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    Chapter 1   
 The History of Telocyte Discovery 
and Understanding                     

     Jian     Wang      ,     Meiling     Jin      ,     Wen-huan     Ma      ,     Zhitu     Zhu       , and     Xiangdong     Wang      

    Abstract     Telocytes (TCs) are identifi ed as a peculiar cell type of interstitial cells in 
various organs. The typical features of TCs from the other cells are the extending 
cellular process as telopodes with alternation of podomeres and podoms. Before the 
year of 2010, TCs were considered as interstitial Cajal-like cells because of the 
similar morphology and immunohistochemical features with interstitial cells of 
Cajal which were found more than 100 years ago and considered to be pacemakers 
for gut motility. Subsequently, it demonstrated that TCs were not Cajal-like cells, 
and thus the new name “telocyte” was proposed in 2010. With the help of different 
techniques, e.g., transmission electron microscopy, immunohistochemistry, or 
omics science, TCs have been detected in various tissues and organs from different 
species. The pathological role of TCs in different diseases was also studied. 
According to observation in situ or in vitro, TCs played a vital role in mechanical 
support, signaling transduction, tissue renewal or repair, immune surveillance, and 
mechanical sensor via establishing homo- or heterogenous junctions with neighbor-
ing cells to form 3D network or release extracellular vesicles to form juxtacrine and 
paracrine. This review will introduce the origin, distribution, morphology, func-
tions, omics science, methods, and interaction of TCs with other cells and provide a 
better understanding of the new cell type.  
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1.1       Introduction 

 Telocytes (TCs) are described as a new type of interstitial cell with extremely 
long and thin telopodes (Tps). Since Popescu et al. [ 1 ] pioneered to name this 
special interstitial cell as “telocyte” to distinguish from other interstitial cell 
types (e.g., fi broblasts, fi brocytes, fi broblast-like cells, mesenchymal cells), 
increasing attention has been paid from lots of teams who have identifi ed the 
existence of TCs in various cavitary and non-cavitary organs from human and 
laboratory mammals, respectively. Although fl ow cytometry and immunohisto-
chemistry are introduced to study TCs, transmission electron microscopy (TEM) 
is still the “gold standard” to identify TCs in different tissues and organs so far. 
TCs are revealed to participate in intercellular signaling transduction, regenera-
tion, or immunoregulation, but more unknown functions of TCs need to be 
explored. 

 There are a total of 132 records about “telocyte” between 2010 and 2015 with 
2,829 citations in the Web of Science. The average citation of every article reaches 
up to 21.4. Importantly, the amount of publication and citation about TCs presents 
an ascending trend yearly (Fig.  1.1 ). This review will introduce the origin, distribu-
tion, morphology, functions, omics science, methods, and interaction of TCs with 
other cells to lift the veil of TCs.
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  Fig. 1.1    The amount of publication about telocytes in between 2010 and 2015 based on the Web 
of Science       
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1.2        Origin 

 In 1889, the great Spanish neuroanatomist Santiago Ramo´n y Cajal was the fi rst to 
describe a spindle-shaped or triangular cell with network-like appearance in the 
muscle coat of the gut with the Golgi stain and name as the “interstitial neurons” 
[ 2 ]. The particular cells were depicted to exist in the interstitium between nerve end-
ings and smooth muscle cells (SMC) to intermingle with SMC and nerve fi bers. 
However, the existence, nature, and function of the cells attracted a great of contro-
versy in different scientifi c cliques in the subsequent seven to eight decades. By the 
1960s, Taxi et al. [ 3 ] fi rstly described the interstitial cells of Cajal (ICC) as a new 
cell type which was distinguished from neurons, Schwann cells, smooth muscle 
cells, fi broblasts, and macrophages with ultrastructural evidences from TEM tech-
niques. Further, Thuneberg, Faussone-Pellegrini, and Rumessen separately proved 
that ICC was not neuron and played a role as pacemakers for gastrointestinal move-
ment and neurotransmission [ 4 ,  5 ]. 

 Another development of knowledge in this fi eld was that ICC was thought as 
the origin of gastrointestinal stromal tumors (GIST) and might be associated with 
several gastrointestinal disorders by pathologists [ 6 ]. ICC has been the fascinating 
subject to researchers and was reported by plentiful relevant publications every 
year. The positive-expressed c-kit/CD117 receptor in ICC was found to help 
investigators understand the cell better at the light microscopy level by immuno-
histochemical techniques, although TEM was the main choice to defi ne ICC at 
present [ 7 ]. 

 The interstitial cells of Cajal were continually detected outside the gastrointesti-
nal musculature after the year 2000. As for the similar morphology and immunohis-
tochemical features, these cells were renamed as “Interstitial Cajal-like cells 
(ICLC).” The presence of ICLC has been reported in the interstitium of several 
organs [ 1 ,  8 ]. Faussone-Pellegrini MS et al. [ 9 ] focused on gastrointestinal muscle 
coat of humans once again and proved that ICC and ICLC coexisted in the muscle 
coat as two unequivocally different cell types. They also listed the different ultra-
structural and immunohistochemical characteristics of the ICC, ICLC, fi brocytes, 
and fi broblasts of the human GI tract. 

 Popescu et al. [ 10 ] and Ciontea et al. [ 11 ] confi rmed that the ICLC was a distinct 
cell type from the classic ICC in the myocardium and uterus, respectively. It was 
necessary to give a new name for ICLC to avoid confusion from ICC because ICLC 
is a peculiar and independent cell type. In 2009, Popescu et al. [ 1 ] proposed to name 
ICLC as “telocyte” for the fi rst time. The term “telocyte” means the cell bearing 
long prolongations on the basis of the peculiar feature that are extremely long (tens 
to up to hundreds of micrometers) and thin (mostly below 0.2 mm) and with a 
moniliform aspect under TEM [ 12 ]. From then on, a new scientifi c door was open 
to “telocyte.”  

1 The History of Telocyte Discovery and Understanding
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1.3     Distribution and Related Diseases 

 TCs, formerly known as ICLC, are distributed widely in the connective tissue and 
have been identifi ed in various organs from different species (Table  1.1 ). As 
reported, TCs have been found in cardiac system (e.g., epicardium [ 13 ], endocar-
dium [ 14 ], myocardium [ 15 ,  16 ], or heart valves [ 17 ]), reproductive system (e.g., 
prostate [ 18 ,  19 ], penis [ 20 ], uterus [ 21 ,  22 ], placenta [ 23 ], or oviduct [ 24 ]), urinary 
system (e.g., kidney [ 25 ,  26 ], ureter [ 25 ], urethra [ 27 ], or bladder [ 28 ,  29 ]), diges-
tive system (e.g., esophagus [ 30 ], stomach [ 9 ], duodenum [ 31 ], jejunum [ 32 ], 
ileum [ 33 ], colon [ 9 ], pancreas [ 8 ,  34 ], liver [ 35 ], or gallbladder [ 36 ]), respiratory 

   Table 1.1    Telocyte distribution in various organs from different species and TC-related diseases   

 Organs  Species  Diseases 

  Cardiac system  
 Epicardium  Human  Myocardial infarction 
 Endocardium  Mouse, rat 
 Myocardium  Human, mouse, rat 
 Heart valves  Human 
  Respiratory system  
 Lung and trachea  Human, mouse  COPD 
 Pleura  Human, mouse 
  Digestive system  
 Esophagus  Human, rat  Crohn’s disease 
 Stomach  Human  PEComas and GISTs 
 Duodenum  Human, rat  Ulcerative colitis 
 Ileum  Mouse, chicken  Liver fi brosis 
 Jejunum  Rat  Gallstone 
 Colon  Human 
 Liver  Mouse 
 Pancreas  Human,  Octodon degus  
 Gallbladder  Human 
  Reproductive system  
 Prostate  Human, gerbils  Preeclampsia 
 Penis  Guinea pig  Acute salpingitis 
 Uterus  Human, rat 
 Oviduct  Chinese soft-shelled turtle, 

 Pelodiscus sinensis  
 Placenta  Human, mouse 
  Urinary system  
 Kidney  Human, rat  Renal tubule IRI 
 Ureter  Human, rat 
 Urethra  Human 
 Bladder  Human, rat 

(continued)

J. Wang et al.
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system (e.g., lung and trachea [ 37 ,  38 ], pleura [ 39 ]), vessels (e.g., mesenteric artery 
[ 40 ], aorta [ 41 ], coronary arteries [ 42 ], internal thoracic arteries [ 42 ], carotid arter-
ies [ 42 ], portal vein [ 43 ], pulmonary vein [ 44 ], or lymphatics [ 45 ]), glands (e.g., 
parotid glands [ 46 ], mammary glands [ 47 ,  48 ], minor salivary glands [ 49 ]), skin 
[ 50 ,  51 ], skeletal muscle [ 52 ], trigeminal ganglion [ 53 ], meninges and choroid 
plexus [ 54 ], neuromuscular spindles [ 55 ], eyes [ 56 ], temporomandibular joint disc 
[ 57 ], bone marrow [ 58 ], spleen [ 59 ], fascia lata [ 60 ], or mesentery [ 61 ]. Meanwhile, 
the species involved in researches are wide, including human [ 13 ,  23 ,  39 ], rat [ 31 , 
 38 ,  62 ], mouse [ 14 ,  37 ,  56 ], gerbils [ 19 ], degus [ 63 ], pig [ 28 ], chicken [ 33 ], rabbit 
[ 43 ], sheep [ 45 ], cow [ 64 ], cat [ 64 ], dog [ 64 ], or the Chinese soft-shelled turtle [ 65 ]. 
In pathological condition, TCs play a potential role in different diseases, such as 
atrial amyloidosis [ 66 ], myocardial infarction [ 67 ], skin carcinomas [ 68 ], breast 
cancer [ 69 ], PEComas (perivascular epithelioid cell tumors) and GISTs [ 70 ], 
 systemic sclerosis [ 71 ], gallstone [ 72 ], Crohn’s disease [ 73 ], preeclampsia [ 74 ], 
ulcerative colitis [ 75 ], liver fi brosis [ 76 ], Sjögren’s syndrome [ 49 ], acute salpingitis 
[ 77 ], psoriasis [ 78 ], chronic obstructive pulmonary disease (COPD) [ 79 ], or 
ischemia- reperfusion injury (IRI) in renal tubules [ 80 ]. All these identifi ed TCs can 
make up a 3D network and intermingle with surrounding cells (e.g., fi broblasts, 
muscle cells, immune cells, adipocytes, or nerve cells). Therefore, we make a con-
clusion that TCs are a distinct cell type in the connective tissue.

Table 1.1 (continued)

 Organs  Species  Diseases 

  Vessels  
 Artery  Rat, mouse, guinea pig  Atrial amyloidosis 
 Vein  Human, rat, rabbit 
 Lymphatics  Rat 
  Glands  
 Salivary glands  Human  Breast cancer 
 Mammary glands  Human 
 Parotid glands  Human, rat 
  Others  
 Mesentery  Rat 
 Skin  Human  Skin carcinomas, systemic 

sclerosis 
 Spleen  Rat  Sjögren’s syndrome 
 Eyes  Mouse  Psoriasis 
 Skeletal muscle  Human, rat 
 Meninges and choroid plexus  Human, rat, mouse 
 Neuromuscular spindles  Human 
 Trigeminal ganglion  Human 
 Bone marrow  Mouse 
 Fascia lata  Human 
 Temporomandibular joint disc  Rat 

1 The History of Telocyte Discovery and Understanding
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1.4        Morphology 

 TCs have a small-sized body with several extremely long and thin telopodes, which 
can be remembered easily at the fi rst glance. On TEM image, the average size of 
cellular body is 9.39 ± 3.26 μm (Fig.  1.2 ). The shape of the cellular body is associ-
ated with the number of telopode, such as piriform with one telopode, spindle with 
two telopodes, triangular with three telopodes, and stellate or polygonal with over 
three telopodes. The oval-shaped nucleus has no obvious nucleolus, and the clusters 
of heterochromatin are attached to the nuclear envelop, which makes up 25 % of the 
body [ 1 ]. The periphery of nucleus is surrounded by a thin rim of the cytoplasm. 
The perinuclear cytoplasm contains several mitochondria, a small Golgi apparatus, 
few rough and smooth endoplasmic reticulum, and cytoskeletal elements. The mito-
chondrium is rich and makes up 2 % of the cell body. The small Golgi apparatus and 
smooth endoplasmic reticulum are less than 1–2 % of cell volume and mainly are 
detected in dilations of cell processes [ 79 ]. Ultrastructurally, TCs contain many 
intermediate fi laments for cytoskeleton. Several caveolae are located on the cell 
membrane, but the basal lamina is absent. As it is measured, the caveolae make up 
2–3 % of the cell body and present ~0.5 caveolae/μm of cell membrane length [ 1 , 
 50 ].

    The number of telopode is varying in TCs. Most of them present two to three 
telopodes on a single section relying on the site and angle of section, because the 3D 
convolutions prevent them to be observed at their full length in a 2D section [ 1 ]. The 
length of telopode varies from tens to hundreds μm on the TEM image. The average 
thickness is diffi cult to defi ne as for its moniliform appearance with alternation of 
thin segments and dilations. The thin segments are named as podomeres, which are 

  Fig. 1.2    The typical morphology of telocytes in situ and in vitro. The shape of the cellular body is 
piriform, spindle, triangular, or stellate. The cellular process is called telopodes with alternation of 
podomeres and podoms       

 

J. Wang et al.



7

only 0.10 ± 0.05 μm in thickness. Meanwhile, the dilated segments are named as 
podoms and detected as Ca2+ uptake/release units. There are mitochondria, rough 
and smooth endoplasmic reticulum, and caveolae in podoms on the ultrastructural 
image [ 12 ,  79 ]. Telopode is the typical feature to distinguish TCs from neuronal 
dendrites, ICCs, fi broblasts, mesenchymal stem cells, and other interstitial cells, and 
it is considered to be the longest prolongation in the tissue despite of some axons of 
special neuron. TCs can interconnect with homo- or heterogenous cells to form a 3D 
network through intercellular junctions (such as gap or adherens junctions), budding 
shed vesicles and exosomes, and dichotomous branching pattern [ 81 – 83 ].  

1.5     Functions 

 TCs make homo- or heterocellular contacts to form the structure of 3D network and 
thus provide a mechanical support throughout the tissue. Faussone-Pellegrini et al. 
[ 61 ] found that TCs had many processes and were attached to neighboring ones 
with so-called desmosome junctions to form a continuous 3D network in rat mesen-
tery. Caveolae and attachment plaques lead to connecting cellular processes with 
the extracellular matrix. Thus, it is hypothesized that the TCs’ network is resistant 
and deformable following intestinal loop repletion/depletion and controls mesen-
teric blood vessel rheology. Similarly, the TCs’ network is considered to be resistant 
to and deformable following intestine movements in the myenteric plexus of gastro-
intestinal muscle coat [ 9 ]. In adult human neuromuscular spindles, TCs are detected 
to be located in the inner and outermost layer of the capsule and may provide 
mechanical support to control muscle tone and motor activity with their special 
microenvironment [ 55 ]. In addition, the 3D network formed by TCs in human 
 urinary bladder provides a structural support to protect from anomalous  deformation 
of the bladder wall with its distension and relaxation [ 29 ]. 

 Another important role for TCs in 3D network is to be active and transmit 
 intercellular signaling. Recently, accumulating evidence shows that TCs can 
 establish direct cell-to-cell contact or a juxtacrine and/or paracrine association by 
budding shed vesicles, exosomes, or other micromolecule in different organs. 
Popescu et al. [ 84 ] showed that TCs formed complex and atypical junctions with 
homo- or heterogenous cells in the human heart. Meanwhile, small dense structures 
(10–15 nm nanocontacts) which are able to directly connect TCs with cardiomyo-
cytes are identifi ed in rat heart [ 81 ]. They can also take part in a juxtacrine intercel-
lular signaling process or facilitate a paracrine signaling process [ 82 ]. The release 
of shed vesicles and exosomes from telopodes is noted to transport different macro-
molecular signals to the surrounding cells and regulate physiological and pathologi-
cal process in various organs [ 34 ,  82 ,  85 ]. As it is reported, TCs express estrogen 
(ER) and progesterone (PR) receptors to be hormonal sensors to participate in myo-
metrial contractions and fallopian tube motility via gap junctions or juxtacrine and/
or paracrine mechanisms [ 86 ,  87 ]. Also, TCs secrete vascular endothelial growth 
factor (VEGF), nitric oxide (NO), IL-6, some chemokines, and even microRNAs to 

1 The History of Telocyte Discovery and Understanding
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affect and control surrounding cells [ 67 ,  88 ]. In the gastrointestinal muscle coat, it 
is suggested that TCs intertangle with ICC to participate in spreading the slow 
waves generated by ICC [ 9 ]. Besides, Popescu et al. [ 89 ] proved that T-type calcium 
channels were present in TCs in human myometrium and played a role in activating 
endogenous bioelectric signals to regulate myometrium contractions. 

 The role of TCs in tissue regeneration or repair, considered as a vital function for 
TCs, has been identifi ed in various organs in vivo or in vitro. The stem cell-based 
tissue regeneration therapy is thought to be a potential and promising method to 
treat some troublesome diseases in different tissues and organs, such as the heart 
[ 90 ], liver [ 91 ], lung [ 92 ], kidney [ 93 ], and nerve [ 94 ]. However, a defi ciency in the 
interstitial to support for proliferation and differentiation of exogenous stem cells in 
tissues leads to the decline in the treatment effect of stem cell therapy. Now, the 
growing evidences show that there is a close contact between TCs and stem cells 
and progenitor cells in stem cell niches in various tissues and organs [ 35 ,  51 ,  54 ,  56 , 
 80 ,  84 ,  85 ,  95 ,  96 ]. The 3D interstitial network constructed by TCs not only pro-
vided a mechanical support for stem cells and progenitor cells but also promoted 
proliferation, differentiation, maturation, and migration of stem cells and progenitor 
cells through atypical junctions and juxtacrine or paracrine [ 22 ,  52 ,  83 ,  85 ,  97 ]. 

 Noteworthy, Popescu et al. [ 98 ] fully elaborated that TCs acted as a stromal 
 supporting cells and connected with cardiac stem cells (CSCs) and cardiomyocyte 
progenitors (CMPs) in the cardiac stem cell niche (CSCN) to sustain a continuous 
cardiac renewal process. It is also reported that cardiac TCs can secrete several 
cytokines and chemokines and even microRNAs to CSCs to regulate stem cell 
 proliferation and differentiation [ 88 ,  99 ]. In addition, TCs are supposed to enhance 
angiogenesis in myocardial infarction models through secreting VEGF and NOS2 
to promote regenerating and repairing injured myocardium [ 67 ,  100 ,  101 ]. Besides, 
it is speculated that TCs itself may be the subpopulation of epicardium-derived 
progenitor cells because both of them express the same surface molecules such as 
c-kit and PDGFR-β [ 102 ]. Thus, cardiac TCs are considered as a source of progeni-
tor cells in myocardial regeneration and repair. Similarly, the relationship between 
TCs and stem cells or progenitor cells is also identifi ed in the lung [ 85 ], liver [ 35 ], 
eyes [ 56 ], skin [ 50 ], skeletal muscle [ 52 ], heart valves [ 17 ], and meninges and cho-
roid plexus [ 54 ], but the functional mechanism needs to be further clarifi ed. 

 TCs also play a role in immune surveillance and immune homeostasis. It is found 
that TCs present a contact with different immune cell in tissues [ 33 ,  77 ,  103 ]. In vitro, 
TCs can activate and regulate murine macrophages by secreting cytokines (e.g., IL-6, 
TNFα, IL1-R1 and IL-10) [ 103 ]. The global analysis of gene expression of different 
chromosomes in TCs also provides a support to the role of TCs in immune modulation 
[ 104 ,  105 ]. TCs are supposed to act as a mechanical sensor to participate in contrac-
tion modulation. Popescu et al. [ 106 ] showed that the growth rate of TCs from preg-
nant myometrium presented more active with low-level laser stimulation (LLLS) than 
that from nonpregnant myometrium. The extension of telopodes is inhibited by mibe-
fradil which is known to inhibit the bioelectrical signal and uterine contractile forces. 
Thus, it is considered that TCs may involve in mechanical modulations to regulate and 
control uterine contraction. Besides TCs are located in neuromuscular spindle which 
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is an encapsulated proprioceptor and contacts with striated muscle fi bers, nerves, and 
blood vessels by cell-to-cell signaling. It also should take into account that TCs take 
part in perceiving stimulation to control muscle tone and activity [ 55 ].  

