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A distinct type of cell in myocardium:
interstitial Cajal-like cells (ICLCs)
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Abstract

The existence of a novel type of interstitial cells in the heart, interstitial Cajal-like cells (ICLCs), had been described for the first time in
2005. Their identification was mainly based on ultrastructural criteria: very long (tens up to hundreds of micrometres) and moniliform
prolongations, which are extremely thin (less than 0.2 wm), below the resolving power of light microscopy. Myocardial ICLCs were also
identified by methylene-blue vital staining, silver impregnation, and immunoreactivity for CD 34, vimentin, CD117/c-kit, etc. Although a
series of studies provided evidence for the existence of ICLCs in human atria and rat ventricles, further investigations in other laborato-
ries, using additional techniques, are required to substantiate the consistency of these findings. Here we provide further evidence for
the existence of ICLCs in human and mammalian hearts (by transmission and scanning electron microscopy, as well as confocal laser
scanning microscopy). Noteworthy, we confirm that ICLCs communicate with neighbouring cells via shedding (micro)vesicles. Although
these so-called ICLCs represent a distinct type of cells, different from classical interstitial cells of Cajal, or fibroblasts, their role(s) in
myocardium remain(s) to be established. Several hypotheses are proposed: (/) adult stromal (mesenchymal) stem cells, which might
participate in cardiac repair/remodelling; (/i) intercellular signalling (e.g. via shedding microvesicles); (/i) chemo-mechanical transduc-
ers and (/v) players in pacemaking and/or arrhytmogenesis, and so on.

Keywords: interstial Cajal-like cells (ICLCs) ® myocardium e adult mesenchymal stem cells e cardiac repair @
shedding (micro)vesicles @ arrhytmogenesis @ vimentin @ c-kit ® CD34 @ chemo-mechanical transducers

Introduction

Interstitial cells of Cajal (ICC) have extensively been characterized in
the gastrointestinal tract (for reviews, see [1-6]). However, recently
questions were raised about the presence of ICC outside the mus-
culature of the gastrointestinal tract [7], and such cells were named
interstitial Cajal-like cells (ICLCs) [8-11]. ICLCs have been identified
in numerous organs: pancreas [12], gallbladder [13-15], urinary
tract [16-22], myometrium [11, 23-28], fallopian tube [11, 29, 30],
mammary gland [8], placenta [31], prostate [32] and mesentery
[33], including the vasculature [34-38]. Noteworthy, very recently
Faussone-Pellegrini and co-workers [39], based on immunoelectron
microscopy, identified ICLCs in the gastrointestinal muscle of
human beings, beyond the ‘classical’ ICC.

The very first demonstration of ICLC presence in the heart had
been reported by Hinescu and Popescu in 2005 [9]. Despite a
series of papers that followed [10, 40-43] showing the existence
of ICLCs in various parts of the heart, more studies are certainly
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needed, especially using other techniques to substantiate inde-
pendently the consistency of these findings. Therefore, the pres-
ent study aims to investigate the nanometre details of ICLCs in
human and rat myocardium using transmission (TEM) and scan-
ning electron microscopy (SEM) as well as confocal laser scan-
ning microscopy (CLSM).

Material and methods

Experimental animals

Adult rat hearts were obtained from five Wistar rats (90 days old). The ani-
mals were deeply anesthetized with pentobarbital (20 mg/kg body weight).

L.M. POPESCU, M.D., Ph.D.,

Department of Cellular and Molecular Medicine,
“Carol Davila” University of Medicine and Pharmacy,
P.0. Box 35-29, Bucharest 35, Romania.

E-mail: LMP@jcmm.org

doi:10.1111/j.1582-4934.2008.00668.x

Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



296

The abdominal aorta was cannulated and the right atrium was opened.
After 2 min. of retrograde myocardial perfusion through the abdominal
catheter (80 mmHg perfusion pressure) with oxygen-saturated Tyrode’s
solution, hearts were perfused for 15 min. with 2% glutaraldehyde in 0.1 mmol
natrium cacodylate for TEM as described, or with 2% paraformaldehyde in
0.1 mmol/l phosphate-buffered saline (PBS) for immunohistochemistry.
The institutional Ethical Committee approved the study.

Human myocardium

We have investigated human myocardium from three donor hearts that for
technical reasons were not used for heart transplantation. Specimens were
either fixed in 4% freshly prepared paraformaldehyde, cryoprotected with
20% sucrose, quick-frozen in methylbutane at —130°C and stored at —80°C,
or were fixed in 3% glutaraldehyde. The institutional Ethical Committee
approved the study.

