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Cardiac telocytes were decreased during myocardial infarction
and their therapeutic effects for ischaemic heart in rat
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Abstract

Recently, cardiac telocytes were found in the myocardium. However, the functional role of cardiac telocytes and possible changes in the
cardiac telocyte population during myocardial infarction in the myocardium are not known. In this study, the role of the recently identified
cardiac telocytes in myocardial infarction (MI) was investigated. Cardiac telocytes were distributed longitudinally and within the cross net-
work of the myocardium, which was impaired during MI. Cardiac telocytes in the infarction zone were undetectable from approximately
4 days to 4 weeks after an experimental coronary occlusion was used to induce MI. Although cardiac telocytes in the non-ischaemic area
of the ischaemic heart experienced cell death, the cell density increased approximately 2 weeks after experimental coronary occlusion. The
cell density was then maintained at a level similar to that observed 1-4 days after left anterior descending coronary artery (LAD)-ligation,
but was still lower than normal after 2 weeks. We also found that simultaneous transplantation of cardiac telocytes in the infarcted and
border zones of the heart decreased the infarction size and improved myocardial function. These data indicate that cardiac telocytes, their
secreted factors and microvesicles, and the microenvironment may be structurally and functionally important for maintenance of the physi-
ological integrity of the myocardium. Rebuilding the cardiac telocyte network in the infarcted zone following MI may be beneficial for func-
tional regeneration of the infarcted myocardium.
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Introduction

Despite the initial optimism for the use of extra cardiac stem cells in
the regeneration of the infarcted myocardium, reconstruction of the

damaged myocardium remains challenging [1-4]. During develop-
ment and under pathological conditions, adult interstitial cells and
microvessels control the proliferation, growth and differentiation of
cardiomyocytes [4-7]. Thus, we should consider a new perspective
in which all cells of the myocardium are important for tissue homeo-
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stasis, development, disease and regeneration [8, 9]. Therefore,
understanding how cardiac cells work together to maintain structural
and functional integrity in disease and regeneration is critical for elu-
cidating the cellular and molecular mechanisms of regeneration fol-
lowing myocardial infarction. Such knowledge could also provide a
starting point for the development of new therapies for regeneration
following myocardial infarction (MI).
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Recently, a novel type of interstitial cell termed telocytes was
found in the interstitium of the heart [10-17], intestine [18],
uterus and fallopian tube [19], trachea and lung [20, 21], skeletal
muscle [22], mammary gland [23] and placenta [24]. Within the
cardiac stem cell niche, cardiac telocytes play an essential role as
niche-supporting cells that nurse the cardiac stem cells and
angiogenic cells in the myocardium. Furthermore, they may play
an important role during regeneration following MI [25]. However,
the exact role of the cardiac telocytes in the myocardium is still
not clear. Understanding the possible changes that cardiac telo-
cytes undergo during MI may elucidate their functional role during
homeostasis, disease and regeneration of the myocardium. Previ-
ously, we reported the distribution of cardiac telocytes in the sub-
epicardium and endocardium in the atrium-atria, medium and
base parts of the heart. The density of cardiac telocytes in the
base and the atrium-atria parts of the heart was significantly
higher than that in the medium part of the heart. In addition, the
density of cardiac telocytes in the subepicardium was significantly
higher than that in the endocardium [26]. These findings suggest
that cardiac telocytes may play an important role in the mainte-
nance of the structural and functional integrity of the myocardium.
In this study, we propose to investigate possible changes in the
distribution of cardiac telocytes within the heart after myocardial
infarction. We also propose a method for transplantation of car-
diac telocytes into the infarcted heart to facilitate regeneration fol-
lowing MI.

Materials and methods

Animals

Three-month-old female Sprague-Dawley (SD; 250-300 g) rats
were utilized in this study. The rats were housed for at least
2 weeks before being used for experiments with food and water
provided ad flibitum. Animal care, surgery and handling proce-
dures were performed according to the guidelines of The Ministry
of Science and Technology of the People’s Republic of China
[(2006)398] and approved by the Ji Nan University Animal Care
Committee.

