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The unmet clinical need for myocardial repair after irreversible ischemic injury requires a better understanding of the
biological properties of cardiac stem cells (CSCs). Using a primary culture of neonatal rat myocardial cells, we describe the
formation and maturation of contracting cardiomyocyte colonies stemming from c-kit*, Sca*, or Isl1* CSCs, which occurs
in parallel to the hypertrophy of the major cardiac myocyte population. The contracting cardiomyocyte colonies (~1-2
colonies per 1 x 10° of myocardial cells) were identified starting from eighth day of culturing. At first, spontaneous weak,
asynchronous, and arrhythmic contractions of the colonies at a rate of 2-3 beats/min were registered. Over time, the
contractions of the colonies became more synchronous and frequent, with a contraction rate of 58-60 beats/min by the
30th day of culturing. The colonies were characterized by the CSCs subtype-specific pattern of growth and structure. The
cells of the colonies were capable of spontaneous cardiomyogenic differentiation, demonstrating expression of both sar-
comeric a-actinin and a-sarcomeric actin as well as the maturation of contractile machinery and typical Ca*" responses
to caffeine (5 mM) and K* (120 mM). Electromechanical coupling, characterized by cardiac muscle-specific Ca**-induced
Ca* release, was evident at 3 weeks of culturing. Thus, the co-cultivation of CSCs with mature cardiac cells resulted in the
formation of contracting cardiomyocyte colonies, resembling the characteristics of in vivo cardiomyogenesis. The pro-
posed model can be used for the investigation of fundamental mechanisms underlying cardiomyogenic differentiation
of CSCs as well as for drug testing and/or other applications.

Introduction

Recent advances in the understanding of major biological
characteristics of stem cells have stimulated the interest in poten-
tial therapeutic applications of stem cells, in particular for tissue
and organ repair. Limited myocardial regeneration after irrevers-
ible ischemic injury results in the formation of post-infarct scar-
ring, underlining the need for new cardiac regenerative therapies.
The identification of several distinct types of resident cardiac
stem cells (CSCs) in the adult human heart, including c-kit*,!
Isl1*,* Scal*,’ and cardiosphere-generating progenitors,” has
stimulated the development of new regenerative strategies based
either on the site-specific delivery of exogenous CSCs or on the
activation of host CSCs by certain stimuli (for review, see refs.
5 and 6 and references therein). Currently available techniques
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of CSCs isolation, sorting, and expansion can be used for gen-
erating significant amounts of immature cardiac progenitor cells
in culture, both for research purposes and for potential use in
regenerative medicine.”"! However, the maturation of these pro-
genitors into fully differentiated contracting cardiac myocytes is
generally impeded by the lack of spontaneous differentiation of
CSCs and cardiac progenitors in culture. The agonist-induced
directed differentiation of various subsets of CSCs into cardiomy-
ocytes has been unequivocally demonstrated in in vitro models.
In particular, isolated and expanded CSCs belonging to certain
subsets were differentiated into cardiomyocytes after chemical
stimulation with 5’-azacytidine,>"" oxytocin,'? and trichostatin
AB incubation in differentiating media containing dexametha-
sone’ and co-cultivation with neonatal'® and adult cardiac
myocytes.” Although significant strides have been made toward
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understanding the cardiomyogenic potential of CSCs, it should
be noted that the proportion of CSCs amenable to differentia-
tion into mature cardiac myocytes with contractile phenotype
was found to be limited to 0.25-10% in the above studies,'?!>!>1
while the process of differentiation lasted for several weeks. In
addition, the direct comparison of the cardiomyogenic properties
between different CSC subsets is precluded by the variability of
isolation and cultivation techniques. Therefore, it is important
to develop a model of in vitro cardiomyogenesis enabling serial
characterization of growth/differentiation of individual CSCs
belonging to different types of resident CSCs (c-kit*, Sca*, and
Isl1*), each subjected to the same isolation procedure and identi-
cal starting conditions. In the present work, we aimed to describe
and characterize such a model, which is based on the demon-
stration of full cardiomyogenic differentiation of 3 major CSC
subsets in a primary culture of neonatal rat myocardial cells,
resulting in the formation of contracting cardiomyocyte colonies.
After additional validation, we conclude that the proposed model
could be used for the investigation of fundamental mechanisms
underlying cardiomyogenic differentiation of CSCs as well as for
the generation of 3-dimensional cardiomyocyte clusters poten-
tially suitable as a substrate for cell therapy.

