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Abstract: Telocytes are novel cells that have been documented in the interstitium of multiple organs; however, their 
role in the heart remains unclear. This study aimed to identify cardiac telocytes by their morphological and molecular 
features and investigate whether their exosomes affect cardiac endothelial cells. To this end, rat cardiac telocytes 
were cultured and stained with methylene blue, Janus Green B, and MitoTracker green, or with antibodies for es-
tablished cell surface markers, and examined by microscopy. In addition, telocyte organelles and exosome release 
were examined by transmission electron microscopy. To investigate exosome functions, we isolated exosomes from 
telocytes and co-cultured them with endothelial cells in vitro, as well as transfusing them into a rat model of myo-
cardial infarction. We confirmed that cultured telocytes exhibit normal characteristics, including long, thin prolonga-
tions with a moniliform appearance, as well as positive expression of c-Kit, CD34, and vimentin. Furthermore, we 
observed mitochondria throughout the cell body and telopodes, and found that telocytes actively secrete exosomes. 
Interestingly, endothelial cells cultured with telocyte supernatants or exosomes exhibited increased proliferation, mi-
gration, and formation of capillary-like structures, and these effects were attenuated when exosomes were depleted 
from telocyte supernatants. Finally, treating myocardial infarction-induced rats with telocyte exosomes resulted in 
decreased cardiac fibrosis, improved cardiac function, and increased angiogenesis. Taken together, our results 
provide novel insight into cardiac telocytes, suggesting that they communicate with neighboring endothelial cells via 
exosome secretion and that these exosomes exert potentially beneficially effects.
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Introduction 

Within the last decade, numerous research 
groups have investigated whether interstitial 
Cajal-like cells (ICLCs) are present outside the 
gastrointestinal tract, and their findings show 
unique interstitial cell populations throughout 
the body, including in the uterus and fallopian 
tube [1], trachea and lung [2, 3], skeletal mus-
cle [4], mammary gland [5], placenta [6], brain 
[7], the heart [8-14], and gut. While each of 
these ICLC populations has been given a differ-
ent name, resulting in some confusion, trans-
mission electron microscopy (TEM) and cell 
culture work have revealed distinct features of 
these ICLCs that unequivocally distinguish 
them from interstitial Cajal cells, and all other 
interstitial cells. These features include the 
presence of 2-5 cell body prolongations that 
are very thin (less than 0.2 μm and not detect-

able with standard light microscopy) and 
extremely long (tens to hundreds of microme-
ters), a moniliform aspect (consisting of many 
dilated segments), and the presence of caveo-
lae. Therefore, scientists have proposed the 
term telocytes (TCs) for this category of cells, 
and telopodes (Tps) for their prolongations [8]. 

This newly-identified cell type has been docu-
mented in the interstitium of several cavitary 
and non-cavitary organs [6, 8], both in humans 
and other vertebrates [11, 15], where they are 
thought to have important functions. For exam-
ple, cardiac TCs differ from fibroblasts or fibro-
cytes, and their unique features (long, thin Tps) 
enable them to play nursing and guiding roles 
during myocardial development. Within the car-
diac stem cell niche, cardiac TCs also play an 
essential role as niche-supporting cells that 
assist the cardiac stem cells and angiogenic 
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cells in the myocardium [16]. Furthermore, they 
may have important functions in regeneration 
following myocardial infarction (MI) [17]. How- 
ever, the exact role of TCs and their mechanism 
of action remain unknown. 

Although some studies investigating TCs have 
been reported in the literature, most have 
focused on only their histological or morpho-
logical characteristics. Therefore, the aim of 
this study was to perform a more in-depth 
investigation of TCs, including their functions, 
morphological characteristics, and cell surface 
expression. To this end, we utilized staining 
agents such as methylene blue, Janus Green B, 
and MitoTracker green to demonstrate the ty- 
pical moniliform appearance of TCs. We also 
examined TC surface markers and compared 
the expression of multiple surface targets, 
including c-Kit, CD34, and vimentin. Using TEM, 
we observed that TCs actively secrete exo-
somes and that, when endothelial cells (ECs) 
were cultured in the presence of TC superna-
tants or exosomes isolated from TCs, ECs had 
increased proliferation, migration, and forma-
tion of capillary-like structures. Moreover, we 
found that these effects were attenuated when 
exosomes were first depleted from TC superna-
tant. After isolating exosomes from TCs, we 
transferred them into MI-induced rats and 
found decreased cardiac fibrosis, improved car-
diac function, and increased angiogenesis.