Transmission electron microscopy

Specimens pre-fixed in glutaraldehyde were post-fixed in 2% osmium
tetroxide for 1 hr. After dehydration in graded concentrations of alcohol
and propylene oxide, they were embedded in Epon, following routine pro-
cedures. Semithin (1 wm) sections were stained with toluidine blue and
viewed in a Leica DM microscope (Wetzlar, Germany). Ultrathin sections
were stained with uranyl acetate and lead citrate, and viewed and photo-
graphically recorded under a Philips CM 10 electron microscope
(Eindhoven, The Netherlands) as described.

Scanning electron microscopy

Glutaraldehyde pre-fixed specimens were washed in 0.1 mmol natrium
cacodylate buffer (pH 7.4) and immersed in 6 N NaOH for 10-15 min. at
60°C to digest collagen fibres and basement membrane as previously
described [44]. The specimens were washed thoroughly in PBS and post-
fixed in 1% osmium tetroxide for 1 hr. They were finally dehydrated in
graded concentrations of alcohol, dried by the tbutylalcohol freeze drying
method, coated with gold using an ioncoater and examined in a Hitachi
S-800 electron microscope as described previously [45].

Immunohistochemistry and confocal laser
scanning microscopy

Frozen tissue cryosections (10 wm thick) were placed on gelatin-coated
slides and incubated for 15 min. with 100 mmol glycine and 0.1% carboxy-
lated bovine serum albumin (Aurion, Wageningen, The Netherlands) in PBS,
pH 7.4. Then the cryosections were incubated overnight with the primary
antibody against vimentin (clone V9; Sigma, St Louis, MO, USA) in a moist

Fig. 1 TEM image of ICLCs (rat) in the right atrial interstitium. ICLCs are indi-
cated by arrows. Note the characteristic aspects of ICLC processes: very
long and very thin cellular elongations, with uneven calibre (moniliform
aspect). Insets show portions of ICLC cell body, containing (abundant)
rough endoplasmic reticulum.

© 2009 The Authors

Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



Pa b \1‘ .‘j’.

chamber. After washing in PBS, the preparations were incubated with
biotinylated donkey antimouse IgG followed by streptavidin-Cy-2 (Biotrend,
Cologne, Germany). The nuclei were stained with 0.002% 7-aminoactino-
mycin D (Molecular Probes, Carlshad, CA, USA). Omission of the primary
antibody served as a negative control.

The immunolabelled sections were examined with a Leica TCN-NT laser
microscope, equipped with argon/krypton and helium/neon laser. Series of
confocal sections were taken through the depth of the tissue samples at
0.5-pum intervals. In order to improve image quality and to obtain a high
signal/noise ratio each image from the series was signal averaged. After data
acquisition, the images were transferred to a Silicon Graphics Indy or Octane
workstations (Silicon Graphics, Sunnyvale, CA, USA) for image restoration
and reconstruction using Imaris, the multi-channel image processing soft-
ware (Bitplane, Ziirich, Switzerland). The principles of this method and
numerous images obtained with this technique have been previously pub-
lished [46, 47]. In double-labelling experiments, cryosections were incu-
bated overnight with the primary polyclonal antibody against c-kit (Dako,
Glostrup, Denmark) followed by donkey anti-rabbit IgG coupled with Cy2
(Dianova, Hamburg, Germany). After repeated washes in PBS, the prepara-

© 2009 The Authors
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Fig. 2 Higher magnification of the upper part of Fig. 1. ICLC processes
appear very thin with dilations (arrowheads). ICLC extensions are located
in close vicinity with lymphocytes (L), nerves (N) and (presumably)
fibroblasts (Fb). The inset shows a higher magnification image.

tions were incubated with antivimentin antibodies directly coupled with Cy3.
Myofibrils were stained for F-actin with Alexa 633-conjugated phalloidin. The
nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI) (Molecular
Probes). All preparations were mounted in Mowiol (Hoechst, Frankfurt,
Germany). Classical immunocytochemistry was performed on fomalin-fixed,
paraffin-embedded tissue sections by the avidin-biotin peroxidase complex
method, as previously reported [10]. The primary antibodies used were:
CD34 — monoclonal, 1: 100, clone QBEND 10 (Biogenex, San Ramon, CA,
USA) and vimentin, monoclonal, 1: 100, clone V-9 (Biogenex).