1.6     Omics Science 

 The gene expression profi le of TCs is fi rstly identifi ed by comparing with mesen-
chymal stem cells and fi broblasts in mice by DNA microarray [ 107 ]. Differentially 
expressed genes in these three cells provide an evidence that TCs are a distinct 
interstitial cell type and have developmental and functional difference from mesen-
chymal stem cells and fi broblasts. Several upregulated genes are identifi ed in TCs, 
e.g., connective tissue growth factor (CTGF), transgelin (Tagln), nidogen 1 (Nid1), 
tissue inhibitor of metalloproteinase 3 (TIMP3), collagen type IV, alpha (Col4a, 
Col4a6, Col45), matrix metallopeptidase 10 (Mmp10), matrix metallopeptidase 3 
(Mmp3), and retinol-binding protein 1 (RBP1). All of these have been demonstrated 
to play an important role in tissue remodeling and repair. Subsequently, our team 
integrates gene expression profi les and focuses on the different chromosomes to 
mine the signifi cantly expressed genes in TCs by comparing with mesenchymal 
stem cells, fi broblasts, alveolar type II cells, airway epithelial cells, and lympho-
cytes [ 105 ]. Initially, the genes in chromosome 1 are analyzed and there are 14 
upregulated and 39 downregulated differentially expressed genes which are identi-
fi ed on chromosome 1 in TCs compared with the other seven cells (Fig.  1.3 ). Among 
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  Fig. 1.3    Hierarchical cluster analysis of the differentially expressed genes of telocytes in chromo-
some1. Telocytes were a peculiar cell type that was distinguished from mesenchymal stem cells 
( MSCs ), fi broblasts ( Fbs ), alveolar type II cells ( ATII ), proximal airway cells ( PACs ), airway basal 
cells ( ABCs ), and lymphocytes from the lungs ( T-LL ) and bronchial lymph nodes ( T-BL )       
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these differentially expressed genes, three genes, Capn2, Fhl2, and Qsox1, are over-
expressed and contribute to speculating that TCs may have a close  association with 
morphogenesis and local tissue homeostasis. Meanwhile the function for immune 
modulation in tissue infl ammatory diseases is proposed. Subsequently, the variation 
of differentially expressed genes is identifi ed in chromosomes 2, 3, 4, 17, 18, and X, 
respectively [ 104 ,  108 – 110 ]. This provides a new way to explore and identify the 
biological functions of TCs and reveals the signifi cant relationship between TCs 
and pulmonary diseases.

   MicroRNAs (miRs) are small, single-strand RNA molecules and can inhibit gene 
translation to control target protein expression [ 111 ]. Popescu et al. [ 112 ] screened 
the microRNA signatures in cardiac cells and detected the difference in microRNA 
expression between TCs and cardiomyocytes. TCs present the mesenchymal origin 
by signifi cantly up-expressing miR-21, miR-22, miR-29, and miR-199a-5p and 
down-expressing miR-1, miR-133a, and miR-208a. Besides, the expression of miR- 
193, which has been considered to regulate c-kit protein expression, is absent in 
TCs by comparing with cardiomyocytes, which concurs with the fact that TCs are a 
distinct interstitial cell type with c-kit-positive expression. 

 The proteomic analysis of TCs, by comparing with microvascular endothelial 
cells and fi broblasts, is conducted to identify the differentially expressed proteins by 
using isobaric tag for relative and absolute quantifi cation (iTRAQ) labeling 
(Fig.  1.4 ). Xiangdong Wang et al. [ 113 ] fi rstly performed a proteomic analysis of 
human lung TCs by comparing with fi broblasts and discovered that myosin-4, peri-
plakin, and oxidoreductase activity-associated proteins are upregulated in TCs. 

  Fig. 1.4    Interaction networks of differentially expressed protein in telocytes were analyzed with 
STRING. The oxidation-reduction process and extracellular vesicular exosome were identifi ed to 
reveal the role of telocytes in tissues       
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These differentially expressed genes provide a support to the assumption that TCs 
play an important role in tissue repair and remodeling, mechanical sensing, and 
microenvironment homeostasis. Meanwhile, the up-expressed proteins in TCs, 
such as mitochondrial thioredoxin-dependent peroxide reductase, protein disulfi de- 
isomerase A3, myosin-14, myosin-10, fi lamin-B, sodium/potassium-transporting 
ATPase subunit a-1 and keratin, and type II cytoskeletal 1, show a consistence with 
those in mammalian extracellular vesicle proteome. Thus, it is assumed that TCs 
release these proteins via vesicles to transmit intercellular signaling, nurse stem cell 
niche, and maintain extracellular environment homeostasis. Subsequently, the dif-
ference in protein expression is also analyzed in TCs by comparing with endothelial 
cells using the same method [ 114 ]. SODM (SOD2), acid ceramidase, and envopla-
kin are up-expressed in TCs, while microtubule-associated protein RP/EB family 
member 1, MUC18, cysteine-rich protein 2, von Willebrand factor, and platelet 
endothelial cell adhesion molecule are up-expressed in endothelial cells. Thus, the 
differentially expressed proteins in TCs further confi rm the role of TCs in tissue 
homeostasis, stem cell differentiation, and morphogenetic bioelectrical signaling.

1.7        Interaction with Other Cells 

 TCs are reported to contact with various cells in the tissue (Fig.  1.5 ). The synapse-
like  contacts between TCs and neighboring cells are detected with ultrastructural 
evidence. The new term “stromal synapse” is fi rstly introduced to describe this new 
connective connection which seems like chemical juxtacrine synapse with exosome 
secretion [ 115 ]. The stromal synapses are found to connect TCs with immunoactive 
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cells in various organs. In rat myometrium, it is reported that TCs establish the con-
nection with eosinophil by releasing extracellular vesicles. Thus, the assumption that 
vesicle-based antigen signaling exchange works between TCs and eosinophil to reg-
ulate immune microenvironment is proposed. The contact between TCs and lympho-
cytes or plasma cells is also reported, which gives a support to the role of TCs in 
immunomodulation [ 115 ]. Meanwhile, there is a close positional and functional link 
between TCs and macrophages in human fallopian tube [ 115 ,  116 ]. It is consistent 
with the observation that TCs modulate the morphology, viability, and cytokine 
secretion of macrophages in vitro [ 103 ]. Besides, TCs are found to contact with mast 
cells in human mammary gland stroma [ 115 ]. 

 In skeletal muscle interstitium, TCs establish a close contact with blood capillar-
ies, nerve fi bers, satellite cells, and myocytes and are supposed to participate in 
muscle regeneration [ 52 ]. TCs are also identifi ed to contact with smooth muscle 
cells, blood vessels, and even nerve fi ber via cell processes or telopodes in the 
myenteric plexus of chicken ileum [ 33 ]. Equally, TCs established close spatial rela-
tionships with myocardial cells, blood vessels, and nerve endings in the heart [ 13 , 
 14 ]. The spatial connection between TCs and nerve endings and blood capillaries is 
also discovered in the lung and trachea under TEM [ 37 ]. It is fi rmly supported that 
TCs can protect human pulmonary microvascular endothelial cells from endotoxin 
by secreting VEGF and EGF in vitro [ 117 ]. Pancreatic TCs are also reported to be 
in close vicinity of blood vessels, nerves, and pancreatic acinar cells and ducts [ 34 ]. 
In addition, skin TCs are closely related to fi broblasts, mast cells, adipocytes, and 
connective fi ber bundles [ 50 ]. 

 The stem cell niche provides a microenvironment for stem cells and progenitor cells 
to regulate and promote stem cell survival, commitment, and differentiation [ 79 ]. A 
considerable number of observation shows that TCs exist in stem cell niche and partici-
pate in nursing stem cells and progenitor cells for tissue regeneration and repair. The 
electron microscopy showed that TCs offer physical and informational support for stem 
cells and progenitors in cardiac stem cell niche to induce cell differentiation and cardiac 
renewal process [ 98 ,  118 ]. Equally, TCs extend their telopodes to surround putative 
stem cells to form the TC-SC niches in the lung according to ultrastructural feature. 
Further, they contact with each other via nanocontacts and shed vesicles [ 85 ]. It is also 
reported that TCs have a close cooperation with skeletal muscle stem cells under TEM, 
and differentiative capacity of skeletal muscle stem cells is enhanced when cocultured 
with TCs in vitro [ 52 ,  95 ]. This provides a positive support to the functional role of TCs 
with stem cells. Besides, TCs establish atypical heterocellular junctions with stem cells 
in the skin, liver, and urinary system, to name just a few [ 51 ,  96 ,  102 ].  

1.8     Methods 

 Now, there are many methods to identify TCs in situ or in vitro, but TEM is still the 
“gold standard” to distinguish TCs from other interstitial cells in different tissues. 
TEM not only can display the special feature of morphology but also help to 
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recognize and defi ne the connection or junction between TCs and neighboring cells, 
such as stem cells, myocardial cells, immune cells, and so on [ 119 ]. The most 
advanced electron microscope technology-focused ion beam scanning electron 
microscopy (FIB-SEM) tomography is even introduced to study the 3D architecture 
of TCs’ network [ 120 ]. The 3D reconstruction of TCs by FIB-SEM tomography 
supplied a visual level to reveal the typical feature of TCs and the putative connec-
tion between TCs and other cells. 

 Immunohistochemistry is another key method in the study of TCs, but there is no 
unique and exclusive immunohistochemical label to identify TCs up to now. 
Meanwhile, TCs present different immunohistochemical markers in different organs 
and even in different tissues from the same organ. Recently, TCs have been reported 
to be positive for c-kit/CD117, CD34, vimentin, caveolin-1, platelet-derived growth 
factor receptor α (PDGFRα), vascular endothelial growth factor (VEGF), inducible 
nitric oxide synthase (iNOS), and so on [ 13 ,  23 ,  48 ,  59 ,  121 ]. TCs co-express c-kit, 
CD34, vimentin, nestin, and S-100 in the epicardium, while it is positive for c-kit, 
CD34, vimentin, and EGFR and negative for nestin, desmin, CD13, and S-100 in 
the myocardium [ 13 ,  122 ]. Furthermore, three subtypes of TCs are identifi ed in 
human urinary bladder by TEM and immunohistochemistry. TCs’ subtype expresses 
PDGFRα/calret positive and αSMA/CD34/c-Kit negative or PDGFRα/calret/αSMA 
positive and CD34/c-Kit negative in the different locations of the sub-urothelium, 
respectively. The third TC subtype is undoubtedly identifi ed by expressing CD34/
calret positive and c-Kit/PDGFRα/αSMA negative in the submucosa and detrusor 
of urinary bladder [ 29 ]. These TCs’ subtypes identifi ed in different tissues give us a 
new sight to elaborate the tissue special role of TCs in various organs. 

 It shows that several kinds of dyes have been used to observe and identify TCs in 
tissues. Methylene blue vital staining is widely applied to confi rm the existence of TCs 
in cell cultures [ 123 ]. TCs have also been detected to present an affi nity to crystal violet 
and silver impregnation, which are seldom selected to study [ 15 ,  124 ]. Janus green B 
vital staining and MitoTracker green FM, both of which have a high affi nity for mito-
chondria, have been introduced to assess viability and localize mitochondria in TCs and 
its telopodes [ 37 ]. Flow cytometry is used to identify and screen the phenotype of TCs 
in vitro and helps to subdivide different subtypes of TCs. As it is reported, there are 64 % 
of the primary cultured cardiac TCs to express CD117/CD34 positive, which shows a 
great difference from bone mesenchymal stem cells, cardiac fi broblasts, and cardiomyo-
cytes about telomerase activity [ 125 ]. Time-lapse video microscopy is also applied to 
monitor the behavior of TCs from nonpregnant myometrium in cell culture. It shows a 
real-time observation to interaction between TCs and myocytes in vitro [ 126 ].  

1.9     Conclusion 

 The existence of TCs is continuously identifi ed in various organs from different spe-
cies. TEM is considered the only method to distinguish TCs from other interstitial 
cells, such as fi broblasts, ICCs, or stem cells. The typically ultrastructural 
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characteristics of TCs are considered as a tiny body with several long and thin telo-
podes which extend with alternation of podomeres and podoms. The role of TCs has 
been speculated to involve in mechanical support, intercellular signaling, tissue 
renewal or repair, immune surveillance, and mechanical sensor in physical and 
pathological conditions. More and more advanced technologies are introduced to 
reveal the essence and function of TCs in situ or in vitro, especially the omics sci-
ence. However, there are still lots of problems to be solved, e.g., whether TCs are a 
population of homogeneous cells or TC subpopulation needs to be divided and iden-
tifi ed; what are the TC-specifi c biomarkers to be detected; how the role of TCs in 
different diseases should be explored although TEM shows the change of TCs in 
quantity and morphology; and what are direct evidences to demonstrate the func-
tions of TCs in various conditions. Thus, TCs as a new type of interstitial cells will 
provide us a brand-new sight and foresight treatment to various diseases in the 
future.     
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    Chapter 2   
 Decoding Telocytes                     

     Junjie     Xiao      and     Yihua     Bei   

    Abstract     Telocytes (TCs) are a novel type of interstitial cells, with extremely long 
and thin cellular prolongations termed telopodes (Tps). TCs were fi rst identifi ed by 
Popescu et al. and described their fi nding as “cells with telopodes.” The presence of 
TCs has been reported in the majority of tissues and organs (for details please visit 
  www.telocytes.com    ). TCs have been ignored or overlooked for a long time due to 
our inability to observe these cells via a light microscopy. TCs represent a distinct 
cell population, different from other types of interstitial cells, based on their distinct 
(ultra)structure, immunophenotype, microRNA profi le, gene feature, proteome sig-
nature, and secretome features. As TCs have been suggested as new cellular targets 
for forthcoming therapies, developing specifi c methods to modulate TC numbers 
represents an important objective.  

2.1        Introduction 

 Telocytes (TCs) are a type of interstitial cell, identifi ed based on the specifi c  presence 
of extremely long and thin cellular prolongations named telopodes (Tps) [ 1 – 3 ]. 
Telocytes were fi rst identifi ed by Popescu et al. who coined the name TCs on the 
basis of their physical appearance (using the Greek prefi x “telos,” meaning goal, 
end, or fulfi llment) and defi ned this cell, in its simplest form, as “cells with 
 telopodes” [ 1 ]. 

 While TCs have been reported in the majority of tissues and organs, this cell type 
is often overlooked due to the fact that Tps are below the resolving power of the 
light microscope, which prevents us from visualizing this cell using conventional 
light microscopy [ 4 – 15 ]. 

 There has been considerable attention placed on discrimination TCs from other 
types of interstitial cells [ 16 – 27 ]. Currently, it is widely accepted that TCs represent 
a distinct cell population from other types of interstitial cells based on their distinct 
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(ultra)structure, immunophenotype, microRNA (miRNA, miR) profi le, gene  feature, 
proteome signature, and secretome features [ 3 ]. Thus, in this chapter, we attempt to 
detail and describe the nature of TCs.  

2.2     (Ultra)structure of TCs 

 To identify TCs accurately, transmission electron microscopy (TEM) is generally 
considered as the golden standard [ 9 ,  25 ,  26 ,  28 – 45 ]. TCs are cells with extremely 
long cellular extensions (Tps) with an alternation of thin segments (podomers) and 
dilated, cistern-like portions (podoms) (Fig.  2.1 ) [ 3 ]. Strikingly, TCs have long and 
thin Tps and an irregular cell body with scarce cytoplasm, accommodating the 
Golgi apparatus, mitochondria, and few endoplasmic reticulums [ 46 ,  47 ]. The shape 
of TCs’ cell body is determined by the number of Tps and can be piriform, spindle, 
triangular, or stellate [ 3 ]. Alternating podomers and podoms afford the typical 
“bead-on-a-string” appearance of Tps [ 48 ]. The podoms accommodate endoplasmic 
reticulum, caveolae, and mitochondria [ 3 ]. The presence of mitochondria in the cell 
body and particularly in the podoms of Tps has been demonstrated by Janus green 
B staining and MitoTracker Green FM [ 3 ]. Through their long prolongations, they 
form a three-dimensional (3D) network to maintain organism homeostasis [ 49 ,  50 ]. 
By contrast, fi broblasts have a large and pleomorphic cell body, with prominent 
Golgi complex, well-developed rough endoplasmic reticulum, and few, short, and 
large caliber cell processes, making them easily recognizable via light microscope 
[ 3 ]. Recently, three-dimensional imaging of human cardiac TCs has been revealed 
using a focused ion beam scanning electron microscopy (FIB-SEM) [ 51 ].

   As such, TCs differ from other types of interstitial cells based on their distinctive 
ultrastructure [ 3 ].  

  Fig. 2.1    Three electron microscopy images of a telocyte in human heart valve. A telocyte (TC) with 
typical telopode (Tp) that emerges from the small cell body; scale bars: 2 μm (Courtesy of Dr. LM. 
Popescu, Department of Ultrastructural Pathology, Victor Babes National Institute of Pathology, 
Bucharest, Romania. Reproduced with permission from Bei et al. [ 2 ])       

 

J. Xiao and Y. Bei



25

2.3     Immunophenotype 

 Immunostaining can also represent a modality by which TCs can be distinguished 
from other types of interstitial cells [ 52 ,  53 ]. Double immunolabeling is a useful 
method for semiquantitative analysis for TCs [ 54 ]. Unfortunately, currently no 
 single specifi c immunophenotype for TCs has been established [ 3 ]. Moreover, there 
may exist organ- or tissue-specifi c immunophenotypes of TCs [ 3 ]. 

 Cardiac TCs are the best-characterized TC subtype [ 55 – 58 ]. Cardiac TCs 
 reportedly express hematopoietic stem cell marker CD34, mesenchymal cell marker 
vimentin, myocardial stem cell markers sca-1 and c-kit, and embryonic stem cell- 
associated gene of Nanog [ 59 ]. CD34 is mainly expressed in the proximal prolonga-
tions and the cell body, while vimentin is only expressed in the prolongations [ 59 ]. 
By contrast, sca-1 is mainly exhibited in the initial part of the Tps and the cell body, 
while Nanog is only expressed in the cell body [ 59 ]. Moreover, c-kit is highly 
expressed in the cell body and Tps of TCs [ 59 ]. However, no direct comparison with 
cardiac fi broblasts or other types of interstitial cells was performed in that study 
[ 59 ]. Thus, initially, CD34/c-kit and CD34/vimentin have been considered as appro-
priate immunomarkers for TCs (Fig.  2.2 ) [ 3 ].

   Interestingly, TCs are also immunohistochemically negative for CD90/Thy-1 
(fi broblasts), procollagen 1, CD31/PECAM-1 (endothelial cells), CD11c (dendritic 
cells and macrophages), and α-SMA (myofi broblasts, pericytes, and vascular 
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  Fig. 2.2    Double immunofl uorescence staining for CD34/c-kit, CD34/vimentin, CD34/PDGFR-α, 
and CD34/PDGFR-β of cardiac telocytes (TCs) primary culture. Cardiac TCs are positive for ( a ) 
CD34 ( green ) and ( b ) c-kit ( red ). Co-localization of CD34 and c-kit is obvious in TCs ( c ). ( d ) 
CD34 ( green ) and ( e ) vimentin ( red ). Co-localization of CD34 and vimentin is obvious in TCs ( f ). 
( g ) CD34 ( green ) and ( h ) PDGFR-α ( red ). Co-localization of CD34 and PDGFR-α is obvious in 
TCs ( i ). ( j ) CD34 ( green ) and ( k ) PDGFR-β ( red ). Co-localization of CD34 and PDGFR-β is obvi-
ous in TCs ( l )       
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smooth muscle cells) [ 3 ,  60 ]. TCs have also been shown to be negative for CD68 
and other markers related to immune functions including CD1a and CD62-P, 
 indicating a clear difference between TCs and macrophages [ 3 ,  60 ]. TCs are 
 sometimes negative by immunohistochemistry for c-kit/CD117 (mast cells) [ 60 ]. 
Thus, CD34- positive and CD31-negative immunostaining is frequently used to 
identify TCs [ 3 ]. However, endothelial progenitor cells (EPCs) also express CD34 
and c-kit, which may confound this immunohistochemical approach [ 60 ]. Moreover, 
controversial data from the presence or absence of c-kit expression in TCs has been 
reported [ 60 ]. A “switching” phenotype behavior described in other cell popula-
tions or differences in the technical procedures may explain these confl icting results 
[ 60 ]. Importantly, while CD34 immunolabeling does not allow an unequivocal iden-
tifi cation of TCs since it does not label all TCs, it is still the best available choice 
when used in combination with vimentin or c-kit [ 60 ]. Importantly, a single positive 
signal for CD34 or c-kit is insuffi cient to confi rm a TC [ 60 ]. Therefore, hitherto, 
double- positive immunostaining for CD34/vimentin is regarded as a most useful 
marker for TCs [ 60 ]. 