Materials and methods 

Animals

Six-week-old, female Sprague Dawley (150-200 
g) rats (Shanghai Songlian Laboratory Animal 
Farms, production license SCXK2007-0011) 
were utilized in the present study. The rats were 
maintained in a qualified animal center for 
approximately two weeks to adapt to the new 
environment before being used for experi-
ments. All the procedures for animal care, sur-
gery and handling 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 Shanghai 
Jiao Tong University Animal Care Committee. 

Rats were assigned to treatment groups in a 
randomized manner, and experiments were 
double-blinded. Briefly, to induce MI, the rats 
were anaesthetized with sodium pentobarbital 

by intraperitoneal injection (50 mg/kg), intu-
bated, and the heart exposed by separation of 
the ribs. Before ligation of the left anterior 
descending coronary artery, exosomes (200 
µg) or phosphate buffered saline (PBS) was 
injected into the myocardium at three border 
zones. Exosomes were first injected 30 min 
before the operation, and then three additional 
injections were given on days 2, 4, and 6 after 
MI. Subsequently, the effect of exosome injec-
tions on the progression of MI was examined. 
Cardiac function was evaluated 28 days after 
treatment using a Vivid 7 dimension echocar-
diograph (GE, USA) with a 10 MHz central fre-
quency scan head. All functional evaluations 
were conducted and analyzed by investigators 
blinded to the animal’s treatment group. The 
rats were euthanized and the hearts were 
excised for histological analysis. Hearts were 
fixed in 4% paraformaldehyde, dehydrated in 
ethanol, embedded in paraffin, and sectioned 
at a thickness of 7 μm.

Preparation of cardiac TCs and ECs

Six-week-old, female Sprague Dawley (150-200 
g) rats were treated with 3% pentobarbital sodi-
um. Hearts were removed under sterile condi-
tions and placed in 50 mL centrifuge tubes with 
ice-cold PBS supplemented with 1% penicillin 
and streptomycin (PS). The hearts were trans-
ported to the cell culture room as soon as pos-
sible. After rinsing again with fresh PBS to 
remove blood, the hearts were minced into 
millimeter-sized pieces in a sterile culture dish 
containing DMEM/F12 (12400-024, Gibco, 
Grand Island, NY, USA) supplemented with 1% 
PS. The pieces were washed twice and resus-
pended in PBS to remove the blood. Then, an 
enzymatic digestion medium was added and 
the mixture was incubated at 37°C on a shaker 
at 180 rpm for 40 min. The enzymatic digestion 
medium was a mixture of 1.5 mg/mL collage-
nase type 2 (V900892, Sigma, St. Louis, MO, 
USA), DMEM/F12, and 1% PS. The solution was 
filtered through a 41 µm nylon mesh (Millipore, 
Billerica, MA, USA) and the collected cell sus-
pension was centrifuged at 300 g for 10 min. 
The cells were then seeded into sterile culture 
dishes containing 10 mL DMEM/F12, 10% exo-
some-depleted fetal bovine serum (FBS, SBI, 
USA) and 1% PS, then cultured in a humidified 
atmosphere at 37°C for 1 h to allow fibroblasts 
to attach. 



Analysis of telocytes and their exosomes

5377 Am J Transl Res 2017;9(12):5375-5387

The unattached cells (containing TCs) were 
replanted into a new dish containing the above 
medium, and the medium was replaced every 
two days thereafter. ECs were purchased from 
Lonza (Atlanta, GA, USA) and cultured accord-
ing to the supplier’s instructions. Cell cultures 
were examined using an inverted microscope 
and photographed at 72 h after seeding. The 
cells were detached by digestion in 0.25% tryp-
sin/EDTA (Invitrogen, Carlsbad, CA, USA) for 1-2 
min after they had grown to 70% confluence, 
and then reseeded at a split ratio of 1:3 under 
the same conditions.

Staining of TCs

The primary isolated cells were cultured in a 
six-well, cell culture cluster until they had grown 
to 70% confluence, then washed twice with 
PBS and incubated with 0.02% methylene blue 
(Sigma-Aldrich Corp., St. Louis, MO, USA), 
0.02% Janus Green B (Sigma-Aldrich), and 100 
nM MitoTracker green probe (Beyotime, China) 
in a 37°C, 5% CO2 cell incubator for 30 min. 
Next, the stains were discarded and the cells 
were washed three times with PBS and 
observed microscopically. 

