission
was collected all above 530 nm.

Immunocytochemistry

Cells were washed in phosphate buffered saline (PBS), fixed for 15 min in
4% formaldehyde with PBS at 4°C, and permeabilized in PBS containing
0.1% Triton X-100 for 15 min. followed by blocking in PBS with 1% bovine
serum albumin (PBS-BSA) for 60 min. Human cardiac-specific
-myosin H-chain was detected using mouse anti-human myosin mono-
clonal antibodies (Chemicon, USA) diluted 1:200 in PBS-BSA at 25°C 2
hrs. After three 15-min rinses in PBS-BSA, cells were incubated for 1 hr in
fluorescein isothiocyanate (FITC)-conjugated antimouse IgG (Sigma, USA)
diluted 1:100. The glasses were washed, placed on microscope slides with
a mounting medium and sealed beneath cover slips with nail varnish.

Electron microscopy

For the electron microscopy, cells were fixed in 2.5% glutaraldehyde
(Sigma, USA) prepared in the phosphate buffer (pH7.4), post-fixed in 1%
0s04, dehydrated (70% ethanol contained 2% uranyl acetate) and embed-
ded in Epon 812 (Fluka, USA). After Epon polymerization and removal of
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Fig. 1 Nanotubes formation under co-culti-
vation of human mesenchymal stem cells
(MSC) and rat cardiac myocytes. (A) Phase
contrast. (B) Cells treated with a mitochon-
drial probe, TMRE; specific mitochondrial
staining is revealed in nanotubes as well
(arrowheads). (C) Scanning electron
microscopy. Bar, 20, 50 and 3 ym for A, B,
C correspondingly. (D) Percentage of cells,
forming intercellular contacting elements
(tunnelling nanotubes, TNT).

[
MsC

the coverslips, the samples were cut into ultra thin sections using an LKB
Ultratome Ill. The sections were stained with lead citrate and examined
using HU-11B or HU-12 microscopes (Hitachi, Japan).

Results

Formation of cell- to-cell contacts
during co-cultivation

In a number of studies, it has been shown that cells are capable of
forming ultrathin intracellular structures, stretching towards neigh-
bouring cells. These structures were coined the term,
tunnelling nanotubes [28, 29] and described for many cultured cell
types of mammals: tumour, stem and normal tissue cells (reviewed
in [30]). Nanotubes apparently representing structures of different
organization are considered to transfer multi-protein complexes and
whole organelles between contacting cells. Recently Koyanagi ef al.
have demonstrated that mitochondria can be transferred along nan-
otubes from one cell to another and this process might be linked to
endothelial progenitor cells transdifferentiation to cardiomyocytes
[23]. We also observed that both MSC and cardiomyocytes make
numerous extensive intercellular structures; in some cases, the
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length of these cytoplasmic extensions is comparable to cell size
(Fig. 1). Interestingly, tubes of a small diameter and other cytoplas-
mic strands can be formed in MSC and cardiomyocytes harvested
in monocultures (Fig.1D). Apparently, for cardiomyocytes this phe-
nomenon may reflect the phenotypic feature to form united syn-
cytium, as it occurs in heart tissue.

To confirm the possibility of the mitochondrial exchange
between cardiomyocytes and MSC, cells were stained with TMRE,
specifically accumulating in mitochondria. Confocal microscopy
revealed TMRE fluorescence in the intercellular cytoplasmic nan-
otubes (Fig. 1).

Although both types of cells being in monoculture were able to
form connecting tubes, the number of nanotubes significantly
increased under co-cultivation of two kinds of cells (Fig. 1D).