Results

Myocardial cell growth and proliferation in primary culture

In comparison with the baseline, the total cell count in the
myocardial cell culture increased by 1.4 £ 0.2-,2.2 £ 0.9-, 4.2 +
1.4-, and 4.8 + 1.0-fold on the 2nd, 3rd, 4th, and 5th day in vitro
(DIV), respectively. As evidenced by the accumulation of c-mito-
ses, the mitotic activity increased dramatically from DIV 2 to
DIV 4 (Fig. 1A). During this period, the percentage of the cells
arrested in the metaphase using colchicine averaged 20-23%

REPORT

per day. The percentage of mitotic cells significantly decreased
after day 4 and averaged 6-7% on DIV 7-8. Therefore, nearly
70% of the cardiac cells entered mitotic division during DIV
2-5, while the mitotic index varied from 1.6 to 0.4% during
the same period. The mean cell volume increased gradually over
the first 6 DIV (Fig. 1B), followed by stabilization on DIV 7-8.
In particular, the cell volume averaged 819 + 68, 1532 + 212,
and 3246 + 190 wm? on DIV 1, 3, and 6, respectively. To esti-
mate temporal changes in the number of cultured myocardial
cells belonging to distinct populations, all of the cells were sub-
classified into 3 broad categories according to their volume: (1)
<250 pm?; (2) 250-1000 pwm?; and (3) >1000 pwm?®. The first
population comprised small cells with a mean cell volume of 140
+ 54 pm?, which corresponded well to the data on the dimen-
sions of resident CSCs found in adult mouse hearts” as well as to
our data on the average volume of immunostained rat CSCs in
culture (see “Results”, Structure of the contracting cardiomyocyte
colonies). Over 8 d, the percentage of these cells within the total
cell population did not exceeded 15% (Fig. 1C, a). The second
cell population was characterized by larger cell volume (609 +
231 wm?), potentially indicative of proliferating cardiac myo-
cytes. The fraction volume of these cells decreased dramatically
from 74% on DIV 1 to 4% on DIV 4, suggesting intensive divi-
sion and subsequent development into mature cardiac myocytes
(Fig. 1C, b). Large cardiac myocytes with a cell volume of >1000
pm? were initially present in culture in a small proportion, but
their percentage increased significantly from DIV 1 to DIV 4 (23
and 93%, respectively, Fig. 1C, ¢). On DIV 4, the cardiac myo-
cytes with a volume of >1000 pwm? could be classified into 4 size
categories: (1) 1000-2000 pm® (30%); (2) 2000-4000 pm?
(48%); (3) 4000—-8000 pm?® (15%); and (4) >8000 pm? (7%).
Physiological growth of the cardiac myocytesin culture resulted
in the appearance of polyploids (Fig. 1D) and multinucleated,
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Figure 1. Eight-day in vitro (DIV) growth of myocardial cells obtained from newborn rat heart. (A) Changes in the proportion of dividing cells (c-mito-
ses) over 8 d of culturing. (B) Changes in mean cell volume over 8 d of culturing. Values are expressed as the mean + SD (C) Temporal changes in the
number of cultured myocardial cells with different cell volume. (a) Population of small cells with mean cell volume <250 um?; (b) Population of cells
with mean cell volume of 250-1000 wm?; (c) Population of cells with mean cell volume >1000 wm?3. (D-F) Polyploid and multinucleated cardiac myo-
cytes. Hematoxylin staining. Digital camera Leica DFC300 FX, Trinocular Microscope H 605T (WPI), objective x40. (D) Polyploid cardiac myocyte, DIV 8.
(E) Cardiac myocyte with 5 nuclei, DIV 4. (F) Binucleated cardiac myocytes, DIV 6.
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mostly binucleated, myocytes (Fig. 1E and F, respectively).
Binucleated myocytes were detected starting from DIV 2 (-1%);
the fraction volume of the binucleated cells increased to 9.5% on
DIV 8. The fraction of cardiac myocytes with more than 2 nuclei
varied from 0.2 to 0.4% during the entire observation period.

Formation of contracting cardiomyocyte colonies within the
primary culture

Depending on the density of cell plating, 3 distinct patterns
of spontaneous contraction were identified. First, a confluent
monolayer of contracting myocytes with a contraction rate of
25-35 beats/min was observed after 7 d of culture when the cells
were plated at a density of 5 x 10 cells/cm? (Fig. 2A; Video S1).
At a lower plating density (2 x 10 cells/cm?), 2 more patterns
were observed: (1) spontaneous contractions at a rate of 30-50
beats/min of either individual mature myocytes or small groups
of cardiac myocytes consisting of 2—3 cells were recorded for sev-
eral days starting just after cell adhesion (Fig. 2B; Video S2); and
(2) some of the plated cells yielded highly uniform growing colo-
nies of different sizes (Figs. 2C and 3; Video S3). Rare micro-
colonies consisting of the cells capable of mitotic division were
identified after 5 d of culturing. The incidence of colony forma-
tion was approximately 10 colonies per 100000 plated cells, out of
which only 1-2 colonies acquired the ability to contract. On the
8-10th DIV, the colonies started to generate rare weak contrac-
tions at a rate of 2—3 beats/min (Fig. 4A; Video S3). Over time,
the contractions of the colonies became more synchronous and
frequent. Visual confirmation of the progressive increase in the
contraction rate of the same colony on the 18th, 25th, and 30th
DIV (25, 46, and 58 beats/min, respectively) can be observed
through the representative video recordings (Videos $4—6). The
functional differentiation of the myocytes within the growing
colonies and the structural organization of the contracting colo-
nies are characterized in the following sections.