Immunofluorescent staining 

To visualize and independently confirm the app- 
earance of isolated TCs, immunofluorescence 
staining was carried out on coverslips. Samples 
were fixed in 4% paraformaldehyde for 15 min, 
washed three times in PBS, and then incubated 
in PBS containing 5% bovine serum albumin for 
another 15 min. The cells or tissue were washed 
and permeabilized with 0.075% saponin in PBS 
for 10 min (all reagents from Sigma-Aldrich). 
Then, cells were incubated with primary anti-
bodies: anti-vimentin (Abcam, USA), anti-C-Kit 
(Abcam, USA), anti-CD34 (Santa Cruz Biote- 
chnology, USA) or anti-CD31 (Abcam, USA) at 
4°C overnight in the dark. Primary antibodies 
were then detected with corresponding sec-
ondary antibodies conjugated to Alexa Fluor 
594 (Cell Signaling Technology, USA) at 37°C 
for 1 h, and nuclei were counterstained with 1 
µg/mL 4’,6-diamidino-2-phenylindole (DAPI) to 
detect cell nuclei (Life Technologies, USA). Fin- 
ally, the immunolabeled samples were observed 
and photographed under an Olympus IX83 
inverted fluorescence microscope (Olympus 
Corp., Japan). The percentage of positively-
stained cells was quantified and the average 

was obtained from five randomly-selected 
200× fields.

TEM observation

Cell samples were processed for TEM to 
observe the ultrastructure of TCs. In brief, sam-
ples were fixed with 2% glutaraldehyde in PBS 
for 2 h at 4°C. After washing twice with PBS for 
10 min, the samples were fixed in 1% phos-
phate buffered osmium for 2 h at 4°C. Then, 
the samples were dehydrated in an increasing 
ethanol series (30%, 50%, 70%, 80%, 95%, 
100%), cleared with propylene oxide and 
embedded in Araldite resin. Thin sections were 
obtained and stained with lead citrate. The sec-
tions were examined with a transmission elec-
tron microscope (FEI Company, Eindhoven, 
Netherlands). Digital electron micrographs 
were recorded with a MegaView III charge-cou-
pled device using iTEM SIS software (Olympus 
Soft Imaging Systems, Munster, Germany). 

Exosome preparation

Supernatants from cultured TCs were collected 
on ice and centrifuged at 10,000×g for 30 min 
to remove any cells and cellular debris. Then, 
supernatants were transferred to a fresh tube, 
filtered through a 0.22 μm membrane, and cen-
trifuged at 120,000×g for 2 h at 4°C. The iso-
lated exosomal pellet was washed once with 
sterile PBS and resuspended in 200 μL of PBS. 
Alternatively, in some samples the superna-
tants were first concentrated by decreasing the 
volume from 50 mL to 1 mL using an Amicon 
Ultra filter (Millipore, USA) with a 100,000 
molecular weight cutoff. Subsequently, exo-
somes were isolated from the concentrated 
supernatants using an ExoQuick kit (SBI, USA), 
per the manufacturer’s instructions.

The quality of exosomes was confirmed by 
qNano analysis (Izon instrument, UK), accord-
ing to the manufacturer’s instructions. Protein 
content of the exosome pellet fraction was 
quantified using the BCA Protein Assay Kit 
(Thermo Fisher Scientific, USA). All samples 
were measured in triplicate.

Electron microscopy was performed as previ-
ously described [18]. Briefly, exosomes were 
ultra-centrifuged to generate a pellet as part of 
the final step of isolation. A drop of purified exo-
some pellet was allowed to settle on a gold-
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coated grid, blotted, fixed in 1% glutaraldehyde, 
washed for 2 min in double-distilled water, and 
incubated in uranyl oxalate for 5 min. Subse- 
quently, it was incubated in three separate 
drops of methyl cellulose with uranyl acetate (5 
min in the first two drops and 10 min in the last 
drop), and finally removed from methyl cellu-
lose-uranyl acetate by slowly dragging it on the 
edge of a filter paper. Exosomes were visual-
ized by standard TEM with a Philips CM120 
microscope.

