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Abstract: At present, the approaches aimed at increasing myocardial regeneration after infarction
are not available. The key question is the identity of cells capable of producing functional cardiac
myocytes (CMs), replenishing those lost during ischemia. With identification of resident cardiac
stem cells (CSCs), it has been supposed that this cell population may be crucial for myocardial
self-renewal and regeneration. In the last few years, the focus has been shifted towards another
concept, implying that new CMs are produced by dedifferentiation and proliferation of mature CMs.
The observation that CSCs can undergo development inside immature cardiac cells by formation of
“cell-in-cell structures” (CICSs) has enabled us to conclude that encapsulated CICSs are implicated
in mammalian cardiomyogenesis over the entire lifespan. Earlier we demonstrated that new CMs
are produced through formation of CSC-derived transitory amplifying cells (TACs) either in the
CM colonies or inside encapsulated CICSs. In this study, we described the phenomenon of CSC
penetration into mature CMs, resulting in the formation of vacuole-like CICSs (or non-encapsulated
CICSs) containing proliferating CSCs with subsequent differentiation of CSC progeny into TACs
and their release. In addition, we compared the phenotypes of TACs derived from encapsulated and
non-encapsulated CICSs developing in immature and mature CMs, respectively.

Keywords: cardiac stem cells (CSCs); cardiomyocytes (CMs); “cell-in-cell structures” (CICSs); transi-
tory amplifying cells (TACs); myocardial ischemia; regeneration; cardiomyogenesis

1. Introduction

The high rate of chronic heart failure development after massive cardiomyocyte (CM)
death in myocardial infarction (MI) has been traditionally attributed to very low regenera-
tive capacity of mammalian myocardium. However, identification of resident cardiac stem
cells (CSCs) of c-kit*, Sca-1* and Islet-1* types [1-3] and the subsequent verification of
their cardiomyogenic potential have contributed to the hypothesis that CSCs are essential
to the process of myocardial self-renewal and regeneration [4,5]. This idea has inspired
numerous experimental and also clinical studies testing the effects of CSC administration
into the myocardium after infarction [6,7]. This approach has been associated with mini-
mal improvement in left ventricular function, which is thought to be related to paracrine
cardioprotective and anti-remodeling signaling. Therefore, the ability of transplanted CSCs
to build up new contracting CMs has been questioned. The lack of convincing data on the
involvement of CSCs in in vivo cardiomyogenesis has led to a conclusion that the adult
mammalian myocardium contains a minimal, if any, amount of c-kit* CSCs [8]. Together
with the results of Porrello et al. [9] on the cessation of CM division in mammalian heart at
the end of the first week of life, these data have shifted the emphasis away from the concept
that CSCs are crucial for cardiac regeneration toward the hypothesis that cardiomyogen-
esis could be achieved by the stimulation of mature CM proliferation. According to this
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prevailing view, partially dedifferentiated mature CMs are able to enter the cell cycle and
produce new CMs [10,11]. It should be noted, however, that other groups continue to
explore the role of c-kit* CSCs in cardiomyogenesis in order to prompt myocardial repair
after injury by virtue of stimulating CSC differentiation into CMs [12,13]. In particular,
our group earlier demonstrated the existence of two pathways for cardiomyogenesis in-
volving CSCs in adult mammalian species: (1) through the formation of CSC-derived
cell colonies, giving rise to transitory amplifying cells (TACs), which further differentiate
into CMs [14]; and (2) through intracellular development of CSCs with the formation of
“cell-in-cell structures” (CICSs) [15,16]. As far as the latter pathway is considered, it has
been demonstrated that CSCs are able to penetrate into immature rodent CMs through
invagination of sarcolemma, thereby forming CICSs characterized by the D < 30 um and
prominent capsule containing 3-5 pores that opened into the host-cell sarcoplasm. Based
upon the detailed description of CICS morphology and demonstration of their rupture
followed by the release of numerous TACs, we have suggested that this process might be
implicated in myocardial self-renewal and regeneration [17]. The key question is whether
these phenomena are observed in the settings of myocardial ischemia-reperfusion injury
and permanent coronary artery ligation. Furthermore, one cannot exclude the possibility
that the density of CICSs, as well as the qualitative characteristics of their development,
might be different in infarcted vs. intact myocardial tissue. Therefore, we thought to
investigate the distribution of CICSs in different areas of the heart in adult rats subjected
either to myocardial ischemia—reperfusion or permanent ischemia. Our data confirmed
more intensive release of TACs from pre-existing encapsulated CICSs during 1-5 days
after permanent coronary artery occlusion. In addition, we have demonstrated that mature
CMs with fully developed sarcomeric apparatus contain vacuole-like, membrane-bound
CICSs releasing TACs which appear to have undergone more advanced cardiomyogenic
differentiation compared to those released from encapsulated CICSs. These data may have
important applications for stimulation of myocardial regeneration in the early phase after
myocardial infarction.

2. Methods

Ethical Statement. All procedures were performed in accordance with the Guide for
the Care and Use of Laboratory Animals (NIH publication No. 85-23, revised 2011) and the
European Convention for the Protection of Vertebrate Animals used for Experimental and
other Scientific Purposes. The Institutional Animal Care and Use Committee at Almazov
Centre approved the study protocol.

Animals. Male, 260-320 g, SPF Wistar rats (Pushchino, Moscow region, Russian
Federation) were used throughout the experiments. The animals were maintained under a
12/12-h light/dark cycle with free access to food and water.

Experimental Design. The animals were randomly allocated to 3 groups: myocardial
ischemia-reperfusion (MIRI, n = 5), permanent coronary artery occlusion (PCAO, n = 5),
and sham-operated animals (SHAM, n = 5).