Calcium transients

In the individual cells of the colony with a low contraction
rate (2-3 beats/min) on the 10th DIV (Fig. 4A), spontaneous
weak and asynchronous fluctuations in the intracellular Ca*
concentration ([Ca*]) were registered (Fig. 4B). The matu-
rity of sarcolemmal acetylcholine receptors as well as ryano-
dine receptors (RyR2) of the sarcoplasmic reticulum (SR) was
tested by measuring agonist-induced Ca?* transients. According
to the pattern of the agonist-induced Ca?* response, 2 different

types of the cells were identified within the colonies with a low
contraction rate. The first cell type was characterized by a pro-
nounced [Ca*]; increase in response to all of the applied stimuli
(acetylcholine [Ach], caffeine [Caf], and K*; Fig. 4C, a), while
the second cell type demonstrated a decreased (compared with
the first cell type) magnitude of Ca** response to K*, which was
associated with the lack of Ca?* release after the stimulation of
RyRs with Caf (Fig. 4C, b). Along with the spontaneous asyn-
chronous fluctuations in [Ca*], the latter observation is indica-
tive of the immaturity of RyRs and/or an insufficient amount of
Ca?* in the SR of the cells comprising second cell type. However,
even slightly extending the duration of culturing (DIV 12-14)
resulted in a more advanced functional differentiation of cardiac
myocytes within the colonies. In particular, the spontaneous cal-
cium transients were synchronous, intense, and uniform in all of
the cells of the colony on DIV 12 (Fig. 5A). The rate of calcium
peaks coincided with the contraction rate of the entire colony
and averaged 22 beats/min. In contrast to the immature cells of
the colonies with a low contraction rate, the individual cells of
synchronously contracting colonies on DIV 12-14 demonstrated
concurrent robust Ca?* responses to the application of Ach, Caf,
and K* (Fig. 5C). Furthermore, spontaneous Ca?* transients were
generated nearly synchronously in all of the cells of the colony,
although a mild phase difference could be detected between 2
cell samples (Fig. 5B). The likely explanation for this observation
could be the different distance between the cells of the colony
and the pacemaker cell, which is presumably localized in the
core of the colony. The uniform Ca?* response to the application
of Caf in the cells of the mature colonies provides evidence for
the establishment of electromechanical coupling finalizing car-
diomyogenic differentiation of the cells within the colonies. In
addition, the cells of the mature colonies failed to demonstrate
calcium transients in calcium-free medium (data not shown).
Structure of the contracting cardiomyocyte colonies
Time-lapse confocal imaging was used for additional charac-
terization of the cardiomyocyte colonies. Five to seven days after
plating, 3-dimensional colonies of different size derived from
single CSCs of c-kit*, Isll*, and Scal* subsets were found in the
culture. At DIV 13, the dimensions of Isll+ and c-kit+ CSCs-
derived colonies were comparable with to those of contracting
colonies (see “Calcium transients”). The vertical dimension of
different colonies on DIV 10-17 varied from 13 to 97 pm. On

obtained using an inverted microscope (PIM-III, WPI), objective x40.

Figure 2. Three different patterns of spontaneously contracting structures in the primary culture of rat neonatal myocardial cells. (A) The confluent
monolayer of contracting myocytes resulting from cell plating at a density of 5 x 10* cells/cm? (contraction rate: 28 beats/min, DIV 11). (B) The contrac-
tion of individual mature cardiomyocytes (density of cell plating: 2 x 10* cells/cm?, contraction rate: 47 beats/min, DIV 3). (C) Contracting cardiomyocyte
colony in the culture (density of cell plating: 2 x 10* cells/cm?, contraction rate: 10 beats/min, DIV 11). Digital camera Leica DFC300 FX. The images were
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days 11-13 of culture, the vertical dimensions of Isl1* and c-kit*
CSC-derived colonies were comparable, while the dimensions
of Sca-1* colonies in z-axis were much lower, and they averaged
19-20 wm. However, the vertical dimension of Sca-1* colonies
reached 56—60 pm at DIV 17. The typical evolution of the Isl1*
CSC-derived colonies over the period from DIV 2 to DIV 11 is
presented in Figure 6A—C. The median optical sections of the
colonies clearly demonstrated that CSCs were localized in the
core of the colony (Fig. 6D). In particular, Isl1* cells (12th section
out of 24) were tightly clustered in the center of the colony, having
a vertical dimension of 36 wm (Fig. 6D, left panel). Mature car-
diac myocytes were arranged peripherally and included both pre-
existing myocytes and those differentiated from Isl1* progenitors.
The latter notion is supported by the fact that some actin-positive
cardiac myocytes within the colony still co-expressed Isl1 antigen.
The colonies of c-kit* cells were characterized by a more diffuse
distribution of CSCs (Fig. 6D, middle panel). The peripheral
zone of the colony also contained actin-positive cardiac myocytes
co-expressing c-kit. The Scal* CSC-derived colonies were flat (19
pm in z-axis) and contained a small amount of centrally nested
CSCs (11th section out of 20) (Fig. 6D, right panel). Figure 6E
displays a representative example of the spatial inhomogeneity of
the c-kit* CSC-derived colony in terms of cardiomyogenic differ-
entiation. Cardiac myocytes expressing a-sarcomeric actin (red)
were more prevalent in the upper part of the colony (Z = 20),
while immature c-kit® CSCs (green) tended to be localized in
the basal part of the colony (Z = 5). The coexpression of c-kit*
and a-sarcomeric actin was evident in some small cells (-10 pm)
residing in the core of the colony (Z = 10), which is indicative of
the beginning of cardiomyogenic differentiation (Fig. 6E, middle
panel). This finding supports the suggestion that these cells might
represent a population of transit amplifying cells committed to
the cardiomyocyte lineage. Figure 7A demonstrates the matu-
ration of cardiac myocytes within the representative Isl1* CSC-
derived colony on DIV 13 (66 pwm in z-axis). The middle part of
the colony contained both Isl1* cells (green, FITC) and cardiac
myocytes (red, crystal violet) of comparable size. However, the
Isl1* cells were observed to be much