 Platelet-derived growth factor (PDGF), a major mitogen of mesenchymal cells, 
can induce the migratory and mitogenic response of mesenchymal stem cells [ 61 ]. 
PDGF-B polypeptide is secreted by endothelial cells and promotes the formation of 
the surrounding muscular wall. PDGF receptor-beta (PDGFR-β), as the receptor of 
PDGF-B, is important for vascular stability and also plays an important role in the 
promotion of migration and proliferation of mesenchymal stem cells [ 61 ]. 
Interestingly, the PDGFR-β-positive TCs have been identifi ed in the skeletal muscle 
interstitium and potentially regulate the process of microvessel cell recruitment dur-
ing vascular remodeling and angiogenesis [ 62 ,  63 ]. Thus, double-positive immu-
nostaining with CD34/PDGFR-β is also regarded as a useful marker for the 
identifi cation of TCs (Fig.  2.2 ) [ 60 ]. 

 Besides CD34/PDGFR-β double immunolabeling, CD34/PDGFR-α has also 
been suggested as a marker for TCs [ 64 ]. Initially, CD34/PDGFR-α double-positive 
immunostaining was suggested as a specifi c marker for TCs in various segments of 
the human gut including the esophagus, corpus and antrum, gastric fundus, and 
large and small intestine [ 64 ]. However, hepatic TCs were also found to be CD34/
PDGFR-α double positive in mice and human [ 36 ,  65 – 67 ]. Recently, we isolated 
cardiac TCs from adult mice and confi rmed TCs by double-positive immunostain-
ing for CD34/vimentin and CD34/PDGFR-β [ 68 ]. We provided direct evidence that 
isolated cardiac TCs are double positive for CD34/PDGFR-α [ 68 ]. Moreover, quan-
titatively, CD34/PDGFR-α-positive cells accounted for almost one third of cardiac 
TCs enriched in rat cardiac interstitial cell populations [ 68 ]. Thus, CD34/PDGFR-α 
double immunolabeling also helps in the identifi cation of TCs (Fig.  2.2 ). However, 
endothelial cells also express both CD34 and PDGFR-α [ 64 ]. Therefore, the combi-
nation of CD34 or PDGFR-α immunolabeling with an endothelial-specifi c marker 
(i.e., CD31/PECAM-1) may help identify TCs. 

 It is worth noting that TCs have been proposed to represent a source of cardiac 
mesenchymal cells, a hypothesis supported by CD29-positive staining in these cell 
types [ 69 ,  70 ]. Notably, CD29 is also a well-known marker of mesenchymal stem 
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cells [ 70 ]. In addition, as PDGFR-α is expressed in mesenchymal stem cells, the 
presence of PDGFR-α expression in TCs reinforces the hypothesis that TCs repre-
sent the adult stromal mesenchymal cells [ 60 ]. 

 Importantly, immunohistochemical profi le of TCs may be different between tis-
sues and organs [ 60 ]. A recent study using immunostaining indicated that TCs in the 
spleen are positive for vimentin, CD34, Nanog, and sca-1 but negative for c-kit [ 71 ]. 
In addition to the organ- and tissue-specifi c immunophenotype, TC subtypes also 
exist and they might play region-specifi c roles [ 72 ]. Three subtypes of TCs have 
been identifi ed in human urinary bladder [ 72 ]. The fi rst subtype of TCs is immedi-
ately beneath the urothelium and is PDGFR-α/calret positive and α-SMA/CD34/c- 
kit negative [ 72 ]. Another subtype of TCs is deeper in the sub-urothelium and is 
α-SMA positive, which is similar to myofi broblasts [ 72 ]. However, myofi broblasts 
are PDGFR-α/calret negative [ 72 ]. A third subtype of TCs exists in both the submu-
cosa and detrusor and they are calret positive but c-kit/PDGFR-α/α-SMA negative 
[ 72 ]. Thus, TC subtypes may adapt their phenotype and morphology based on its 
organ and tissue localization. 

 In summary, CD34/vimentin double positive and CD34/PDGFR-β double posi-
tive enable the identifi cation of TCs. In addition, CD34 positive/CD31 negative and 
PDGFRα positive/CD31 negative are also markers for TCs [ 73 ]. 

 Interestingly, Podoplanin (D2-40) has also recently been identifi ed as a reliable 
marker of TCs in the bladder [ 74 ]. However, considering that Podoplanin (D2-40) 
is also expressed in many other normal cells including chondrocytes, osteocytes, 
and follicular dendritic cells, this marker would need to be combined with other 
markers to confi rm the identity of TCs [ 74 ].  

2.4     miRNA Imprint 

 miRNAs are a novel class of endogenous noncoding RNAs, which play critical 
roles in the regulation of gene expressions at the posttranscriptional level [ 75 – 77 ]. 
A single miRNA can target hundreds of genes, and a single gene is often regulated 
by multiple miRNAs [ 78 – 80 ]. It has been suggested that nearly 60 % genes are 
regulated by miRNAs thereby impacting proliferation, differentiation, apoptosis, 
metabolism, and tissue remodeling [ 75 – 77 ,  81 ]. Interestingly, miRNAs also 
exhibit a tissue- and cell-type-specifi c distribution and roles [ 78 – 80 ]. Cardiac-
specifi c miRNAs, including miR-208a and miR-133a, have been shown to be 
expressed in cardiomyocytes but not in cardiac TCs [ 82 ]. By contrast, miR-21, 
miR-29, and miR-199a-5p are highly expressed in fi broblasts [ 82 ]. Importantly, 
TCs do not express miR-193, while fi broblasts express miR-193 [ 82 ]. While this 
fi nding suggests that miR-193 may be a surrogate marker of TCs, further studies 
are needed to clarify the role of this small molecule in TCs [ 82 ]. More specifi cally, 
an miRNA analysis of primary isolated cardiac TCs and cardiac fi broblasts using 
miRNA arrays could substantially improve our molecular understanding of these 
cell types.  

2 Decoding Telocytes



28

2.5     Genome Features 

 Using an Agilent Mouse 4 × 44K Gene Expression Array, the gene expression pro-
fi le of mouse lung TCs were compared to the profi le observed in mesenchymal stem 
cells and fi broblasts [ 83 ]. Over 2,000 and 4,000 different genes have been found to 
be upregulated and downregulated, respectively, in TCs as compared to either mes-
enchymal stem cells or fi broblasts [ 83 ]. Interestingly,  Cdh2 ,  Cyba ,  Rnf128 ,  Dpysl3 , 
 Fstl1 ,  Rbp1 ,  Gm12892 ,  Cdh2 ,  Aldh1a1 , and  Gm5864  were found upregulated >100 
times in TCs versus fi broblasts, while  Rbp1  and  Glipr1  were found upregulated 
>100 times in TCs versus mesenchymal stem cells [ 83 ]. A gene ontology (GO) 
analysis revealed that differentially expressed genes in TCs are involved in develop-
ment and tissue and/or organ morphogenesis [ 83 ]. In addition, numerous genes 
were found to be specifi cally upregulated or downregulated in TCs when compared 
to both fi broblasts and mesenchymal stem cells [ 83 ]. Commonly upregulated genes 
include  Ctgf ,  Mmp10 ,  Mmp3 ,  Col4a4 ,  Col4a6 ,  Col4a5 ,  Unc13b ,  Mapk13 ,  lgsf9 , 
 Glipr1 ,  Clic5 ,  Myh14 ,  Aldh1a1 ,  Aldh1a2 ,  Rbp1 ,  Gprc5c ,  Gsta3 ,  Plac9 ,  Fgd3 ,  Dok2 , 
and  Scnn1a  [ 83 ]. Commonly downregulated genes include  Car6 ,  Odz4 ,  Oz / ten - m , 
 Cdsn ,  Hoxc6 , and  Lfi 203  [ 83 ]. 

 Following expression profi ling, the patterns of mouse lung TC-specifi c gene pro-
fi les on chromosome 1 were compared against other types of cells including mesen-
chymal stem cells, fi broblasts, alveolar type II cells, airway epithelial cells, and 
lymphocytes [ 84 ]. The gene expression profi le data from pulmonary TCs on day 5 and 
day 10, compared with mesenchymal stem cells and fi broblasts, were obtained from 
previous studies. The alveolar type II cells, airway basal cells (ABCs), proximal air-
way cells (PACs), lymphocytes from bronchial lymph nodes (T-BL), and lymphocytes 
from lung (T-LL) gene expression profi le data were collected from the National Center 
for Biotechnology Information (NCBI) Gene Expression Omnibus database (GSE6846, 
GSE27379, GSE28651). String Network analysis (  www.string-db.org    ) was used to 
analyze the physical and functional associations of selected genes of TCs in chromo-
some 1. TC-specifi c genes on chromosome 1 are selected as genes enriched in TCs on 
day 5 and/or day 10 as compared to other cells types previously described. 
Approximately 10–20 % of genes demonstrated a similar pattern in TCs, mesenchymal 
stem cells, fi broblasts, and alveolar type II cells, while few similarities were identifi ed 
between TCs and ABCs, PACs, T-BL, or T-LL, respectively. Interestingly, among all 
genes analyzed,  Capn2 ,  Fhl2 , and  Qsox 1 were found to be signifi cantly overexpressed 
in TCs when compared to other cell types evaluated. Capn2, a member of non-lyso-
somal calcium-activated neutral proteases, is involved in cell migration. The enrich-
ment of Capn2 in TCs suggests that TCs may participate in tissue/organ homoeostasis 
and morphogenesis. Fhl2 is able to interact with plasma membrane integrin. The 
enrichment of Fhl2 in TCs suggests that TCs might be associated with the regulation 
of tissue infl ammation, immune response, injury, repair, and cell movement. Qsox1 
controls cell cycle, oxidative protein folding, and extracellular matrix remodeling. 
Based on the gene  profi les on chromosome 1, these results suggest that TCs may have 
the capacity to induce cell expansion, proliferation, and movement [ 84 ]. 
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 Following the identifi cation of TC-specifi c gene profi les on chromosome 1, the 
TC-specifi c gene expression profi les of chromosomes 2 and 3 were evaluated [ 85 ]. 
A total of 26 or 80 TC genes on chromosomes 2 and 13 or 59 TC genes on chromo-
some 3 were found to be upregulated or downregulated, respectively, as compared 
with other cell types [ 85 ]. On chromosome 2, myosin light polypeptide 9 (Myl9) is 
highly expressed in TCs, while phospholipid transfer protein (Pltp) is expressed in 
TCs at extremely low abundance, which indicates that TCs may modulate infl am-
mation in the lung [ 85 ]. On chromosome 3, SH3-domain GRB2-like B1 (Sh3glb1), 
transmembrane 4 superfamily member 1 (Tm4sf1), and colony-stimulating factor 1 
(Csf1) are highly expressed in TCs, while phosphodiesterase 5A (PDE5A) is down-
regulated [ 85 ]. Myl9 plays a central role in cell adhesion, migration, and division, 
while Pltp regulates lipid metabolism, immune response, and lipopolysaccharide 
binding. Sh3glb1 participates in cell proliferation and survival related to cellular 
stress. Tm4sf1 is highly expressed in various carcinomas, while Csf1 regulates can-
cer metastasis and invasion. PDE5A is closely related to acute and chronic intersti-
tial lung diseases. Based on the gene profi les of TCs on chromosome 2 and 3, the 
possible functional role affected by TCs could be inferred [ 85 ]. 

 The TC-specifi c gene expression profi le on chromosome 4 was also summarized 
[ 86 ]. A total of 17 genes were upregulated, while 56 genes were found to be down-
regulated in chromosome 4 of TCs as compared to other cell types [ 86 ]. A-kinase 
anchor protein 2 (Akap2), G protein-coupled receptor 153 (Gpr153), Syndecan 3 
(Sdc3), and TBC1 domain family membrane 2A (Tbc1d2) were found to be overex-
pressed between one- and fourfold, while sushi, von Willebrand factor type A, EGF, 
and pentraxin domain containing 1 (Svep1) were upregulated greater than fourfold 
[ 86 ]. Akap 2 regulates G protein signaling and actin fi lament dynamics. As an 
orphan receptor, the functional role of Gpr153 remains unclear. Sdc3 affects the 
actin cytoskeleton and controls the cell shape. Tbc1d2 controls cytoplasmic vesicle 
traffi cking and cell junctions. Svep1 participates in cell adhesion [ 86 ]. 

 The specifi c genes and functional networks of TCs found on chromosome 17 and 
18 were also summarized [ 87 ]. A total of 16 and 10 of TC-specifi c genes are upregu-
lated and 68 and 22 are downregulated in chromosome 17 and 18, respectively, as 
compared to other cell types [ 87 ]. Mapk14, Trem2, and MCFD2 are upregulated in 
TCs, while E4F1 and programmed cell death 2 (PDCD2) are downregulated [ 87 ]. 
Mapk14, encoded by the p38 gene, can promote the production of pro-infl ammatory 
cytokines and also control the response to stress and metabolic pathways. Trem2 
negatively regulates cytokine synthesis and plays as an inhibitory regulator in 
infl ammatory response. MCFD2 controls the transport of FV and FVIII from the 
endoplasmic reticulum to the Golgi apparatus. E4F1, a key posttranslational regula-
tor of p53, is able to regulate mammalian embryonic and somatic cell proliferation 
and survival. PDCD2 overexpression has been shown to induce apoptosis in human 
cell lines [ 87 ]. 

 Following the identifi cation of TC-specifi c gene profi les on chromosomes 17 and 
18, the specifi c genes and functional networks of TCs in chromosome X were 
 summarized [ 88 ].  Flna ,  Msn ,  Cfp ,  Col4a5 ,  Mum1l1 ,  Rnf128 ,  Syn1 , and  Srpx2  are 
upregulated, while  Abcb7 ,  Atf1 ,  Ddx26b ,  Drp2 ,  Fam122b ,  Gyk ,  Lrak1 ,  Lamp2 , 
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 Mecp2 ,  Ndufb11 ,  Ogt ,  Pdha1 ,  Pola1 ,  Rab9 ,  Rbmx2 ,  Rhox9 ,  Thoc2 ,  Vbp1 ,  Dkc1 , 
 Nkrf ,  Piga ,  Tmlhe , and  Tsr2  are downregulated in TCs as compared with other cells 
[ 88 ]. Based on these genes, pulmonary TCs are believed to modulate cellular growth 
and migration, protect cells from stress, regulate immune responses, and control 
tissue remodeling, repair, and vessel formation [ 88 ]. 

 In conclusion, more studies should be conducted to determine the functional 
roles of TC-specifi c genes and to further explore the function role of TCs. As tissue- 
and cellular-specifi c gene expression patterns exist, investigators should consider 
evaluating the similarities and differences in the expression between TCs from dif-
ferent tissues/organs using array-based or RNA seq experiments.  

2.6     Proteome 

 Defi ning the TC proteome is a priority to help establish that TCs are a distinct cell 
type [ 89 ]. A total of 39 proteins, most notably myosin-14, were found to be upregu-
lated in lung TCs following 5 days of culture. There were also 25 proteins, including 
collagen alfa 3 (VI) chain, secernin-1, and fascin, shown to be downregulated, as 
compared to fi broblasts [ 89 ]. Based on the 39 proteins identifi ed in TCs, the most 
affected biological processes were thought to be metabolic processes, cellular pro-
cesses, development processes, cellular component organization, precursor metabo-
lites and energy generation, immune system processes, cell communication, 
transport, cell adhesion, cell cycle, system processes, homeostatic processes, bio-
logical processes regulation, and responses to stimulus [ 89 ]. Meanwhile, a total of 
24 proteins, including superoxide dismutase and prostacyclin synthase 6A, were 
found to be upregulated in lung TCs cultured for 10 days, while 40 proteins, includ-
ing microtubule-associated protein RP/EB family member 1 and collagen α-3 (VI) 
chain, were downregulated, relative to fi broblasts [ 89 ]. Interestingly, myosin-14 
remained overexpressed in TCs over the course of 10 days in cell culture [ 89 ]. 
Based on the changes in protein expression, the most affected biological processes 
were suggested to be structural molecule activity and catalytic activity and binding 
[ 89 ]. As myosin-14 is reported to be associated with sensory perception, TCs are 
candidates for a mechanical sensing and mechanochemical conversion task [ 89 ]. 
Interestingly, in TCs, the differentially identifi ed proteins participate in cell signal-
ing and energy and metabolic pathways [ 89 ]. 

 iTRAQ quantitative proteomics has also been performed to profi le human lung 
TCs and microvascular endothelial cells [ 90 ]. A total of 38 proteins including 
myosin- 14, superoxide dismutase (Sod2), acid ceramidase (AC), envoplakin, and 
epiplakin were upregulated in TCs after 5 days culture, while 60 proteins includ-
ing MUC18, Ras-interacting protein 1, BTB/POZ domain-containing protein, pep-
tidyl prolyl cis/trans isomerase, nestin, and von Willebrand factor were 
downregulated relative to microvascular endothelial cells [ 90 ]. Based on the 
changed proteins expression, the most affected biological processes were thought 
to be catalytic and structural molecular activity [ 90 ]. Meanwhile, a total of 26 
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proteins, including  prostacyclin synthase, epiplakin, and superoxide dismutase, 
were upregulated in TCs following 10 days in culture. Conversely, 56 proteins, 
including microtubule- associated RP/EB family member 1, cysteine-rich protein 
2, von Willebrand factor, platelet endothelial cell adhesion molecule peptidyl pro-
lyl cis/trans isomerase, and cell surface glycoprotein MUC18, were downregu-
lated as compared to microvascular endothelial cells [ 90 ]. Based on these protein 
changes, the most affected biological processes were identifi ed as processes affect-
ing catalytic activity, receptor activity, transporter activity, and structural molecule 
activity [ 90 ].  

2.7     Secretome Features 

 RayBio Human Cytokine Antibody Array V analyses were performed using the 
supernatant from cultured human dermal TCs and fi broblasts [ 91 ]. A total of 79 
cytokines were identifi ed and epithelial-derived neutrophil-activating peptide 78 
(ENA-78) and granulocyte chemotactic protein 2 (GCP-2) were found to be signifi -
cantly higher in the supernatant from TCs as compared to fi broblasts. Moreover, 37 
cytokines were signifi cantly lower in the supernatant derived from TCs as compared 
to fi broblasts, including interleukin 5, monocyte chemotactic protein-3 (MCP-3), 
MCP-4, angiogenin, macrophage infl ammatory protein-3, and thrombopoietin. All 
results were confi rmed by ELISA analysis [ 91 ]. ENA-78 participates in angiogen-
esis, which is consistent with previously described role of TCs in neoangiogenesis 
within the heart. Interestingly, GCP-2 has also been correlated with enhanced angio-
genesis and reduction of infarct size, which, similarly, is in keeping with the reported 
functional role for cardiac TCs [ 91 ]. 

 The protein secretory profi le was also analyzed using high-sensitivity on-chip 
electrophoresis, surface-enhanced laser desorption/ionization time-of-fl ight mass 
spectrometry, and multiple analysis by Luminex xMAP by using supernatants from 
mouse-cultured cardiac TCs and 3T3 fi broblasts [ 92 ]. Interleukin (IL)-6, VEGF, 
macrophage infl ammatory protein 1a (MIP-1a), MIP-2, and MCP-1 were reportedly 
enriched in the supernatants from mouse-cultured cardiac TCs, as compared to 
those from 3T3 fi broblasts [ 92 ]. Interestingly, MIP-1a, MIP-2, and MCP-1 are all 
induced by IL-6 signaling, while the latter is associated with cell proliferation [ 92 ]. 
Moreover, the presence of IL-6 and VEGF in TC supernatants suggests a potential 
regulatory role of TCs in the control of cell growth/myocyte differentiation and 
angiogenesis [ 92 ]. In addition, cardiac TCs have been suggested to deliver signals 
to cardiac progenitor cells, which enable them to differentiate into cardiomyocytes 
and participate in cardiac regeneration [ 92 ]. 

 Interestingly, Tps have been reported to release three types of extracellular vesi-
cles including exosomes, ectosomes, and multivesicular cargos [ 93 – 96 ]. However, 
the nature of these extracellular vesicles remains unclear [ 93 ,  94 ]. As such, further 
studies are critically required to compare the extracellular vesicles secreted by TCs 
to those secreted by other types of cells.  
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2.8     Electrophysiology 

 Distinct electrophysiological properties are also important for the identifi cation and 
confi rmation of TCs as a distinct type of interstitial cells [ 22 ,  97 ]. Large conduc-
tance Ca 2+ -activated K +  current (BK Ca ), transient outward K +  current (I to ), inwardly 
rectifying K +  current (IK ir ), and ATP-sensitive potassium current (K ATP ) have been 
identifi ed in human atrial fi broblasts [ 98 ]. Following a comparison of the electro-
physiological properties between human atrial TCs and human atrial fi broblasts, 
BK Ca  and IK ir , but not I to  and K ATP , were found to be expressed in human atrial TCs 
[ 97 ]. Interestingly, Kv4.3 (responsible for I to ) expression in TCs is barely above 
background levels, which supports the fact that I to  current is undetectable in human 
atrial TCs [ 97 ]. Moreover, human ventricular TCs also express BK Ca  and IK ir , but 
not I to  and K ATP  [ 97 ]. Thus, further studies are needed to compare the currents 
between TCs and fi broblasts. Moreover, the difference of electrophysiological prop-
erties between human atrial TCs and human ventricular TCs should also be 
evaluated.  