Myocardial infarction studies

Series of 3-month-old female SD rats (n = 3 for each group) were
utilized to establish myocardial infarction as previously described
[27]. Briefly, the rats were anesthetized with ketamine (100 mg/kg
i.p.) prior to undergoing a left intercostal thoracotomy. After the left
anterior descending coronary artery (LAD) was identified, the LAD
was ligated directly below the left atrial appendage with 8-0 nylon
sutures. Abnormality in the pallor and regional wall motion of the left
ventricle confirmed the occlusion. The chest wall was then closed, the
lungs were inflated, the rat was extubated and the tracheotomy was
closed. After recovery, the rats were returned to the animal facility for

1-28 days. The ligated hearts were harvested at different time inter-
vals after LAD-ligation (1, 2, 3, 4, 5, 6, 7, 14 and 28 days) and
embedded in OCT compound (Sakura Finetek, Torrance, USA). Con-
secutive frozen sections (10 pum) were collected for each whole heart
and prepared for immuofluorescent staining. For histology staining,
the ligated hearts were fixed in 4% paraformaldehyde and embedded
in paraffin. The sections were stained using Masson’s trichrome
staining.

Immuofluorescent staining

Representative sections of the atrium-atrial segments, the medium
segment and the base segment of the individual hearts (Fig. 2lla)
were used for immuofluorescent staining. For double immuofluores-
cent staining, after washing three times with PBS (pH = 7.4), rabbit
anti-rat c-kit antibody (1:300; cat. no. NBP1-19865; Novus, Littleton,
USA) was added to the sections, and the sections were incubated at
4°C overnight. Then, FITC-donkey anti-rabbit 1gG was added, and the
sections were incubated for 30 min. Subsequently, goat anti-rat-
CD34 antibody (1:300; cat. no. ZDP0111041; R&D, Minneapolis,
USA) was added to the sections, and the sections were incubated
again at 4°C overnight. Texas Red-donkey anti-goat 1gG was then
added, and the sections were incubated for 30 min. The sections
were then counter-stained with DAPI and mounted with mounting
medium. In the above procedure, three PBS (pH = 7.4) washes were
conducted after each step. For semi-quantitative analysis of the car-
diac telocytes in the representative sections of the atrium-atria, the
medium and the base parts of the heart, rabbit anti-rat c-kit antibody
(1:300; cat. no. NBP1-19865; Novus) was added to the sections and
the sections were incubated at 4°C overnight. Cy3-goat anti-rabbit
lgG was then added and the sections were incubated for 30 min.
Finally, the slides were counter-stained with DAPI and mounted with
mounting medium. Three PBS (pH = 7.4) washes were conducted
after each step in the above procedure.

3D-reconstruction of cardiac telocytes
in the myocardium

The sections that were immuofluorescently stained for c-kit were digi-
tized using a Peltier-cooled digital monochrome CCD camera (Photo-
metrics-RT100361, Roper Scientific, Trenton, USA) attached to an
APl image system (Applied Precision Inc, WA, USA) with Z-scan. Im-
aris software (Version 7.4; Bitplane, Zurich, Switzerland) was used to
create 3D-reconstructions and to analyse the sections. All the single-
slice image frames were merged and then saved as a file with a.tif for-
mat. All the images were deconvoluted with 3D-blind deconvolution
using the 3D-constructor function with the image voxel size set to
auto, a sub sampling size of 1 x 1 x 1, a transparency of 0.747 and
with the ‘palette” acting. The parameters of opaque, brightness, con-
trast, gamma and 3D-filter were modified accordingly. After the 3D-
reconstruction, the iso-surface of the reconstructed subject was cre-
ated, and the diameter and length were measured.
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Semi-quantification of cardiac telocytes

Currently, no specific biomarkers exist for the identification of cardiac
telocytes. However, cell morphology and positive expression of c-kit
have been used as a standard for the identification of cardiac telo-
cytes [10]. In this study, we used the positive expression of c-kit
with a DAPI-positive nucleus and a very small cell body (piriform/
spindle/triangular) with extremely long and thin prolongation (length
>60 um) to identify cardiac telocytes. Images (40x) of the infarcted
zone (five images in the central area), the border zone (10 images on
each side) and the zone opposite the infarction zone (five images
opposite from the position of the central infarction zone in the left
ventricle wall; shown as a schematic in Fig. 21lb) were obtained using
fluorescence microscopy (Wetzlar GmbH- DM4000B; Leica, Solms,
Germany) as representative areas of each part (the base, the medium
and the atrium-atria parts of the heart; as shown in the schematic in
Fig. 211a). The anti-c-kit and DAPI images from the same field were
merged using Leica cw4000 FISH software. The cardiac telocytes
were counted using a double-blinded method. The cell density in
mm? + the SD was used for the semi-quantitative analysis.