c-kit* CSCs (green) surrounded by mature cardiac myocytes (red)
that were initially present in the culture. It follows, therefore, that
in contrast to Isll* cells, c-kit* CSCs demonstrated active prolif-
eration without any sign of differentiation on DIV 13.

Discussion

The present work describes the formation and evolution of
cardiomyocyte colonies stemming from Sca-1*, c-kit*, and Isl1*
CSCs in the primary culture of neonatal rat myocardial cells.
Microcolony formation initiated soon after plating the myo-
cardial cells, which was concomitant with intensive prolifera-
tion of pre-existing cardiac myocytes. The cessation of myocyte
division with the subsequent transition to hypertrophy was
accompanied by the gradual differentiation of the cells com-
prising the colonies. The colonies were characterized by CSC
subset-specific 3-dimensional structures, with CSCs residing in
the core, and cardiac-specific protein-expressing cells localized
peripherally. Spontaneous functional cardiomyogenic differen-
tiation of the cells within some but not all colonies resulted in
coordinated contractile behavior, which was further verified by
the presence of typical calcium transients, calcium-induced cal-
cium release (CICR) processes, and electromechanical coupling.
Cardiomyogenic differentiation of CSCs has been demonstrated
convincingly using either chemical stimulation of purified and
expanded CSCs with certain agonists®'*'? or co-cultivation of
CSCs with neonatal and adult” cardiac myocytes. In the pres-
ent study, an alternative approach was used; that is, the prolifera-
tion and differentiation of resident CSCs belonging to different
subsets in a primary culture of neonatal rat myocardial cells were
characterized. This approach offers the advantage of combining
the characterization of pre-existing cardiac myocyte growth dur-
ing the first several days of postnatal life and resident CSC pro-
liferation/differentiation during a 30-d period.

Myocardial cell growth in primary culture

A better understanding of the mechanisms that govern
the physiological regulation of cellular homeostasis in the

smaller in the basal part of the colony
(Fig. 7B), which suggests that the dif-
ferentiation of Isll* CSCs associated
with their enlargement is initiated in
the upper portion of the colony. It
seems that Is|1* CSCs acquire the abil-

ity to differentiate after several rounds
of division, which is corroborated by
the observation that less mature Isl1*
colonies contain smaller Isl1* CSCs
(Fig. 7A cf. Fig. 6D). At the same DIV,
c-kit* CSC-derived colonies exhibited

different architecture. A representa-

tive c-kit* colony (24 pm in z-axis) is
shown in Figure 7C and D. Both the
basal and apical portions of the colony
contained a significant amount of

centrally localized undifferentiated | FX, objective x10.