2.9     Conclusion 

 TCs have been recognized as a distinct novel type of interstitial cells [ 99 ,  100 ]. 
Functionally, TCs are mainly involved in controlling intercellular signaling, either 
by direct contact (junctions) with surrounding elements or at long distance by 
release of extracellular vesicles including exosomes, ectosomes, and multivesicular 
cargos [ 101 ]. Fibroblasts, by contrast, are oriented to collagen and other matrix 
component synthesis [ 60 ]. The functional difference between TCs and fi broblasts 
suggests that TCs are distinct cellular entities from fi broblasts. However, in spite of 
the growing literature on TCs, it is still diffi cult to clearly identify their roles. 
Numerous studies have suggested that TCs mediate (1) a mechanical support, (2) 
immune surveillance, (3) paracrine or juxtacrine intercellular signaling, (4) cell pre-
cursors for a mixture of many cell types with common mesenchymal origin, (5) 
guiding and nursing cells, and (6) neoangiogenesis [ 29 ,  60 ,  102 – 128 ]. 

 There are, however, numerous issues relating to our understanding of TCs that 
need to be resolved. Firstly, the lncRNA profi le of TCs as compared with other types 
of interstitial cells needs to be determined. RNA seqs or lncRNA arrays will provide 
more compelling evidence to discriminate between TCs and other types of interstitial 
cells. Secondly, metabonomic studies would help reveal differences in the metabo-
nomic between TCs and other types of interstitial cells. Thirdly, a single specifi c 
immunophenotype for TCs or at least specifi c for the TCs of a given organ must be 
established with the help of modern proteome studies. Fourthly, as several TC sub-
types share the same ultrastructural features but display totally different immunophe-
notypes, comparisons of the region-specifi c roles of TCs should be performed. Finally, 
as TCs have been suggested to represent novel cellular targets for forthcoming thera-
pies, developing specifi c methods to modulate TCs may be very helpful [ 129 ].     
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    Chapter 3   
 Extracellular Microvesicles (ExMVs) in Cell 
to Cell Communication: A Role of Telocytes                     

     Mariusz     Z.     Ratajczak       ,     Daniel     Ratajczak    , and     Daniel     Pedziwiatr   

    Abstract     There are several mechanisms by which cells communicate with each 
other. Evidence accumulates that the evolutionary oldest mechanisms of cell-cell 
communication involves extracellular microvesicles (ExMVs). Generally, these cir-
cular membrane fragments enriched for mRNA, miRNA, proteins, and bioactive 
lipids are released by exocytosis from endosomal compartment or are directly 
formed by budding from cell surface membranes. ExMVs from endosomal com-
partment called exosomes are smaller in size ~100 nM as compared to larger ones 
released from cell membranes that are in size up to 1 μM. In this chapter we will 
present an emerging link between ExMVs and recently identifi ed novel cell-cell 
communication network involving a new type of cell known as telocyte. Mounting 
evidence accumulates that telocytes mediate several of their biological effects in 
several organs by releasing ExMVs enriched in mRNA, miRNA, proteins, and sev-
eral biological mediators to the target cells.  

3.1        Introduction 

 Cells communicate with each other and exchange biological information by employ-
ing different mechanisms [ 4 ,  14 ,  15 ,  17 ,  20 – 22 ]. The most important cell-cell com-
munication systems are based on (i) secreted growth factors, cytokines, chemokines, 
and small molecular mediators (e.g., extracellular nucleotides, bioactive lipids, 
ROS, and nitric oxide ions), (ii) cell to cell adhesion contacts mediated by sets of 
specialized adhesion molecule-ligand interactions, (iii) exchanging information by 
means of tunneling nanotubules, and (iv) what is a subject of this chapter by circular 
membrane fragments called extracellular microvesicles (ExMVs), a mechanism 
that for many years has been largely overlooked [ 4 ,  14 ,  20 ,  21 ,  23 ]. 

 ExMVs are small circular membrane fragments secreted from the endosomal 
compartment known as exosomes or shed from the cell surface by blebbing of cell 
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surface membrane and play an important role in cell-cell communication [ 10 ,  20 ]. 
This intriguing ExMV-mediated communication system emerged very early during 
evolution and most likely served as a template for the further development of cell- 
cell interaction mechanisms involving soluble bioactive mediators and fi ne-tuned 
ligand-receptor interactions. ExMVs as mediators of physiological cell-cell com-
munication are different from apoptotic bodies and other cell fragments that emerge 
in conditions related to irreversible cell damage [ 4 ,  20 ]. Nevertheless, their overall 
small size and similarity to cellular debris/fragments or apoptotic bodies is one of 
the reasons that biological signifi cance of ExMVs for many years has been some-
how underappreciated. 

 However, recent augmenting evidence accumulates to show that these tiny mem-
brane fragments orchestrate several biological responses [ 4 ,  14 ,  15 ,  17 ,  20 – 23 ]. 
ExMVs contain numerous cell surface proteins and lipids similar to those present in 
the membranes of the cells from which they originate [ 12 ,  19 ]. As demonstrated, 
ExMVs may stimulate target cells directly by surface-expressed ligands acting as a 
kind of “signaling device” [ 12 ,  19 ]. They may also transfer cell surface receptors 
between various cells [ 16 ,  18 ]. These receptors after transfer may remain functional 
and change a surface phenotype of the target cells [ 19 ]. Furthermore, since they engulf 
some cytoplasm during membrane blebbing, they may also contain intracellular pro-
teins, mRNA, and miRNA, and as we have demonstrated, they are involved in hori-
zontal transfer of functional mRNA species between cells [ 5 ,  16 ,  18 ]. ExMVs are also 
enriched in bioactive lipids (e.g., sphingosine-1-phosphate, ceramide- 1- phosphate) 
and extracellular signaling nucleotides (e.g., ATP, ADP, AMP, adenosine) that all may 
induce biological responses of the target cells after exposure to ExMVs [ 20 ,  21 ]. 

 More importantly what is highly relevant for this chapter is that ExMVs have been 
recently implied to be involved in biological effects mediated by novel interstitial 
(stromal) cell type known as telocytes [ 5 – 9 ]. These intriguing cells are present in dif-
ferent organs including, e.g., the heart, kidney, lung, esophagus, intestine, reproduc-
tive system, and skin [ 7 ,  10 ]. Telocytes are CD34 + /PDGFα +  cells and are characterized 
by small cell bodies (9–15 μM) that give rise to extremely long one to fi ve thin tubu-
lar processes as compared to cell body, called telopodes [ 7 ]. Electron microscopy 
studies revealed that telopodes are up to 100 μM long yet 80–300 nm in diameter and 
are not homogenous but consist of short dilatations known as podomes (250–300 nm) 
and long thin tubes that connect podomes known as podomers (~80 nm) [ 7 ,  11 ]. The 
overall size of telocyte can reach up to 1,000 μM [ 7 ,  11 ]. Enlarged fragments of telo-
podes – podomes – are abundant in mitochondria, endoplasmatic reticulum, and pla-
nar and invaginated surface membrane lipid rafts [ 5 – 9 ]. As it will be discussed in this 
chapter, telocyte-derived ExMVs play an important role in several biological effects 
of telocytes related to physiological adult body homeostasis and tissue/organ regen-
eration and may even be involved in some pathological processes [ 10 ]. 

 Overall, telocytes represent an evolutionary conserved type of interstitial cells and 
have been described in multiple species including fi sh, reptiles, birds, and mammals 
[ 7 ]. Telocytes have been also reported to express some stem cell markers including 
c-kit and Sca-1 (mouse) and even express the intranuclear stem cell pluripotency 
marker Oct-4 [ 7 ,  22 ]. The telocyte markers, however, may vary between tissues and 
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anatomical location of these cells in a given tissue [ 7 ]. This demonstrates somehow 
some degree of existing heterogeneity among these cells that may be dictated and 
epigenetically enforced by the microenvironment in which these cells reside.  

3.2     The Mechanisms Involving ExMV Release from the Cells 

 It is well documented that telocytes identifi ed in many tissues secrete ExMVs [ 2 , 
 5 – 9 ]. However, an open question remains if telocyte-derived ExMVs are released 
into extracellular space as it occurs in all types of cells secreting these circular frag-
ments or in some cases telocytes as postulated may additionally form “bridging 
nanostructures” to the target cells (e.g., stem cells residing in stem cell niches) as a 
route for the transfer of exosomes [ 7 ,  22 ,  23 ]. This latter intriguing possibility has 
been described, for example, during exosome delivery from telocytes to lung stem 
cells [ 7 ,  22 ]. 

 Nevertheless, the most common mechanism of ExMV signaling and biological 
cargo delivery to the cells is mediated by their release from cells by (i) exocytosis 
from multivesicular bodies or (ii) by shedding from the cell surface membrane [ 2 , 
 7 ]. The process of ExMV formation is energy consumption dependent, and it is still 
not very well known from a mechanistic point of view, although some of the crucial 
steps have been already identifi ed [ 1 ,  3 ,  12 ,  13 ,  23 ]. 

 The above mentioned endosomal cell membrane compartment-derived smaller 
exosomes are released from cells during exocytosis often together with proteins 
secreted from the Golgi apparatus. The fi rst step in the creation of multivesicular bod-
ies enriched for intraluminal vesicles, which are precursors of exosomes, requires 
involvement of the so-called endosomal sorting complex required for transport 
(ESCRT) machinery [ 7 ]. After intraluminal vesicles are formed, in a next step, multi-
vesicular bodies may fuse with lysosomes, and their content becomes degraded or they 
may fuse with plasma membrane to release intraluminal vesicles (exosomes) from the 
cells into extracellular space [ 12 ,  13 ]. This process requires involvement of Rab 
GTPases (e.g., Rab 27a, Rab 27b, and Rab 11) [ 13 ]. Exosomes were reported to 
express some characteristic surface proteins including Alix, CD63, CD9, CD81, 
HSP70, and TSG101 (ESCRT machinery) [ 1 ]. In contrast cell surface-derived larger 
ExMVs are shed from the cell surface membrane by blebbing in response to cell stim-
ulation that leads to a cytosolic Ca 2+  increase that promotes changes in the structure of 
cell membrane [ 10 ,  19 ]. Blebbing of cell membrane and formation of ExMVs occur 
mostly in cholesterol-enriched fragments of cell membrane known as lipid rafts [ 19 ]. 

 The cell cytoplasmic membrane consists of a phospholipid bilayer with embed-
ded proteins that is held together via non-covalent interactions between the hydro-
phobic tails. Moreover, the cytoplasmic membrane has an asymmetric distribution 
of phospholipids including aminophospholipids, phosphatidylserine, and phospha-
tidylethanolamine that as demonstrated are specifi cally sequestered in the inner 
membrane leafl et [ 1 ,  3 ,  12 ,  13 ]. This transmembrane lipid distribution is under the 
control of three phospholipidic pumps: (i) fl ippase, (ii) fl oppase, and (iii) lipid 
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scramblase. The latter phospholipidic pump is responsible for nonspecifi c redistri-
bution of lipids across the cytoplasmic membrane [ 10 ]. 

 It is known that the phospholipid molecules in the cell membrane are in a liquid 
crystalline state and contain distinguished combinations of glycosphingolipids and 
protein receptors organized into glycoprotein microdomains that are known in lit-
erature as membrane lipid rafts [ 19 ]. There are two described types of lipid rafts in 
cell membranes: (i) planar lipid rafts and (ii) invaginated lipid rafts, called caveolae 
[ 19 ]. Lipid rafts are cholesterol-enriched microdomains in the cell membrane, and 
cholesterol can be envisioned as a kind of molecular glue that holds the components 
of lipid rafts together and is important for their integrity [ 19 ]. It has been proposed 
that the loss of phospholipid asymmetry of the cytoplasmic membrane, which leads 
to phosphatidylserine exposure on cell surface, and a transient phospholipidic 
imbalance between the externals, at the expense of the inner leafl et caused by lipid 
scramblase, results in blebbing of the plasma membrane and ExMVs releasing from 
the areas enriched in lipid rafts [ 1 ,  10 ,  19 ]. 

 As described for several types of cells during the blebbing process of the cyto-
plasm membrane, a fragment of cytoplasm that contains mRNA, miRNA, proteins, 
and even organelles (e.g., mitochondria) is encapsulated into ExMVs [ 11 ]. Evidence 
accumulates that this process of enrichment for mRNA or miRNA species is not 
random but somehow regulated by proteins involved in mRNA and miRNA storage, 
transport, and processing [ 1 ,  10 ,  19 ]. 

 Telocytes as a cell also producing ExMVs are somehow unique. It has been 
described that telocytes may secrete three types of ExMVs including not only classi-
cal (i) endosomal cell membrane compartment-derived exosomes (45 ± 8 nm) and (ii) 
larger ExMVs (ectosomes) corresponding to small ExMVs shed from the cell mem-
branes (128 ± 28 nm) but also a novel type of ExMVs (iii) described as multivesicular 
cargo (1 ± 0.4 μM) that are large ExMVs containing tightly packed endomembrane- 
bound smaller vesicles (145 ± 35 nm) [ 7 ]. This interesting new type of ExMVs has 
been described initially to be secreted by telocytes in myocardium and as postulated 
involved in paracrine effects of these cells residing in a normal heart where they form 
tridimensional structure connected with all the types of cells present in this organ 
including cardiac stem cells and cardiomyocyte progenitors [ 2 ,  7 ]. 

 It is known that ExMVs that originate from the blebbing of cell membrane 
express several receptors present on the cell surface, and future studies are needed 
to characterize these receptors on telocyte-derived ExMVs. This will facilitate their 
detection in the tissues as well as allow to assess if they can contribute to the pool 
of circulating ExMVs in peripheral blood and lymph [ 14 ,  17 ].  

3.3     The Physiological Effects of Telocyte-Derived ExMVs 

 Mounting evidence accumulates that ExMVs are mediators for several long- distance 
paracrine functions of telocytes residing in adult organs. Telocytes may affect biol-
ogy of several cell types including differentiated somatic cells as well as tissue- 
residing stem cells [ 7 ,  16 – 18 ]. As reported they are in contact with stem cell niches, 
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blood capillaries, and nerve bundles as well as collagen and elastic fi bers [ 7 ]. Thus, 
telocytes most likely regulate blood rheology, muscle tonus, as well as their motoric 
activity [ 5 – 11 ]. Further work is needed to elucidate how these interactions are regu-
lated via paracrine signals from telocytes including the release of ExMVs. 

 ExMV-mediated paracrine effects are based, as described for other types of cells 
[ 16 ,  18 ], on direct stimulation of target cells by ExMV-expressed signaling mole-
cules or horizontal transfer between cells of mRNA and proteins [ 5 ,  16 ]. However, 
in contrast to telocytes themselves [ 7 ], telocyte-derived ExMVs have not been char-
acterized yet for their content of mRNA and miRNA species or proteins. 
Nevertheless, taking into consideration that telocytes express several miRNAs that 
possess pro-angiopoietic potential (e.g., miR-126, miR-130, let-7e, miR-100), the 
horizontal transfer of these miRNAs via ExMVs to the target cells may promote 
angiogenesis in the damaged tissues. A similar role has been also postulated for 
ExMVs secreted by other types of cells [ 3 ,  16 ]. Moreover, a fact that telocytes play 
a role in several organs in ameliorating oxidative stress and aging and stimulate 
proliferation and inhibit apoptosis lends support for further studies to identify sec-
retome of telocytes along with molecular composition of ExMVs that are involved 
in all of these processes. Such studies could identify important factors involved in 
keeping the homeostasis of adult tissues. We could envision that similarly for other 
ExMV-producing cells [ 3 ,  21 ,  23 ], telocytes may augment ExMV secretion in 
response to hypoxia, infl ammation, and tissue/organ damage after stimulation by 
some infl ammatory cytokines as well as after exposure to activated components of 
complement and coagulation cascades. Elucidation of these possibilities may better 
explain involvement of telocytes in tissue/organ regeneration [ 7 ]. 

 Similarly, since telocytes have been reported to play a role in immunosurveil-
lance and interact with cells being involved in innate and acquired immunity, further 
studies are needed to show how much this interaction involves telocyte-ExMVs and 
vice versa if telocytes may respond to ExMVs secreted by cells involved in immune 
responses. We have to remember that ExMV-directed crosstalk between cells is a 
two-way street [ 24 ], and we have to consider that telocytes most likely also respond 
to ExMVs secreted by surrounding cells. 

 In frame of the last possibility, it is tempting to hypothesize that telocytes could 
be involved in the distribution and traffi cking of ExMVs secreted by other types of 
cells and could deliver such “third-party” ExMVs to the target cells via telopodes and 
the abovementioned “bridging nanostructures” [ 22 ]. Moreover, there is no doubt that 
the development of pharmacological strategies to modulate the secretion of ExMVs 
from telocytes may turn out to be an important means to enhance at the paracrine 
level important infl uences of these cells in maintaining tissue homeostasis.  

3.4     The Role of Telocyte-Derived ExMVs in Pathology 

 Telocytes may ameliorate several pathological processes. For example, since telo-
cyte numbers decrease in infarcted myocardium [ 7 ], the therapeutic injection of 
exogenous telocytes to a damaged heart reduced infarct size and leads to improved 
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heart function [ 7 ]. Based on this it is a possibility that telocyte-derived ExMVs 
could exert a very similar effect and replace treatment by intact telocytes. To sup-
port this latter notion, mesenchymal stem cell-derived ExMVs have been demon-
strated to have a similar biological therapeutic effi cacy as intact cells [ 3 ]. On the 
other hand, one can envision that telocyte-derived induced pluripotent stem cells 
(iPSCs), as cells endowed with telocyte-characteristic epigenetic memory, could be 
potentially employed as a source of therapeutic ExMVs [ 20 ,  21 ]. Such ExMVs 
could also be employed in several other clinical situations where telocytes have 
been demonstrated to play a positive therapeutic role, e.g., in lung pathology, liver 
regeneration, ameliorating scleroderma, and improving the function of the digestive 
and reproductive systems [ 7 ]. 

 However, telocyte function is mostly related to their supportive role in organ 
and tissue homeostasis; it has been recently reported that telocytes may be respon-
sible for the origin of some malignancies. Accordingly, telocytes may promote 
proliferation of breast cancer cells and inhibit their apoptosis [ 22 ]. Obviously, in 
this particular case the pro-proliferative effect of telocytes has been activated at 
the wrong time and the wrong place. How much this effect depends on ExMVs 
and how valid this effect is in other types of malignancies require further 
studies.  

3.5     Conclusions and Future Directions 

 Evidence has accumulated that paracrine effects of telocytes in adult tissues largely 
depend on secretion of ExMVs. In this respect telocytes are somehow unique cells 
since, in addition to classical exosomes and cytoplasmic cell membrane-derived 
ExMVs, they also secrete large ExMV characteristic for telocytes known as multi-
cellular cargo vesicles [ 7 ]. 

 Further studies are necessary to identify employing mRNA and miRNA arrays, 
proteomics, and lipidomic analysis molecular “cargo” present in telocyte-derived 
ExMVs as well as to elucidate and understand mechanisms that promote their 
secretion. Taking into consideration an important role telocytes play in organ and 
tissue homeostasis development of pharmacological strategies to modulate/
enhance secretion of ExMVs, these cells may lead to better treatment strategies in 
all these situations where telocytes have been demonstrated to be of benefi t. Finally, 
it is tempting to postulate the established telocyte-derived induced pluripotent stem 
cells (iPSC) that could be employed as ExMV-producing cell lines [ 20 ,  21 ]. Such 
iPSC immortalized cell lines would be endowed with telocyte-epigenetic memory, 
and ExMVs harvested from these cells could be employed for therapeutic pur-
poses. All these intriguing possibilities are depicted in Fig.  3.1 . We may expect that 
the next few years will provide us with more information about the paracrine 
effects of telocytes in regulating body homeostasis and will also lead to the devel-
opment of therapeutic strategies to employ these cells or telocyte-based ExMVs in 
the clinic.
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    Chapter 4   
 Telocytes in Chronic Infl ammatory 
and Fibrotic Diseases                     

     Lidia     Ibba-Manneschi    ,     Irene     Rosa    , and     Mirko     Manetti       

    Abstract     Telocytes are a peculiar stromal (interstitial) cell type implicated in tissue 
homeostasis and development, as well as in the pathophysiology of several disor-
ders. Severe damage and reduction of telocytes have been reported during fi brotic 
remodeling of multiple organs in various diseases, including scleroderma, Crohn’s 
disease, ulcerative colitis, and liver fi brosis, as well as in chronic infl ammatory 
lesions like those of primary Sjögren’s syndrome and psoriasis. Owing to their close 
relationship with stem cells, telocytes are also supposed to contribute to tissue 
repair/regeneration. Indeed, telocytes are universally considered as “connecting 
cells” mostly oriented to intercellular signaling. On the basis of recent promising 
experimental fi ndings, in the near future, telocyte transplantation might represent a 
novel therapeutic opportunity to control the evolution of chronic infl ammatory and 
fi brotic diseases. Notably, there is evidence to support that telocytes could help in 
preventing abnormal activation of immune cells and fi broblasts, as well as in attenu-
ating the altered matrix organization during the fi brotic process. By targeting telo-
cytes alone or in tandem with stem cells, we might be able to promote regeneration 
and prevent the evolution to irreversible tissue injury. Besides exogenous transplan-
tation, exploring pharmacological or non-pharmacological methods to enhance the 
growth and/or survival of telocytes could be an additional therapeutic strategy for 
many disorders.  