Isolation of cardiac telocytes

Young (3-month-old) female SD rats were used for the isolation of car-
diac telocytes. The mini-magnetically activated cell sorting system (Milt-
enyi Biotec, Cologne, Germany) was used to sort c-kit* cardiac telocytes.
The hearts of the rats were removed and minced in DMEM (Gibco, NY,
USA) containing 1% penicillin and streptomycin (Gibco), and then the
hearts were digested with 2.5 ml of DMEM+ 0.05% collagenase P
(Roche, Indianapolis, USA) and 0.1% trypsin (Amresco, Solon, USA) at
37°C with shaking (180 r.p.m.) for 15 min. After the suspension was
removed, digestion medium was added and the mixture was incubated
at 37°C with shaking (180 r.p.m.) for 45 min. The digested tissue was
dissociated by pipetting gently every 15 min. The supernatant was then
filtered through 100- and 41-um nylon mesh (Millipore, MA, USA), and
the collected suspension was centrifuged at 50 x g for 2 min. The
supernatant was then removed and re-centrifuged at 300 x g for
10 min. The supernatant was discarded, and the pellet was re-sus-
pended in 5 ml of PEB medium [PBS supplemented with 0.5% bovine
serum albumin and 2 mM EDTA (pH = 7.2)]. The mixture was then
centrifuged at 38 x gfor 2 min. to remove the debris, and the collected
supernatant was further centrifuged at 200 x g for 10 min. The cell
pellet was then mixed with 1 ml of PEB and 5 pl of rabbit anti-rat c-kit
antibody (1:200; cat. no. NBP1-19865; Novus), and the sample was
incubated at 4°C for 40 min. An additional 2 ml of PEB was then added,
and the mixture was centrifuged at 458 g for 4 min. to collect the cells.
The pellet was re-suspended in 160 pl of PEB, and 20 pl of a solution
containing magnetic beads (goat anti-rabbit IgG-microbeads, cat. no.
5111007039; Miltenyi Biotec) was added, followed by incubation at 4°C
for 25 min. The mixture was next added to an MC column (Miltenyi
Biotec) in a magnetic field, and the unlabelled cells were allowed to pass
through. The MC column was then removed from the magnetic field,
and the labelled cells were flushed out with PEB. The isolated cell pellet
was collected after centrifugation at 1600 r.p.m. for 4 min.
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Purity of isolated cardiac telocytes

The purity of the isolated cardiac telocytes was determined by double
immuofluorescent staining for c-kit and CD34. Isolated cardiac
telocytes (10%) were cultured on a coverslip and fixed with 4%
paraformaldehyde. After washing three times with PBS (pH = 7.4),
rabbit anti-rat c-kit antibody (1:300; cat. no. NBP1-19865; Novus)
was added and the samples were incubated at 4°C overnight. FITC-
donkey anti-rabbit IgG was then added, and the samples were incu-
bated for 30 min. Goat anti-rat-CD34 antibody (1:300; cat. no.
ZDP0111041; R&D) was then added, and the samples were incubated
again at 4°C for 12 hrs again. The Texas Red-donkey anti-goat 1gG
was added, and incubated for 30 min. After that, the cells were coun-
ter-stained with DAPI and mounted with mounting medium. During
the above procedure, three PBS (pH = 7.4) washes were conducted
for each step. For the semi-quantitative analysis of purity, 20 fields
(20x) were randomly captured using a fluorescent microscope
(Olympus-I1X51 with DP72-CCD, Olympus Corporation, Tokyo, Japan).
The percentage of cells that were c-kit*, CD34* or c-kit* and CD34*
was determined. Three animals were applied in this part study.

Transplantation of cardiac telocytes

To study the potential therapeutic effects of cardiac telocytes in MI,
series of young female SD rats (3 months old; n = 5 for the cardiac
telocyte-injected group; n=9 for the c-kit negative cell injection
group; n = 8 for the PBS control group) were used to establish myo-
cardial infarction as previously described [20]. The intra-myocardial
injections were performed within 30 min. of the LAD-ligation. One
million cardiac telocytes in PBS, 10® c-kit negative cells in PBS or
PBS only were injected through a 30-gauge needle using a 100-pl
Hamilton syringe. Five injections (10 pl/injection; three injections in
the border area of the ischaemic zone and two injections in the centre
of the ischaemic area) were administered. The chest wall was then
closed, the lungs were inflated, the rat was extubated, and the trache-
otomy was closed. After recovery, the rats were returned to the ani-
mal facility for 14 days. The extent of myocardial infarction was
measured at the level of the midpapillary heart muscles and scored
by Masson’s trichrome staining. The images were analysed using
Image J 1.22 software (NIH Image, WA, USA). The infarction size,
with linear approximations to account for missing areas in histology,
was expressed as a percentage of the total left ventricle myocardial
area as previously described [27]. Two investigators independently
performed the quantification in a blinded manner.