Exosome labeling

Exosomes were labeled with a phospholipid 
membrane dye, PKH26 (Sigma, USA) at 37°C 
for 5 min, per the manufacturer’s instructions. 
Briefly, exosomes (1010 particles) were resus-
pended in 100 μL of PBS, then 0.5 mL diluent C 
was added, followed by a mixture of 4 μL PKH26 
and 0.5 mL diluent C, and allowed to react for 5 
min. Exosome-depleted FBS (1 mL) was added 
to stop the reaction and the solution was trans-
ferred to a fresh tube, filtered through a 0.22 
μm membrane, and centrifuged at 120,000×g 
for 2 h at 4°C. The PKH26-labeled exosomes 
were resuspended in basal medium and added 
to cultured ECs which were transfected with a 
lentiviral vector designed to induce GFP overex-
pression. After incubation for 12 h, ECs were 
fixed, washed, and viewed under an Olympus 
microscope. 

In some experiments, TCs were transfected 
with a lentiviral vector designed to induce cel-
miR-39 overexpression. Then, exosomes from 
these TCs were isolated and added to ECs. 
After incubation for 4, 8, 12, or 24 h, the expres-
sion of cel-miR-39 in ECs was measured. To fur-
ther investigate the role of exosomes, we 
depleted TCs of exosomes through ultracentri-
fugation or by using 14 μM of GW4869 (an 
inhibitor of exosome release) (Sigma, USA).

RNA isolation and quantitative real-time poly-
merase chain reaction

Total RNA was extracted using the TRIzol 
reagent (Invitrogen), according to the manufac-
turer’s protocol. To quantify cel-miRNA-39, the 
Bulge-Loop miRNA qPCR Primer Set (RiboBio, 
China) was used to determine miRNA expres-
sion with Takara SYBR Premix Ex Taq (Tli 
RNaseH Plus) reagent. The relative expression 
levels among groups were calculated by the 
2-ΔΔCt method.

Western blotting 

Western blotting was used to confirm the iden-
tity of exosomes, which are characterized by 
the absence of calnexin and the presence of 
the specific surface proteins CD9, CD63, and 
Alix [19]. Briefly, 5× protein-loading buffer was 
added to the exosome sample and heated at 
95°C for 5 min. Next, exosome protein was 
resolved by electrophoresis on 12% sodium 
dodecyl sulfate/polyacrylamide gels. The pro-
tein sample was run at 120 V for 45 min and 
transferred onto polyvinylidene difluoride mem-
branes (Millipore, USA) for 1.5 h at 100 mA. The 
following antibodies were used: anti-Alix, anti-
CD9, anti-CD63, anti-CD81, anti-HSP90, anti-
TSG101 and anti-calnexin (all from Abcam, 
USA). The membranes were washed three 
times in 1× Tris-HCl buffered saline with 0.1% 
Tween 20 (TBST) for 5 min, then incubated for 
1 h in TBST containing horseradish peroxidase-
conjugated secondary antibody (Abcam, USA). 
Proteins were detected using enhanced chemi-
luminescence (Thermo Fisher, USA) and imaged 
using an ImageQuant LAS 4000 mini biomo-
lecular imager (Bio-Rad, USA). Western blot nor-
malized to β-actin (Abcam, USA).

MTS assay

EC proliferation was assessed using an MTS 
assay (CellTiter 96 AQueous One Solution Cell 
Proliferation Assay Kit, Promega, USA), per the 
manufacturer’s instructions. ECs were seeded 
into 96-well plates at an initial density of 5×103 
cells/well. After 2 h, exosomes were added for 
an additional 24 h. A curve representative of 
cell proliferation was constructed by measuring 
cell growth with a microplate reader at 490 nm. 

Migration analysis

A total of 106 ECs were seeded into a six-well 
plate and incubated at 37°C until 60% conflu-
ence. Then, the cells were treated with the 
supernatant of TCs or exosomes from TCs for 
another 24 h, and migration distance was 
observed by microscope. 

Capillary-like structure formation assay 

Briefly, 104 ECs were pretreated with the super-
natant of TCs or exosomes from TCs for 24 h 
and seeded into Matrigel-coated 96-well plat- 
es. Following 6 h of incubation at 37°C, images 
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were acquired under an Olympus microscope. 
Each assay was repeated five times. 