Myocardial Ischemia—Reperfusion and Permanent Ischemia Model. Anesthesia
was induced by placing the animal in a chamber filled with 5% isoflurane, using low-flow
gas apparatus (SomnoSuite, Kent Scientific, Torrington, CT, USA). After induction, the
animals were tracheotomized and ventilated (SAR-830P; CWE, Inc., Ardmore, PA, USA),
using gas containing 2% isoflurane, 35% oxygen, and 63% room air, with a tidal volume
of 2mL/100 g and an approximately 60 breaths per minute rate. Body temperature was
maintained at 37.0 & 0.5 °C by a feedback-controlled heating pad (TCAT-2LV; Physitemp
Instruments Inc., Clifton, NJ, USA). The left carotid artery and right femoral vein were
cannulated for measuring mean arterial pressure (MAP) and drug injection, respectively.
Lead II of the electrocardiogram was monitored for registering heart rate (HR) and arrhyth-
mias. After 10 min of stabilization, left thoracotomy was performed. A 6.0 polypropylene
thread was placed around the left coronary artery, and the ends passed through a polyethy-
lene tube as an occluder. After surgical preparation, the animals were subjected either
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to 30 min coronary artery occlusion followed by 180 min reperfusion (MIRI group) or
permanent coronary occlusion for 1-5, 7, or 14 days (PCAO group). Exclusion criteria
were MAP < 50 mmHg and/or HR < 300 at any time point during the experiment. The
animals were then euthanized by the overdose of isoflurane, followed by heart excision
and preparation for cell experiments.

Isolation of cardiac cells for ex vivo experiments. Dissected myocardial fragments
of hearts were enzymatically dissociated into a single cell and small fragment suspension
as previously described [15]. Briefly, the hearts were excised and rinsed in the Ringer’s
solution (pH 7.4) consisting of 146 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2,
11 mM glucose, and 10 mM HEPES. After mincing and incubation in the same solution
with the addition of 1 mg/mL collagenase IA (Sigma-Aldrich, Burlington, MA, USA) and
0.12% trypsin (FLUKA, Sigma-Aldrich, St. Louis, MO, USA) at 37 °C for 30 min, the
suspension of gentle pipetted cells was centrifuged at 400 x g for 10 min. Gentle pipetting
and centrifugation were used to preserve the integrity of myocardial CSC-derived colonies
and CICSs with TACs. The enzyme-free cell suspension was stained, using antibodies,
followed by suspending the cells between the slide and cover slip.

The number of encapsulated TAC-containing CICSs was estimated in the suspension
of myocardial cells. Encapsulated CICSs were quantified in each of three groups in trip-
licate. It seems important to note that the methodology used is our know-how based on
quantification of encapsulated CICSs in the suspension of immunocytochemically labeled
cells. Since the weight of initial myocardial samples varied from 50 to 120 mg, the number
of CICSs is expressed per 100 mg of tissue.

This particular technique of cell isolation was used because we aimed to maintain
the integrity of specific cellular structures, including CSC-derived colonies and CICSs
containing TACs, which are not identifiable with other approaches. Given rare occurrence
of CSC-derived colonies and CICSs (1 colony and 1 CICS per 100,000 CMs), we were as
yet unable to identify and describe these structures by using FACS analysis, or confocal or
electron microscopy of myocardial tissue specimens. Taking this into account, the used
technique of ex vivo characterization of freshly isolated mammalian myocardial cells seems
to be optimal for identification of previously unknown CICSs with TACs and CSC-derived
colonies of different size and maturity.

Immunocytochemistry. After rinsing with PBS and fixation for 20 min in 2.5%
paraformaldehyde at room temperature, the cells were permeabilized with 0.25% Triton-
X100 for 10 min. For immunostaining, we used primary mouse anti-Islet-1 antibodies
(Abcam, Cambridge, UK) and mouse antibodies to sarcomeric alpha-actinin (Abcam),
alpha-sarcomeric actin (Sigma-Aldrich), and cardiac troponin T (Abcam) pre-conjugated
with Alexa 532, 546, 568, 594, or 647 according to Zenon technology (Invitrogen). Commer-
cially available FITC-conjugated anti-c-kit (Abcam) and anti-Sca-1 (Abcam) antibodies were
also used at 1:100 dilution. Filamentous actin was detected by using rhodamine phalloidin.
Hoechst (10 pg/mL (Molecular Probes, Eugene, OR, USA) staining at 1:1000 dilution
was used for the detection of cell nuclei. The cells were stained with antibodies at
room temperature.

Visualization. A microscope “Axio Observer.Z1” (Carl Zeiss) with x10, x20 and
x40 (oil) lens was used to fluorescent microscopy. Confocal microscopy was performed by
using the Leica TCS SP5 microscope with x20 and x40 (glycerol) magnification. Intensity
of the corresponding fluorochrome served to establish a type of CSC, which generated
a colony or CICS. In addition, it enabled one, for the first time, not only to reveal c-
kit*- and Sca-1*- CSCs but also to identify an antigen phenotype of the host cell when
CICSs are formed. Negative responses to Islet-1 antibodies indicate that CSCs of this
type do not form CICSs in the myocardium of adult mammals. Furthermore, the lack
of positive staining with antibodies to smooth muscle, endothelial cells, and fibroblasts
demonstrated that intracellular development of c-kit*- and Sca-1*- CSCs occurs only in
variously matured CMs.
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Time-lapse microscopy. The images of the living cardiomyocytes were recorded at a
magnification of x40 (glycerol) for 7 days, at a rate of 1 frame per min (Zeiss Cell Observer
SD, Carl Zeiss, Germany).

Statistical analysis. All of the data are expressed as the mean + standard deviation.
The statistical analyses were performed by using the SPSS 13.0 software package (SPSS Inc.
Software, Chicago, IL, USA).

3. Results

Examination of the suspension of myocardial cells at two weeks both after permanent
coronary occlusion and ischemia-reperfusion revealed an active involvement of CSCs in
regenerative cardiomyogenesis. Along with colonies of fibroblasts and single uninjured
CMs directly in the area of infarction (PCAO group), we observed remnants of ruptured
encapsulated pre-existing CICSs (Figure 1A), newly formed immature encapsulated CICSs
(Figure 1B), and small undifferentiated Sca-1* CSC-derived colonies (Figure 1C). In the
peri-infarct area, immature encapsulated CICSs (Figure 1E) and c-kit" CSC-derived colonies
(Figure 1F) were found, along with clusters of uninjured CMs (Figure 1D). In the MIRI
group, not only uninjured CMs, but encapsulated CICSs of different maturity (Figure 1G),
young small-sized newly formed CMs (Figure 1H), and ruptured capsules of formerly
existing CICSs (Figure 11) were identified.