Echocardiography

Transthoracic echocardiograms were recorded in rats 14 days after
LAD-ligation and injection of cardiac telocytes. The rats (n=5 for
the cardiac telocyte injection group; n=9 for the c-kit negative
cell injection group; n=8 for the PBS control group; n=5 for
the sham group; n=5 for the normal control group) were anes-
thetized with ketamine (100 mg/kg bw, i.p.). The echocardiographic
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parameters were then measured using an Acuson Sequoia 256¢
equipped with a 13-MHz linear transducer Vevo 770 echocardio-
gram (VisualSonics, Toronto, Canada). The anterior chest was
shaved, and the rats were placed in the left lateral decubitus posi-
tion. A rectal temperature probe was placed, and the body temper-
ature was carefully maintained between 37.0 and 37.5°C using a
heating pad throughout the study. The parasternal long-axis, paras-
ternal short-axis and two apical four-chamber views were used to
obtain 2D-M-mode. The systolic and diastolic anatomical parame-
ters were obtained from M-mode tracings at the midpapillary level.
The ejection fraction (EF) was calculated using the area-length
method [28, 29].

Statistical analysis

All data are presented as the means + SD. A one-way (anovA) and the
LSD test were applied using SPSS version-11. P < 0.05 was consid-
ered statistically significant.

Results

Identification of cardiac telocytes

Double immuofluorescent staining for anti-c-kit and anti-CD34 in
sections from the whole heart demonstrated many c-kit* and
CD34* cells with very small cell bodies (approximately 1:1 ratio for
the cytoplasm and nucleus) and extremely thin prolongation in the
interstitial space of the cardiac myocytes. In addition, the cell pro-
longations had a moniliform aspect (alternations and dilated seg-
ments; Fig. 1A). 3D-recontruction of one cell confirmed that it had
a very small cell body with a nucleus (approximately 1:1 ratio of
the cytoplasm to the nucleus) and one extremely long prolongation
(diameter of approximately 1-2 um) with some dilation (Fig. 1B;.
4). Furthermore, under phase-contrast microscopy, the primary cul-
ture of isolated c-kit* cardiac telocytes revealed cardiac telocytes
with piriform/spindle/triangular cell bodies containing long and slen-
der telopods, which present the alternation of thick segments —po-
doms and thin segments — podomers (Fig. 1C). These cardiac
telocytes with unique morphology were positive for expression of
c-kit and CD34 (Fig. 1D). The purity of the isolated cardiac telo-
cytes was determined using double immunofluorescent staining for
anti-c-kit and CD34. Approximately 91.5 + 0.01% of the cells were
c-kit positive, approximately 92.5 + 0.02% of the cells were CD34
positive and approximately 90.5 + 0.01% of the cells were c-kit
and CD34 positive (Fig. 21).

Distribution of the cardiac telocytes in the
myocardium

Nearly all the c-kit* cells with a very small cell body (piriform/
spindle/triangular) and extremely thin prolongation were also CD34".

Therefore, this unique morphology, which is characterized by a
small piriform/spindle/triangular cell body containing a DAPI*
nucleus and extremely thin prolongation (length >60 um), and
c-kit expression were used as the standard to identify and quan-
tify cardiac telocytes in the myocardium. Anti-c-kit immuofluores-
cent staining of the longitudinal dimension of the whole heart
demonstrated that many cardiac telocytes were distributed within
the longitudinal direction (Fig. 31). Similarly, in the sample of the
entire cross dimension that was stained with anti-c-kit, many car-
diac telocytes were distributed within the cross direction
(Fig. 3I).

Decrease in cardiac telocytes during Ml

Semi-quantification of cardiac telocytes in the atrium-atria
part of the heart

In the atrium-atria part of the heart, the density of cardiac telocytes
progressively decreased 1-4 days after LAD-ligation as compared to
the same region in the non-LAD ligated control group. The density of
cardiac telocytes was lowest 3-4 days after LAD-ligation and
increased progressively 5-28 days after LAD-ligation (P < 0.05). At
14-28 days after LAD-ligation, the density of cardiac telocytes was
maintained at a level similar to that measured 1 day after LAD-ligation
(Table 1 and Fig. 4la and I1a1-9).