Masson’s trichrome staining

Tissue sections were dewaxed in Histo-Clear 
agent (National Diagnostics, USA) followed by a 
series of washes in ethanol, then stained with 
Masson’s solution for 1 h (Sigma, USA). The 
sections were washed in acidified water and 
ethanol and mounted in Cytoseal resinous 
medium (Thermo Fisher, USA). Fibrosis was 
quantified using Image J software and expre- 
ssed as the ratio of fibrotic tissue to total 
tissue.

Collagen content analysis

Each heart sample was weighed, homogenized 
with pepsin, and then collagen content was 
measured using the Sircol assay (Biocolor, UK), 
according to the manufacturer’s instructions. 
Gen5 Software (BioTek, USA) was used to quan-
tify collagen content.

very long and thin (< 0.5 µm), with a moniliform 
appearance: thin segments (podomeres) and 
alternating dilations (podoms). Interestingly, 
after staining with methylene blue (Figure 1B), 
we observed that the TCs were connected to 
one another directly through their Tps, which 
might be how they conduct intracellular signal-
ing. Next, we stained the cells with Janus Green 
B (Figure 1C) or with MitoTracker green (Figure 
1D), which stain intracellular mitochondria 
supravitally. As shown in Figure 1C and 1D, we 
found that TCs contain a large number of mito-
chondria, which could suggest that TCs pro-
duce and consume a great deal of energy.

Cardiac TCs were c-Kit, CD34, and vimentin 
positive 

Immunofluorescence of the isolated cells 
revealed positive expression of c-Kit, CD34, 
and vimentin, which are markers for TCs (Figure 
2). In addition, we quantified the percentage of 

Figure 1. Representative images of live, cultured telocytes (TCs). Primary 
isolated cells were cultured until they reached 70% confluence, stained, 
and observed with light microscopy. A. TCs were very long and very thin (< 
0.2 µm), with a moniliform appearance of thin segments and alternating 
dilations. B. Methylene blue staining of TCs reveals that they are connect-
ed through their telopodes. C, D. TCs were stained with Janus Green B and 
with MitoTracker green probe to label mitochondria. Mitochondria are seen 
throughout the cell body and telopodes with both stains. Scale bar: 50 µm.

Statistics 

Statistics were calculated with 
GraphPad Prism software. An 
unpaired Student’s t-test was 
used to compare two groups, 
where appropriate. A one-way 
analysis of variance was fol-
lowed performed, by post-test 
analysis using the Tukey test, 
for multiple comparisons. A 
two-way analysis of variance 
was carried out, followed by 
Bonferroni correction, to test 
for significance when perform-
ing multiple comparisons be- 
tween different groups. P val-
ues less than 0.05 were con-
sidered to indicate statistically 
significant differences. 

Results

Staining of cultured cardiac 
TCs show a unique appear-
ance

After isolation, purification, 
and culturing, the morphologi-
cal characteristics of TCs were 
observable under light micros-
copy (Figure 1A). Consistent 
with the literature, we found 
them to have Tps that were 
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positively-stained cells (as the average of five, 
randomly-selected fields) and found that more 
cells were positively co-stained for CD34 and 
vimentin than for c-Kit and vimentin (87.2% ± 
12% vs. 70.5% ± 10%, respectively, P < 0.05, n 
= 5). These were also confirmed by western blot 
(Figure 2G).

TC observation by TEM

We utilized TEM to examine the characteristics 
of organelles within interstitial cardiac TCs in 

cell culture. We observed long, thin cellular pro-
cesses (Tps) and a thin layer of cytoplasm sur-
rounding the nucleus (Figure 3A). In addition, 
TCs exhibited a prominent nucleus, as well as 
numerous mitochondria and multivesicular 
bodies (enclosed by black circles, Figure 3B), 
which contain intraluminal vesicles from which 
exosomes are derived. When multivesicular 
bodies fused with the plasma membrane, exo-
somes were released. Notably, ectosomes 
were frequently observed near pits, which sug-

Figure 2. Representative images of rat cardiac telocytes (TCs) with fluorescence microscopy. Cells were cultured for 
72 h and, after one passage, fixed in 4% paraformaldehyde and stained with known TC markers, as well as DAPI 
to label cell nuclei (blue). Observation with an immunofluorescent microscope revealed that the isolated cells posi-
tively expressed (A) c-Kit (red) and (B) vimentin (green). (C) Co-staining of vimentin and c-Kit is observed by merging 
the two images. (D) TCs positively expressed CD34 (red) and co-staining with (E) vimentin (green) showed many cells 
stained positive for both upon (F) merging the images. Scale bar: 50 µm. (G) Comparison of TC markers with that 
of fibroblasts. The proteins of cells were separated by SDS-PAGE, and electroblotted to the polyvinylidene (PVDF) 
membrane, and probed with relative markers. β-actin was used as a loading control.
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gest receptor-mediated endocytosis of these 
vesicles (Figure 3C). 