4.1        Introduction 

 During both development and reparative processes of tissues and organs, the stromal 
compartment takes center stage not only by providing mechanical support and pro-
tection to parenchymal cells but also as a pivotal regulator of different cell activities, 
including proliferation, survival, differentiation, and metabolism [ 1 ,  2 ]. Accordingly, 
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abnormalities in the stromal compartment may deeply impair tissue homeostasis, 
thus representing a key step in the development and progression of multiple patho-
logic conditions, such as chronic infl ammatory, fi brotic, and neoplastic diseases. 

 It is now well established that the development and perpetuation of chronic 
infl ammation are the consequence of a complex interplay between immune cells 
and nonimmune, tissue-resident, stromal (interstitial) cells. Actually, stromal cells 
are no longer believed to be “innocent bystanders” as a growing evidence suggests 
that they are active players in the induction and maintenance of the infl ammatory 
process [ 3 ,  4 ]. For instance, stromal cells isolated from an infl ammatory microenvi-
ronment are capable to drive the migration of immune cells in vitro [ 5 ]. In addition, 
under injury conditions tissue-resident stromal cells may secrete a variety of soluble 
mediators, including cytokines and chemokines that allow the transformation of 
diffuse immune infi ltrates into highly organized tertiary lymphoid structures, 
namely, germinal center-like structures [ 6 – 8 ]. Nevertheless, chronic infl ammation 
may often evolve into fi brosis, a condition also characterized by profound changes 
in the stromal compartment leading to progressive destruction of the normal tissue 
architecture and consequent organ dysfunction [ 9 ]. As far as the fi brotic process is 
concerned, fi broblasts are considered the principal effector stromal cells, as their 
chronic dysregulation may result in resistance to proapoptotic stimuli, increased 
transition to myofi broblasts, and excessive production and deposition of collagens 
and other extracellular matrix (ECM) components [ 10 ,  11 ]. 

 Indeed, “classical” stromal cells include fi broblasts, myofi broblasts, dendritic 
cells, macrophages, vascular endothelial cells, and pericytes among others. In this 
context, stromal cells bearing very long cellular extensions have been long 
neglected and simplistically labeled as fi broblasts. However, in recent years, this 
view has rapidly changed because of the identifi cation of an additional type of 
stromal cells with peculiar phenotypic features in a variety of human and animal 
tissues and organs [ 12 – 14 ]. These cells, named telocytes (telos, i.e., provided with 
long- distance cell projections), display a small cell body and extremely long and 
thin prolongations, termed “telopodes,” and appear defi nitely distinct from the 
“classical” fi broblasts [ 12 – 16 ]. “Cells with telopodes” is the shortest defi nition of 
telocytes [ 14 ]. Telopodes typically exhibit a moniliform aspect characterized by 
the alternation of thin segments (podomers) and small dilated regions (podoms) 
accommodating the mitochondria, endoplasmic reticulum, and caveolae [ 12 – 14 ]. 
This peculiar ultrastructural phenotype observed under transmission electron 
microscopy (TEM) is currently considered as the most reliable hallmark for the 
identifi cation of telocytes, which do not possess unique immunophenotypic char-
acteristics [ 13 ,  14 ]. Although different markers have been proposed, at present a 
combination of CD34 and platelet- derived growth factor receptor α (PDGFRα) 
seems the best available choice for the immunohistochemical identifi cation of telo-
cytes under light and fl uorescence microscopy (Fig.  4.1 ) [ 13 ,  14 ,  17 – 19 ]. Indeed, 
by immunoelectron microscopy, it could be demonstrated that the CD34-positive 
interstitial cells are ultrastructurally identifi able as telocytes (Fig.  4.1 ) [ 20 ]. A 
strong expression of CD34 and PDGFRα antigens has been fi rmly reported in telo-
cytes from different organs [ 13 ,  14 ,  17 – 29 ]. Conversely, other markers resulted in 
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  Fig. 4.1    Morphology and immunophenotype of telocytes in the human gastrointestinal tract. ( a –
 d ) PDGFRα-immunoreactivity (nuclei are blue stained with DAPI); ( e ) PDGFRα/CD34 double 
labeling; ( f ) CD34-immunoelectro-labeling. ( a ,  b ) Muscle layers (small intestine). Intramuscular 
PDGFRα-positive telocytes display two long telopodes and several short processes starting from 
the nucleated portion. ( c ) Submucosa (small intestine). PDGFRα-positive telocytes show a trian-
gular body and three long and varicose telopodes. ( d ) Myenteric plexus region (small intestine). 
PDGFRα-positive telocytes display an oval body and several telopodes running in every direction. 
( e ) A PDGFRα/CD34-positive telocyte at the border of a circular muscle bundle (small intestine) 
shows a small nucleated body and two long and thin telopodes starting from the opposite poles of 
the cell and with podomers and podoms clearly identifi able. ( f ) CD34-immunoelectro-labeling is 
present on the surface of a telocyte in the small intestine. The labeling appears as an electron-dense 
material distributed all along the plasma membrane, from which spherules protrude outside 
(Adapted with permission from [ 18 ,  20 ])       
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a weakly and  inconstantly positive immunostaining of telocytes [ 13 ,  24 ]. Besides 
their ultrastructural and immunophenotypic features, a growing number of studies 
suggest that telocytes possess gene expression and proteomic profi les, as well as 
microRNA signature, that are defi nitely distinct from those of “classical” fi bro-
blasts [ 14 ,  30 – 38 ].

   According to their location in different organs and tissues, telocytes have been 
proposed to exert different functions and participate in a wide range of physiologi-
cal processes. By their extremely long, tortuous, and overlapping telopodes, these 
cells interconnect to form a three-dimensional network that may function as a scaf-
fold to defi ne the correct tissue organization during prenatal life or repair/renewal 
in postnatal life, thus making a substantial contribution to the maintenance of local 
tissue homeostasis [ 13 ,  14 ,  18 ,  39 ,  40 ]. For instance, their importance in organ 
morphogenesis is supported by the evidence that during mouse heart development, 
telocytes act as mediators for heart compaction from embryonic myocardial tra-
beculae [ 41 ]. In different organs, telocytes occupy a strategic position in relation 
to stem cell niches, blood capillaries, and nerve bundles [ 14 ,  18 ,  22 ,  23 ,  26 ,  27 , 
 42 – 46 ]. Telopodes also establish heterocellular contacts with other cell types 
including mast cells, basophils, lymphocytes, plasma cells, macrophages, or fi bro-
blasts and noncellular elements, such as collagen and elastic fi bers [ 14 ,  47 ,  48 ]. 
Furthermore, it appears that telocytes may participate in intercellular signaling not 
only by cell-to- cell contacts but also in a paracrine manner via the release of at 
least three different types of extracellular vesicles, namely, exosomes, ectosomes, 
and multivesicular cargos [ 14 ,  26 ,  49 – 54 ]. These vesicles might function as inter-
cellular shuttles for the transfer of biological signals, including microRNAs, to 
neighboring cells [ 14 ]. Thus, differently from fi broblasts which, functionally, are 
mainly involved in the synthesis of collagen and other ECM components, it is 
believed that telocytes act as “connecting cells” being mostly oriented to intercel-
lular signaling. As recently proposed, telocytes might even be considered as active 
players in immunomodulation and immune surveillance, acting like “local data 
suppliers” for the immune response [ 14 ,  28 ,  46 ,  47 ]. Increasing evidence also sug-
gests that telocytes might act as “nurse” cells for adjacent tissue-resident stem 
cells and cooperate with them to promote tissue regeneration and/or repair [ 14 ,  21 , 
 36 ,  44 ,  49 ,  55 ]. Moreover, telocytes have been suggested to participate in a variety 
of processes, such as stimulation of angiogenesis, inhibition of oxidative stress, 
and prevention of cellular aging [ 14 ,  34 ,  35 ]. An electrophysiologic activity of 
telocytes has also been demonstrated in organs like the myometrium and the heart 
[ 14 ,  56 ,  57 ]. Finally, in the gastrointestinal tract, telocytes have been proposed to 
participate in the regulation of neurotransmission and gut motility, presumably by 
spreading the slow waves generated by the pacemaker interstitial cells of Cajal 
(ICC) [ 13 ,  14 ,  18 ,  20 ]. 

 Owing to the aforementioned intriguing roles proposed for telocytes, their pos-
sible involvement in different pathologic processes is being increasingly investi-
gated [ 14 ,  22 ,  23 ,  27 – 29 ,  58 – 66 ]. In this regard, the present chapter will focus on the 
most recent fi ndings concerning the implication of telocytes in a variety of chronic 
infl ammatory, autoimmune, and fi brotic diseases.  
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4.2     Telocytes in Systemic Sclerosis: A Prototypic Multisystem 
Fibrotic Disorder 

 Systemic sclerosis (SSc), or scleroderma, is a chronic connective tissue disease 
characterized by extensive microvascular injury, immune system dysregulation, and 
progressive fi brosis affecting the skin and a variety of internal organs, especially the 
lungs, heart, and gastrointestinal tract [ 67 ,  68 ]. Endothelial cell damage/activation 
is supposed to be the initial event which together with infl ammatory and autoim-
mune reactions leads to the chronic activation and transdifferentiation of fi broblasts 
into myofi broblasts, fi nally resulting in a deregulated wound healing process and 
severe tissue fi brosis with consequent multiple organ failure [ 67 – 69 ]. Indeed, vis-
ceral organ fi brosis is responsible for signifi cant morbidity and is also a major cause 
of death in patients with SSc. Moreover, the concomitant fi broproliferative vascu-
lopathy, characterized by subendothelial deposition of ECM in small and medium- 
sized arteries and arterioles, as well as the progressive loss of peripheral microvessels 
may lead to chronic tissue ischemia, clinically manifesting as digital ulceration and 
gangrene [ 70 ]. 

 Two different clinical subsets of SSc are commonly recognized: limited cutane-
ous SSc (lcSSc) and diffuse cutaneous SSc (dcSSc), which differ in the extent of 
skin fi brosis, internal organ involvement, autoantibodies, prognosis, and survival 
[ 68 ]. In the early stages of both SSc subsets, the main cutaneous histopathological 
features are represented by perivascular infl ammatory infi ltrates, dermal edema, and 
a variable extent of ECM accumulation in the papillary and reticular dermis [ 67 , 
 71 ]. Conversely, in advanced disease, severe dermal fi brotic changes with tightly 
packed and irregularly distributed collagen bundles, loss of capillaries, occlusion of 
arterioles, damage of nerve fi bers, and atrophy of skin appendages are commonly 
observed [ 67 ,  70 – 72 ]. As far as internal organ involvement is concerned, the hall-
mark pulmonary histopathological lesion is nonspecifi c interstitial pneumonia char-
acterized by cellular infl ammation and fairly uniform interstitial fi brosis, which 
manifests as progressive thickening of the alveolar septa, ultimately resulting in 
alveolar airspace obliteration with consequent restrictive lung disease [ 73 ]. Cardiac 
manifestations include myocardial fi brosis, hypertrophy, and disorders of the coro-
nary and conduction systems that can lead to congestive heart failure, arrhythmias, 
and sudden cardiac death [ 74 ]. Gastrointestinal involvement is commonly found in 
up to 90 % of SSc patients [ 75 ] and is characterized by fi brotic lesions in the mus-
cularis mucosae, submucosa, and muscle layers together with smooth muscle cell 
atrophy [ 76 ,  77 ]. Clinically, gastrointestinal tract dysmotility is a major visceral 
manifestation, ranging from an asymptomatic form to severe paresis [ 75 ]. 

 In SSc, fi broblasts are considered the principal effector cells [ 69 ]. In fact, it is 
well known that these stromal cells are chronically activated by a number of profi -
brotic cytokines, growth factors, and stimulatory autoantibodies and that they trans-
form into apoptosis-resistant myofi broblasts which produce an excessive amount of 
collagens and other ECM components [ 67 – 69 ]. Abnormal SSc fi broblasts are 
believed to develop from a subset of cells that have escaped from normal control 
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mechanisms. Indeed, fi broblasts from clinically affected SSc skin still continue to 
produce excessive amounts of ECM proteins in vitro, suggesting that once acti-
vated, these cells establish a constitutive self-activation system [ 67 ,  78 ]. Moreover, 
there is substantial evidence that vascular endothelial cells, pericytes, and cells of 
both the innate and adaptive immune systems may contribute to abnormal fi broblast 
activation and fi brosis in SSc [ 69 ,  78 ,  79 ]. 

 The recent identifi cation of telocytes as a distinct stromal cell population of 
human dermis, where they have been proposed to participate to skin homeostasis, 
remodeling, and regeneration [ 21 ,  48 ], prompted us to investigate the possible 
involvement of this new interstitial cell type in the pathophysiology of SSc. By an 
integrated immunohistochemical and ultrastructural approach, we have recently 
shown for the fi rst time that telocytes display ultrastructural damages, are signifi -
cantly reduced, and progressively disappear from SSc skin lesions [ 22 ]. In normal 
skin, telocytes are organized to form three-dimensional networks with their telopo-
des distributed among collagen bundles and elastic fi bers throughout the whole der-
mis (Fig.  4.2 ). Moreover, telocytes appear concentrated to surround microvessels 
(Fig.  4.2 ), nerves, hair follicles, and sebaceous and eccrine sweat glands. As far as 
SSc skin is concerned, the reduction in telocytes evolves differently according to 
disease subsets and stages (Fig.  4.3 ). In particular, in early lcSSc, telocytes are 
absent from the papillary dermis and reduced in some areas of the reticular dermis. 
In advanced lcSSc, the loss of telocytes is severe also in the reticular dermis and the 
connective tissue surrounding skin adnexa. On the contrary, in the early stage of 
dcSSc, which is characterized by a more rapid disease progression [ 67 ], telocytes 
are very few or absent in both the papillary and reticular dermis, and they almost 
completely disappear in advanced dcSSc skin lesions (Fig.  4.3 ). Thus, the progres-
sion in telocyte reduction occurs earlier and is more severe in dcSSc than in lcSSc. 
Interestingly, such a reduction occurs in parallel with the severity of telocyte ultra-
structural abnormalities, including swollen mitochondria, cytoplasmic vacuoliza-
tion, and presence of lipofuscinic bodies, which suggest a cellular degenerative 
process already present in the early stage of dcSSc and more marked in the advanced 
stage of both disease subsets (Figs.  4.4  and  4.5 ). In addition, telocytes often establish 
intercellular contacts with infl ammatory and immune cells in early SSc skin lesions.

      Different mechanisms have been proposed to be responsible for the damage and 
loss of telocytes in clinically affected SSc skin [ 22 ]. For instance, it has been sug-
gested that the chronic ischemic microenvironment of fi brotic skin, characterized by 
low oxygen levels, generation of reactive oxygen species, and scarcity of nutrients, 
may compromise the telocyte metabolism, thus provoking profound cell sufferance. 
In fact, in SSc dermis the reduction in telocytes seems to be paralleled by the reduc-
tion in microvessels. The hypothesis of an ischemic injury is mainly supported by 
the presence of telocytes with numerous swollen mitochondria and extensive cyto-
plasmic vacuolization. Of note, the most severely affected telocytes appear to be 
those embedded in the fi brotic ECM and those surrounding occluded microvessels, 
while the telocytes found around patent microvessels still display a normal mor-
phology, even in the advanced disease stages [ 22 ]. With disease progression, the 
more severe and extended damage of telocytes observed under TEM might be 
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caused by their entrapment in a poorly permeable ECM due to the overproduction 
and accumulation of abnormal collagen and elastic fi bers by activated fi broblasts/
myofi broblasts. Finally, when considering the autoimmune background of SSc [ 67 , 
 68 ], the possibility that telocytes might be important/specifi c target cells of autoan-
tibodies was also taken into account. However, this latter hypothesis seems little 
supported by the fact that telocytes display a normal morphology in clinically non- 
involved skin biopsies from SSc patients. 

a b

c

  Fig. 4.2    Telocytes in normal skin (transmission electron microscopy). ( a – c ) In both the papillary 
dermis ( a ) and reticular dermis ( b ,  c ), telocytes have a small cell body and very long and thin pro-
cesses (telopodes) that are collagen embedded or lining elastic fi bers. Telocytes lack a basal lamina 
and have a scarce cytoplasm surrounding the nucleus with few mitochondria and cisternae of the 
endoplasmic reticulum and a small Golgi apparatus. Telopodes display a moniliform aspect due to 
the alternation of thin segments (podomers) and dilated segments (podoms) oval or triangular in 
shape ( b ,  arrows ). ( b ) A telocyte is in contact with a mast cell. ( c ) Telocytes are closely associated 
with each other. The telopodes of perivascular telocytes encircle the basal lamina of a blood microves-
sel; pericytes are embedded in the vessel basal lamina ( c ).  TC  telocyte,  Tp  telopode,  MC  mast cell, 
 E  endothelial cell,  Er  erythrocyte,  P  pericyte (Adapted with permission from Manetti et al. [ 22 ])       
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 In a subsequent study, these fi ndings were further extended by the evidence that 
in SSc, the loss of telocytes is not restricted to the skin, but it is a widespread pro-
cess affecting multiple visceral organs targeted by the fi brotic process, such as the 
gastric wall, the myocardium, and the lung (Figs.  4.6  and  4.7 ) [ 29 ].