Figure 3. Structure of the cardiomyocyte colonies emerging in the primary culture of neonatal rat myo-
cardial cells. (A) Colonies of different sizes identified on DIV 7. (B) Colonies of different sizes identified
on DIV 8. Hematoxylin staining. Digital camera Leica DFC300 FX, objective x10. (C) Dynamic changes in
the size and shape of the living colony over the period of 3 DIV (DIV 8-10). Digital camera Leica DFC300
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mammalian heart during the first 7 d of postnatal life is crucial
for the development of cardiac regeneration therapies. It is known
that the proliferation of cardiac myocytes ceases after the third
postnatal day, thereby preventing the efficient repair of myocar-
dial injury in the adult heart.?>* To further explore the prolifera-
tion of cardiac myocytes, we first characterized cell growth in a
primary culture of cardiac cells obtained from newborn rats. The
data indicated that the number of proliferating cells with a cell
volume varying from 250 to 1000 pm? decreased dramatically on
day 4 of culturing. This process was determined to be accompa-
nied by the intense growth of these cells, because the proportion
of cells with volumes exceeding 1000 pwm? averaged 93% on the
fourth DIV. Furthermore, the mean volume of the cultured cells
increased progressively during culturing and averaged 819 + 68,
1532 + 212, and 3246 + 190 pm? on DIV 1, DIV 3, and DIV
6, respectively (Fig. 1B). It has been shown previously that the
number of cardiac myocytes increases by 68% during first 3 d
of postnatal development in the rat heart.?® This burst of prolif-
erative activity is followed by its cessation, while the volume of
cardiac myocytes was shown to increase 2.5-fold from the 3rd to
12th day of postnatal development (1416 + 320 and 3533 + 339
pm?, respectively).?’ In our study, the mean cell volume increased
1.9-fold on DIV 3 and 4-fold on DIV 6 compared with baseline
(Fig. 1B). It has been shown that the overwhelming majority of
cardiac myocytes are mononucleated in the newborn rat until the
age of 3 d.?° Starting from the fourth day after birth, the number
of binucleated cardiac myocytes progressively increased, averag-
ing 90% in 12-d-old rats. Notably, karyokinesis was preceded
by intensive DNA synthesis, which did not result in mitotic
division. Our data are consistent with these observations, show-
ing similar temporal dynamics of these processes. It follows,
therefore, that the process of cell growth in primary cultures of
myocardial cells has much in common with cell dynamics in the
neonatal heart. The time of transition of cardiac myocytes from
hyperplasia to hypertrophy was comparable in these 2 models,
as were the volumes of cardiac myocytes at the beginning of the
hypertrophy phase. Taken together, these observations suggest
that primary cultures of neonatal rat myocardial cells could be
an adequate in vitro model to investigate the factors that block
cardiomyocyte proliferation.

Structure of cardiomyocyte colonies

Considering the presence of small round-shaped cells (<250
pm?) in the cultures could potentially represent CSCs, we uti-
lized immunocytochemical techniques to identify CSC subsets
within the growing cardiomyocyte colonies. Consequently,
Scal*, c-kit*, and Isl1* CSC-derived 3D-patterned colonies were
identified and characterized. Significant variability in the time
to onset of first contractions and the diameter and height of
the colonies is suggestive of the major biological differences in
the rate of proliferation/differentiation of colony-forming CSC
subsets. In particular, it was found that Scal-positive CSCs
have a lower proliferation rate and, thus, produce small flat
colonies incapable of contractions, at least during 25 d of cul-
turing. Consistent with these findings, Scal* CSCs were pre-
viously shown to have lower proliferation rates and a reduced
capacity for differentiation in comparison with other CSCs.*

914

C-kit*- and Isl1* CSC-derived colonies had comparable dimen-
sions but were different in terms of differentiation rates. While
weak asynchronous contractions were registered in Isl1* CSC-
derived colonies as early as DIV 8, the c-kit* CSC-derived colo-
nies displayed first contractions by the 18th DIV. The delayed
appearance of the contractile phenotype in c-kit" CSC-derived
colonies might be explained by an extended duration of the pro-
liferation phase in c-kit* CSCs. In contrast to more committed
Isl1* progenitors, c-kit* cells are considered to be the only true
CSCs;® hence, c-kit* cells require more cycles of division before
differentiation is initiated. This idea is supported by the find-
ing that c-kit* CSC-derived colonies at the 13th DIV contained
high numbers of centrally localized small c-kit* CSCs (Fig. 7C
and D), while Isl1* CSC-derived colonies were composed of rela-
tively large Isl1* cardiac myocytes (Fig. 7A and B).
Cardiomyogenic differentiation of Isll* and ckicr CSCs
within the colonies was confirmed by the expression of
a-sarcomeric actin and sarcomeric a-actinin. Notably, the num-
ber of cardiomyocyte colonies grown in culture was quite low,
averaging ~10 colonies per 100000 cells. Only 1-2 colonies out
of 10 acquired the ability to contract. Assuming that each colony
is produced by a single CSC, this finding fits well with the avail-
able data on the number of CSCs in the heart. For example, there
are only 500-600 Isl1* CSCs in the heart of 1-5-d-old rats'® and
500-1000 and ~45000 Sca* and c-kit* CSCs in the adult mouse

heart, respectively.”'® The major difference of the present study

o
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Figure 4. Spontaneous and agonist-induced calcium transients in the
individual cells of the cardiomyocyte colony on DIV 10. (A) The contracting
cardiomyocyte colony on the 10th day after plating of newborn rat myo-
cardial cells. Contraction rate: 2-3 beats/min. Digital camera Leica DFC300
FX, inverted microscope PIM-IIl (WPI, USA), objective x40. (B) Spontaneous
[Ca*], fluctuations in the individual cardiomyocytes of the same colony.
(C) Acetylcholine-, caffeine-, and KCl-induced (20 uM, 5 mM, and 120 mM,
respectively) Ca?* transients. (a) In the cells of the colony responsive to all
applied stimuli (n = 7). (b) In the cells of the colony non-responsive to caf-
feine administration (n = 9).
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from previous works on cardiomyogenic differentiation of CSCs
(e.g., Laugwitz and coworkers") is that CSCs were cultured
together with other myocardial cells, including cardiomyocytes,
fibroblasts, endothelial cells, and vascular smooth muscle cells.
Given that cell (de)differentiation could be induced by paracrine
factors of cellular origin,? direct coupling,” or cytosolic**?*> and/
or mitochondrial exchange,?
ment of a CSC to a certain lineage might depend on the type of