Infarct zone A | Infarct zone B Infarct zone

Peri-infarct

Figure 1. Cellular structures, identified in the suspension of the myocardial cells in adult rats two
weeks after permanent coronary occlusion in the infarct zone (A-C), peri-infarct area (D-F), and
after 40-min ischemia/reperfusion (G-I). Confocal and fluorescent microscopy: c-kit*-, Sca-1*-, and
Islet-1*- CSCs (green); a-sarcomeric actinin (red); and nuclei (Hoechst 33342, blue).

The data on the number of intact and ruptured encapsulated CICSs at various time
points in all groups studied in three areas of the myocardium (infarction, peri-infarction,
and remote to injury areas) are given in Figure 2. In the Controls (Figure 2a), the average
numbers of encapsulated CICSs were not different in all three areas analyzed, amounting,
on average, to 87.7 & 3.5 encapsulated CICSs per 100 mg of myocardial tissue. Both
infarction and ischemia-reperfusion significantly modulated this parameter. In the PCAO
group (Figure 2b), the number of encapsulated CICSs exceeded that in the Controls by
1.5 times, reaching the value of 144.6 & 15.3 per 100 mg of tissue in the infarct area. In
peri-infarct area, the amount of encapsulated CICSs was comparable to that of the Controls
(100.2 £ 10.5), but in the intact area it was significantly smaller than in the Controls
(38.7 £ 12.5). In MIRI group, the number of encapsulated CICSs was significantly smaller



Life 2021, 11, 723 50f 15

in all areas analyzed (Figure 2c), averaging 48.4 + 7.3, 20.3 £ 5.4, and 43.8 £ 8.6 in infarct,
peri-infarct, and intact area, respectively.
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Figure 2. The average number of encapsulated CICSs in infarct, peri-infarct, and intact areas of the
heart in experimental groups two weeks after surgery in the Control (a) 2 weeks after permanent my-
ocardial infarction (b) and 40-min ischemia/reperfusion (c). The data are mean + standard deviation.
SHAM-—sham-operated animals, PCAO—permanent coronary artery occlusion, MIRI—myocardial
ischemia for 40 min with reperfusion; * p < 0.05 versus the respective value in SHAM group.

Confocal and fluorescent microscopy of myocardial cell suspension in PCAO group
revealed clusters of uninjured CMs surrounded by relatively large cardio-positive TACs
(Figure 3A) and groups of undifferentiated TACs, formed by CSCs of c-kit*-type (Figure 3B)
ininfarct area at two days after PCAO. Four days after PCAO, fully mature TACs (Figure 3C),
and 10 days after PCAO, necrotic CMs, and colonies of fibroblasts (Figure 3D) were found.
At two weeks after PCAO, we observed immature encapsulated CICSs and empty shells
of ruptured CICSs (Figure 3E) in the infarct area, as well as small undifferentiated and
larger, more differentiated colonies formed by CSCs of c-kit*-type (Figure 3F), suggesting
re-initiation of cardiomyogenesis in the infarct area, and thus confirming the involvement
of c-kit" CSCs in myocardial regeneration.

Figure 3. Variants of cellular structures revealed in the suspension of the myocardial cells in adult
rats from the infarct area at different time points after permanent coronary occlusion. (A) Myocardial
fragment with mature CMs and TACs; (B) accumulation of undifferentiated TACs, descendants of
c-kit*- CSCs; (C) accumulation of cardio-positive TACs; (D) colony of fibroblasts (at the bottom) and
dead CM (at the top); (E) immature c-kit*- CICS (at the top) and capsule of opened/ruptured CICS
(at the bottom); (F) small colony of undifferentiated c-kit*- CSC (at the top) and large differentiated
colony c-kit*- CSC (at the bottom). Confocal and fluorescent microscopy: c-kit*- CSCs (green),
a-sarcomeric actinin (red), and nuclei (Hoechst 3342, blue).
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In addition, in the early post-infarction period we identified another type of CICSs,
which were sphere-shaped, averaged 200 um in diameter (Figure 4A), and contained multi-
ple small cells bearing c-kit and stained with «-sarcomeric actinin. Additional qualitative
characterization of these structures is provided in Figure 4B-F (Supplementary Materials
Video S1). It is apparent that these structures are localized inside mature CMs, representing
distinct type of CICSs, which are morphologically different from previously described
encapsulated CICSs [15,16]. Taking into consideration the difference of these newly iden-
tified structures from earlier described CICSs, we suggest the term “non-encapsulated
CICSs” in order to designate them. It was found that one large CM can contain several
such non-encapsulated CICSs. This suggests that a single host CM can be penetrated by
several stem cells, each of which will multiply inside a separate vacuole (Figure 4B,C).
Upon disintegration of the host CM, these intracellular structures are distributed within
the myocardium, and, in our model, they appeared in the medium as membrane-bound
spheres containing many TACs inside (Figure 4A). However, when only a single CSC
enters the mature CM and starts to proliferate inside, the different scenario may take place.
The photos presented in Figure 4D-F demonstrate that the size of intracellular vacuole
can progressively increase, and, in some cases, it can almost entirely occupy the internal
space of large CM (Figure 4F). Identical structures involving Islet-1* and c-kit" CSCs were
also detected during in vitro experiments (Figure 4G,H). A photo of the sphere-shaped
structure that was formed over 13 days of culturing of 8-day-old rat myocardial cells shows
that there are multiple small cells inside the structure with D = 80 pm (Figure 4I). Our
comparison of the morphology of intracellular structures revealed ex vivo (Figure 4) and
in vitro (Figure 5) enables not only a description of CICSs at different stages, but also makes
it possible to discuss the potential conditions contributing to the formation of particular
types of CICS.