    According to the numerous functions proposed for telocytes [ 14 ], several hypoth-
eses have been formulated on the possible pathophysiologic implications that their 
damage and systemic loss might have in SSc [ 22 ,  29 ]. It has been suggested that by 
their long telopodes, telocytes might act as supporting cells and form a scaffold to 
guide the migration of other cells and the correct ECM assembly, thus contributing 
to defi ne the correct spatial organization of tissues and organs [ 13 ,  40 ,  41 ]. Indeed, 
in the stromal compartment of many organs, telopodes are usually collagen embed-
ded or lining elastic fi bers. Interestingly, in SSc skin some telocytes were found to 
surround with their telopodes very large and abnormal aggregates of elastin and col-
lagen fi bers, likely in the attempt to limit their spreading into the interstitium. 
Therefore, it is conceivable that the loss of telocytes could mechanically contrib-
ute to the altered three-dimensional organization of the ECM within the stromal 
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  Fig. 4.3    Quantitative analysis of telocytes in skin sections from controls and patients with sys-
temic sclerosis ( SSc ) double immunolabeled for CD34 ( green ) and CD31 ( red ) and counterstained 
with DAPI ( blue ) for nuclei. ( a ) Representative photomicrographs from control and clinically 
affected SSc skin samples are shown. Telocytes are identifi ed as CD34-positive/CD31-negative 
spindle-shaped cells, while microvessels are CD34/CD31 double positive. ( b ,  c ) Telocytes are 
reduced in both the papillary and reticular dermis of SSc patients throughout different disease 
stages. Data are represented as mean ± SD. * P  < 0.05 vs control.  lcSSc  limited cutaneous SSc, 
 dcSSc  diffuse cutaneous SSc (Adapted with permission from Manetti et al. [ 22 ])       
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compartment of any organ undergoing fi brotic remodeling, such as the skin, the 
gastric wall, the myocardium, and the lung [ 22 ,  29 ]. During the fi brotic process, the 
loss of telocytes might even favor the uncontrolled activation of fi broblasts and their 
 transition to profi brotic myofi broblasts. In fact, telocytes may convert the interstitium 
into an integrated system that contributes to the maintenance of organ homeostasis. 

a
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  Fig. 4.4    Telocytes in limited cutaneous systemic sclerosis ( lcSSc ) skin (transmission electron 
microscopy). ( a ) Early lcSSc. A telocyte displaying an enlarged shape, due to the presence of 
large vacuoles ( v ) in its telopodes, surrounds an area of dermal edema ( asterisk ). Both normal 
mitochondria and swollen mitochondria with a clear matrix and few cristae ( arrow ) are identifi -
able in the cytoplasm. ( b ) Advanced lcSSc. A degenerating telocyte entrapped in the fi brotic 
extracellular matrix shows numerous swollen mitochondria ( arrows ). The cytoplasm is dark and 
contains vacuoles and lipofuscinic bodies. ( c ) Early lcSSc. Telocytes and telopodes displaying a 
normal morphology are present in the close vicinity of or even in contact with a myofi broblast 
which shows a large body rich in rough endoplasmic reticulum, mitochondria, and myofi laments. 
Subplasmalemmal focal densities are evident ( arrowheads ). ( d ) Early lcSSc. Some telocytes and 
telopodes with a normal morphology are present around a blood vessel displaying a patent lumen. 
The vessel basal lamina is markedly thickened ( asterisk ). ( e ) Early lcSSc. Normal telocytes with 
very long and convoluted telopodes surround a perivascular infl ammatory infi ltrate composed of 
monocytes and lymphocytes. Telopodes establish cell-to-cell contacts with infl ammatory cells 
( arrowheads ). A mast cell is also in contact with telopodes.  TC  telocyte,  Tp  telopode,  My  myofi -
broblast,  E  endothelial cell,  Ly  lymphocyte,  Mo  monocyte,  MC  mast cell (Reproduced with per-
mission from Manetti et al. [ 22 ])       
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  Fig. 4.5    Telocytes in diffuse cutaneous systemic sclerosis ( dcSSc ) skin (transmission electron 
microscopy). ( a ) Early dcSSc. A telocyte with a small perinuclear cytoplasm and slender telopodes 
is embedded in a matrix composed of closely packed collagen bundles. Swollen mitochondria and 
vacuoles ( arrows ) are present in the cytoplasm. ( b ) Advanced dcSSc. Telocytes and telopodes 
embedded in the fi brotic extracellular matrix show features of degenerating cells. The cytoplasm is 
dark and contains swollen mitochondria ( arrows ), vacuoles, and lipofuscinic bodies. Many cell 
debris are evident. ( c ) Early dcSSc. A telocyte displaying a normal morphology embraces with 
telopodes a large and abnormal elastin fi ber. ( d ) Early dcSSc. Normal telocytes surround the thick-
ened basal lamina ( asterisk ) of a blood vessel displaying a patent lumen. ( e ) Early dcSSc. Telocytes 
with a normal morphology are evident around nerve bundles. Abundant collagen fi bers separate 
telopodes from the nerve bundle. A fi broblast is in the close vicinity of a telocyte and is surrounded 
by telopodes. ( f ) Advanced dcSSc. Telocytes are not identifi able around an occluded microvessel. 
Only a few cell debris are observed. The vessel basal lamina is markedly thickened ( asterisk ).  TC  
telocyte,  Tp  telopode,  Coll  collagen,  Ela  elastin,  E  endothelial cell,  P  pericyte,  N  nerve,  F  fi bro-
blast (Reproduced with permission from Manetti et al. [ 22 ])       
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In particular, these cells seem to be involved in intercellular signaling, either directly 
by intercellular contacts or indirectly by shedding microvesicles and exosomes or 
secreting paracrine signaling molecules, including microRNAs [ 14 ,  26 ,  49 – 54 ]. 
Interestingly, intercellular contacts between telocytes and fi broblasts or myofi bro-
blasts have been described in different organs [ 21 ,  22 ,  46 ,  48 ], and thus it is tempting 
to speculate that telocytes could be involved in the maintenance of local tissue 
homoeostasis by controlling fi broblast/myofi broblast activity. In SSc skin and vis-
ceral organs, this control is likely impaired because of the progressive reduction and 
loss of telocytes [ 22 ,  29 ]. 

 Another attractive hypothesis is that the disappearance of telocytes could impair 
stem cell-mediated tissue regeneration. Indeed, there is substantial evidence that in 
several organs, such as the skin, the heart, and the lung, telocytes might cooperate 
with tissue-resident stem niches to promote regeneration and/or repair [ 14 ,  21 ,  26 , 
 44 ,  80 ]. In support to this hypothesis, we and others observed telocytes surrounding 
stem cell niches in the normal skin [ 21 ,  22 ], but they were rarely seen in affected 
SSc skin. Furthermore, vascular wall-resident stem cell niches could not be detected 
in most severely affected skin biopsies, suggesting that telocyte loss might  contribute 
to the depletion of functional stem cell niches with consequent impairment of skin 
regeneration and/or repair in SSc patients [ 22 ]. 
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  Fig. 4.6    Gastric wall specimens from controls ( a – c ) and patients with systemic sclerosis ( SSc ) 
( d – f ). ( a – f ) Double immunofl uorescence labeling for CD34 ( green ) and CD31 ( red ) with DAPI 
( blue ) counterstain for nuclei. Telocytes are CD34 positive and CD31 negative, while vascular 
endothelial cells are CD34/CD31 double positive. ( a – c ) In control gastric wall, telocytes form a 
network around smooth muscle bundles and cells in the circular and longitudinal muscle layers. At 
the myenteric plexus, telocytes form a complex network enveloping the ganglia ( arrow ) and the 
nerve strands in the interganglionic region. Telopodes appear intermingled with ganglion cells. 
( d – f ) In SSc gastric wall, telocytes are not present in the fi brotic areas of muscle layers. The net-
work of telocytes is discontinuous or even almost completely absent around myenteric plexus 
ganglia ( arrow ) and nerve strands.  CM  circular muscle layer,  LM  longitudinal muscle layer,  MP  
myenteric plexus (Reproduced with permission from Manetti et al. [ 29 ])       
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 In the myocardium, it has also been shown that telocytes and cardiomyocytes 
are directly connected and might represent a “functional unit,” possibly mediat-
ing the electrical coupling of cardiomyocytes [ 24 ,  81 ]. Therefore, it is possible 
that in SSc heart, the loss of myocardial telocytes (Fig.  4.7 ) might even be impli-
cated in the arrhythmogenesis and disturbances of the cardiac conduction system 
[ 24 ,  29 ,  74 ]. Finally, the loss of the telocyte network observed in the muscularis 
propria and myenteric plexus of SSc gastric wall (Fig.  4.6 ) might contribute to 
gastric dysmotility, clinically manifesting as delayed gastric emptying or gastro-
paresis [ 29 ,  75 ]. Indeed, in the gastrointestinal tract, telocytes have been pro-
posed to play a role in the regulation of neurotransmission, possibly by spreading 
the slow waves generated by the ICC [ 13 ,  18 ,  20 ]. Interestingly, there is also 
evidence that in SSc,  gastrointestinal tract dysmotility may be related to severe 
damage of the myenteric neural structures and a reduction in the ICC population 
[ 29 ,  77 ,  82 ].  
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  Fig. 4.7    Left ventricular myocardium specimens from controls ( a ,  c ) and patients with systemic 
sclerosis ( SSc ) ( b ,  d ). ( a ,  b ) CD34 immunoperoxidase labeling with hematoxylin counterstain. ( c , 
 d ) Double immunofl uorescence labeling for CD34 ( green ) and CD31 ( red ) with DAPI ( blue ) coun-
terstain for nuclei. Myocardial telocytes are CD34 positive and CD31 negative, while vascular 
endothelial cells are CD34/CD31 double positive. ( a ,  c ) In control myocardium, numerous telo-
cytes are located in the interstitium surrounding the cardiomyocytes.  Insets : At higher magnifi ca-
tion view, myocardial telocytes display a small fusiform cell body with long processes placed 
between cardiomyocytes. ( b ,  d ) In the fi brotic areas of SSc myocardium, telocytes are almost 
completely undetectable (Adapted with permission from Manetti et al. [ 29 ])       
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4.3     Telocytes in Infl ammatory Bowel Diseases 

 Infl ammatory bowel diseases, including Crohn’s disease (CD) and ulcerative colitis 
(UC), are complex disorders in which the interaction of genetic, environmental, and 
microbial factors drives chronic relapsing and remitting intestinal infl ammation that 
fi nally leads to extensive tissue fi brosis [ 83 – 85 ]. This is particularly relevant for CD, 
which may affect the entire gastrointestinal tract with a prevalence of terminal ileum. 
Indeed, in UC the deposition of the ECM is mainly restricted to the mucosal and 
submucosal layers of the large bowel, while in CD, fi brosis commonly involves the 
entire bowel wall, including the mucosa, submucosa, muscularis propria, and subse-
rosa layers, and can result in critical narrowing of the lumen and strictures or steno-
sis, leading to intestinal obstruction that requires surgery [ 86 ]. Accordingly, the 
frequency of benign stenosis in UC is much lower than in CD, reported as being 
3.2–11.2 %, with fi brosis in the submucosa or deeper pointed out as one of the causes 
[ 87 ]. However, increasing evidence indicates that the development of intestinal 
fi brosis in UC is a neglected problem which has remained largely unexplored [ 88 ]. 

 In infl ammatory bowel diseases, fi brosis closely follows the distribution and 
location of infl ammation [ 83 ,  86 ,  89 ]. Of note, there is evidence that chronic expo-
sure of intestinal fi broblasts to infl ammatory mediators may drive their transition to 
activated α-smooth muscle actin (α-SMA)-expressing myofi broblasts, with conse-
quent abnormal collagen production and tissue remodeling [ 89 ]. However, it also 
appears that infl ammation subsequently plays a minor role in fi brosis progression, 
and, accordingly, anti-infl ammatory treatment may not be able to limit intestinal 
fi brosis once excessive ECM deposition has started [ 86 ]. Progressive intestinal wall 
fi brosis ultimately results in a stiff intestine unable to carry out peristalsis, contribut-
ing to the abdominal pain and diarrhea commonly experienced by patients with 
active disease or even in remission. In fact, bowel dysmotility has been well estab-
lished in both CD and UC [ 83 – 85 ]. 

 Motility of the gastrointestinal tract involves complex processes that require the 
structural integrity and functionality of different cellular elements. Enteric neurons 
and glial cells, together with ICC, represent the main regulators of motor functions 
in the gut wall, ensuring coordinated patterns of smooth muscle cell activity [ 90 , 
 91 ]. In particular, the ICC are considered the pacemaker cells and the principal 
mediators of gut neurotransmission [ 92 ]. This complex neural/myogenic network 
appears to be markedly altered in CD and UC patients, as demonstrated by severe 
damages of the enteric neural and glial structures as well as a marked reduction in 
the number of ICC [ 93 – 96 ]. 

 However, in recent years it became evident that also telocytes might be part of 
this neural/myogenic network. Indeed, it could be demonstrated that both in muscle 
layers and at the myenteric plexus, telocyte processes form networks intermingling 
with those of ICC, suggesting that these two cell types might establish cell-to-cell 
contacts [ 18 ]. In particular, since a subset of intramuscular telocytes and ICC seem 
to be part of a unique network, in which the latter are preferentially in close contact 
with nerve endings, it has been proposed that telocytes might participate in the 
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regulation of gastrointestinal motility, presumably contributing to the spreading of 
the slow waves generated by the ICC [ 13 ,  18 ]. Within the gastrointestinal neuro-
muscular compartment, ICC and telocytes can be easily distinguished on the basis 
of their different immunophenotypes [ 18 ]. In fact, the ICC are positive for c-kit 
(CD117) and negative for CD34 and PDGFRα [ 18 ], while telocytes are positive for 
CD34 and PDGFRα and negative for c-kit [ 18 ]. It has also been ascertained that in 
the gastrointestinal tract, telocytes correspond to the cells formerly identifi ed as 
CD34- positive interstitial cells or PDGFRα-positive “fi broblast-like” cells and 
implicated in the enteric neurotransmission [ 18 ,  20 ,  97 ,  98 ]. 

 Considering that gastrointestinal dysmotility with ICC defects is a peculiar path-
ological feature of both CD and UC [ 93 – 96 ,  99 ] and that ICC and telocytes are in 
close relationship within the gut neuromuscular compartment [ 18 ], we recently car-
ried out two different studies in which we investigated the presence and distribution 
of telocytes in surgical specimens obtained from the terminal ileum of CD patients 
and the colon of UC patients [ 23 ,  27 ]. 

 In CD, the most peculiar histopathological features of the affected intestinal wall 
segments are represented by discontinuous signs of infl ammation and fi brosis, also 
referred to as “skip lesions.” Interestingly, in disease-unaffected specimens from CD 
patients, telocytes display a distribution similar to control specimens, showing a slen-
der-nucleated body with two or more telopodes and running parallel to each other 
and/or forming networks throughout the different ileal wall layers, from the mucosa 
to the subserosa [ 23 ]. Conversely, in sections from disease-affected specimens, telo-
cytes disappear, particularly in areas displaying severe fi brosis and architectural 
derangement of the intestinal wall [ 23 ]. In the thickened muscularis mucosae of most 
severe cases, the few remaining telocytes are mainly located among smooth muscle 
bundles and cells. Some reactive lymphoid aggregates (e.g., granulomas), especially 
those surrounded by a prominent and diffuse infl ammatory infi ltrate, appear com-
pletely encircled by telocytes, likely in the attempt to limit their spreading in the 
connective tissue. Instead, telocytes almost completely disappear around lymphoid 
aggregates entrapped within the fi brotic tissue containing many α-SMA- positive 
myofi broblasts [ 23 ]. In the muscularis propria of disease-affected CD samples, char-
acterized by a severe derangement of both the circular and longitudinal muscle lay-
ers, the telocyte network is preserved among smooth muscle bundles in some areas 
close to others where telocytes are completely absent. This severe architectural 
derangement involves also the myenteric plexus, where a discontinuous network of 
TC is present around ganglia and in the interganglionic region (Fig.  4.8 ) [ 23 ].

   As far as UC is concerned, the presence and distribution of telocytes were inves-
tigated in full-thickness biopsies of the left colon obtained from UC patients catego-
rized in an early phase or an advanced phase of fi brotic remodeling of the colonic 
wall [ 27 ]. In early fi brotic UC cases, fi brosis affects the muscularis mucosae and 
submucosa, while the muscularis propria is spared. In particular, the submucosa is 
characterized by the presence of areas displaying edema and a pattern of incoming 
fi brosis abruptly mixed with areas displaying established fi brosis with abundant and 
closely packed collagen bundles. In advanced fi brotic UC cases, an increased ECM 
deposition is found in the muscularis mucosae, which appears markedly thickened 
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and widespread in the submucosa. Moreover, fi brosis extends to involve also wide 
areas of the circular and longitudinal muscle layers and the myenteric plexus [ 27 ]. 
Interestingly, the fi brotic changes of the colonic wall seem to be paralleled by a 
severe reduction in telocytes. In fact, a signifi cant reduction in telocytes is found in 
the muscularis mucosae and submucosa of both early and advanced fi brotic UC 
colonic wall. Conversely, while a normal distribution of telocytes is observed in the 
muscularis propria of early fi brotic UC, the network of telocytes is reduced or even 
completely absent in fi brotic areas of muscle layers and around myenteric ganglia of 
advanced fi brotic UC cases (Fig.  4.9 ) [ 27 ]. Of note, these data are closely consistent 
with those reported in “skip lesions” of disease-affected CD specimens, in which 
telocytes specifi cally disappear in areas displaying severe fi brosis and architectural 
derangement of the intestinal wall [ 23 ]. Finally, as revealed by CD34/c-kit double 
immunostaining, in the muscularis propria of both CD and UC, the disappearance of 
telocytes seems to be paralleled by the loss of the ICC network (Fig.  4.9 ) [ 23 ,  27 ].

   As above discussed for SSc, the loss of telocytes might have different causes and 
pathophysiologic implications in CD and UC. We suppose that the fi brotic process 
may entrap telocytes in a poorly permeable ECM, with profound cell sufferance. 
Moreover, the excessive deposition of ECM and the progressive reduction in telo-
cytes may alter the spatial relationships of telopodes with neighboring immune 
cells, fi broblasts, smooth muscle cells, ICC, and nervous structures, possibly 
impairing intercellular signaling and functions. However, whether the loss of 
telocytes might even precede the onset of fi brosis rather than being merely a con-
sequence of the fi brotic process is diffi cult to be elucidated. In this context, the 
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  Fig. 4.8    ( a – c ) Control ileal specimens. ( d – f ) Affected ileal specimens from Crohn’s disease ( CD ) 
patients. ( a – f ) Double immunofl uorescence labeling for CD34 ( green ) and platelet-derived growth 
factor receptor α (PDGFRα) ( red ). In the ileal wall, all CD34-positive telocytes are also PDGFRα 
positive. ( a – c ) In control specimens, telocytes form a broad network surrounding the myenteric 
plexus. ( d – f ) In severely damaged areas of affected CD specimens, the telocyte network around the 
myenteric plexus is discontinuous or even completely absent.  MP  myenteric plexus (Reproduced 
with permission from Milia et al. [ 23 ])       
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  Fig. 4.9    Muscularis propria of colonic wall specimens from controls ( a – c  and  g – i ) and advanced 
fi brotic ulcerative colitis ( UC ) cases ( d – f  and  j – l ). ( a – l ) Double immunofl uorescence labeling for 
CD34 ( green ) and c-kit/CD117 ( red ) with DAPI ( blue ) counterstain for nuclei. Telocytes are CD34 
positive/c-kit negative, whereas interstitial cells of Cajal ( ICC ) are c-kit positive/CD34 negative. 
( a – c ) In muscle layers of control colonic sections, telocytes and ICC form interconnected networks 
among smooth muscle bundles. ( d – f ) In muscle layers of advanced fi brotic UC cases, very few 
telocytes and ICC can be observed. Representative microphotographs of the circular muscle layer 
are shown. ( g – i ) Note the abundant networks of telocytes and ICC around ganglia ( arrow  in  i ) and 
in the interganglionic region ( asterisk  in  i ) of the myenteric plexus of control colonic wall. ( Inset  
in  i ): Higher magnifi cation view of an ICC surrounded by telopodes. ( j – l ) In advanced fi brotic UC 
cases, both telocytes and ICC are scarce around myenteric ganglia ( arrow  in  l ) and in the intergan-
glionic region ( asterisk  in  l ).  CM  circular muscle layer,  MP  myenteric plexus (Reproduced with 
permission from Manetti et al. [ 27 ])       

fi ndings that in early fi brotic UC cases telocytes are already reduced in the edema-
tous, less fi brotic areas of submucosa suggest that telocyte loss may be a very preco-
cious event during fi brotic remodeling of the intestinal wall [ 27 ]. The progressive 
loss of telocytes in the intestinal wall could also contribute to the altered three-
dimensional organization of the ECM and to the progression of fi brosis, eventually 
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favoring fi broblast-to- myofi broblast transition as proposed in the skin of SSc patients 
[ 22 ]. In support to this last hypothesis, in the colonic submucosa of UC patients, the 
disappearance of telocytes is paralleled by the increase in the number of α-SMA-
positive myofi broblasts [ 27 ]. However, as proposed by other authors [ 17 ], we cannot 
completely rule out the possibility that during pathological processes, some telo-
cytes might even change their immunophenotype (e.g., loss of CD34 expression and 
gain of other markers, such as α-SMA), thus contributing to the increase in the 
myofi broblast population. Nevertheless, we should consider that CD34/α-SMA 
double immunostaining did not reveal the presence of double-positive transitioning 
stromal cells in colonic sections from UC patients [ 27 ]. Furthermore, there is clear 
ultrastructural evidence of telocyte degeneration, rather than activation/transdiffer-
entiation into myofi broblasts, in the setting of tissue fi brosis [ 22 ]. 

 In the gut, the three-dimensional network of telocytes has also been proposed to 
play a specifi c mechanical and supporting role throughout the different bowel wall 
layers, being resistant to and deformable following intestine movements [ 13 ,  18 , 
 20 ]. Even more importantly, in the muscularis propria telocytes and ICC may form 
interconnected networks surrounding smooth muscle bundles and myenteric plexus 
ganglia [ 13 ,  18 ,  23 ,  27 ]. Thus, it has been hypothesized that the reduction in both 
telocyte and ICC networks within the neuromuscular compartment of the intestinal 
wall might substantially contribute to gastrointestinal dysmotility in both CD and 
UC patients [ 23 ,  27 ].  

4.4     Telocytes in Liver Fibrosis 

 Liver fi brosis, primarily as a result of chronic viral hepatitis and fatty liver diseases 
associated with obesity, is a worldwide burden [ 100 ]. Liver fi brosis can further prog-
ress to cirrhosis, representing a major cause of morbidity and mortality worldwide, 
and is responsible for several end-stage liver disease complications, including portal 
hypertension, impaired metabolic capacity, synthetic dysfunction, and ascites [ 100 , 
 101 ]. Hepatic stellate cells are considered as the primary source of the fi brogenic 
population in the liver [ 102 ]. In addition, portal fi broblasts, bone marrow-derived 
cells, circulating fi brocytes, and fi broblasts deriving from epithelial- mesenchymal 
transition may also be implicated in the hepatic fi brogenic process [ 102 ,  103 ]. 

