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Abstract

Skeletal muscle interstitium is crucial for regulation of blood flow, passage of substances from capillaries to myocytes and muscle
regeneration. We show here, probably, for the first time, the presence of telocytes (TCs), a peculiar type of interstitial (stromal) cells, in
rat, mouse and human skeletal muscle. TC features include (as already described in other tissues) a small cell body and very long and
thin cell prolongations—telopodes (Tps) with moniliform appearance, dichotomous branching and 3D-network distribution.
Transmission electron microscopy (TEM) revealed close vicinity of Tps with nerve endings, capillaries, satellite cells and myocytes, 
suggesting a TC role in intercellular signalling (via shed vesicles or exosomes). In situ immunolabelling showed that skeletal muscle TCs
express c-kit, caveolin-1 and secrete VEGF. The same phenotypic profile was demonstrated in cell cultures. These markers and TEM data
differentiate TCs from both satellite cells (e.g. TCs are Pax7 negative) and fibroblasts (which are c-kit negative). We also described 
non-satellite (resident) progenitor cell niche. In culture, TCs (but not satellite cells) emerge from muscle explants and form networks
suggesting a key role in muscle regeneration and repair, at least after trauma.
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Introduction

Significant plasticity depending on loading and regenerative
capability after mechanical injury are extensively studied features
of skeletal muscle. Skeletal muscle interstitium (stroma) seems
to play a crucial role in the regulation of these processes [1–4].
A subset of cells, named ‘satellite cells’, located between the
basal lamina and sarcolemma is believed to be the precursor of
skeletal muscle fibres, which are able to proliferate, differentiate
and migrate after muscular injury [5–19]. However, the challenge
of using muscle progenitor cells for skeletal muscle reconstruc-
tion in animal models or humans has not been solved to date,
mainly because of scarce graft cell survival, explained by lack of
adequate paracrine factors, tissue guidance and blood vessel
scaffold [20–29].

We previously demonstrated in a variety of cavitary and non-
cavitary organs [30, 32] a peculiar type of interstitial cells that we
named telocytes (TCs), replacing the former name Interstitial
Cajal-Like Cells (ICLCs). Although both types of cells, TCs 
and ICLCs, initially seemed similar, in fact they are completely 
different, not only semantically. We have shown, by electron
microscopy, the existence of TCs in epi-, myo- and endocardium,
where TCs appeared in tandem with resident or migrated 
stem cells, forming together the so-called cardiac stem-cell niches
[31, 33–40]. TCs have a small cell body and specific (unique) 
prolongations that we named telopodes (Tps). Tps are character-
ized by (a) number (1–5/cell, frequently 2 or 3); (b) length (tens
up to hundreds of micrometeres); (c) moniliform aspect—an
alternation of thin segments, podomeres (with calibre under 
200 nm, below the resolving power of light microscopy) and
dilated segments, podoms, which accommodate mitochondria,
(rough) endoplasmic-reticulum and caveolae and (d) dichotomous
branching pattern forming a 3D labyrinthine network. Significantly,
TCs (especially Tps) release shed vesicles and exosomes, sending
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macromolecular signals to neighbour cells, thus modifying their
transcriptional activity, eventually. TCs concept was quickly
adopted by other laboratories [41–56]. Noteworthy, the microRNA
expression (e.g. miR-193) clearly differentiate TCs from other
stromal cells, at least in myocardium [57].

Here we present, unequivocally, visual evidence for the 
presence of TCs within the skeletal muscle interstitial spaces of
mammals (humans and rodents). We suggest that TCs might be
key players in skeletal muscle regeneration/repair.

Materials and methods

Tissue samples

Rat skeletal muscle samples were obtained from three 6-month-old Wistar
rat quadriceps femoral muscle. Mouse skeletal muscle samples were
obtained from 4-month-old C57 black mice. Human skeletal muscle sam-
ples were obtained from two patients undergoing quadriceps muscle
biopsy for diagnosis, and muscle pathology was ruled out. This study was
approved by the Bioethics Committee of the “Victor Babeş” National
Institute of Pathology, Bucharest, according to generally accepted interna-
tional standards.