For instance, microphotographs in the left vertical row in Figure 5A-C demonstrate
the presence of three types (Islet-1*, Sca-1*, and c-kit") of CSCs inside CMs of newborn
(A), 20-day-old (B), and 40-day-old (C) rats. Here, it should be noted that CSCs can either
be positioned close to the nucleus (or between nuclei) of the host cell, being in this case
inside an individual vacuole (Figure 5A,C), or co-localize with the nucleus of the host
cell being separated from the cytoplasm by the sarcolemmal membrane (Figure 5B). The
first variant of CICS formation was previously described by us in the culture of neonatal
myocardial cells [15]. It was shown that CSC penetrates CM through invagination of the
sarcolemma, being localized close to the host-cell nucleus, but inside the separate vacuole
bound by a fragment of inverted sarcolemma. Dynamic observation of this CICS type
in vitro has shown that CSCs are proliferating inside the vacuole, producing a population
of TACs. More advanced stages of CICS development are characterized by the growth of
vacuole in diameter, which is accompanied by the formation of dense actin-positive capsule
around it inside the host cell. We supposed that the capsule is a result of compactization
of intracellular actin. This idea is supported by the notion that actin filaments make up
the cytoskeleton of any immature cell, neonatal cardiomyocyte including [15]. Hence, we
assumed that formation of encapsulated CICSs takes place when CSCs develop inside
immature CM or TAC, which, according to our data, are formed during myocardial self-
renewal throughout the entire lifespan. Similar localization of CSC-filled vacuole was
also observed in the culture of neonatal myocardial cells (Figure 5A), and in the culture
of cardiac cells of 40-day-old rats (Figure 5C). It is worth noting at this point that all CMs
presented in these figures demonstrate a clearly defined actin cytoskeleton.
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Figure 4. Variants of non-encapsulated CICSs in the suspension of the myocardial cells in adult
rats after permanent coronary occlusion (ex vivo) and in the culture of the myocardial cells in rats
(invitro). Ex vivo: Cellular structures from the infarct zone (A), peri-infarct area (C,E) and the
area remote from the infarct zone (B,D,F), demonstrating intracellular development of CSCs with
formation of non-encapsulated CICSs. A—free vacuole with TACs of c-kit*- type; B—disintegrating
CM, releasing 2 vacuoles with c-kit*- TACs of various inner maturity; C—3 vacuoles with c-kit*-
TACs inside, located in the cytoplasm of one CM; D, E—vacuoles with c-kit*- TACs inside mature
CMs; F—mature CM with abundant c-kit*- TACs inside. In vitro: non-encapsulated CICSs in
newborn rats on day 5 in vitro (DIV) —with c-kit" CSCs and rhodamine phalloidin (G) and on DIV
11 with Islet-1* CSCs and cardiac myosin (H). Non-encapsulated CICSs in 8-day old rat on DIV
13 (light microscopy—(I)). Confocal and fluorescent microscopy: c-kit*- and Islet-1*- CSCs (green),
x-sarcomeric actinin, thodamine phalloidin and cardiac myosin (red), nuclei (Hoechst 33342, blue).

The non-encapsulated CICS shown in Figure 5B exhibits a co-localization of Sca-1*
CSC with two nuclei of the host cell inside the area limited by the actin-positive mem-
brane, which may evidence for intermediate maturity of this CM. The structures of this
type are also presented in Figure 5D-1. Non-encapsulated CICSs in Figure 5D-F are likely
corresponding to a somewhat earlier stages of their development, while Figure 5G-I shows
more advanced stages of non-encapsulated CICS development. In turn, Figure 5] demon-
strates large non-encapsulated CICS formed in the culture of cardiac cells of newborn rats.
In this case, the lack of capsule may indicate that Islet-1* CSC developed not inside the
TAC, but inside a more mature neonatal CM. Besides, CM of 20-day-old rats in Figure 5K
is not enriched in actin myofilaments but contains non-encapsulated CICS with small
vacuole filled with descendants of c-kit* CSC. In turn, Figure 5L presents an early stage of
non-encapsulated CICS formation in the culture of 40-day-old rat myocardial cells. It is
seen that the vacuole located close to the host cell nucleus incorporates only single CSC of
c-kit™ type.
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Figure 5. Confocal microscopy of cellular structures revealed when culturing the myocardial cells of variously aged rats.
Newborn rats: on day 5 in vitro (DIV)—(A); on DIV 10—(D); on DIV 15—(G) and on DIV 11—(J). Twenty-day-old rats
on DIV 11—(B); on DIV 5 (E K); and on DIV 7—(H). Forty-day-old rats on DIV 22—(C,F,I) and on DIV 6 (L). Confocal
microscopy using proliferation marker Ki67 (green); rhodamine phalloidin (red); of antibodies to Islet-1, c-kit, and Sca-1
CSCs (green); sarcomeric actin (red), and nuclei (Hoechst 33342, blue).

Additional staining for rhodamine phalloidin confirmed the lack of actin cytoskeleton
in CMs bearing various stages of non-encapsulated CICSs in newborn, 20-day-old and
40-day-old rats (Figure 5D-I). Morphological characteristics of more mature CMs without
actin cytoskeleton (Figure 5G-I) allow us to suggest that CSCs in differentiated CMs
develop inside the vacuole, located in the host-cell sarcolemma between actomyosin
complex layers, which is analogous to variants D-F in Figure 4.