 The existence of telocytes in the liver, particularly in the Disse space with a simi-
lar density in the four hepatic lobes, has been established [ 104 ]. Furthermore, the 
potential role of telocytes in liver regeneration has been emphasized in a mouse 
model of partial hepatectomy [ 105 ]. In a recent study, the possible involvement of 
telocytes in liver fi brosis has also been investigated [ 59 ]. In particular, it has been 
reported that telocytes are reduced in the human fi brotic liver, further supporting 
that within the stromal hepatic compartment telocytes are different from hepatic 
stellate cells which, instead, are well known to be increased during liver fi brosis 
[ 59 ]. Taking into account the “connecting cell” function of telocytes, the authors 
suggested that they might be able to control the activity of hepatic stellate cells. 
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Therefore, telocyte loss might contribute to hepatic stellate cell dysregulation in the 
fi brotic liver [ 59 ]. In addition, the disappearance of telocytes might impair hepato-
cytes and stem cell-mediated liver regeneration. Indeed, it has been shown that telo-
cytes have a close spatial relationship with hepatic putative stem cells and that they 
may infl uence proliferation of hepatocytes and/or the activation of hepatic stem 
cells [ 105 ]. Thus, in human liver fi brosis, the reduction in telocytes might contribute 
to the depletion of stem cell niches or hepatocyte dysfunction and impair liver 
regeneration/repair.  

4.5     Telocytes in Primary Sjögren’s Syndrome 

 Primary Sjögren’s syndrome (pSS) is a systemic autoimmune disorder mainly 
affecting women during the fourth and fi fth decades of life and characterized by 
chronic infl ammation of exocrine glands leading to progressive functional impair-
ment [ 106 ,  107 ]. The histological hallmark of pSS is a focal lymphocytic sialadeni-
tis, and the presence of at least one focus (i.e., an aggregate of at least 50 lymphocytes 
and plasma cells) in 4 mm 2  of minor salivary gland (MSG) tissue allows the diagno-
sis of pSS [ 108 ]. In the last decades, the pathogenic role of stromal cells in systemic 
infl ammatory/autoimmune disorders including pSS has been extensively investi-
gated [ 3 ,  4 ]. In this context, the unique phenotype, ultrastructural characteristics, 
tissue distribution, and multiple intercellular connections of telocytes, as well their 
putative role in local immune surveillance and homeostasis [ 14 ,  47 ], raised the pos-
sibility of their involvement in the pathogenesis of infl ammatory/autoimmune disor-
ders as pSS. 

 With regard to salivary glands, to date telocytes have been described in parotid 
glands and labial MSGs, where these peculiar stromal cells surround secretory and 
excretory structures, namely, acini and ducts, and are also in close contact with blood 
vessels [ 28 ,  109 ]. Interestingly, it has been recently highlighted a possible association 
between telocyte patterns and the extent of glandular infl ammation and lymphoid 
organization in MSGs from patients with pSS [ 28 ]. Notably, telocytes are markedly 
reduced in MSGs of pSS patients with respect to normal and nonspecifi c chronic 
sialadenitis (NSCS; i.e., presence of scattered lymphocyte aggregates that do not 
reach the number of 50 and therefore cannot be classifi ed as foci) MSGs, and such a 
decrease parallels the worsening of glandular infl ammation and the progression of 
ectopic lymphoid neogenesis. Indeed, periductal telocytes are reduced in the pres-
ence of smaller infl ammatory foci and completely absent in the presence of germinal 
center-like structures, thus closely refl ecting disease severity [ 28 ]. In addition, while 
in other infl ammatory pathological conditions like CD lymphoid aggregates/granulo-
mas are entirely surrounded by telocytes, suggesting a certain attempt to control their 
spreading [ 23 ], the complete absence of telocytes around MSG infl ammatory foci 
underscores that this potential protective mechanism may be impaired in pSS. 

 In keeping with the proposed function of telocytes as key tissue homeostasis 
regulators, their local loss might contribute to breaking out of the immune homeo-
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stasis contributing to the pathogenesis of focal lymphocytic sialadenitis. This 
hypothesis is supported by the evidence that telocytes are markedly and specifi -
cally reduced in focal lymphocytic sialadenitis but not in NSCS. In this setting, 
the formation and maintenance of focal lymphocytic sialadenitis as well as the 
development of ectopic lymphoid structures during chronic infl ammation are 
dependent on the expression of lymphotoxins, cytokines, and chemokines by sev-
eral cell types [ 28 ]. Previous studies reported that in NSCS MSGs, the expression 
levels of several of these mediators are similar to that of normal MSGs, while they 
are signifi cantly upregulated in pSS MSGs compared to both normal and NSCS 
MSGs [ 28 ]. These observations suggest that the peculiar infl ammatory microen-
vironment of pSS MSGs might even be one of the causes of local telocyte damage 
and loss. Moreover, the fact that in pSS MSGs telocytes are preserved around the 
acini not affected by the infl ammatory process allows to speculate that the cross 
talk between epithelial or infi ltrating immune cells and telocytes occurs in a para-
crine manner limited to each secretory unit [ 28 ]. However, whether the loss of 
telocytes in pSS may represent either the cause or the consequence of local 
infl ammation remains still unknown. To further gain insights on the possible con-
tribution of telocytes to pSS pathophysiology and the exact mechanisms underly-
ing telocyte cross talk with other MSG cell types and their disappearance during 
focal lymphocytic sialadenitis, future ultrastructural and functional studies will 
be required.  

4.6     Telocytes in Psoriasis 

 Psoriasis is a common infl ammatory skin condition, mainly considered a keratiniza-
tion disorder on a genetic background. Indeed, the dermis contribution to the patho-
genesis of psoriasis is frequently eclipsed by remarkable epidermal phenomena. 

 Among stromal cells, several studies have focused on dendritic cells as major 
participants in the chronic skin infl ammatory process that characterizes psoriasis 
[ 110 ,  111 ]. Besides dendritic cells, the ability of telocytes to establish intercellular 
communications (either physical or paracrine) with immune cells has been well 
documented in several organs, including the skin [ 14 ,  21 ,  22 ,  46 ,  47 ]. Thus, in the 
context of the vast immunology of psoriasis, it has been hypothesized that telo-
cytes could be involved in disease initiation and/or progression [ 58 ]. Furthermore, 
substantial evidence indicates that angiogenesis may also contribute to the patho-
genesis and clinical signs of psoriasis [ 112 ]. Noteworthy, previous studies have 
shown that telocytes may be involved in angiogenesis, providing their support in 
the reparatory process after acute myocardial infarction [ 50 ]. Therefore, the pos-
sible involvement of telocytes in psoriasis-related angiogenesis has also been 
investigated [ 58 ]. 

 In their recent study, Manole et al. demonstrated a reduction in the number of 
telocytes in papillary dermis of psoriasis vulgaris, as well as a recovery of these cells 
after local corticoid therapy [ 58 ]. Of note, the density of telocytes with a normal 
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morphology appears comparable in the dermis of uninvolved and treated skin but 
deeply decreases in the lesional psoriatic papillary dermis. Moreover, the few 
remaining telocytes exhibit degenerative ultrastructural features. Indeed, in psoriatic 
lesions, TEM revealed the presence of telocytes with apoptotic nuclei, dystrophic 
telocytes with fragmented telopodes, and even telocytes with nuclear extrusions, 
membrane disintegration, and cytoplasmic fragmentation (Fig.  4.10 ) [ 58 ]. Extruded 
nuclei or apoptotic telocytes were often observed to have close contacts with den-
dritic cells in the dermis of psoriatic skin. Profound changes in the phenotype of 
vascular smooth muscle cells (i.e., cells exhibiting a synthetic phenotype with 
decreased actin fi laments and increased rough endoplasmic reticulum) in small 
blood vessels that lost the protective envelope formed by telocytes were also found. 
Therefore, it has been suggested that the loss of perivascular telocytes might have 
important implications in the characteristic vascular pathology of psoriasis [ 58 ]. 
Collectively, the authors proposed that the reduction in telocytes and their interstitial 
network may signifi cantly infl uence psoriatic lesion initiation and/or progression, 
impairing long-distance heterocellular communication. Accordingly, in psoriasis 
telocytes could be considered as new cellular targets for forthcoming therapies. 
Besides psoriasis vulgaris, it will be of major importance to clarify the possible 
involvement of telocytes in other forms of psoriasis, such as pustular and erythro-
dermic psoriasis.

a

b

  Fig. 4.10    Transmission 
electron microscopy 
images show degenerative 
changes in telocytes 
(digitally colored in  blue ) 
from psoriasis skin. ( a ) A 
telocyte with shriveled 
nucleus and detached 
telopodes. The  arrow  
indicates dissolution of 
the cellular membrane 
and the cytoplasmic 
content surrounding the 
nucleus. ( b ) An extruded 
nucleus and cytoplasmic 
fragments ( X ) of a 
telocyte are visible in the 
vicinity of a dendritic cell. 
 g  granule (of a mast cell) 
(Reproduced with 
permission from Manole 
et al. [ 58 ])       
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4.7        Concluding Remarks 

 Increasing evidence indicates that telocytes are a peculiar interstitial cell type impli-
cated in tissue homeostasis and development [ 13 ,  14 ], as well as in the pathophysi-
ology of several disorders [ 14 ,  22 ,  23 ,  27 – 29 ,  58 – 66 ]. In particular, severe damage 
and a broad reduction of telocytes have been reported during fi brotic remodeling of 
multiple organs in various diseases, including SSc, CD, UC, and liver fi brosis, as 
well as in chronic infl ammatory lesions like those of pSS and psoriatic skin [ 14 ,  22 , 
 23 ,  27 – 29 ,  58 ,  59 ]. Although several hypotheses have been proposed, the pathoge-
netic mechanisms underlying the loss of telocytes and their functional consequences 
in those disorders need to be further investigated. 

 Owing to their close relationship with stem cells and/or their capacity to guide or 
nurse putative progenitor cells in tissue-resident stem cell niches, telocytes are also 
supposed to contribute to tissue repair/regeneration [ 14 ,  55 ]. Indeed, telocytes are 
universally considered as “connecting cells” mostly oriented to intercellular signaling 
within the stromal compartment of almost every organ. Thus, a deeper understanding 
of how telocytes communicate with neighboring cells and take effect in signaling 
pathway during tissue repair/regeneration appears crucial to identify novel therapeu-
tic strategies for the aforementioned and, possibly, other disorders. Interestingly, telo-
cytes were found to be reduced during experimental myocardial infarction, particularly 
in fi brotic areas, and transplantation of cardiac telocytes could decrease the infarction 
size and improve postinfarcted cardiac function through the reconstruction of the 
telocyte network and the reduction of cardiac fi brosis [ 65 ,  66 ]. On this basis, in the 
near future, telocyte transplantation might represent a promising therapeutic opportu-
nity to control the evolution of chronic infl ammatory and fi brotic diseases. Notably, 
there is evidence to support that telocytes could help in preventing abnormal activa-
tion of immune cells and fi broblasts, as well as in attenuating the altered ECM orga-
nization during the fi brotic process [ 55 ]. By targeting telocytes alone or in tandem 
with stem cells, we might be able to promote regeneration and prevent the evolution 
to irreversible tissue damage. Finally, besides exogenous transplantation, exploring 
pharmacological or non- pharmacological methods to enhance the growth and/or sur-
vival of telocytes could be an additional therapeutic strategy for many disorders.     
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    Chapter 5   
 Telocytes: New Players in Gallstone Disease                     

     Artur     Pasternak        ,     Krzysztof     Gil      , and     Andrzej     Matyja     

    Abstract     Cholesterol gallstone disease is highly prevalent in Western countries, 
particularly in women and some specifi c ethnic groups. The mechanisms behind the 
formation of gallstones are not clearly understood, but gallbladder dysmotility 
seems to be a key factor that triggers the precipitation of cholesterol microcrystals 
from supersaturated lithogenic bile. 

 Given that newly described interstitial cells, telocytes, are present in the gallblad-
der and they are located in close vicinity of smooth muscle cell and neural fi bers 
possibly interfering with gallbladder motility or contractility, authors are trying to 
summarize the current knowledge on the role of telocytes with respect to disturbed 
gallbladder function in gallstone disease.  

5.1        Introduction 

 Gallstone disease is often thought to be a major affl iction in modern society [ 11 ]. 
However, gallstones must have been known to humans for many years, since they 
have been found in the gallbladders of Egyptian mummies dating back to 1000 BC 
[ 8 ,  41 ]. Another piece of evidence is an inscription made by an ancient physician 
called Soranus of Ephesus from the second century AD, describing the signs of 
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mechanical jaundice. The fi rst precise account of gallstones was given in 1420 by a 
Florentine pathologist Antonio Benivieni and concerned a woman who died with 
strong abdominal pain [ 93 ]. 

 Strategies and tactics in the treatment of gallstone disease are based on surgical 
procedures since the second half of nineteenth century when the prominent Scottish 
surgeon Lawson Tait popularized cholecystostomy operation [ 94 ]. However, in 
1882 Carl von Langenbuch performed the fi rst cholecystectomy in Berlin and advo-
cated this procedure in favor of cholecystostomy for the surgical treatment of gall-
stone disease since he realized that the gallbladder should be removed not because 
it contained stones but because it originated the stones [ 61 ,  104 ]. Langenbuch used 
an open approach that then remained unchanged for more than 100 years. The fi rst 
laparoscopic cholecystectomy with use of videoscopy was conducted by Phillipe 
Mouret in Lyon in 1987 [ 57 ]. At the beginning, the new technique of laparoscopic 
cholecystectomy was perceived by surgeons very skeptically. It gained full acknowl-
edgement as a new surgical technique in 1989–1990 and is now considered world-
wide as the “gold standard.” Attempts at conservative treatment changed throughout 
the years, but as it is widely known there is no reliable, secure, and effective method 
for inoperative treatment of cholelithiasis. There is an increasing international inter-
est to strengthen and progress research areas that can aid in solving disease under-
standing and perhaps to improve novel methods of treatment and prevention.  

5.2     Epidemiology and Etiology of Gallstone Disease 

 Gallstone disease occurs in 10–15 % in adults in Europe and the United States of 
America and is one of the most common and most expensive of the digestive disor-
ders that require hospital admission [ 32 ,  88 ]. Its prevalence is especially high in the 
Scandinavian countries and Chile and among Native Americans [ 106 ]. Gallstones 
are more common in North America, Europe, and Australia, and are less prevalent 
in Africa, India, China, Japan, Kashmir, and Egypt [ 67 ]. They are seen in all age 
groups, but the incidence increases with age, and about a quarter of women over 
60 years will develop them [ 27 ,  90 ]. In most cases they do not cause symptoms, and 
only 10 % and 20 % will eventually become symptomatic within 5 years and 
20 years of diagnosis [ 34 ,  98 ]. 

 The etiology of gallstone disease is considered to be multifactorial, with roles 
for both genetic and environmental factors [ 7 ,  71 ]. Gallstones are four to ten times 
more frequent in older than younger subjects. Biliary cholesterol saturation 
increases with age, due to a decline in the activity of cholesterol 7α hydroxylase, 
the rate- limiting enzyme for bile acid synthesis [ 70 ]. Deoxycholic acid proportion 
in bile increases with age through enhanced 7α dehydroxylation of the primary bile 
acids by the intestinal bacteria [ 30 ]. In all populations of the world, regardless of 
overall gallstone prevalence, women during their fertile years are almost twice as 
likely as men to experience cholelithiasis. Increased levels of estrogens, as a result 
of pregnancy or hormone therapy, or the use of combined (estrogen-containing) 
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forms of hormonal contraception, may increase cholesterol levels in bile and also 
decrease gallbladder movement, resulting in gallstone formation [ 101 ]. The high-
est incidence of cholelithiasis is observed in Indians Pima in Northern America, in 
citizens of the United States of Mexican origin, and the lowest in people of Bantu 
and Masai in Africa, where this disease practically does not occur [ 9 ,  58 ]. These 
racial differences in cholesterol gallstone prevalence provide strong evidence of 
the genetic predisposition to the disease. The next important risk factor is obesity, 
which raises the risk of cholesterol gallstones by increasing biliary secretion of 
cholesterol, as a result of an increase in 3-hydroxy-3-methylglutaryl-coenzyme A 
(HMGCoA) reductase activity. Rapid weight loss is associated with occurrence of 
sludge and gallstones in 10–25 % of patients in a few weeks of initiating the slim-
ming procedures [ 113 ]. If a person loses weight too quickly, the liver secretes extra 
cholesterol; in addition there is rapid mobilization of cholesterol from adipose tis-
sue stores. In fasting associated with severely fat-restricted diets, gallbladder con-
traction is reduced, and the accompanying gallbladder stasis favors gallstone 
formation. Western diet, i.e., increased intake of fat and refi ned carbohydrates and 
decrease in fi ber content, is a potent risk factor for development of gallstones. 
People with diabetes generally have high levels of fatty acids called triglycerides. 
These fatty acids may increase the risk of gallstones. Gallbladder function is 
impaired in the presence of diabetic neuropathy, and regulation of hyperglycemia 
with insulin seems to raise the lithogenic index of bile. Other conditions which 
predispose to stone formation are sedentary behavior, with low physical activity, 
injuries of the spinal cord with autonomic nervous system dysfunction, and total 
parenteral nutrition [ 3 ].  

5.3     Pathogenesis of Gallstone Disease 

 Gallstones can be divided on the basis of their chemical composition: pure choles-
terol gallstones (which contain at least 90 % cholesterol), mixed (which contain 
varying proportions of cholesterol, bilirubin, and other substances such as calcium 
carbonate, calcium phosphate, and calcium palmitate), and pigment (they contain 
less than 20 % of cholesterol and the main compound is calcium bilirubinate) [ 100 ]. 
Following the epidemiologic studies in America and Europe, cholesterol and mixed 
concrements predominate; pigment stones are more common in Asian countries, 
and in Europe they can be found extremely rare [ 50 ,  51 ]. 

 The main mechanisms of cholesterol lithogenesis include biliary cholesterol 
hypersecretion, supersaturation, and crystallization, stone formation and growth, 
bile stasis along with mucus hypersecretion, and gel formation within the gallblad-
der. Cholesterol is virtually insoluble in aqueous solution, but in bile it is made 
soluble by association with bile salts and phospholipids in the form of mixed 
micelles and vesicles. The formation of water-insoluble cholesterol crystals is due 
to a misbalance between the three aforementioned major lipids present in the bile: 
cholesterol, bile salts, and phospholipids. The ternary phase diagram by Admirand 
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and Small and later by Wang and Carey has clarifi ed the importance of the relative 
amounts of bile salts and phospholipids needed to solubilize biliary cholesterol [ 1 , 
 108 ,  110 ]. The cholesterol saturation index (CSI) or lithogenic index has its maxi-
mum normal value set at 1 for micellar-phase boundary. Above this boundary, bile 
becomes supersaturated and the CSI value is higher than 1. Unsaturated bile con-
tains cholesterol that is solubilized in thermodynamically stable simple and mixed 
micelles. In supersaturated bile, phospholipids solubilize cholesterol into vesicles. 
Monohydrate crystals can precipitate from these cholesterol-enriched vesicles, 
become entrapped in gallbladder mucin gel together with bilirubinate (biliary 
sludge), and ultimately agglomerate into a macroscopic gallstone. However, super-
saturated gallbladder bile with cholesterol crystals occurs frequently in healthy indi-
viduals, suggesting that microcrystals can be fl ushed into the duodenum during 
normal postprandial gallbladder contraction. In patients who form gallstones, pro-
nucleating factors such as biliary glycoproteins and mucin, as well as impaired gall-
bladder, allow these microcrystals to be retained and to eventually grow over months 
or years into macroscopic gallstones [ 83 ]. 

 Bile contains few proteins, which promote crystallization and gallstone forma-
tion, i.e., mucus glycoproteins – mucins. Gallbladder mucins are overproduced and 
act as pronucleating factors in gallstone disease. Mucins are found within the insol-
uble matrix of gallstones. In supersaturated model bile, they accelerate the nucle-
ation of cholesterol monohydrate crystals. In animals fed a lithogenic diet, an 
increase in the synthesis and secretion of gallbladder mucins occurs before crystal 
formation, and, subsequently, crystals grow predominantly within a mucin gel that 
accumulates on the gallbladder wall. Likewise, in humans (e.g., in morbidly obese 
subjects) who develop gallstones during rapid weight loss, the concentration of 
mucins in gallbladder bile increases before the appearance of crystals. 

 Gallbladder hypomotility may be a key factor in the pathogenesis of cholelithia-
sis because it allows time for cholesterol microcrystals to precipitate from litho-
genic bile that is supersaturated with cholesterol [ 73 ,  82 ,  92 ]. The impaired 
gallbladder motility observed in vivo in a subset of patients with gallstones corre-
lates well with the decreased in vivo contractility of both gallbladder strips and 
isolated gallbladder smooth muscle cells [ 16 ,  112 ]. 