Exosome isolation and identification

We next investigated whether exosomes play a 
role in crosstalk between TCs and ECs. To this 
end, we isolated exosomes from TCs and per-
formed a combination of TEM, Western blot-
ting, and a nanoparticle tracking analysis to 
confirm their identity. Observations using TEM 
revealed that isolated exosomes, which app- 
eared as cup- or round-shaped vesicles, ranged 
from approximately 30 to 200 nm in diameter 
(Figure 4A). Comparison of exosomal prepara-
tions with cell lysates by immunoblotting re- 
vealed an enrichment of the exosomal markers 
Alix, CD9, CD63, HSP 90, CD 81 and TSG101, 
but the absence of calnexin (an endoplasmic 
reticulum protein) and β-actin (a protein encod-
ed by host gene of cells) (Figure 4B and 4C). 
The quality of exosomes was confirmed by 
qNano analysis, which showed that the diame-
ter of most exosomes ranged from 50 to 150 
nm (Figure 4D). 

Once we had confirmed that we had success-
fully isolated exosomes, we investigated wheth-
er exosomes released by TCs can be trans-
ferred to recipient ECs by labeling isolated exo-
somes with the fluorescent dye PKH26. We 
then added the labeled exosomes to the cul-
ture medium of GFP-labeled ECs. After 12 h of 
incubation, confocal imaging showed that the 
ECs had taken up the fluorescently labeled exo-
somes (Figure 4E). To confirm these findings, 

we transfected TCs with a microRNA that is 
naturally present only in Caenorhabditis ele-
gans (cel-miR-39). Forty-eight hours later, exo-
somes from cel-miR-39-transfected TCs were 
isolated and added to ECs. Analysis of cel-
miR-39 expression demonstrated the presence 
of cel-miR-39 in ECs, and that the transfer from 
TCs to ECs occurred in a time-dependent man-
ner (Figure 4F).

Exosomes from TCs exert positive effects on 
ECs

To determine the effects of exosomes from TCs 
on ECs, we co-cultured ECs with either super-
natant from cultured TCs or supernatant from 
ECs (Figure 5). We observed a significant 
increase in proliferation, migration, and the for-
mation of capillary-like structures by ECs when 
they were cultured with TC supernatant. More- 
over, these effects were comparable to those 
observed when 20 μg/mL of TC exosomes were 
added to ECs. However, depletion of exosomes 
from TCs, through ultracentrifugation or by 
treatment with GW4869, considerably abrogat-
ed the effects of their supernatant on target 
ECs.

Effects of exosomes in vivo after MI

Finally, to assess the effects of exosomes on 
MI, we administered exosomes from TCs to MI 
rats via myocardial injection. Compared with 
the PBS negative control group, exosomes from 
TCs improved cardiac function, as shown by 
echocardiography (Figure 6A). Importantly, 

Figure 3. Observation of telocyte (TC) organelles by transmission electron microscopy. A. Representative image 
showing the general appearance of TCs. Scale bar: 10 µm. B. The major organelles within a TC are shown and la-
beled as follows: Nc, nucleus; m, mitochondria; rer, rough endoplasmic reticulum; Li, lipid particle. Scale bar: 2 µm. 
Multivesicular bodies are enclosed by black circles. C. Representative image of a TC actively secreting exosomes. 
Black arrows indicate exosomes and blue arrows indicate pits. Scale bar: 1 µm.
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Masson’s trichrome staining and collagen con-
tent analysis showed that transferring exo-
somes attenuated cardiac fibrosis (Figure 6B) 
and reduced collagen deposition (Figure 6C) in 

post-MI heart tissues. Lastly, transferred exo-
somes resulted in increased angiogenesis, as 
evidenced by increased staining for CD31 
(Figure 6D).