Electron microscopic study revealed that morphologically the
cells formed numerous contacting tubes (Fig. 2A), which varied in
both the diameter and the shape. Some of these tubes had small
and almost constant diameter (Fig. 2C) along the major length of
the tube with the exception of the initial/terminal part having the
shape of the funnel (Fig. 2A and D). Other tubes had a variable
diameter over the length (Fig. 2D) and might form branches (Fig.
2B and D). For the simplicity, considering their small size we called
them all as tunnelling nanotubes, the term coined by Rustom et al.
[29]. All nanotubes were limited by membranes sometimes with
non-homogenous content inside. (Fig. 2D).
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Fig. 2 Electron microscopy of intercellu-
lar tunnelling nanotubes (shown by black
arrowheads). (A) Two communicating
cells, MSC and cardiomyocyte (CM) ; big
arrow points to muscle fibre bundles;
small arrow points to a funnel-shaped ini-
tiation/termination of the nanotube. (B)
Small diameter branching nanotubes
(arrowhead). (C) Small diameter bending
nanotubes (arrowhead) terminating with
a funnel (arrow). (D) One nanotube with
variable diameter and another with gran-
ular content are shown by big and small
arrowheads correspondingly. Bar, 1 pym
for A; 0.5 pm for B, C, D.

Cytoplasmic transfer from MSC to
neonatal cardiomyocytes

We studied an opportunity to transfer cytosolic entity from cell-to-
cell contiguous in co-culture through cell contacts (such as gap-
junctions and nanotubes). Cells were stained with a fluorescent
probe, calcein-AM, to determine the cytoplasm transfer and its
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direction. Firstly, bone marrow MSC were stained with calcein-AM
and transferred to plates with non-stained rat cardiac myocytes.
The appearance of low-molecular calcein having green fluores-
cence (received in stained cells after cleavage of calcein-AM by
intracellular esterases) in non-stained cells may report on its pos-
sible transfer between two kinds of cells.

It was noticed that approximately 4 hrs after initiation of co-
cultivation of calcein-stained MSC and unstained cardiomyocytes,
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cells began to make contacts and nanotubes can be observed.
Still, calcein fluorescence was observed in MSC only, that is trans-
port of cytosolic entity did not occur by this time (data not shown).

When cells were analysed 24 hrs after initiation of co-cultiva-
tion, the appearance of multitude connections was obvious but due
to cell proliferation and a subsequent increase of cell density in cul-
ture, many cells start connecting and possibly form gap junctions.
A low level of green fluorescence was observed also in many car-
diomyocytes neighbouring to MSC stained with calcein (having
high intensity of calcein fluorescence in cytoplasm) (Fig. 3A).
Therefore, the dye from MSC cytoplasm was transferred to cyto-
plasm of cardiomyocytes that proved migration of the MSC cyto-
plasm content to cytosol of neighbouring cardiomyocytes.

Thus, many cells contacted tightly with their cytoplasmic mem-
brane surfaces with possible gap junction formation through which
cytoplasmic entity probably was transferred (Fig. 3A), however
some cardiomyocytes contacted with MSC far apart by means of
nanotubes formation. In this case, cardiomyocytes contacted with
calcein-stained MSC exhibited the presence of calcein fluorescence
in cytoplasm (Fig. 3B). This observation underlined the possibility
of cytoplasm migration not only through structures of gap junction,
but also through nanotubes, although effectiveness of this transfer
may be quite lower. However, the exact way of cytoplasmic mole-
cules transfer (gap or nanotubes) stays unclear.

The link between cell-to-cell contacts formation and cytoplas-
mic content exchange between cells was examined using flow
cytometry analysis. Two series of experiments with different cell-
staining dyes before co-cultivation were undertaken. In one set of
experiments, calcein-AM-loaded MSC were passed to dishes with
non-stained cardiomyocytes. In another set, non-stained MSC
were transferred to dishes with calcein-AM-loaded cardiomy-
ocytes. Gells were analysed by flow cytometry after 3 and 24 hrs
of co-cultivation. After 3 hrs of co-culturing in both sets mixed
culture apparently contained two sub-populations of cells distin-
guishing in intensity of calcein fluorescence (Fig. 3C and E). The
population with low-fluorescence intensity corresponded to non-
stained cells, according to preliminary calibration using control
cells. Another population carried high fluorescence corresponding
to calcein-loaded cells.