Transmission electron microscopy (TEM)

TEM was performed on small (1 mm3) tissue fragments, processed
according to routine Epon-embedding procedure, as we previously
described [33, 35]. About 60-nm-thin sections were examined with a
Morgagni 286 transmission microscope (FEI Company, Eindhoven, The
Netherlands) at 60 kV. Digital electron micrographs were recorded with
a MegaView III CCD using iTEM-SIS software (Olympus, Soft Imaging
System GmbH, Münster, Germany). TCs and Tps were digitally
coloured in blue on TEM images using Adobe© Photoshop CS3 to 
highlight them.

Histology and immunohistochemistry

The histological stains and immunohistochemistry were performed on
cryosections. The skeletal muscle specimen was frozen in isopentan in
liquid nitrogen and cut at a thickness of 7 mm using a Thermo Scientific
cryostat. A routine histological vital staining was performed with 
methylene blue 1% for 1.5–2 min. Immunohistochemical studies were
performed on tissue pre-incubated with BSA 3% in PBS, 1 hr at room
temperature. The primary antibodies used were: anti-c-Kit polyclonal rab-
bit antibody (1:100; Santa Cruz, CA, USA), anti-vimentin monoclonal
mouse antibody (1:50; DAKO, Glostrup, Denmark), anti-caveolin-1 mouse
monoclonal antibody (1:250; Sigma-Aldrich, St. Louis, MO, USA) and
anti-VEGF (1:75; Santa-Cruz). After 1-hr incubation, at room temperature,
immunoreactivity was detected with HRP-conjugated secondary 
antibodies, after peroxidase blocking. The chromogen/substrate used 
was DAB. Control tissues were prepared in the same way, omitting the 
primary antibody. Striated muscle sections were examined with a Nikon
Eclipse TE 300 microscope.

Cell cultures

Adult C57 black mice were first treated with 1000 U/kg heparin and subse-
quently sacrificed by cervical dislocation.

Mouse thigh was dissected under the stereomicroscope and the entire
medial package was transferred in transport medium and processed for
cell cultures.

To obtain cell cultures highly enriched in interstitial cells from mice
skeletal muscle, the samples were mechanically minced into small
pieces of about 1 mm3. We used fragments of explants (cross-cut frag-
ments of skeletal muscle) to see what type of cells emerge in the
medium. Tissue fragments were first incubated in 0.05% trypsin/0.02%
EDTA (Biochrom AG, Berlin, Germany) at 37�C for 5 min. and then
placed in 35 cm2 Petri dishes and left to adhere. After 5 min., the
explants were covered with DMEM/F12 culture medium supplemented
with 10% foetal calf serum and 100 U/ml penicillin—100 mg/ml strep-
tomycin (all from Sigma-Aldrich).

After 10 days, the migrated cells were detached from the culture ves-
sel and replated on glass cover slips for immunolabelling.

Immunofluorescence of cultured cells

Cells grown on cover slips were fixed in 2% paraformaldehyde for 10 min.,
washed in PBS, then incubated in PBS containing 2% bovine serum albu-
min for another 10 min. Afterwards, the cells were permeabilized with
0.075% saponin for 10 min. (all reagents were from Sigma-Aldrich).
Incubation with the primary antibodies was performed over night, at 4�C,
using rabbit anti-c-kit and goat anti-vimentin (both from Santa-Cruz,
1:100). After three serial rinses, the primary antibodies were detected with
secondary anti-rabbit or anti-goat antibodies conjugated to AlexaFluor 488,
both from Molecular Probes (Eugene, OR, USA). Finally, the nuclei were
counterstained with 1 mg/ml DAPI (Sigma-Aldrich).

Samples were examined under a Nikon TE300 microscope equipped
with a Nikon DX1 camera, Nikon PlanApo 100� objectives, and the appro-
priate fluorescence filters.

Vital staining of cultured cells

Cells grown on cover slips were labelled with MitoTracker Green 
FM (Molecular Probes), vital chemical marker for mitochondria. Cells 
were incubated with 100 nM MitoTracker Green FM in phenol red-free
DMEM supplemented with 10% foetal calf serum and 100 U/ml penicillin—
100 �g/ml streptomycin (all from Sigma-Aldrich) for 30 min at 37�C. Cells
were washed and examined by fluorescence microscopy (450–490 nm
excitation light, 520 nm barrier filter; Nikon TE300 microscope).