Figure 4. Isolation of exosomes from telocytes (TCs) and investigation of their uptake by endothelial cells (ECs). 
A. Representative electron microscopy image of TC exosomes. The diameter of this exosome was measured to be 
105.59 nm. Scale bar: 50 nm. B, C. To confirm their identity, exosomal preparations were compared with cells ly-
sates by Western blotting. The blot shown an enrichment of the exosomal markers Alix, CD9, CD63, HSP90, CD81 
and TSG101 but the absence of calnexin, an endoplasmic reticulum protein. β-actin was used as a loading control. 
D. Exosome identity was further confirmed with a qNano analysis, which measured the diameters of the particles 
with respect to concentration. Most particles ranged from 50 to 150 nm in diameter. E. Isolated exosomes from TCs 
were labeled with PKH26 (red) and added to the culture medium of GFP-labeled ECs (green). After 12 h, cells were 
stained with DAPI (blue) to label cell nuclei and confocal imaging showed that the exosomes were present in the 
cytoplasm of ECs. Scale bar: 10 µm. F. TCs were transfected with cel-miR-39 or left un-transfected (control). Cultured 
ECs were then treated with exosomes isolated from control or cel-miR-39-transfected TCs for the indicated times. 
The RNA levels of cel-miR-39 were then measured in ECs using RT-PCR. ****, P < 0.0001 versus control; n = 5. 
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Discussion

In this study, we investigated the characteris-
tics of cardiac TCs in a rat model. Our experi-
ments performed in vitro demonstrated that 
TCs can be isolated from the rat heart and cul-
tured in primary cultures, and that the morphol-
ogy of these cells is consistent with their typical 
form. Using a combination of different antibod-
ies, stains, and imaging techniques, we were 
able to visualize cardiac TCs and study their 
features clearly. Our results showed that TCs 
form interstitial networks with their long, unique 
Tps, and that two cardiac TCs can interact 
through direct contact along the longitudinal 
axis of the cell body. When dyed with methylene 
blue, cardiac TCs presented typical moniliform 
Tps in vitro. In addition, when mitochondria 

were labeled with Janus Green B staining and 
MitoTracker green, we observed that mitochon-
dria were located in both the cell body and in 
Tps. Our finding that mitochondria are distrib-
uted throughout the entire cell may be indica-
tive of cardiac TC functions, as it implies that 
TCs are highly active and consume high levels 
of energy.

Using fluorescence microscopy, our study 
showed that TCs positively express CD34, 
C-Kit, and vimentin. Interestingly, when cells 
were double-labeled there was more co-expres-
sion of CD34 and vimentin than of c-Kit and 
vimentin. Previous studies have confirmed that 
TCs can be labeled with certain antibodies [20, 
21], and a few markers are currently verified as 
being accurate labels of TCs. At present, the 

Figure 5. Culturing endothelial cells (ECs) in the presence of supernatant from telocytes (TCs) induces positive 
effects that are mediated by exosomes. ECs were cultured in the presence of supernatant from ECs (control), 
supernatant from TCs, or isolated exosomes (20 μg/mL) from TCs. In addition, some ECs were cultured with super-
natant from TCs that had been depleted of exosomes by either ultracentrifugation or treatment with GW4869. A. 
Proliferation of ECs under each condition were measured using an MTS assay. ***, P < 0.001 versus supernatant 
from ECs. n = 5. B. ECs under each condition were also assessed for capillary-like structure formation (top row: “6 
h”) and migration (bottom two rows: “0 h” and “24 h”) and representative images are shown. For the capillary-like 
formation assay, ECs were seeded, allowed to incubate for 6 h, and then visualized under an Olympus microscope. 
Black arrows indicate capillary-like structure. To assess migration distance, ECs were visualized by microscope “0 
h”, then treated for another 24 h, and visualized again (“24 h”). Migration distance was compared before and after 
treatment. C, D. Show the quantification of these results. ****, P < 0.0001. n = 5.
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most reliable of these markers is thought to be 
CD34 [8, 22], which is a highly glycosylated 
transmembrane glycoprotein. Importantly, an 
increasing number of studies have shown that 
CD34 serves an important role in mediating 
cell adhesion and participates in the migration 
and positioning of hematopoietic stem cells 
involved in inflammation and lymphocyte hom-
ing, and a study by Cismasiu and colleagues 
[23] reported a similar biological function for 
TCs.