we hypothesize that the commit-

neighboring cell(s). If this assumption is true, the contact of a
CSC with a mature cardiac myocyte would trigger its differentia-
tion in the cardiomyogenic direction, while contacts with endo-
thelial cells or vascular smooth muscle cells would commit a CSC
to that respective lineage. This idea is supported by the findings
on the ability of Is]1* CSCs and especially Sca-1* and c-kit* CSCs
to differentiate not only into cardiac myocytes, but also into vas-
cular cells.” Interestingly, owing to the relatively low density of
culturing in our experiments, occasional CSC-derived colonies
were most likely deprived of any contact with mature cells. This
situation is analogous to the formation of clones derived from a
single CSC, where all of the cells of the clone retain an undiffer-
entiated state, albeit they express the same marker as the ancestor
cell.®* However, the total number of colonies found in our experi-
ments corresponds fairly well to the data on the amount of CSCs
in the newborn heart (see above). The proportion of contracting
colonies might reflect the number of CSC-derived colonies that
were able to establish contact with neighboring mature cardiac
myocytes. Further studies are needed to test this hypothesis.
Although the number of contracting cardiomyocyte colonies
was found to be moderate, the number of mature cardiac myo-
cytes produced from CSCs within the colonies was appreciable.

At the advanced stages of culturing, mature colony-derived car-
diac myocytes were emanating from the colonies, and some of the
myocytes were integrated into the monolayer. Based on the data
on the enhanced differentiation of cardiac myofibroblasts*” and
CSCs? in 3D culture systems, we suggest that the 3D structure
of the cardiomyocyte colonies contributed to the improved car-
diomyogenic yield observed in the present study.

Functional differentiation of cardiac myocytes within the
colonies

Synchronization of individual cell contractions within the
colony, as well as the progressive increase in the contraction rate
over time, could be attributed to the maturation of both dihy-
dropyridine receptors and RyRs, leading to the establishment of
electromechanical coupling typical of fully differentiated cardiac
myocytes.” Therefore, caffeine-induced Ca** release from the SR
provides strong evidence for the final cardiomyogenic differentia-
tion of the colony cells. Furthermore, synchronously contract-
ing cells of the colonies demonstrated a coordinated response to
caffeine in the Ca?*-containing medium but failed to produce a
Ca?* response in a Ca**-free environment. This provides addi-
tional evidence for the complete differentiation of colony cells
into mature cardiac myocytes displaying typical CICR.

An increasing spatial association of dihydropyridine recep-
tors and RyRs, due to the growth of the T-system, contributes to
effective CICR, which ensures the contraction rate of the colonies
approached 58—60 beats/min. It is generally accepted that CICR
is not operative during the embryonic period in the mammalian
heart, emerging as a mechanism of intracellular Ca?** regulation
several weeks postnatally.”” Soon after birth, the contribution
of Ca?®* release through RyRs to the total intracellular Ca?®* rise

during systole does not exceed 15%, while it averages
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88% at 3 wk of age.®® In our model, it required 18-20
d for the colonies to mature from weakly contracting
microcolonies to large 3D-patterned colonies demon-
strating synchronous high-magnitude contractions of
the entire colony. This period closely resembles the
evolution of electromechanical coupling from pre-
dominantly sarcolemma-dependent in the neonatal
mammalian heart to CICR-dependent at the age of
3 wk. A similar trend was also observed in cultured
embryonic stem cells.?"*?* However, while embryonic
stem cell cultures can be used successfully to investi-
gate prenatal heart development,®* the formation of
contracting cardiomyocyte colonies is more relevant

to postnatal cardiomyogenesis.

Limitations of the study

The present study has several methodological
limitations. Although the registration of spontane-

K+

ous and agonist-induced Ca?* transients convinc-

tively) Ca* transients in the cells of the colony.

Figure 5. Spontaneous and agonist-induced calcium transients in the individual cells
of the cardiomyocyte colony on DIV 12. (A) The contracting cardiomyocyte colony on
the 12th day after plating of newborn rat myocardial cells. Contraction rate: 22 beats/
min. Digital camera Leica DFC300 FX, inverted microscope PIM-IIl (WPI), objective x40.
(B) Spontaneous [Ca*], fluctuations inside individual cardiomyocytes of the colony.
Mild phase difference is observed between 2 cell samples (upper and lower panel).
(€) Acetylcholine-, caffeine-, and KCl-induced (20 pM, 5 mM, and 120 mM, respec-

ingly demonstrated the functional differentiation of
cardiac myocytes in the colonies, electrophysiological
action potential recordings would also be valuable in
verifying cardiomyocyte phenotypes. In addition,
detailed information on the ratio between different
cell types (cardiac myocytes, fibroblasts, endothelial,
and vascular smooth muscle cells) in the primary
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culture would aid in the understanding of the mechanisms of
colony formation. It also remains to be elucidated whether the
process of contracting-colony formation in culture is relevant to
in vivo cardiomyogenesis.