Results

Figure 1 shows the general aspect (‘silhouette’) of a typical
fusiform cell body with two very long (tens of micrometers) cyto-
plasmic prolongations placed between cardiomyocytes. Note the
characteristic appearance of ICLC processes: unequal thickness,
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Fig. 3 (A)-(D) TEM images of rat left ventricular myocardium. (A) Three ICLC processes (arrows: a, b, c) are located in the myocardial interstitium.
Note the cross-striated pattern of collagen fibrils (in the middle part). (B) A typical example of ICLC processes (arrows) located in vicinity of endothe-
lial cells (EC) and cardiomyocytes. The presence of caveolae (arrowheads) is a typical feature of ICLCs and ECs. Note the cross-section of intermediate

298 © 2009 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



J. Cell. Mol. Med. Vol 13, No 2, 2009

Fig. 4 Digitally coloured electron micrograph of rat ven-
tricular myocardium: a typical ICLCs (blue) with a long
tortuous process and with uneven calibre (moniliform)
in between two cardiomyocytes. ICLC prolongation is in
the vicinity of a blood capillary; m — mitochondria, Z-Z
band, RBC - red blood cell, E — endothelium. The circle
indicates a dilation of the ICLC process, which contains
the so-called ‘Ca®" Handling Unit’ composed of: one to
two mitochondria, one to two elements of ER and one or
a few caveolae.

filaments (asterisk) inside ICLC processes. (C) ICLCs (arrows) located in close vicinity of endothelial cells (EC). Cell-to-cell contacts of ICLCs are
indicated with circles. Note the presence of the basal lamina (BL, arrowhead), which can occasionally be observed in ICLCs. (D) Higher magnification
of the right part of (C) showing jonctional complexes (circle) between two ICLCs, indicated with arrows. BL — basal lamina. Cross-sectioned micro-
tubules (mT) can be seen in ICLC processes.

© 2009 The Authors 299
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Fig. 5 (A) and (B) Digitally
coloured electron micrographs of
rat (A) and human (B) ventricular
myocardium:  typical ICLC
processes (blue) forming a net-
work in the narrow spaces
between cardiomyocytes (A) and
surrounding blood capillaries (A
and B). m — mitochondria, Z-Z
band, ID — intercalated disc, T—T
tubules (cross-section), RBC — red
blood cell, E — endothelium and
cap — capillary.
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Fig. 6 Representative scanning electron micrograph (monkey left ventricular myocardium) showing a typical ICLC located across the cardiomyocytes.
Another (possible) ICLC appears located along the cardiomyocytes (upper left). The three-dimensional vision reveals close interconnections of ICLCs
with cardiomyocytes and capillaries (cap); compare with Fig. 5. Note that ICLC processes begin from the cell body abruptly, as very thin prolongations
(arrow heads); ID.

sudden narrowing after coming off the cell body and dilated por-
tions alternating with slender segments. Thus, the moniliform
aspect of ICLC processes is evident. The dilated portions contain
usually: caveolae, elements of endoplasmic reticulum and/or mito-
chondria. Fragments of tortuous ICLC processes (intersected by
the plane of the ultrathin section) appear in Fig. 1, right upper part.

Higher magnifications (Fig. 2) provide additional evidence, with
knobs along ICLC processes. Noteworthy, ICLC processes are
located in the vicinity of nerve fibres, immunocompetent cells, and
fibroblasts, eventually.

Figure 3 shows some morphological characteristics details of
ICLC processes. It is obvious (Fig. 3A) that the thickness of the
three ICLC processes (a—c) is far below the resolving power of
light microscope (0.2 wm) and therefore, such ‘structures’ of
40-50 nm diameter are visible only by electron microscopy. This
may explain the fact that, in order to be constantly observed, ICLC
processes had to “wait” for the technology of high-resolution

© 2009 The Authors

TEM. Itis to be mentioned that Fig. 3 presents labyrinthic network
of ICLC processes. Typically, ICLC processes show caveolae,
short membrane associated dense bands, and relatively numerous
close appositions.