The data presented in Figure 6 illustrate the morphology of two variants of CICSs
observed after penetration of mature CM with either one (Figure 6A,C) or two CSCs
(Figure 6B,D). According to our hypothesis, when CSC enters immature CM, it starts to
divide inside a single vacuole, thereby increasing it volume and causing compression of
actin cytoskeleton around, eventually forming an individual dense capsule with openings.
When just one CSC enters CM, one capsule is formed (Figure 6C), whereas, after the
penetration of two CSCs, each of them produces an individual capsule (Figure 6D). In
the case of non-encapsulated CICS formation due to the entry of one, two or more CSCs,
each of them will proliferate inside an individual vacuole, surrounded by actin-positive
membrane (Figure 6A,B). However, because of the depolymerized state of the actin in
differentiated CM, no capsule is formed.
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Figure 6. Variants of CICSs in the culture of the neonatal myocardium cells of rats (in vitro). (A,B)
confocal microscopy; (C,D) light microscopy (x40).Upper row: (A) non-encapsulated CICS on day 16
in vitro (DIV), formed with CSC of c-kit* type; (B) non-encapsulated CICS on DIV 5 with two c-kit*-
vacuoles inside. Bottom row: (C) encapsulated CICS; (D) 2 encapsulated CICSs with two c-kit*-
capsules inside each. Confocal microscopy using antibodies to c-kit CSCs (green) and rhodamine
phalloidin (red).

According to our in vitro data, the proportion of CICSs in the myocardium is about
0.001-0.002%. Despite this negligible amount, a question arises as to how these structures
affect myocardial function and whether they impede cardiac muscle contraction. Our
analysis of the formation and development of encapsulated CICSs in the primary culture
has enabled us to establish that immature CMs, which are the host cells for CSCs, maintain
viability over the entire course of intracellular CSC development, dying only during CICS
rupture, accompanied by the release of ~200 TACs [15]. Moreover, at least in the culture
of the neonatal myocardial cells the presence of CSCs inside the CM does not interfere
with the process of contraction of the latter (Supplementary Materials Video S2). In turn,
pre-existing CICSs formed in the in vivo settings, upon plating in the culture, are becoming
attached to the substrate and display viability identical to that of the other cells. While
lacking their own contractile activity, they do not impede contractions of the neighboring
CMs (Supplementary Materials Videos S3 and S4).

When analyzing the suspension of myocardial cells from the infarct area in the first
days after PCAOQ, it was found that some pre-existing encapsulated CICSs ruptured on the
day 1 after coronary occlusion (Figure 7A). Three days after PCAO, free spherical structures
with a large number of TACs inside were found in the suspension (Figure 7D), as well
as ruptured intracellular vacuoles localized in the sarcoplasm of mature CMs (Figure 7C)
and free spherical vacuoles (Figure 7E). On the fourth day after PCAQO, disintegration of
mature CMs releasing numerous well-differentiated TACs (Figure 7G-I) was recorded in
the infarct area, thus completing a scenario of intracellular CSC development presented
in Figure 4D-F. In turn, the release of non-encapsulated CICSs with immature TACs
inside (Figure 7]) was observed predominantly in the intact area remote from the infarct.
The release of c-kit™ TACs from non-encapsulated CICSs present inside mature CMs was
evident even at 10 days after PCAO (Figure 7K).
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Figure 7. Cellular structures in the infarct area (A—C,F-1,K), peri-infarct area (D), and the area remote from the infarct (E,J,L).
(A,B,L) Encapsulated CICSs. (C-E,J,K) Non-encapsulated CICSs. (A,L) (bottom) Release of TACs from encapsulated CICSs.
(G-I) Mass egress of TACs from mature CMs. (F) Population of TACs inside the mucin mass after exiting CICS. Confocal

and fluorescent microscopy with staining: c-kit*- CSCs (green), a-sarcomeric actinin (red), and nuclei (Hoechst 33342, blue).

These data, along with detection of encapsulated CICSs and ruptured CICSs two
weeks after PCAO (Figure 7L), provide the basis for the suggestion that CSC-mediated
regenerative cardiomyogenesis is initiated in the myocardium immediately after the onset
of myocardial ischemia and continues throughout the entire period of our observations,
that is, at least for 14 days post-MI. At present, we have insufficient data to explain the phe-
nomenon of dominating release of mostly undifferentiated TACs from non-encapsulated
CICSs in the first 3 days after PCAO (Figure 7C-E). Similarly, it is not clear why this is
changed into the release of more differentiated TACs into the myocardium (Figure 7F-I) at
a later phase (>4 days) after the infarction. We can only assume that both encapsulated
and non-encapsulated CICSs with poorly differentiated TACs inside are undergoing early
rupture due to greater sensitivity to hypoxia and pH reduction at the acute stage of is-
chemia. If this is true, the key proximal question is the estimation of the survival rate of
TACs released from encapsulated and non-encapsulated CICSs in the damaged area. In
the case of their massive death, the myocardium is deprived of the significant number
of TACs, which are in principle able to replace lost mature CMs. However, the release of
highly differentiated TACs from mature CMs (Figure 7G-I) directly into the infarct area
inspires some optimism, since the integration of these cells into the myocardium may be
considered as a viable target in therapeutic cardiomyogenesis.