While several protocols are employed to isolate 
and purify exosomes, characterizing them is 
strongly based on electron microscopy (size 
and shape) and western blotting for the exis-

tence of protein markers that are involved in 
exosomal biogenesis such as Alix, TSG101 
and/or exosomal membrane molecules such 
as HSP90, CD9, CD63 and CD81 [24]. Calnexin, 
an endoplasmic reticulum protein, was detect-
able in whole cell lysates but absent in the exo-
somes, indicating that the exosome prepara-
tions were not contaminated with other vesi-
cles [25]. β-actin was also absent in the exo-
somes. Because β-actin was a part of cellular 
cytoskeleton which didn’t exist in exosomes 
[26, 27]. Furthermore, using TEM, we found 
that TCs actively secrete exosomes. Exosomes 
are round, natural nanovesicles that range 
from 30 to 200 nm in diameter and originate 
from endosomes. Exosomes are secreted from 

Figure 6. Transfer of exosomes improved cardiac function, attenuated cardiac fibrosis, and increased angiogenesis 
following induction of myocardial infarction (MI) in rats. Exosomes or PBS were injected 30 min prior to MI induction, 
and then three additional injections were given on days 2, 4, and 6 after MI. A. Cardiac function was evaluated 28 
days after treatment by echocardiography and measurements of the ejection fraction (EF) and fraction shorten-
ing (FS) were performed. **, P < 0.01 versus PBS group. n = 10 for each group. B. Rats were euthanized and the 
hearts were excised for histological analysis. Representative images are shown for the Masson stain, which showed 
a decreased cardiac fibrosis area in exosome-treated animals. C. A collagen content assay was performed for both 
groups, and showed decreased collagen formation in the exosome group. ****, P < 0.0001 versus PBS group. 
D. Samples were stained for CD31 (red) and DAPI (blue), and representative images are shown for both groups. 
Increased staining for CD31 was identified in the exosome-treated group. White arrows indicate neo-angiogenesis. 
Scale bar: 100 µm.
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the plasma membrane and can be found in 
most biological fluids, including cultured cell 
media [28]. Intercellular transfer of exosomes 
is a well-established mechanism that mediates 
cell-cell communication [29, 30]. Other trans-
portation modes are by microparticles such as 
microvesicles and apoptotic bodies. The chief 
functions of these microparticles are intercel-
lular communication and transportation of vari-
ous bioactive components (DNA, RNA, miRNA, 
cytokines, and other proteins). Microvesicles 
are slightly larger vesicles (100-4000 μm diam-
eter) generated from cells via outward budding 
and blebbing of the plasma membrane. Micro- 
vesicles are secreted by different cell types 
such as neurons, muscle cells, inflammatory 
cells, and tumor cells. However, platelets are 
considered to be major sources of microvesicle 
production and secretion [31]. Finally, apoptot-
ic bodies are the largest microparticles that are 
shed from cells during apoptosis [32, 33].

In recent years, the therapeutic effects of exo-
somes derived from stem cells have been 
investigated intensely in multiple disease mod-
els, and show that these exosomes exert func-
tions similar to those of stem cells, including 
promoting cutaneous wound healing [34] and 
reducing the size of MI [35]. However, to date, 
few studies have aimed to determine the func-
tional role of exosomes derived from TCs in 
angiogenesis. In this study, we frequently ob- 
served exosomes in the immediate vicinity of 
pits, which suggests that the endocytosis of 
these vesicles may be how exosomes pass 
messages from one cell to another. Thus, we 
isolated exosomes from TCs and evaluated 
their functions. Since it has been reported that 
TCs have proangiogenic effects [16], we hypoth-
esized that exosomes from TCs would exert a 
positive influence on ECs. When we cultured 
ECs in the presence of exosomes isolated from 
TCs, we observed increased proliferation, mig- 
ration, and formation of capillary-like structures 
by the ECs, and these effects were attenuated 
when exosomes were first depleted. Then, we 
evaluated the effects of exosomes in vivo by 
transferring them into MI-induced rats. In these 
experiments, we observed decreased cardiac 
fibrosis, increased angiogenesis, and improved 
cardiac function.

Future studies, perhaps based on biochemical 
methods, are necessary to further investigate 

which components of exosomes are important 
in intercellular communication between cardiac 
TCs with ECs, as well as the underlying mecha-
nisms. Moreover, our results offer preliminary 
evidence that cardiac TCs might have therapeu-
tic potential that could be utilized for the design 
of cell-based cardiac repair strate- 
gies. 
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