Results

Electron microscopy

Electron microscopy showed that TCs (Figs 1–7) were present 
in skeletal muscle interstitium in both human (Figs 1–7) and rat
(Figs 2–3) specimens. TCs formed a labyrinthine system as a
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result of overlapping Tps (Fig. 3C and D) and were organized in
a network alongside the striated muscle cells and vascular sys-
tem (Figs 1, 2 and 3A). The shape of TCs was either triangular
(Fig. 1) or spindle (Fig. 2A and C), depending on the number of
visible Tps (embedded in the 60-nm-thick section; Fig. 3E). The
Tps had a narrow emergence from the cellular body (Figs 1 and
2B) and were extremely long (45–90 �m) and sinuous (Figs 2C
and 3B). The moniliform aspect of Tps was because of the
uneven calibre (Figs 1–3) and the irregular alternation of
podomeres, thin (40–100 nm) segments, with podoms, dilata-
tions (150–500 nm) containing mitochondria, endoplasmic
reticulum and caveolae (Figs 1, 3, 5 and 6). This typical 
aspect enable the recognition of segments of Tps, which
appeared separated from TCs cellular body as a result of 
specimen sectioning (Figs 2A, 3C and E and 6). TCs often
extended their Tps between small folds in the periphery of 
muscle-striated cells (Fig. 3C and D). Shed vesicles and exo-
somes were found in the vicinity of Tps (Figs 2, 3 and 5). Tps
were interconnected by different types of junctions: manubria
adhaerentia (Fig. 4A), puncta adhaerentia (Fig. 4B) and small
electron dense structures (Fig. 4). Electron microscopy of stri-
ated muscle showed as well that TCs are often located in the
close vicinity of satellite cells (Fig. 6), striated cells with regen-
erative features (Fig. 6, inset) or even putative progenitor cells
(Figs 7 and 8). Notably, such cells were located in between adult
skeletal muscle cells in contrast to satellite cells, which are
enclosed by muscle fibres basal lamina (Fig. 6).

Immunohistochemistry

In skeletal muscle interstitium, TCs became apparent with a
short exposure of cryosections to methylene blue staining 
(Fig. 9), as we reported for other tissues. Immunostaining for
proteins typically expressed by TCs (c-kit, caveolin-1, vimentin
and VEGF) revealed individual interstitial cells, with long and
thin cell processes in a network distribution (Tps), both in
human (Fig. 9) and rat (data not shown) muscle specimens. The
location of cells with TC phenotype was restricted to perimy-
sium and endomysium, their cell prolongations being in contact
with blood vessels and nerve endings (Fig. 9), as seen in more
detail with TEM. No obvious differences of immunostaining pat-
tern or TC distribution were found in human and rat skeletal
muscles examined.

Cell explants

When a small piece of muscle was placed in a Petri dish, after 3 days,
spindle-shaped cells emerged from the explant and started to
build an extensive cellular network around the original tissue frag-
ment (Fig. 10). Most of the migrated explant cells corresponded 
to TC morphological profile, with long, thin and moniliform Tps
(Fig. 10). Indeed, these cells appeared c-kit positive (Fig. 11).

The dilations along Tps, called podoms, accommodate many
mitochondria as shown by fluorescent labelling of living cells with

© 2011 The Authors
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Fig. 1 Telocyte (TC) in human skeletal muscle interstitium: two striated fibres and a blood capillary (transmission electron microscopy). Cellular body of
TC (digitally coloured in blue) has a thin layer of cytoplasm with few mitochondria (m) around nucleus. Telopodes (Tps) have a narrow emergence
(arrows) from cellular body. Tps have a sinuous trajectory, podomeres (extremely thin segments, below the resolving power of light microscopy) and
podoms (dilated portions). coll: collagen fibres.
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Fig. 2 Human TC (A, B) and rat TC (C) in skeletal muscle
interstitum. Shed vesicles (purple, arrows) can be seen in
the vicinity of telopodes. Tps are characteristic thin cellu-
lar prolongations that increase telocytes length (A: 45 �m,
B: –61 �m). Tps show podomeres (about 40 nm thick-
ness) alternating with podoms (dilations of about 400 nm
wide). N: nucleus.
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Fig. 3 Ultrastructural features of Tps in rat (A) and human (B–D) striated muscle. (A) One Tp in between a blood capillary and two striated muscle fibres
(m, mitochondria). (B) Details of a podom, which accommodates mitochondria (m), endoplasmic reticulum (ER) and caveolae (black arrows). (C, D) Tps
with bifurcations and a labyrinthine configuration among striated muscle cells. The yellow circle (C) and black arrows (D) indicate close contacts between
Tps of different TC. (E) Computer simulation of a 3D representation of a TC outside the tissular environment. Note that various sections (coloured in yel-
low, orange and green) contain different segments of Tps.