Semi-quantification of the cardiac telocytes in the medium
part of the heart

In the medium part of the heart, the density of cardiac telocytes in
the infarcted zone, the border zone of the infarcted site and oppo-
site the infarcted zone was investigated (Fig. 21lb). In the infarcted
zone, the density of cardiac telocytes decreased progressively com-
pared with the same region in the non-LAD ligated control group 1
-3 days after LAD-ligation and these cells were undetectable
4 days after LAD-ligation (P < 0.05; Table 1 and Fig. 4lb and
11b1-9).

In the border zone, the density of cardiac telocytes decreased sig-
nificantly 4-7 days after LAD-ligation when compared with the same
region in the non-LAD ligated control group (P < 0.05). Furthermore,
the density of cardiac telocytes decreased progressively from day 1
to day 7 after LAD-ligation and reached its lowest level 7 days after
LAD-ligation. However, the telocyte density increased slightly by
14 days after LAD-ligation and was then maintained at a level similar
to that observed 4 days after LAD-ligation (P < 0.05; Table 1 and
Fig. 4lb and llc1-9).

In the zone located opposite the infarcted zone, the density of
cardiac telocytes decreased significantly 3-4 days after LAD-ligation
when compared with the same region in the non-LAD ligated con-
trol group (P < 0.05). The decrease in the density of cardiac telo-
cytes was progressive 2-4 days after LAD-ligation, and the telocyte
density reached its lowest point 3-4 days after LAD-ligation
(P < 0.05). However, the density of cardiac telocytes increased
5 days after LAD-ligation and was then maintained at a level similar
to that measured 2 days after LAD-ligation (Table 1 and Fig. 4lb
and 1ld1-9).
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Fig. 1 Identification of cardiac telocytes.
(A) Double immuofluorescent staining for
anti-c-kit (green) and CD34 (red) demon-
strated c-kit* and CD34* cells with very
small cell bodies (approximately 1:1 ratio
of the cytoplasm to the nucleus; open
arrow) and extremely thin prolongation in
the interstitial space of cardiac myocytes.
Some dilation was found in the thin pro-
longation of the c-kit" and CD34* cells
(arrow). (B) 3D-recontruction of a repre-
sentative cell further confirmed that the
cell consisted of a small cell body with a
nucleus (approximately 1:1 ratio of the
cytoplasm to the nucleus; open arrow)
and an extremely thin prolongation (diam-
eter: approximately 1-2 pm; arrow). (B-1)
representative Z-axis image. (B-2) 3-D
reconstruction of B-1 with all Z-axis
images. (B-3) 90° rotation of the X-axis of
the images shown in B-2. (B-4) 180° rota-
tion of the X-axis of the image shown in
B-2. (C) Primary culture of isolated car-
diac telocytes revealed that under phase-
contrast microscopy, cardiac telocytes
displayed piriform/spindle/triangular cell
bodies and long, slender telopodia that
contain alternations of the thick segments,
i.e. podoms (arrow), and thin segments,
i.e. podomers (dotted line arrow). (D) Car-
diac telocytes with unique morphology are
c-kit" and CD34*. n = 3 for each group.
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Semi-quantification of cardiac telocytes in the base part of
the heart

In the base part of the heart, the density of cardiac telocytes in the
infarcted zone, the border zone of the infarcted site and the zone
opposite the infarcted zone was measured (Fig. 2llb). In the
infarcted zone, the density of cardiac telocytes decreased progres-
sively 1-4 days after LAD-ligation when compared with the same
region in the non-LAD ligated control group, and the cells became
undetectable 5 days after LAD-ligation (P < 0.05; Table 1 and
Fig. 4lc and lle1-9).
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In the border zone, the density of cardiac telocytes
decreased significantly 2-28 days after LAD-ligation when com-
pared with the same region in the non-LAD-ligated control
group (P < 0.05). The density of cardiac telocytes decreased
progressively from 2 to 7 days after LAD-ligation and reached
its lowest level approximately 6-7 days after LAD-ligation. How-
ever, the density increased slightly by day 14 after LAD-ligation
and was then maintained at a level similar to that observed
4 days after LAD-ligation (P < 0.05; Table 1 and Fig. 4lc and
[1f1-9).
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Fig. 2 Purity of the isolated cardiac telocytes and schematic sections of the heart. (1) Double immunofluorescent staining for anti-c-kit and CD34
combined with cell counting demonstrated that approximately 91.5 = 0.01% of the cells were c-kit positive, approximately 92.5 + 0.02% of the cells
were CD34 positive and approximately 90.5 + 0.01% of the cells were c-kit and CD34 positive. a: light; b: DAPI; c: anti-c-kit (green); d: anti-CD34
(red); e: merged images from b, ¢ and d. f: quantification of cells that were positive for c-Kit, CD34 and c-Kit and CD34 (n = 3). (Il) a: schematic
representation of the atrium-atria, medium and base parts of the heart; b: schematic representation of the infarcted zone, border zone and the zone

opposite the infarcted zone.