Life 2021, 11,723

11 of 15

4. Discussion

One of the main findings of the present study is that the number of encapsulated
TAC-containing CICSs in the myocardium is changed after myocardial ischemia. In partic-
ular, permanent coronary ligation has resulted in a significant increase in the amount of
encapsulated CICSs in infarct area, while it has not been different from controls in peri-
infarct area and has become smaller in intact myocardium compared to control animals. In
contrast, transient ischemia followed by reperfusion was associated with decreased amount
of CICSs in all myocardial areas studied. According to our data obtained in the primary
culture of neonatal myocardial cells, the complete lifecycle of encapsulated CICS from the
moment of CSC penetration into CM to CICS rupture and TAC release takes about 20-25
days [15]. When analyzing the occurrence of encapsulated CICSs in the hearts of animals 2
weeks after PCAO or MIRI, we observed the net result of two different processes: (1) the
development and rupture of pre-existing encapsulated CICSs of various maturity, which
were formed prior to surgery; and (2) the evolution of encapsulated CICSs, which were
formed after surgical intervention. Based on this, we can explain a 1.5-fold increase in the
number of encapsulated CICSs in the infarct area by the fact that ischemia accompanied
by hypoxia, inflammation, and acidification of the tissue adversely affects the function
of CSCs and immature TACs, inhibiting the formation of colonies, but, at the same time,
stimulates intracellular development of CSCs in CMs of different levels of maturity. This
is in good agreement with the results of our in vitro experiments that show a 5-10-fold
increase in the number of encapsulated CICSs after induction of hypoxia and acidification
of the culture medium [16]. The number of encapsulated CICSs in peri-infarct area after
permanent coronary ligation was not different from control, demonstrating the existence
of certain equilibrium between the rate of rupture of pre-existing CICSs and the rate of
formation of new encapsulated CICSs, as well as formation of CSC-derived colonies. The
decreased number of encapsulated CICSs in intact heart area may be accounted for de-
creased formation of new encapsulated CICSs in the area distant from the infarction, since
the cardiomyogenesis in this normal tissue mainly occurs by the proliferation and differen-
tiation of CSCs within the colonies, but not through the intracellular development of CSCs.
It is likely that the formation of colonies in the area of intact myocardium may even be
more feasible than the formation of CICSs, since the differentiation of TACs inside colonies
occurs faster, allowing them to establish contractile behavior after only 10-15 days [14]. Of
note, the number of encapsulated CICSs in infarct and intact areas in animals subjected
to transient ischemia was not different from that in intact area in PCAO group, which
lends support to the hypothesis that the predominant pathway of cardiomyogenesis is
determined by the local environment. Given that formation of colonies and encapsulated
CICSs provide equal contribution to cardiomyogenesis in healthy myocardium [15], one
can suppose that ischemia-reperfusion can shift the equilibrium towards more intense for-
mation of new CMs within the colonies, which would reduce the number of encapsulated
CICSs in the settings of constant pool of resident CSCs.

In this study, a new type of CSC-containing CICSs was identified and described for the
first time in heart samples obtained in the early post-infarct period. Based on the character-
istics of the envelope of these structures, we have termed them non-encapsulated CICSs.
According to our data [15], encapsulated CICSs could be formed only upon penetration
of CSC into an immature CM with an actin cytoskeleton. In this case, multiple rounds of
division of the original CSC cause a progressive increase in the size of the vacuole, thereby
displacing the actin filaments to the periphery of the cell. Compression of actin promotes
its polymerization, resulting in the formation of a capsule located between the membranes
of the vacuole and the host cell. It is known that actin is able to polymerize, ensuring
the process of cell motility [18-20]. However, when CSC enters the mature CM, no actin
capsule is formed, because actin is a part of the actomyosin complex providing building
blocks for sarcomeres and CM contraction.

In our opinion, the abovementioned characteristics of two types of CICSs, that is,
encapsulated vs. non-encapsulated CICSs, are responsible for the differences in maturity
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of TACs which develop inside them. Of note, the greater extent of TAC maturity was
observed in non-encapsulated CICSs, which might have been accounted for by the higher
level of differentiation of host cell and easier availability of humoral factors diffusing to the
membrane-enveloped CSCs. In contrast, less differentiated TACs were released from encap-
sulated CICSs, which is paralleled by lower differentiation status of the host cell and poor
diffusion of paracrine factors stimulating differentiation through the thick capsule. Indeed,
according to our confocal microscopy data, at least 200 poorly differentiated TACs with L
=10-12 um are formed inside the capsule during the proliferation of CSC, which, upon
destruction of CICSs, are able to divide and differentiate, thereby forming new CMs [15].
Non-encapsulated CICSs release larger TACs with L >12-18 pm, characterized by lower
proliferative potential and greater extent of differentiation than TACs from encapsulated
CICS. Therefore, the latter subtype of TACs might replenish the population of precar-
diomyocytes, which, in parallel with differentiation, can grow, reaching L = 30-60 um. The
compact structure, size range, and weak expression of stemness markers are all criteria
for allocating these cells to the population of young CMs formed inside non-encapsulated
CICSs. Moreover, we think that these data contradict those of Senyo et al. [10,11], who
explain the appearance of small cardiac cells in post-infarction myocardium by the division
of mature CMs. Our data show that both types of CICSs could have underwent rupture
in the infarct area in the first days after permanent coronary ligation. Indirect evidence
indicates that the massive rupture of encapsulated CICSs takes place on the next day after
PCAO, while non-encapsulated CICSs are massively destroyed with the release of numer-
ous differentiated TACs four days after infarction. The main unanswered question now is
the origin of stimulus causing CICS rupture after PCAO. We presume that this event could
be linked to physicochemical changes typical of acute ischemia, including hypoxia and
acidosis, both of which could lead to destabilization of the membrane surrounding CICSs.
However, the fact that differentiated TACs exit CMs directly into the infarct area, while
vacuoles with immature TACs are released from non-encapsulated CICSs in peri-infarct
and intact area, suggests that these variants reflect potential mechanisms of regeneration
process. It can be supposed that myocardial regeneration in the infarct area requires the
cells, which are able to quickly replenish lost CMs, namely precardiomyocytes (or dif-
ferentiated TACs), while immature TACs can be employed in less damaged myocardial
segments. Although many important questions lie ahead, we could conclude that adult
mammalian myocardium is capable of inducing self-regeneration process after permanent
coronary occlusion and ischemia-reperfusion, which involves TACs—of c-kit*- and Sca-1*
CSCs. Formation of new CMs through proliferation and differentiation of CSCs within
colonies is blocked after infarction and restored only 10-14 days after, the cardiomyogenesis
in the early post-infarction period occurs by using population of TACs, which develop
inside cardiac cells of different levels of maturity with formation of encapsulated and
non-encapsulated CICSs.