Fig. 4 Tps are connected by different types
of junctions: manubria adhaerentia (A,
arrows) or puncta adhaerentia minima (B,
encircled). Note the extreme calibre of at
least some portions of podomeres: compa-
rable with collagen fibres (A) and, also, with
cross-cut thick and thin myo-filaments (B).
coll: collagen fibres; m: mitochondria.

Fig. 5 (A) One Tp (digitally blue coloured)
positioned in between a capillary endothe-
lium and striated muscle cell releases shed
vesicles and exosomes (digitally purple
coloured). PC: pericyte. Higher magnifica-
tions of podoms that show an exosome (B)
and a nascent shed vesicle (C), in both cases
digitally purple coloured. cav: caveolae.
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the lipophylic, selective dye MitoTracker Green FM, which is con-
centrated by active mitochondria (Fig. 12).

Such cells strongly expressed c-kit both on cell body and Tps
(Fig. 11) and had mitochondria concentrated around the cell
nucleus and within the podoms (Fig. 12). These cultured cells
were all Pax-7 negative (data not shown).

Discussion

The components of skeletal muscle interstitium take part in regu-
lation of blood flow and metabolism, myocyte plasticity and regen-
eration [60]. Considering that both tissue formation and myocyte
adaptation are guided by refined cell contacts and molecular inter-
actions [61], a continuous interplay between connective tissue

and skeletal muscle seems to take place from embryonic develop-
ment, through adult life, to ageing. Here we produced evidence
that TCs are located in the interstitium of mouse, rat and human
skeletal muscle. TCs might regulate a variety of physiological
processes in muscle tissue.

TC characteristics and identification

We previously described TCs in a variety of cavitary (heart, 
stomach and intestine, gallbladder, uterus and Fallopian tube) and
non-cavitary organs (lungs and pleura, exocrine pancreas, mam-
mary gland and placenta) [38]. TCs are characterized by a small
(~10 �m) cell body, with scarce cytoplasm, and by typical thin and
long (up to hundreds of �m) cell prolongations (Tps), with monil-
iform aspect, branching and organization in a labyrinthine system,

Fig. 6 Transmission electron micrographs
show TC with Tps, podoms and podomeres
in between muscle fibres. Note the typical
appearance of satellite cells. TC (digitally
blue coloured) are positioned in the close
vicinity of satellite cells. Two ultrastructural
features are remarkable: the close spatial
relationships of Tps with satellite cells and
the fact that these Tps release shed vesicles
(purple arrows). This may indicate that a
transfer of chemical information flow from
TC to satellite cells.
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features that can be observed with TEM. TCs constantly express
different protein markers, such as c-kit, caveolin-1, CD34,
vimentin and VEGF [30], which make them identifiable by
immunohistochemistry.

Fibroblasts differ from TCs because of their short (range of
micrometers) cell processes with thick emergence from the cell
body and to a different phenotype (c-kit negative) [30].
Although fibroblasts have as main function the generation of
collagen, a basic component of the connective tissue matrix,

TCs link up different cell types by their long cell processes,
being able to carry signals over long distances. Satellite cells
cannot be mistaken as TCs because they are located between
the sarcolemma and the surrounding basal lamina of the mus-
cle fibres and have no cell prolongations [14, 62]. TCs are
placed in the endomysium and perimysium and send their Tps
over long distances. However, TCs in cultures were c-kit posi-
tive and Pax-7 negative, finding which clearly distinguishes
them from both fibroblasts and stem cells.

© 2011 The Authors
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Fig. 7 Electron micrographs of human
skeletal muscle show a TC (blue
coloured), which extends its Tps indi-
cated by red arrows around a striated
cell, in fact a (putative) progenitor cell.
Note: the tandem TC—progenitor cell
making a non-satellite (resident) pro-
genitor stem cell niche. Inset: Higher
magnification of the progenitor cell
shows incompletely differentiated fea-
tures: unorganized myofilaments (mf),
glycogen deposits (Gly), prominent
Golgi complex (G). N: nucleus; nc:
nucleolus.
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TC network and contacts

By TEM, we were able to identify in the interstitium, among striated
muscle fibres, typical very long and thin Tps, with moniliform
appearance, in close vicinity of capillaries, nerve endings, satellite
cells or even cells with regenerative aspects. We also showed that
Tps are able to form cellular junctions, which suggest that TCs are
organized in a 3D interstitial network. TCs followed the same
arrangement pattern in cell cultures, where they formed in vitro net-
works after a remarkable migration from tissue explants. This pecu-
liar migrating capacity, which differentiates TCs from other skeletal
muscle tissue cell types, might be of importance for guidance of
progenitor cells in muscle development and repair processes.