In the zone opposite the infarcted zone, the density of cardiac
telocytes decreased significantly 2-28 days after LAD-ligation when
compared with the same region in the non-LAD-ligated control group
(P < 0.05). The density of cardiac telocytes decreased progressively
for 2 days after LAD-ligation and reached its lowest level approxi-
mately 3-4 days after LAD-ligation. However, the density increased
by day 5 after LAD-ligation and was then maintained at a level similar
to that observed 2 days after LAD-ligation (P < 0.05; Table 1 and
Fig. 4lc and 11g1-9).

Transplantation of cardiac telocytes into the
ischaemic myocardium decreased infarction size
and improved myocardial function

The therapeutic effect of injecting cardiac telocytes into the heart
during MI was also investigated. Cardiac telocytes (10°) were
simultaneously injected into the infarcted zone and the border zone
after MI. The infarction size was analysed 14 days after LAD-ligation.

128 © 2012 The Authors. Published by Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd.
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I Longitudinal dimension of heart

Fig. 3 Distribution of cardiac telocytes in
the myocardium. (I) Immuofluorescent
staining for c-kit (red) revealed that many
of the cardiac telocytes were distributed in
the longitudinal dimension of the whole
heart (A1-2, B1-2 and C1-2). (Il) All of the
cardiac telocytes were distributed within
the cross direction (A1-2 and B1-2).
Figures inset in I-A1-2, I-B1-2, 1-C1-2, II-
A1-2 and [I-B1-2 contain images of
cardiac telocytes at a higher magnification
(n=13).

The infarction size (%LV) in the cardiac-telocyte-treated group was
lower than that in the c-kit-negative cell-treated and PBS-treated
control groups (P < 0.05). However, the infarction size in the group
that received the c-kit-negative cells was similar to that of the PBS-
treated control group (P> 0.05; Fig. 5I-A). In addition, Masson’s
trichrome staining revealed that in the cardiac-telocyte-injected
hearts, some cardiac myocytes survived in the infarcted zone,
whereas the infarcted zone was mainly composed of fibrotic tissue
in the c-kit-negative cell-injected and PBS-injected control groups
(Fig. 51-B). Echocardiography in the MI hearts revealed that the EF
of the cardiac-telocyte-treated group was significantly higher than
that of the c-kit-negative cell-treated and PBS-treated control
groups (P < 0.05). However, the EF was still significantly lower
than that of the sham and the normal control groups
(P < 0.05; Fig. 511-A). The final systolic and diastolic diameters of

the cardiac-telocyte-treated group were lower than those of the
c-kit-negative cell-treated and PBS-treated control groups (P < 0.05
versus PBS-treated group). However, they were higher than those
of the sham and the normal control groups (P < 0.05; Fig. 5II-B
and 11-C).

Discussion

Cardiac telocytes have been found in the myocardium, epicardium
and endocardium and in cardiac stem cell niches [10-17, 25, 26, 30].
Previously, we reported that the density of cardiac telocytes in the
base and atrium-atria parts of the heart was significantly higher than
that in the medium part. In addition, the density of cardiac telocytes
in the subepicardium was significantly higher than that in the

© 2012 The Authors. Published by Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd. 129



Table 1 Comparison of cardiac telocytes in different segments of heart during MI

Medium part of the heart

Base part of the heart

Atrium-atria Infarcted The border The opposite Infarcted The border The opposite
zone zone zone zone zone zone