Figures 4 and 5 present the location of ICLC convoluted
processes between cardiac miocytes and blood capillaries.
Moreover, Fig. 5A shows clearly that the tentacular ICLC
processes may surround (completely) other cardiac myocytes, or
blood capillaries, or both. Hereby, ICLC processes suggest the
existence of a bi(three)-dimensional network. This impression is
strengthened by the scanning electron micrograph in Fig. 6. The
three-dimensional image shows, unequivocally, the silhouette of a
very long, slender bipolar ICLCs, which has close contacts with at
least two blood capillaries and at least four ICLCs. Compare the
three dimensional of Fig. 6 with the bi-dimensional view of Fig. 5.
Another ICLC (Fig. 6), upper left corner, is located parallel to car-
diomiocytes and blood vessels.
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Currently, there is not generally accepted panel of antibodies
for ICLC immunophenotyping. However, customary markers
include CD117/c-kit, CD34, vimentin, o smooth muscle actin, etc.
We previously reported that polyclonal antibodies used against
CD117/c-kit resulted in a weakly and inconstantly positive
immunostaining of ICLCs [10, 40]. Thus, we tested the presence
of CD34 and vimentin antigens. The images of Fig. 7A and B
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Fig. 7 (A) and (B) Usual immunocytochemistry of human left atrial
myocardium. Some cells, with characteristic morphologic features for
ICLCs, appear immunopositive for CD34 and vimentin. Mayer’s haema-
tolxylin counter-stain for nuclei. (C) Human left ventricular myocardium:
CLSM of a vimentin positive ICLCs (green) with at least three processes
(arrows). Nucleus is stained red with 7-aminoactinomycin D.

suggest that, from the point of view of usual light-microscope
immunohistochemistry, most of CD34™" cells and vimentin posi-
tive cells might be superposed. A network-like distribution of
such ICLCs seems in accordance with TEM data. Figure 7C
obtained by CLSM reveals a vimentin positive ICLCs. Vimentin
localization is predominant along the processes, as previously
reported in cell culture [29].

© 2009 The Authors
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Fig. 8 Immunohistochemistry of human left ventricle myocardium; CLSM.

(A) CD117/c-kit™ cells (green) with long cytoplasmic processes (indicated by arrows) indicated by arrows; myofibrils are stained bright-red with Alexa
633-phalloidin and nuclei are stained blue with DAPI. The arrowhead shows the nucleus of a c-kit ™ cell.

(B) Vimentin positive cells (green); myofibrils appear bright red, stained with Alexa 633-phalloidin and nuclei blue with DAPI (arrowhead).

(C) Merged view of images (A) and (B) showing that c-kit signal (green) co-localizes with vimentin (red) resulting a yellow colour (arrows). Note that
most of cells are only vimentin positive (red) and only a few are positive for both c-kit and vimentin. Myofibrils are pseudo-coloured in grey. The arrow-

head indicates a nucleus (blue).

Figure 8 shows the images obtained by CLSM concerning the
existence of c-kit™ (Fig. 8A) or vimentin (Fig. 8B) cells in human
left ventricle myocardium. However, Fig. 8C indicates that only a
few cells (three to four) appear positive for both c-kit and
vimentin, concomitantly. This confirms again our previous report
about c-kit immunopositivity in rat ventricle [10].

Figure 9 shows a typical bipolar ICLCs in the narrow space
between three cardyomyocites. At least 24 shedding microvesicles

© 2009 The Authors

(red arrows) budding from the plasma membrane of ICLCs are clearly
visible. Such vesicles of about 200-400 nm were considered for a
long time to be artefacts, but now are recognized as specific lepto-
structures that are distinct from the exosomes released upon exocy-
tosis of multivesicular bodies [48-50]. Exosomes have diameters of
only 30-100 nm [48]. Anyway, shedding microvesicles like those
shown in Fig. 9 are no longer artefacts or ‘little more than garbage
bags’, containing materials that cell needed to get rid of [48, 50].
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Fig. 9 Digitally coloured transmission electron micrograph: oblique section of human right atrial
myocardium. An ICLC (blue) in between cardiomyocytes, but in proximity of a blood capillary
(brownish) and a bundle of nerve fibres (green). The ICLC is shedding (micro)vesicles (violet)
budding from the body of the ICLC and its processes (arrows). Z-Z bands; AG — atrial granules.