The muscle tissue immunohistochemistry experiments con-
firmed the presence of cells expressing typical TC protein
markers, such as c-kit, caveolin-1 and vimentin [38], in the
muscle interstitium. Even though both quiescent and activated
satellite cells might express caveolin-1 as well [63], their clear
different location, adherent to the sarcolemma, avoids the con-
fusion with TCs.

By TEM, we showed evidence of shed vesicles and exosomes
originating from Tps and immunohistochemistry proved that TCs
express VEGF, in agreement with our previous observation in rat
myocardium [59]. TCs might be involved in other signalling path-
ways as well, such as Wnt and Notch, involved in satellite cell fate
regulation [64–66].

© 2011 The Authors
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Fig. 8 A higher magnification of a field
that suggests a non-satellite (resident)
progenitor cell. No satellite cells are
seen. The sarcomeres are formed. Z: Z
lines; mf: myofilaments (thick and thin).
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TCs and skeletal muscle stem cells

Muscle satellite cells constitute a reservoir of muscle progenitors,
which can both self-renew and, under proper stimulation, differen-
tiate and migrate to replace functional myocytes [1, 67]. However,
a non-satellite, interstitial myogenic cell niche has been recently
demonstrated as well [68], and even other cell types, such as bone
marrow stem cells or pericytes, were suggested to have a myo-
genic potential under controlled conditions [69–71]. All muscle
progenitor cells appear heterogeneous from the phenotypical
point of view, depending upon their fate of recruitment or renewal
[27, 58, 72–76]. In agreement with these reports, in this study we
brought evidence of a non-satellite (resident) progenitor stem cell

niche, where TCs and progenitor interstitial cells closely interact.
We demonstrated as well that Tps are found in the vicinity of satel-
lite cells. These intimate contacts of TCs with both types of mus-
cle stem cells might indicate a mandatory cooperation during the
recruitment and differentiation processes, as previously shown in
other tissues [36].

In conclusion we report that TCs are present in the skeletal
muscle interstitium and seem to connect all type of cells present
in the muscular tissue. Because of their unique long-distance con-
nection attributes, TCs might play an essential part in integrating
signals for skeletal muscle fibres regulation and regeneration. TCs
might support paracrine signalling with trophic factors (such as
VEGF) for small vessels and scaffold guidance for progenitor

© 2011 The Authors
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Fig. 9 Human skeletal muscle, immunohis-
tochemistry with HRP conjugated antibod-
ies on cryosections (A, B, E, H) and
immunofluorescence-confocal microscopy
(C, D). TCs are located within interstitium,
and express c-kit (A–D), caveolin-1 (E),
vimentin (F) and VEGF (G). TCs were also
revealed by methylene blue vital staining
(H). In C and D, TCs are identified by c-kit
expression (green), the basal lamina by
laminin expression (red) and nuclei are
stained with DAPI (blue). Original magnifi-
cation 1000�.
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Fig. 10 Phase contrast microscopy of mouse
skeletal muscle explant culture (day 7). (A) TCs
emerge from a muscle tissue fragment and (B)
form a cellular network starting from explant.
(A, B) original magnification: 40�. (C) TCs with
typical morphology, small cell body and
telopodes with characteristic ‘beads-on-a-
string’ conformation. (D) TCs appear intercon-
nected by their telopodes. (C, D) original magni-
fication: 200�.

Fig. 11 Mouse-striated muscle primary cell cul-
ture (day 8). Immunofluorescent labelling for c-
kit shows the presence of positive cells (red)
with a typical aspect of TC (very long and thin
moniliform prolongations). Nuclei were counter-
stained blue with DAPI. There are also c-
kit/CD117-negative cells (asterisks).
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(both satellite and non-satellite) cells which undergo migration
and differentiation after stimulation.
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