Con 4103 +£15 28.57 +1.3 30.04 £ 2.2 30.04 £ 1.6 44.69 £ 0.7 43.96 = 1.4 4469 1.4
LAD-1 day 33.70 = 1.7 20.51 £ 1.7* 27.84 £ 1.4 29.30 = 2.7 23.44 £ 2.1~ 4176 1.9 4249 £ 1.0
LAD-2 days 22.71 + 2.6* 13.92 + 3.1* 2491 +£1.9 25.64 +1.2 14.65 + 2.9* 35.16 = 2.1* 32.23 £ 1.5*
LAD-3 days 18.32 + 4.2~ 586 + 4.1 * 22.71 £1.2 19.05 + 2.4% 5.86 + 3.0* 25.64 + 0.8* 2271 £ 2.7
LAD-4 days 18.32 + 2.8~ ND 21.52 + 0.8* 19.78 + 3.1* 219 + 43" 23.44 £ 1.1~ 22.71 £1.3*
LAD-5 days 22.44 +1.4* ND 17.58 + 1.8 21.98 +1.2* ND 21.98 = 1.9* 2711 £ 0.6*
LAD-6 days 25.64 £ 2.6* ND 16.12 + 3.3* 2418 £1.2 ND 21.25 + 2.4 30.04 +2.3*
LAD-7 days 30.04 + 3.6* ND 13.92 + 2.8 2418 + 2.3 ND 21.25 £ 1.7* 32.97 + 0.4*
LAD-14 days 32.97 + 2.7* ND 21.25 £ 2.9* 26.37 £ 2.3 ND 2418 £ 2.9* 32.97 +£1.5*
LAD-28 days 32.97 £ 1.4* ND 21.98 + 0.9* 26.37 = 0.8 ND 2418 £ 2.1* 32.97 £ 0.5*

*P < 0.05; versus same region in the non-LAD ligated control. Con: same region in the non-LAD ligated control. ND: nondetectable.

endocardium [26]. This finding suggests that cardiac telocytes may
play an important role in the maintenance of the structural and func-
tional integrity of the myocardium. In this study, we further found that
cardiac telocytes are distributed longitudinally and within the cross
network in normal myocardium. We also demonstrate that the num-
ber of cardiac telocytes decreases and that the cardiac telocyte
network is destroyed during myocardial infarction.

Four or five days after LAD-ligation, cardiac telocytes in the
infarcted zone were undetectable in the medium and base parts of the
heart. This phenomenon was not unexpected because cardiac
telocytes in this area were undergoing cell death because of ischae-
mia. Cardiac telocytes were also undetectable in the infarcted zones
of these two parts of the heart until 4 weeks after LAD-ligation. These
results suggest that the ischaemic microenvironment of the infarcted
zone does not support live cardiac telocytes approximately 4-5 days
after myocardial infarction. Furthermore, cardiac telocytes in the bor-
der zone of the myocardial infarction or from other exogenous
sources failed to migrate into the infarction zone, which could be a
critical pathological change that occurs following myocardial infarc-
tion, but one that has not been previously described. This pathology
may be related to the poor healing and regeneration of the heart that

is observed following myocardial infarction. Therefore, it may be pos-
sible to disturb the structural and functional network consisting of
cardiac telocytes, myocytes, microvascular endothelial cells and
endogenous cardiac stem cells. Indeed, recent studies have reported
that cardiac telocytes establish direct nanocontact with myocytes as
well as de novo contact with the endothelial cells of the border zone
of the MI and with endogenous cardiac stem cells. Furthermore, it
has been reported that cardiac telocytes release vesicles and/or exo-
somes [16, 17, 25] and that they express VEGF and NOS2, and con-
tain measurable angiogenic microRNAs. Therefore, cardiac telocytes
may contribute to neo-angiogenesis within the myocardium via para-
crine effects [16]. Our transplantation of cardiac telocytes during Ml
also demonstrated that simultaneous transplantation of cardiac telo-
cytes into both the central and border zones of the myocardial infarc-
tion after ischaemia decreased the infarction size and improved
myocardial function. This result was confirmed by an increased EF
and a decreased end-systolic and end-diastolic diameter 2 weeks
after transplantation. To the best of our knowledge, this is the first
report to show that after MI, transplantation of cardiac telocytes
decreases infarction size and improves myocardial function in ischaemic
rat hearts. Therefore, our findings suggest that the cardiac telocyte

Fig. 4 Comparison of cardiac telocytes in different segments of heart during MI. (I) Showing the cardiac telocyte density of table-1 in same region
in the non-LAD ligated control of atrium-atria part (a), medium part (b) and base part (c). (Il) Showing the change in cardiac telocyte density of
table-1 for atrium-atria part of MI (a1-9); Showing the change in cardiac telocyte density of table-1 for infarcted zone of medium part of Ml (b1-9);
Showing the change in cardiac telocyte density of table-1 for border zone of medium part of Ml (c1-9); Showing the change in cardiac telocyte den-
sity of table-1 for zone opposite the infarcted zone of medium part of Ml (d1-9); Showing the change in cardiac telocyte density of table-1 for
infarcted zone of base part of M| (e1-9); Showing the change in cardiac telocyte density of table-1 for border zone of base part of Ml (f1-9); Show-
ing the change in cardiac telocyte density of table-1 for zone opposite the infarcted zone of base part of Ml (g1-9). IZ: infarcted zone. BZ: border

zone. 0Z: zone opposite the infarcted zone. n = 3.