Moreover, our previous study demonstrated that increased CO, percentage (10-13%)
stimulated the intracellular development of CSCs, enhancing the numbers of CICSs by
5-10 times in cell culture compared to the control [16]. These data suggest that hypoxia
may represents one of the factors regulating the balance between formation of colonies
and CICSs. Hypothetically, the effects of hypoxia on CSCs could be mediated by the
activation of hypoxia-inducible factor-1 (HIF-1), which controls the number of genes
involved in adaptation to hypoxia [21]. It is also known that hypoxia can stimulate
proliferation and differentiation of embryonic stem cells (ESCs) [22]. Hypoxic precondi-
tioning of both ESCs and induced pluripotent stem cells (iPSCs) prior to their transplanta-
tion into ischemic myocardium enhanced the therapeutic potential of the procedure [23].
Molecular mechanism(s) of prosurvival effect of 6-h hypoxic preconditioning on c-kit*
CSCs is mediated by increased expression of Pim-1 kinase and concomitant reduction
in pro-apoptotic factors [24]. Therefore, improved understanding of molecular mecha-
nisms underlying hypoxia-mediated signaling in CSCs, both giving rise to colonies and
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CICSs, may contribute to development of new pharmacological therapies targeting the
process of cardiomyogenesis.

We suppose that the data presented are essential for developing new strategies for
myocardial regeneration after irreversible injury. Although it is not easy to envisage the
potential clinical applications of the phenomena described, we did our best to provide
certain relevant speculations. According to our findings, it is felt that TACs might become
the crucial cellular target for cardioregenerative therapy in the future. There are several
potential ways to harness regenerative potential of TACs. First, one cannot exclude the
possibility that TACs will be directly transplanted in the damaged heart by using 3D NOGA
endocardial mapping system and electromagnetically guided percutaneous intramyocar-
dial therapy. It is also conceivable that TACs will be subjected to genetic modification
aimed at boosting of their cardiomyogenic potency and/or enhancing their survival in
the harsh ischemic environment prior to intramyocardial administration. Second, the en-
dogenous pool of TACs could be activated by means of their pharmacological stimulation
with growth factors, microRNAs, and low-molecular-weight drugs. These stimulating
factors could be packed into membrane vesicles or bound with other transporting vehi-
cles, which might increase their targeted delivery into injured myocardium after systemic
administration. Third, there might be an opportunity to “switch” from one pathway of
cardiomyogenesis to another, thereby providing optimal contribution of colony-derived
cardiomyocytes and those produced within encapsulated and non-encapsulated cell-in-
cell-structures. For instance, within the first days after infarction, the main cellular target
for myocardial regeneration would be the population of immature TACs released from
encapsulated CICSs. The approaches aimed at enhanced survival of these cells, as well as at
their augmented proliferation and differentiation, could potentially contribute to formation
of new functionally competent CMs. During the more protracted stage of infarction, namely
starting from the 4th day, the most promising endogenous cell population for heart regen-
eration would be TACs developing inside mature CMs, that is, in non-encapsulated CICSs.
Future studies, no doubt, will shed light on the molecular mechanisms of CSC-mediated
myocardial self-renewal and regeneration.
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Abbreviations

CSCs cardiac stem cells

TACs transitory amplifying sells

CICSs  cell-in-cell structures

M cardiomyocyte

SHAM sham-operated animals

PCAO  permanent coronary artery occlusion

MIRI myocardial ischemia for 40 min with reperfusion

References

1.  Beltrami, A.P,; Barlucchi, L.; Torella, D.; Baker, M.; Limana, F.; Chimenti, S.; Kasahara, H.; Rota, M.; Musso, E.; Urbanek, K; et al.
Adult Cardiac Stem Cells Are Multipotent and Support Myocardial Regeneration. Cell 2003, 114, 763-776. [CrossRef]

2. Cai, C-L; Liang, X,; Shi, Y.; Chu, P-H.; Pfaff, S.L.; Chen, J.; Evans, S. Isll Identifies a Cardiac Progenitor Population that
Proliferates Prior to Differentiation and Contributes a Majority of Cells to the Heart. Dev. Cell 2003, 5, 877-889. [CrossRef]

3.  Parmacek, M.; Epstein, J.A. Pursuing Cardiac Progenitors: Regeneration Redux. Cell 2005, 120, 295-298. [CrossRef]

4. Anversa, P; Kajstura, ].; Leri, A; Bolli, R. Life and Death of Cardiac Stem Cells: A Paradigm Shift in Cardiac Biology. Circulation
2006, 113, 1451-1463. [CrossRef] [PubMed]

5. Choi, Y.-H,; Saric, T.; Nasseri, B.; Hithn, S.; van Linthout, S.; Hetzer, R.; Tschope, C.; Stamm, C. Cardiac Cell Therapies: The Next
Generation. Cardiovasc. Ther. 2010, 29, 2-16. [CrossRef] [PubMed]

6.  Welt, EG,; Gallegos, R.; Connell, J.; Kajstura, J.; D’Amario, D.; Kwong, R.Y.; Coelho-Filho, O.; Shah, R.; Mitchell, R.; Leri, A.; et al.
Effect of Cardiac Stem Cells on Left-Ventricular Remodeling in a Canine Model of Chronic Myocardial Infarction. Circ. Heart Fail.
2013, 6, 99-106. [CrossRef]

7. Koninckx, R.; Daniéls, A.; Windmolders, S.; Mees, U.; Macianskiene, R.; Mubagwa, K; Steels, P; Jamaer, L.; Dubois, J.; Robic,
B.; et al. The cardiac atrial appendage stem cell: A new and promising candidate for myocardial repair. Cardiovasc. Res. 2012, 97,
413-423. [CrossRef]

8.  Davis, D.R. Cardiac stem cells in the post-Anversa era. Eur. Heart |. 2019, 40, 1039-1041. [CrossRef]

9.  Porrello, E.R.; Mahmoud, A.IL; Simpson, E.; Hill, ].A.; Richardson, ].A.; Olson, E.N.; Sadek, H. Transient Regenerative Potential of
the Neonatal Mouse Heart. Science 2011, 331, 1078-1080. [CrossRef]

10. Senyo, S.; Steinhauser, M.L.; Pizzimenti, C.L.; Yang, V.K,; Cai, L.; Wang, M.; Wu, T.-D.; Guerquin-Kern, J.-L.; Lechene, C.P.; Lee,
R.T. Mammalian heart renewal by pre-existing cardiomyocytes. Nature 2013, 493, 433—436. [CrossRef]

11.  Senyo, S.; Lee, R.T.; Kiihn, B. Cardiac regeneration based on mechanisms of cardiomyocyte proliferation and differentiation. Stem
Cell Res. 2014, 13, 532-541. [CrossRef] [PubMed]

12.  Koudstaal, S.; Lorkeers, S.J.J.O.; Gaetani, R.; Gho, ].M.; van Slochteren, EJ.; Sluijter, ].P.; Doevendans, P.A.; Ellison, G.M.;
Chamuleau, S.A. Concise Review: Heart Regeneration and the Role of Cardiac Stem Cells. Stem Cells Transl. Med. 2013, 2, 434-443.
[CrossRef]

13. Malliaras, K. Endogenous regeneration of the mammalian heart. In Myocardial Preservation; Cokkinos, D., Ed.; Springer: Cham,
Switzerland, 2019; pp. 339-354.