Conclusions

The present study demonstrated that culturing resident CSCs
in a mixed culture of neonatal myocardial cells resulted in full
cardiomyogenic differentiation of CSCs, which was associ-
ated with the formation of contracting cardiomyocyte colonies.
Immunocytochemical staining of the cultured cells with antibod-
ies against Scal, c-kit, and Isl1 antigens showed that the immu-
nophenotype of some of the cultured cells closely resembled the
characteristics of previously described CSCs.>”!* In contrast to
previously published studies on agonist-induced CSC differentia-
tion, we observed spontaneous full cardiomyogenic differentia-
tion of CSCs within the colonies, possibly due to co-cultivation
with mature cardiac myocytes. The data obtained demonstrate
that over the course of colony development,

hearts were rapidly excised and rinsed in Ringer solution consist-
ing of 146 mM NaCl, 5 mM KCl, 2 mM CaClz, 1 mM MgClz,
11 mM glucose, and 10 mM HEPES at pH 7.4. The hearts were
minced and incubated in the same solution with the addition
of 1 mg/ml collagenase IA (Sigma-Aldrich) and 0.12% trypsin
(FLUKA, Sigma-Aldrich) at 37 °C for 30 min. The suspensions
thus obtained were left for 2—-3 min for precipitation of undis-
sociated tissue fragments. The supernatant was centrifuged at
400 x g for 10 min.

Cell culture

Cells were transferred to DMEM supplemented with 10%
fetal calf serum (Biolot, Russia), 50 U/ml of penicillin, and
50 pg/ml of streptomycin (Biolot), followed by a 1 h preincu-
bation in a glass petri dish for the elimination of non-myocytic
cells. The cells were cultured on two 12 x 24-mm glass strips
pre-coated with 0.1 mg/ml poly-D-lysine (Sigma-Aldrich) placed
in 40-mm petri dishes (Medpolimer). The cells were plated at an

resident CSCs undergo mitotic division fol-
lowed by a differentiation phase, resulting in
the formation of a contracting colony com-
posed of mature cardiomyocytes. It is likely
that similar processes might take place in the
in vivo setting, especially after various forms
of cardiac injury (e.g., ischemia or mechani-
cal overload) triggering the proliferation of

B

CSCs. Moreover, it might be suggested that
the process of contracting-colony formationin | [
a primary culture not only simulates myocar-
dial regeneration after injury, but also under-
lies myocardial self-renewal. In this regard,
the formation of contracting colonies in the
culture could be a valuable tool for investigat-
ing the mechanisms of CSC proliferation and
differentiation as well as the modulation of

isl1*

c-kit* Scat

CSC proliferation/differentiation with certain
exogenous and endogenous factors. In addi- |
tion, the proposed model could be used for
electrophysiological studies aimed at investi-
gating the mechanisms of cardiac pacemaker
activity, preclinical testing of drugs with puta-
tive chronotropic or inotropic effects, and/or
other applications.

Materials and Methods

z=5

z=10

Animals

Cardiac cell suspensions were prepared from
1-2-d-old Wistar rats. All of the experiments
were performed in accordance with the Guide
for the Care and Use of Laboratory Animals
and approved by the local ethics committee.

Isolation of cardiac cells

The hearts were enzymatically dissoci-
ated into a single cell suspension as previously
described with modification.”” Briefly, the
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Figure 6. Structure of cardiomyocyte colonies grown in the primary culture of rat neonatal
myocardial cells. (A-C) Different stages of development of the colonies stemming from Is|1*
CSCs. (A) Cell division, DIV 2. IsI1* (FITC, green), GATA-4 (phycoerythrin, red). (B) Colony consist-
ing of approximately 8 cells, DIV 11. Isl1* (FITC, green), actin (rhodamine-phalloidin, red). (C)
Large Isl1* colony, DIV 11. IsI1* (FITC, green), actin (rhodamine-phalloidin, red). (D) The optical
sections of colonies formed by Isl1*, c-kit*, and Scal* CSCs on the 11th DIV. IsI1* CSCs (Alexa 405,
blue), Z = 12. c-kit* CSCs (FITC, green), Z = 12. Scal* CSCs (Alexa 405, blue), Z = 11. Actin was
stained using rhodamine-phalloidin (red). (E) Differentiation of c-kit" CSCs inside the colony on
the 13th DIV. Overlaid optical section of transmitted light and fluorescentimages in 2 emitting
wavelengths: 488 nm (FITC) and 543 nm (Alexa) in the bottom (Z = 5), in the middle (Z = 10),
and the top (Z =20) parts of the colony. c-kit" expression was revealed by FITC-conjugated anti-
bodies (green), and a-sarcomeric actinin was revealed by Alexa-conjugated antibodies (red).
Confocal microscope, Leica TCS SP5 (Germany), objective x63, oil.
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initial density of 1 x 10° cells/ml. The incubation was performed
in a CO, incubator (Jouan) at 37 °C in humid air containing 5%
CO,. The medium was changed 2 times per week.