130 © 2012 The Authors. Published by Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd.
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Fig. 5 Transplantation of cardiac telocytes decreased infarction size and improved myocardial function following MI. Cardiac telocytes (10°) were
simultaneously injected into the infarcted zone and the border zone. The infarction size was analysed 14 days after LAD ligation. (I-A) The infarction
size (%LV) of the cardiac-telocyte-injected group was significantly lower than that of the c-kit-negative cell-injected and PBS-injected control groups
(P < 0.05). However, the infarction size (%LV) of the c-kit-negative cell-injected control group was similar to the infarction size in the PBS control
group (P> 0.05). *P < 0.05; cardiac-telocyte-injected group versus c-kit-negative cell-injected control group or cardiac-telocyte-injected group ver-
sus PBS-injected control group. (I-B) Masson’s trichrome staining revealed that in the cardiac-telocyte-injected hearts, some cardiac myocytes sur-
vived in the infarcted zone; however, the zones were primarily composed of fibrotic tissue in the c-kit-negative cell-injected and PBS-injected control
groups. () Functional assay of MI via echocardiography with a 2D-M-model demonstrated that the ejection fraction (EF) of the CT-treated group
was significantly higher than that of the c-kit-negative cell-injected and the PBS-injected control groups (P < 0.05). However, it was still significantly
lower than that in the sham and normal control groups (P < 0.05). *P < 0.05; the cardiac telocyte-MI group versus all other groups (A). The end-
systolic diameter and the end-diastolic diameter of the cardiac-telocyte-injected group were lower than those of the c-kit-negative cell-injected and
PBS-injected control groups (P < 0.05 versus the PBS control group), but higher than that of the sham and the normal control groups (P < 0.05; B
and C). *P < 0.05; the cardiac telocyte-MI group versus PBS control group, sham group and normal control group. n =5 for the cardiac-telocyte-
injected group; n =9 for the c-kit-negative cell-injected group; n = 8 for the PBS control group; n =5 for the sham group; n =5 for the normal
control group. CTs: cardiac telocytes. Nor: normal control.

network and its secreted factors and microvesicles may be important
structural and functional factors that maintain the function of the
myocardium. Thus, rebuilding the cardiac telocyte network through
transplantation or by inducing the migration of cardiac telocytes into
the infarction zone following MI may result in functional regeneration
of the infarcted myocardium.

observed 1-4 days after LAD-ligation. This finding suggests that
ischaemia in the myocardium initiated the damaging effects in the
whole myocardium and induced the death of cardiac telocytes. How-
ever, it appears that the ischaemic microenvironment still allowed the
survival of cardiac telocytes in the non-ischaemic areas, but not in the
infarcted zone. Furthermore, the proliferation phase of infarction heal-

In addition, cardiac telocytes were undetectable in the infarcted zone
of the medium and base parts of the heart approximately 4-5 days after
LAD-ligation. However, in the atrium-atria and the border and the zone
opposite the medium and base parts, the cardiac telocyte density pro-
gressively increased from 5 to 7 days after LAD-ligation and then
(until 28 days after LAD-ligation) maintained a density similar to that
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ing occurs 48 hrs to 5 days after occlusion in rodents, and during
this phase, the fibroblasts and endothelial cells are activated and pro-
liferate [31-33]. Therefore, the lack of detection of cardiac telocytes
within the infarcted zone 4-5 days after occlusion of LAD-ligation
indicates that cardiac telocytes may be more susceptible to death than
fibroblasts and endothelial cells in the ischaemic microenvironment of

© 2012 The Authors. Published by Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd.



the myocardium. This phenomenon may be a unique parameter that
defines cardiac telocytes functionally, which indicates that it is impor-
tant to develop an effective method to maintain the survival of cardiac
telocytes during coronary occlusion to protect the ischaemic
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myocardium and regenerate the infarcted myocardium.
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