14. Belostotskaya, G.B.; Golovanova, T.A. Characterization of contracting cardiomyocyte colonies in the primary culture of neonatal
rat myocardial cells: A model of in vitro cardiomyogenesis. Cell Cycle 2014, 13, 910-918. [CrossRef]

15. Belostotskaya, G.; Nevorotin, A.; Galagudza, M. Identification of cardiac stem cells within mature cardiac myocytes. Cell Cycle
2015, 14, 3155-3162. [CrossRef] [PubMed]

16. Belostotskaya, G.B.; Nerubatskaya, I.V.; Galagudza, M. Two mechanisms of cardiac stem cell-mediated cardiomyogenesis in the
adult mammalian heart include formation of colonies and cell-in-cell structures. Oncotarget 2018, 9, 34159-34175. [CrossRef]
[PubMed]

17.  Belostotskaya, G.; Hendrikx, M.; Galagudza, M.; Suchkov, S. How to Stimulate Myocardial Regeneration in Adult Mammalian
Heart: Existing Views and New Approaches. BioMed Res. Int. 2020, 2020, 7874109. [CrossRef] [PubMed]

18.  Welch, M.D. The world according to Arp: Regulation of actin nucleation by the Arp2/3 complex. Trends Cell Biol. 1999, 9, 423-427.
[CrossRef]

19.  Machesky, L.M.; Cooper, ].A. Bare bones of the cytoskeleton. Nature 1999, 401, 542-543. [CrossRef] [PubMed]

20. Fujii, T.; Iwane, A.H.; Yanagida, T.; Namba, K. Direct visualization of secondary structures of F-actin by electron cryomicroscopy.
Nature 2010, 467, 724-728. [CrossRef]

21. Abe, H.; Semba, H.; Takeda, N. The Roles of Hypoxia Signaling in the Pathogenesis of Cardiovascular Diseases. J. Atheroscler.

Thromb. 2017, 24, 884-894. [CrossRef]


http://doi.org/10.1016/S0092-8674(03)00687-1
http://doi.org/10.1016/S1534-5807(03)00363-0
http://doi.org/10.1016/j.cell.2005.01.025
http://doi.org/10.1161/CIRCULATIONAHA.105.595181
http://www.ncbi.nlm.nih.gov/pubmed/16549650
http://doi.org/10.1111/j.1755-5922.2010.00191.x
http://www.ncbi.nlm.nih.gov/pubmed/20946322
http://doi.org/10.1161/CIRCHEARTFAILURE.112.972273
http://doi.org/10.1093/cvr/cvs427
http://doi.org/10.1093/eurheartj/ehz098
http://doi.org/10.1126/science.1200708
http://doi.org/10.1038/nature11682
http://doi.org/10.1016/j.scr.2014.09.003
http://www.ncbi.nlm.nih.gov/pubmed/25306390
http://doi.org/10.5966/sctm.2013-0001
http://doi.org/10.4161/cc.27768
http://doi.org/10.1080/15384101.2015.1078037
http://www.ncbi.nlm.nih.gov/pubmed/26280107
http://doi.org/10.18632/oncotarget.26148
http://www.ncbi.nlm.nih.gov/pubmed/30344929
http://doi.org/10.1155/2020/7874109
http://www.ncbi.nlm.nih.gov/pubmed/32190680
http://doi.org/10.1016/S0962-8924(99)01651-7
http://doi.org/10.1038/44044
http://www.ncbi.nlm.nih.gov/pubmed/10524617
http://doi.org/10.1038/nature09372
http://doi.org/10.5551/jat.RV17009

Life 2021, 11, 723 15 of 15

22. Tsang, KM.; Hyun, J.S.; Cheng, K.T.; Vargas, M.; Mehta, D.; Ushio-Fukai, M.; Zou, L.; Pajcini, K.V.; Rehman, J.; Malik, A.B.
Embryonic Stem Cell Differentiation to Functional Arterial Endothelial Cells through Sequential Activation of ETV2 and NOTCH1
Signaling by HIF1w. Stem Cell Rep. 2017, 9, 796-806. [CrossRef]

23. Lee, WH.; Chen, W.-Y,; Shao, N.-Y;; Xiao, D.; Qin, X.; Baker, N.; Bae, HR.M.; Wei, T.-T.; Wang, Y.; Shukla, P,; et al. Comparison
of Non-Coding RNAs in Exosomes and Functional Efficacy of Human Embryonic Stem Cell- versus Induced Pluripotent Stem
Cell-Derived Cardiomyocytes. Stem Cells 2017, 35, 2138-2149. [CrossRef]

24. Hu,S;; Yan, G.; Xu, H.; He, W,; Liu, Z.; Ma, G. Hypoxic Preconditioning Increases Survival of Cardiac Progenitor Cells via the
Pim-1 Kinase-Mediated Anti-Apoptotic Effect. Circ. J. 2014, 78, 724-731. [CrossRef] [PubMed]


http://doi.org/10.1016/j.stemcr.2017.07.001
http://doi.org/10.1002/stem.2669
http://doi.org/10.1253/circj.CJ-13-0841
http://www.ncbi.nlm.nih.gov/pubmed/24401608

	Introduction 
	Methods 
	Results 
	Discussion 
	References