After 24 hrs co-culturing of calcein-loaded MSC and non-
stained cardiomyocytes, there was no apparent division of cells
into two sub-populations. Suspension of cells demonstrated a
broad single peak of the intensity distribution (Fig. 3D). When
compared to 3 hrs after co-culturing (Fig. 3C), the quantity of cells
with high fluorescence decreased from 40.1% to 17.3%. Herein,
statistical analysis of peaks displayed that after 24 hrs of co-cul-
turing the mean of intensity distribution amounted to 7.14 while
after 3 hrs of co-culturing it was 2.56 and 42 for non-stained and
calcein-loaded cells peaks, respectively. So calcein fluorescence
intensity in MSC population dropped while fluorescence in car-
diomyocytes increased after 24 hrs of co-cultivation, resulting in
the formation of single population with average intensity. It con-
firms the suggestion that the formation of cell-to-cell contacts in
a mixed culture, through which calcein-contained cytoplasmic
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entity could migrate between co-cultured cells, that is from MSC
to cardiomyocytes.

In other experiments, cardiomyocytes were stained with cal-
cein and co-cultured with non-stained MSC. The division of cell
suspension into two sub-populations observed after 3 hrs (Fig.
3E) also vanished after 24 hrs of co-cultivation (Fig. 3F), and
instead of two intensity peaks only a single peak remained. We
revealed that after 24 hrs of co-culturing the mean of intensity dis-
tribution amounted to 2.1, whereas after 3 hrs of co-culturing it
was 1.52 and 38.8 for non-stained MSC and calcein-loaded car-
diomyocytes peaks, respectively. We concluded that migration of
calcein-stained cytoplasmic content occurred from cardiomy-
ocytes to MSC as well as in the reverse direction.

The fact that cytosol transfer between cells was blocked under
conditions preventing formation of tunnelling nanotubes is in sup-
port of their active role in the transfer. For this, after 1 hr of co-cul-
tivation, cells were exposed to 24 hrs of gentle shaking. Under
these conditions, nanotubes being highly fragile are disrupted (not
shown) and co-cultured cells demonstrate the separation for two
subpopulations (Fig. 3G) as in initial period of co-cultivation, that
is cytosolic transfer did not occur.

By staining by of the cell culture before co-cultivation with
cytosolic probes showing different fluorescence (calcein AM having
green fluorescence and Red-Orange calcein AM having red fluores-
cence) we determined a percentage of cells carrying both probes,
that is, of those who could exchange with their cytosol. It occurred
that the number of cells where the exchange with cytosol took place
corresponded to 38% of the total number of cells in the population.