304 © 2009 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



J. Cell. Mol. Med. Vol 13, No 2, 2009

Table 1 Comparative characteristics of ICC, ICLCs and fibroblasts

INTERSTITIAL CELLS INTERSTITIAL CAJAL-LIKE CELLS FIBROBLASTS
OF CAJAL (IN SITU)
(Icc ) (ICLC)
digestive tract, see refs. digestive tract [38, 541, detrusor [22] and
38, 51, 54 myocardium [9, 10, 40, 41-43] and present results see [53, 54]

Number Depends on the anatomic ~ ~2% of atrial myocardium volume Large majority of cells in the nonmy-
region (less in colon versus ~1% of ventricular myocardium volume ocytic space (~50% atrial volume and
small bowel) ~30% of ventricular volume)

General aspect Spindle-shaped and large-  Piriform or spindle or triangular or stellate body Pleiomorphic (phenotypic
sized cells Oval body, con-  containing the nucleus and a small quantity heterogeneity) cell body contains
taining the nucleus and a of cytoplasm the nucleus and a large quantity
large quantity of cytoplasm of cytoplasm

Nucleus/chromatin ~ Oval, euchromatin Oval, hetero- and eu-chromatin Oval, mostly euchromatin

Mito Many, distributed every- Occupy 5-10% of cell volume, several in the perinu-  Several
where in cytoplasm clear cytoplasm and typically in the dilations (knobs)
2 of the cytoplasmic processes
§ Golgi Medium sized Small Prominent
(=
S ER Extended smooth ER and Smooth ER <1% of cell volume, and several cisternae  Smooth ER absent, but rough ER
few cisternae of rough ER  of rough ER (~1-2%). ER is also located inside the ~ prominent (8-12% of cell volume)
cell processes at the level of their dilations (knobs)
Number >2 2-5 Usually 2
Length Variable (micrometers) Extremely long (tens up to hundred of micrometers) Short (micrometers)
(%]
§ Thickness and Thick at the starting point ~ Very thin (~0.2-0.4 mm). Thin, suddenly, at the Thick emergence followed by gradual
§ Emergence from the cell body, gradual  starting point from the cell body. Uneven calibre thinning
s thinning with specific moniliform aspect: dilations (knobs)
E alternating with thin narrow segments
Profile Intermingling Labyrinthic Triangular
Ramifications Several Many, dichotomic pattern Unexplored

Cytoskeleton Cytoskeleton filaments Thin and intermediate Intermediate

filaments

Caveolae Many Many (~2% of cytoplasmic volume) Virtually absent *

ca’* handling units  Unexplored Composed of caveolae, ER and mitochondria Unexplored

Present within the dilations (knobs) of cell processes

Shedding Unexplored Present Unexplored

microvesicles

Basal lamina Discontinuous Inconstant No basal lamina

Specific markers c-kit (possible co-localiza- ~ CD34, (inconstant co-localization of c-kit) No specific marker; positive for
tion with CD 34) vimentin, DDR2

Close Contacts Gap junctions to each other Gap-like junctions to each other and with smooth No close contacts with different cells
and/with smooth muscle muscle cells; frequent
cells and nerve endings Close vicinity with nerve endings and capillary

‘Stromal synapses’ with connective cells and
immunoreactive cells

Proliferative potential Age-dependent ? ** (Adult) mesenchymal stem cells ? Significantly responsible for remodel-
Uncommitted progenitor cells ? ling and fibrosis
Cardiac repair/regeneration ?

*Fibroblasts in situ have no caveolae [10, 22, 39, 40, 55]. Although several authors claimed that fibroblasts have caveolae, in fact caveolae could
be found in human or mammalian fibroblasts, but enly in vitro, in cultured cells, when the phenotype is changed.
**See [56]
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Shedding vesicles could participate in important biological
processes and their significant number at the surface of an ICLC
in situ (Fig. 9) suggests that these lepto-structures may transport,
as cargo, important information to other cells over nano(micro)
distances.

Discussion

Table 1 shortens the ‘Discussion’ and clearly shows that the ICLCs
of human or mammalian myocardium represent a distinct cell
type, different from classical (intestinal) ICC or fibroblasts.
Moreover, a comparison of ICLCs with myofibroblasts is not nec-
essary since myofibroblasts do not exist in healthy tissues [57].

It should be noted that, at present, although the ICLC existence
as a distinct cell population is unequivocal, the (exact) functions
of ICLCs in myocardium are unknown. Therefore, it seems attrac-
tive to enumerate several possibilities:

(1) ICLCs are involved in intercellular signalling since they have
a strategic position, very closed to cardiomyocytes, blood capillar-
ies and nerve endings and, in addition, ICLCs form a 3D-network
(Fig. 5). At least two mechanisms could be considered: (/) a
paracrine and/or juxtacrine secretion of small signal molecules
and (i) shedding microvesicles (see Fig. 9), which play unique
roles in the ‘horizontal’ transfer of important macromolecules (e.g.
proteins or RNAs) among neighbouring cells, necessary for the
rapid phenotype adjustments in a variety of conditions [50].
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