Cell proliferation and volume

The proliferation of the cardiac cells was assessed by the
quantification of mitotic cells in the colchicine-treated culture.
The cells were cultured in 24-well plates (Costar). Colchicine
(Serva), at a final concentration of 0.05 wg/ml, was added daily
to 3 successive wells, followed by the determination of the pro-
portion of mitotic cells on images obtained the succeeding day
using an inverted microscope (PIM-III, WPI) and digital camera
(DFC300 FX, Leica). The results were generated by averaging the
data obtained in 5 individual experiments. The cell dimensions
were determined using living cell populations (PIM-III, WPI).
The cell length (D) and width (d) were determined using digi-
tal morphometry (VideoTest) on the images of the cells removed
from the surface of the plate using a mixture of trypsin-versene
(1:3). The cell volume (V) was calculated using the following for-
mula: V =3.14 / 6 x d* x D. The cell dimensions were assessed in
3 individual experiments. The cell colonies formed in the culture
were stained by hematoxylin (Sigma).

Intracellular calcium transients

For intracellular Ca?* transient measurements, cells were incu-
bated with membrane-permeable fura-2 (10 wM in Ringer solu-
tion for 1 h at 26 °C; Sigma-Aldrich). The cells were analyzed
using the InCytIM*™ dual wavelength fluorescence imaging sys-
tem (Intracellular Imaging Inc). Ca®* transients were estimated
as a ratio of fluorescence at 340/380 nm (F340/F380)." Ringer
solution containing 120 mM KCl and 26 mM NaCl was used for
membrane depolarization. The cardiomyogenic differentiation of
the cells within the growing colonies was additionally verified

by the determination of acetylcholine- and ryanodine receptor
agonist-induced Ca** responses. For this purpose, the cells were
exposed to the following treatments: Ach (20 uM), Caf (5 mM),
and hyperkalemic Ringer solution (120 mM KCI). Both Ach and
Caf were purchased from Sigma-Aldrich.

Immunocytochemistry

Cultured cells and cell colonies were washed with PBS and
fixed in 2.5% paraformaldehyde for 20 min at room tempera-
ture. Then, the cells were permeabilized with 0.25% Triton-X100
in PBS for 10 min. Two different protocols for immunostaining
were used. In the first series, the immunostaining of the CSCs
was performed using the following antibodies: mouse anti-c-kit
monoclonal antibodies (Invitrogen, 5 pg/ml), mouse anti-Scal
polyclonal antibodies (Abcam, 1:100), and rabbit anti-Isl1 mono-
clonal antibodies (Abcam, 1:100). Rabbit anti-GATA4 poly-
clonal antibodies (Abcam, 1:500) were used as a marker of early
cardiomyogenic differentiation. The secondary antibodies were
as follows: goat anti-mouse phycoerythrin-conjugated antibodies
(Invitrogen, 1:100), goat anti-mouse FITC-conjugated antibodies
(AbD Serotec, 1:100), and donkey anti-rabbit FITC-conjugated
antibodies (AbD Serotec, 1:100). The cells were stained with
crystal violet (2 mg/ml, Sigma-Aldrich) for 5 min. In the sec-
ond series, the primary mouse anti-Isll (Abcam) and anti-Scal
(Abcam) monoclonal antibodies were preliminary conjugated
with Alexa 405 according to Zenon technology (Invitrogen) and
then used for immunostaining at a 1:100 dilution.

Commercially  available FITC-conjugated  antibodies
(Abcam, 1:100) were used for the detection of c-kit* CSCs.
Filamentous actin was detected using rhodamine-phalloidin
(10 pg/ml, Sigma-Aldrich). Mouse anti-sarcomeric o actinin
antibodies (Abcam) were used for confirmation of cardiodif-

ferentiation of cells inside the colo-

Crystal violet

Merge

A FITC

isl1*

z=14

nies. The cell nuclei were stained
with Hoechst (10 pg/ml, Molecular
Probes). The cells were visualized

B Merge

by confocal microscopy with 40x

and 63x oil objectives (Leica TCS

SP5) or a 63x oil objective (Leica

TCS SL). The optical sections were

spaced 1.02 pwm along the z-axis.
Statistical analysis

All of the data are expressed as

FITC Crystal violet

Merge

O

c-kit*

z=10

the mean + standard deviation. The
statistical analyses were performed
using the SPSS 13.0 software pack-
age (SPSS Inc Software). Significant
differences between groups were

Merge

O

evaluated using analysis of variance.
P values < 0.05 were considered
significant.
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(Z=0). Confocal microscope, LEICA TCS SL, objective x63, oil.

Figure 7. Differentiation of Is|T* and c-kit* CSCs inside the colonies on the 13th DIV. The optical sections of
colonies on 2 levels: (A) IslT* middle (Z = 14) and (B) bottom (Z = 0). (C) c-kit* top (Z = 10) and (D) bottom
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