Transfer of mitochondria from
MSC to cardiomyocytes

Since Koyanagi and co-authors in the recent study [23] revealed
mitochondria transfer between adult human endothelial progenitor
cells and neonatal rat cardiomyocytes, we investigated such trans-
fer between other cell types. We used two types of mitochondrial
dyes: Mitotracker Green FM (green fluorescence) and Mitotracker
Red (red fluorescence) to examine mitochondria transfer between
MSC and cardiomyocytes. MSC were loaded with Mitotracker
Green FM before co-cultivation and placed into plates with
Mitotracker Red-loaded cardiomyocytes. After 3 hrs of co-cultur-
ing, mitochondria transfer was not detected, that correlated with
our data that cytoplasm transport did not take place. Then cells
were analysed after 24 hrs of co-cultivation. We observed three
types of mitochondrial staining in cultural cells. The majority of
cells (type 1) contained mitochondria with the green stain solely
or with the red stain solely (Type 1 and 2 correspondingly, Fig.
4A). However, some cells contained inclusions of green-fluoresc-
ing organelles among red-fluorescing mitochondria (Type 3) (Fig.
4B). Lower percentage of green-fluorescing mitochondria among
the majority of red-fluorescing ones apparently demonstrates the
exclusive transportation of green-fluorescing mitochondria, which
originate from MSC. Interestingly, in this co-culture we never
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Fig. 3 Transport of cytosolic entity from
human MSC to rat cardiomyocytes after 24
hrs of co-cultivation. (A-B) MSC are
stained with calcein-AM and placed to car-
diomyocytes. After 24 hrs, calcein fluores-
cence is revealed not only in MSC but also
in contacting with them cardiomyocytes
(pointed with arrowheads). Diffused stain-
ing of calcein in cytosol of cardiomyocytes
as well as calcein compartmentation within
are observed. Calcein transfer may occur
as possibly mediated by nanotubes (A) or
gap junctions (B) Bar, 20 and 50 ym for A
and B correspondingly. (C-G) Flow cytom-
etry of co-cultivated human MSC and rat
cardiomyocytes. Cells were stained with
calcein-AM and cultivated in two varieties:
C and D, MSC stained with calcein-AM
while cardiomyocytes are non-stained; E
and F, cardiomyocytes are stained with cal-
cein-AM, while MSC are non-stained.
Pictures are taken after 3 hrs (C and E) and
24 hrs (D and F) of co-cultivation. (G) Cells
were shaken for 24 hrs on horizontal plate
with 50 cycles per minute.
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observed MSC containing mitochondria stained with Mitotracker
Red, so there was no transfer of mitochondria from cardiomy-
ocytes to MSC. At the same time, after 24 hrs of co-culturing
green and red fluorescence did not co-localize, underlining that
inside the cell there is no fusion of mitochondria taken from differ-
ent sources.

Electron microscopic study revealed that cytoplasmic exten-
sions often contained vesicular structures limited with a double
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Fig. 4 Mitochondria transfer from MSC to cardiomyocytes. MSC are
stained with Mitotracker Green FM (green fluorescence), while cardiomy-
ocytes with Mitotracker Red (red fluorescence). In majority of cells,
mono-coloured fluorescing mitochondria are dominating (A) but in some
cardiomyocytes (arrowheads), green-fluorescing mitochondria derived
from MSC are present. (B) Electron microscopic micrographs (C—F)
demonstrate the presence of mitochondria-like structures displaying dou-
ble membrane vesicles with apparent cristae (black arowheads) and vesi-
cles possibly limited by a single membrane (arrows). (G) Some filaments
apparently representing cytoskeletal elements can be seen within nan-
otubes. Bars, 20 ym for A-B and 0.5 ym for C-G.

membrane thus resembling mitochondria in the appearance
(Fig. 4C and D). Sometimes in these vesicles the cristae structures
could be recognized. The diameter of these mitochondria-like
structures was of the order of 0.1-0.2 microns. More often in nan-
otubes of smaller diameter (= 0.1 micron), we were able to detect
small-size vesicles where double membranes were not so appar-
ent (Fig. 4F). In some of nanotubes we identified the cytoskeletal
elements (Fig. 4G).
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Fig. 5 Immune-cytochemistry of cardiac-specific human g-myosin H-chain. (A) Control human MSC. (B) Human MSC, co-cultivated with rat cardiomy-
ocytes for 1 day. (C) Human MSC co-cultivated with rat cardiomyocytes for 3 days.

Myosin expression in MSC

We used specific anti-human cardiac-specific B-myosin heavy-
chain antibodies to detect expression of B-myosin H-chain in
human MSC. Antibodies did not cross-react with rat myosin in
cardiomyocytes, so potentially we were able to observe the exis-
tence of myosin only in hMSC. Expression of the protein was not
detected in MSC monoculture (Fig. 5A), but it appeared after co-
culturing with cardio cells. After 24 hrs of culturing with cardiomy-
ocytes, MSC exhibited myosin-positive staining (Fig. 5B), and
after 3 days, myosin-positive compartments were clearly
observed in the majority of stem cells (Fig. 5C).

Discussion

Our findings confirmed that cells could form ultra thin structures
connecting neighbouring cells and described as nanotubes [30,

© 2008 The Authors

31]. Nanotubes have been demonstrated mostly in cell systems
consisting of different cell types but occasionally were reported
for cells in monocultures. This interaction was shown for
macrophages and erythrocytes [32], endothelium progenitor cells
and cardiomyocytes [23], immune cells [33], prostate cancer cells
[34] and others. In the present study, both MSC and cardiomy-
ocytes exhibited limited nanotubes formation before co-culture
starting. After co-cultivation, the number of contacting nanotubes
significantly rose. It has been proposed that tunnelling nanotubes
represent a novel and general biological principle of cell-to-cell
communication and it becomes increasingly apparent that they
fulfil important functions in physiological processes of multi-cel-
lular organisms.

Furthermore, we also inquired the possibility of mitochondria
transport through nanotubes, recently discovered [23, 30].
Despite ultra small diameter of tubes, we observed mitochondria-
specific staining inside of them. Although we failed to clarify what
kind of cells they belonged to and could not monitor real-
time movements, we revealed the result of such transport—
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mitochondria transfer from one type of cells to another. The elec-
tron microscopic data gave additional support for the possibility of
mitochondrial transfer along nanotubes. Inside of these we found
different types of vesicles some of which displayed classical
mitochondrial ultra structure. It is possible to speculate that
cytoskeleton filaments found within nanotubes may be an impor-
tant element of directed vesicle-transporting machinery.

Another important finding was the phenomenon of cytoplasm
exchange between contacted cells. Although calcein transfer is
frequently used for detection of gap junctions, we believe that in
our model, the dye could be transferred along nanotubes as well.
This speculation is confirmed by confocal images where calcein
transport was observed between cells making only nanotubes
contacts. Nevertheless, tight cell contacts with possible formation
of gap junctions between such different cell types as MSC and car-
diomyocytes also took place, providing cytoplasm transfer as
effective as mediated by nanotubes (Fig. 3B).

Cytoplasm entity transfer did not show a precise direction
since the difference between patterns from Figure 3D and F is
not essential when being normalized to C and E correspondingly.
Thus, we can conclude that this transport had no specific carri-
ers and occurred by diffusion of molecules through nanotubes
and gap junctions. However, mitochondria transfer, also taking
place in co-culture, was more specific. We observed that the
organelles migrated only from MSC to cardiomyocytes, resem-
bling data of Spees and coworkers [25], but there was no
evidence for cardiomyocyte-to-MSC mitochondria transfer at
least within first 24 hrs of co-cultivation. Probably, direction of

References

mitochondria transfer could strongly depend on the type of
cross-talking cells.

Another significant result of co-culturing was the appearance
of myosin H-chain in MSC. We proposed that penetration of car-
diomyocyte’s cytoplasm to MSC caused such differentiation by
donation of some signalling molecules to ignite MSC differentia-
tion on the cardiac muscle pathway.

Thus, we discovered two consequences of MSC-cardiomy-
ocyte cross-talk and cellular content exchange, both of them
extremely important for clinical cell therapy of myocardium fail-
ures. On the one hand, cardiomyocytes-to-MSC cross-talk caused
turning on differentiation of stem cells towards contractile cells,
and this process took place already after 24 hrs of co-culture. It
may mean that potentially transplanted MSC could replace dam-
aged myocardial cells.

On the other hand, there is a distinct way of cell therapy effect
on heart disorders. MSC can donate functional mitochondria to
cardiomyocytes and restore their energetic state under the condi-
tions when their own mitochondria are damaged or dysfunctional.
If so, this may be an essential repair mechanism of mitochondria
in heart cells damaged both under infarct and ischaemia and due
to genetic defects, that is in cardiomiopathies.
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