 Despite the fact that cholesterol gallstones arise in the presence of lithogenic 
bile, supersaturation itself is not a suffi cient factor for lithogenesis. Most of indi-
viduals with supersaturated bile do not develop lithiasis, because the time necessary 
for cholesterol crystallization (nucleation) and growth of the gallstone is longer than 
time of bile retention in the gallbladder. Risk of cholelithiasis increases in all condi-
tions associated with gallbladder dysmotility such as pregnancy, obesity and rapid 
weight loss in obese patients, diabetes mellitus, and total parenteral nutrition. 
Acromegalics are at high risk for gallstone formation during treatment with the 
somatostatin analogue octreotide, which suppresses postprandial CCK release and 
gallbladder contractility [ 62 ]. A similar effect was achieved during studies on mice 
with genetic deletion of CCK-1 receptor – it evoked gallbladder stasis, increasing 
the risk of gallstone formation [ 109 ]. A primary role for gallbladder motility in 
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gallstone formation is also supported by the observation that daily CCK injection 
during total parenteral nutrition or inclusion of dietary fat to enhance CCK release 
during rapid weight loss restores gallbladder contractility and can prevent gallstone 
formation [ 95 ]. 

 It is still debatable whether gallbladder dysmotility is a primary factor in choles-
terol gallstone disease or secondary to infl ammation and excess cholesterol accu-
mulation in gallbladder smooth muscle and whether perhaps other factors account 
for gallbladder hypomotility.  

5.4     Telocytes in the Human Gallbladder 

5.4.1     Interstitial Cajal-Like Cells and Telocytes 

 In recent years, our understanding of the physiology and regulatory mechanisms of 
smooth muscle tissue and the role of interstitium has been enhanced by the study of 
a population of newly described cells, the so-called interstitial Cajal-like cells 
(ICLCs). Such name was adopted, as these cells were thought to represent the phe-
notypic similarity (at least by means of immunohistochemistry, as they expressed 
c-Kit marker – CD117) to the archetypal, enteric interstitial cell of Cajal (ICC). 
Characteristic feature of ICLCs was the small, triangular-shaped body, and the pres-
ence of several very long prolongations. Multiple research teams have identifi ed 
such cells in various tissues outside of the gut [ 20 ], including the pancreas [ 65 ], 
lungs [ 78 ], heart [ 37 ], skin [ 15 ], skeletal muscle [ 80 ], parotid gland [ 64 ], meninges 
and the choroid plexus [ 64 ], ureter, urethra, urinary bladder [ 36 ,  115 ], kidney [ 85 ], 
blood vessels [ 14 ], male [ 19 ,  35 ] and female reproductive organs [ 21 ,  22 ,  25 ,  43 ], 
mammary glands [ 39 ,  75 ,  79 ], and placenta [ 97 ]. During the last 5 years Prof. 
Popescu with his teammates examined such cells, and little by little, it became clear 
that the ultrastructure of ICLCs was different from that of ICCs and that the differ-
ence between these cells was not only semantic, as they have different ultrastructural 
and immunophenotypic patterns, and therefore these cells should be functionally 
distinct as well [ 77 ]. To distinguish ICLCs and to avoid confusion from other inter-
stitial cell type, i.e., fi broblasts, fi brocytes, fi broblast-like cells, or mesenchymal 
cells, a new name was coined as telocytes (TCs) to replace ICLCs, according to the 
morphological characteristics through immunohistochemistry and electron micros-
copy [ 77 ]. Because in Greek affi x “telos” means “goal,” “end,” and “fulfi llment,” the 
extremely long but thin prolongations of TCs were named as telopodes (Tps). The 
concept of TCs has been currently adopted by other laboratories. Telocytes were 
recently discovered in the wall of the human gallbladder by Hinescu et al. [ 45 ] and 
in bile ducts by Ahmadi et al. [ 2 ]. To date, there has been no direct evidence that TCs 
are directly involved in the regulation of gallbladder motility. However, a decrease 
in the density of TCs in the muscle layer of the gallbladder could be hypothetically 
related to bile stasis and thus might contribute to gallstone formation, because TCs 
are suggested to be involved in signaling processes [ 15 ,  37 ].  
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5.4.2     Morphology of Telocytes 

 TCs are proven to be different from fi broblasts and mesenchymal stem cells in terms 
of gene profi le and proteomics and even in microRNA expression. They have 
principle morphological characteristics in contrast with other types of cells [ 66 ]. 
Currently, the most demonstrative and widespread methods for identifi cation of TCs 
include transmission electron microscopy (TEM), immunohistochemistry, and 
immunofl uorescence. TEM is considered the most accurate method for identifying 
telocytes [ 87 ]. 

 General feature of telocyte is a small, oval-shaped cellular body, containing a 
nucleus and surrounded by a low amount of cytoplasm. The cellular body average 
dimensions are, as measured on EM images, 9.39 ± 3.26 μm (min = 6.31 μm; max 
= 16.42 μm). The nucleus occupies approximately 25 % of the cell volume and 
contains clusters of heterochromatin attached to the nuclear envelope. The perinu-
clear cytoplasm is rich in mitochondria (which occupy about 5 % of the cell body 
and are also particularly presented in podoms) and contains a small Golgi complex, 
as well as elements of rough and smooth endoplasmic reticulum and cytoskeletal 
elements (thin and intermediate fi laments) [ 6 ,  21 ,  23 ]. The cell periphery is repre-
sented by a usual plasmalemma, with no (or thin and discontinuous) basal lamina 
and caveolae (about 2–3 % of cytoplasmatic volume; ~0.5 caveolae/μm of cell 
membrane length). 

 The shape of the telocytes is related to the number of their telopodes: piriform for 
one prolongation, spindle for two telopodes, triangular for three, stellate, etc. 
Presumably, their spatial appearance would be that of a polyhedron with a different 
number of vertices, depending on their telopode number [ 23 ,  33 ,  77 ]. 

 TCs have a variable number of telopodes (Tps) (very long cellular extensions), 
which are probably the longest cellular prolongations in the human body. Tps are 
made by an alternation of dilated portions, named podoms (250–300 nm), contain-
ing mitochondria and endoplasmic reticulum and podomers (~80 nm) with thin seg-
ments. The main characteristics of Tps:

    1.    Number: 1–5, frequently only two to three telopodes are observed on a single 
section, depending on site and angle of section, since their 3D convolutions 
impede them to be observed at their full length in a 2D very thin section.   

   2.    Length: tens – up to hundreds of μm, as measured on EM images. However, 
under favorable condition in cell cultures, their entire length can be captured.   

   3.    Thickness: uneven caliber, mostly below 0.2 μm (resolving power of light 
microscopy), visible under electron microscopy, only 0.10 μm ± 0.05 μm (min = 
0.03 μm; max = 0.24 μm).   

   4.    Moniliform aspect, with many dilations along.   
   5.    Presence of “Ca2+-release units” at the level of the dilations, accommodating 

mitochondria, elements of endoplasmic reticulum and caveolae.   
   6.    Branching, with a dichotomous pattern.   
   7.    Organization in a network – forming a labyrinthine system by tridimensional 

convolution and overlapping, communicating through gap junctions.     
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 These characteristic features make Tps clearly different from neuronal dendrites, 
processes of antigen-presenting dendritic cells or fi broblasts and myofi broblasts 
[ 26 ,  77 ]. 

 Popescu and Enciu experimentally demonstrated that TC morphology can be 
changed by aging or by modifying the redox balance of the cell culture environ-
ment. Oxidative stress impaired the ability of TCs to form Tps and the migration 
pathway length. Aging further aggravated this effect [ 31 ]. This should be considered 
in clinical studies, since the age of patients itself might be an independent factor 
infl uencing TC morphology. 

 Furthermore, TCs demonstrate specifi c direct (homocellular and heterocellular 
junctions) and/or indirect (chemical, paracrine/juxtacrine signaling, microvesicles 
and exosomes, sex hormone, and microRNAs) contacts with various surrounding 
cells [ 23 ,  26 ,  33 ]. 

 Tps are connected to each other by homocellular junctions and appear to form 
a 3D network in the interstitial space at the border of smooth muscle cell bundles 
and contain cytoskeleton elements. Connection between TCs-exosomes-gap 
junctions- cytoskeleton seems to be the equivalent of the primitive nervous system 
[ 13 ,  22 ,  96 ,  114 ]. 

 Heterocellular nanocontacts were frequently described between TCs and myo-
cytes or TCs and immune cells. Their contacts with mast cells provide a reason to 
predict participating in immunoreactions (mastocyte-mediated immunoregulation/
immunosurveillance). Moreover, various studies have revealed that this class of 
cells plays an ambiguous role in immune response. During the physical process, 
TCs can be activated to maintain homeostasis to induce proliferation, differentia-
tion, and tissue regeneration. On the other hand, they initiate the tissue infl amma-
tion to induce pathogenesis under some challenges [ 111 ]. 

 TCs also surrounded stem cell niches with telopodes and heterocellular contacts. 
In addition, they establish physical contacts with nerve endings, blood vessels, and 
different types of progenitor cells. Accumulating studies have shown that telocytes 
play an indisputable role in neo-angiogenesis. As TCs have cytoskeleton elements 
(myosin-14, periplakin), they could be responsible for detecting the smooth muscle 
cell stretch [ 18 ,  21 ,  38 ,  114 ]. 

 TCs release at least three types of extracellular vesicles, exosomes (45 ± 8 nm), 
ectosomes (128 ± 28 nm), and multivesicular cargos (MVCs; 1 ± 0.4 μm), from their 
Tps and, occasionally, from the cell body [ 87 ]. Specifi cally, extracellular vesicles 
and/or exosomes are shed or released from Tps in uterine telocytes. Mediators, such 
as IL-6, vascular endothelial growth factor (VEGF) and nitric oxide, are secreted 
from TCs. Growth factors, including IL-6, VEGF, macrophage infl ammatory pro-
tein 1α (MIP-1α), MIP-2, and monocyte chemoattractant protein 1 (MCP-1), are 
signifi cantly expressed along with additional cytokines, including IL-2, IL-10, 
IL-13, and chemokines, such as growth-related oncogene/keratinocyte-derived che-
mokine (GRO-KC), in the secretome of cultured rodent cardiac TCs [ 17 ]. Besides, 
in a renal ischemia-infl ammatory injury model, TCs activated nuclear factor kappa 
B (NF-kB) signaling pathway and upregulated the mRNA levels of pro- infl ammatory 
cytokines such as IL-1 and TNF-α [ 17 ,  56 ]. 
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 Telocytes are also involved in the electrical modulation of excitable tissue, such 
as the smooth muscle of the gut and uterus. Assuredly, they could spontaneously 
initiate electric activity and play a role in modulation of glandular and immune 
activity [ 29 ]. According to literature, ion channels, such as T-type calcium and 
small-conductance calcium-activated potassium channels, are present in TCs [ 23 ].  

5.4.3     Specifi c Features of the TCs in Gallbladder 

 The fi rst detailed description of TC in gallbladder was presented by Hinescu et al. 
[ 45 ]. He followed the original visualization methods described by Santiago Ramón 
y Cajal [ 12 ]. 

5.4.3.1     Methylene Blue Staining 

 Methylene blue staining was the fi rst step in identifying cell profi les in a stroma [ 12 ]. 
 As shown in Fig.  5.1a , selectively stained cells in fresh tissue samples in the 

human gallbladder possess the characteristic features of TCs – positioning in inter-
stitium, network-like appearance, and characteristic thin, very long, and moniliform 
cell prolongations. In specimens undergoing methylene blue vital staining followed 
by cryosectioning, Hinescu et al. approximated the count of TCs about from 100 to 
110 cells per 1 mm 2 . He also reported the dual distribution of TC in the human gall-
bladder: in the close vicinity of the epithelium and in the interstitial spaces between 
bundles of smooth muscle fi bers. Sometimes “beads” of the moniliform cytoplas-
mic processes were visible (fi gures nr add).

5.4.3.2        Toluidine Blue Staining 

 In the specimens stained with toluidine blue, Hinescu et al. estimated TC localiza-
tion, quantity, or some morphological details (e.g., cytoplasmic processes). In the 
human adult gallbladder, TCs are mainly placed near small vessels (Fig.  5.1b, c ), in 
the subepithelial region of lamina propria and between smooth muscle bundles in 
muscularis. A combined analysis on semithin and ultrathin section enabled to deter-
mine the relative proportion of TC in the subepithelial and muscularis interstitium 
(about 7 %, and ~5 %, respectively). Hinescu et al. estimated that gallbladder TCs 
represent ~5.5 % of subepithelial cells and such cells were similar to those present 
in other organs as reported by other authors [ 10 ,  18 ,  42 ,  52 ,  60 ,  79 ,  86 ,  89 ], with 
characteristic cell shapes and with a long, thin process.  

5.4.3.3     Electron Microscopy 

 Transmission electron microcopy (TEM) images obtained by Hinescu et al. [ 45 ] 
reveal the presence of two subpopulations of gallbladder TCs – located in the 
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subepithelial region and between muscular bundles – with similar ultrastructural fea-
tures: (1) location in the non-epithelial space, (2) close contacts with targets (nerve 
bundles and/or epithelia, and/or smooth muscle cells, and/or capillaries), and (3) 
characteristic cytoplasmic processes: (a)Number (1–3, frequently: 2–3); (b) Length 
(tens up to hundreds of nm); (c) Thickness (uneven caliber, <0.5 nm); (d) Aspect: 
moniliform, usually with mitochondria in dilations; (e) Presence of “Ca2+ release 

a

b

c

  Fig. 5.1    Adult human 
gallbladder stained with 
methylene blue ( a ). 
Human gallbladder 
semithin sections stained 
with toluidine blue 
(nonconventional light 
microscopy). Interstitial 
cells having telocyte 
morphology, with thin 
cellular processes, are 
illustrated. Cellular 
processes embrace 
cross-sectioned ( b ) or 
longitudinally sectioned 
small diameter vessels ( c ). 
Long cellular processes 
running between smooth 
muscle bundles are 
suggestive for telocytes. 
Original magnifi cation 40. 
 Red dot lines  follow the 
telocyte profi le in order to 
make it more evident 
(From Hinescu et al. [ 45 ])       
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units”; (f) Branching: dichotomous pattern; (g) Organization in network—labyrin-
thic system: overlapping cytoplasmic processes; (4) Gap junctions: with smooth 
muscle cells or with each other; (5) Basal lamina: occasionally present; (6) Caveolae: 
2–3 % of cytoplasmic volume; ~0.5 caveolae/μm of cell membrane length; (7) 
Mitochondria: 5–10 % of cytoplasmic volume; (8) Endoplasmic reticulum: about 
1–2 %, either smooth or rough; (9) Cytoskeleton: intermediate and thin fi laments, as 
well as microtubules, present; (10) Myosin thick fi laments: undetectable. Most of 
these specifi c features of TCs are presented in Fig.  5.2 . Such characteristic ultrastruc-
tural patterns of gallbladder TCs fulfi ll morphologic criteria proposed for TCs pres-
ent in the other organs.

5.4.4         Immunohistochemical Profi le of Telocytes 

 As any type of cells, TCs have their own immunohistochemical profi le. Current 
studies demonstrate expressions or (co-)expression of different markers in gallblad-
der telocytes, which in the same time not peculiar for detection in a given organ. TCs 
are immunohistochemically positive for CD 34, CD117/c-Kit, plated-derived growth 
factor receptor alpha and beta (PDGFRα and PDGFRβ), VEGF, inducible nitric 
oxide synthase (iNOS), calveolin-1, vimentin, connexin 43, estrogen and progester-
one receptors, CD44, desmin, nestin, and cadherin-11. In addition, they are immu-
nohistochemically negative for procollagen-1, CD31/PECAM-1 (endothelial cells), 
α-SMA (myofi broblasts, pericytes, and vascular SMCs), CD11c (dendritic cells and 
macrophages), CD90/Thy-1 (fi broblasts), and, sometimes, c-kit/CD117 (mast cells). 
For instance, Tps of TCs might be positive for vimentin, a cytoskeleton protein [ 13 , 
 21 ,  24 ,  25 ,  28 ,  76 ,  97 ,  105 ]. TCs are also negative for CD68 and other markers asso-
ciated with immune functions (CD1a, CD62-P), suggesting a clear difference 
between TCs and macrophages [ 21 ] (Figs.  5.3  and  5.4 ).

5.4.5         Immunohistochemistry of the Gallbladder TCs 

 The density of the immunohistochemical staining differs according to the localization 
of TCs in the gallbladder wall. Immunohistochemistry with using of antibodies 
against CD117/c-kit revealed a high density of TC, mainly in the human adult gall-
bladder lamina propria and mast cells. CD117/c-kit expression was detected in cells 
with characteristic morphology susceptible to classifi cation as TCs (one or more very 
long, thin processes, sometimes with a beads-on-string appearance, on spindle- shaped 
cell bodies). In the adult human gallbladder lamina propria, TCs expressed CD34 at 
high levels, as well as the PDGFRα. CD117/CD34 double immunohistochemical 
reaction is also positive: CD117 mainly stains the cell body, while CD34 preferen-
tially stains the cell processes. Almost a majority of TCs, from lamina propria and 
muscularis, are negative for a-SMA. In contrast, constant positive immunostaining is 
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  Fig. 5.2    Adult human gallbladder:  TEM  original magnifi cation, 40,000. Photographic reconstruc-
tion illustrating the cell shape and a typical telocyte with long, thin, elaborate branching system of 
cell processes.  Left image  presents at a higher magnifi cation area delimited by the thin border in 
the photographic reconstruction.  N  nucleus,  m  mitochondria,  arrowheads  = caveolae (From 
Hinescu et al. [ 45 ])       
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  Fig. 5.3    Immunocytochemical reactions for CD117 ( a ), CD 34 ( b ), double staining for CD117/
CD34 ( c ), smooth muscle actin ( d ), vimentin ( e ), desmin ( f ), nestin ( g ), S-100 ( h ). Mayer’s hema-
toxylin counterstaining; original magnifi cation A–E, G, H 40; F 20.  Arrows  indicate cells with a 
profi le suggestive for telocytes (From Hinescu et al. [ 45 ])       
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  Fig. 5.4    Adult human gallbladder, immunostaining for: NSE ( a ), CD 68 ( b ), GFAP ( c ), chromo-
granin ( d ), PGP9.5 ( e ), tau protein ( f ), CD62P ( g ). Mayer’s hematoxylin counterstaining; original 
magnifi cation 40 (From Hinescu et al. [ 45 ])       
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observed for vimentin and nestin, and scattered cells were found to be positive for 
desmin. Some additional antigens showed inconstant or weak immunostaining for 
S-100, NSE, but clear negative immunostaining for CD68, GFAP, chromogranin A, 
and CD62 [ 45 ]. In contrast, tau protein was constantly positive. The observations 
from PGP9.5 immunostaining are disputable – in some specimens double labeling of 
TCs with characteristic morphology using PGP9.5/c-Kit antibodies reveals double-
positive cells. These data support the distinction between ICLC and other cells pres-
ent in interstitium or adjacent layers (fi broblasts, pericytes, macrophages, mast cells, 
smooth muscle cells, neuroendocrine cells, neural cells).   

5.5     TCs in Gallstone Disease 

 Multiple factors are responsible for gallstone formation. Regardless of cholesterol 
supersaturation, hydrophobic bile salts, pronucleating proteins, and mucus hyperse-
cretion with gel formation in the gallbladder as described previously [ 4 ,  83 ,  103 , 
 107 ], gallbladder dysmotility may be a “triggering” event in the pathogenesis of 
cholesterol gallstones, providing the time necessary for the precipitation of choles-
terol microcrystals from bile supersaturated with cholesterol and their subsequent 
growth to macroscopic stones [ 91 ,  103 ]. Gallbladder motility involves multiple reg-
ulatory mechanisms, including smooth muscle and enteric nervous circuit activity as 
well as, possibly, the recently described gallbladder interstitial cells – telocytes. 

 So far the published data on TCs in the human gallbladder remained limited. 
Hinescu et al. [ 45 ] (discussed widely above) reported that TCs in the human gallblad-
der typically appeared individually or in small clusters of two to three cells. The TCs 
were located in the  lamina propria , with some very close to the epithelium, and in the 
connective tissue spaces between bundles of smooth muscle cells. TCs accounted for 
5.5 % of the subepithelial cells in the gallbladder wall. Meanwhile, Ahmadi et al. [ 2 ] 
identifi ed c-Kit-positive cells with characteristic morphology in the subepithelial and 
muscular layers of the gallbladder and extrahepatic bile ducts (which are denser than 
those of the gallbladder) running parallel to circular smooth muscle fi bers, forming a 
cellular network. These authors did not fi nd TCs in intrahepatic bile ducts. Further 
studies [ 59 ,  68 ,  69 ] brought more facts on the role of the gallbladder TCs. 

5.5.1     Histopathological Findings in Patients 
with Cholelithiasis 

 As reported in studies by [ 59 ,  69 ], the histopathological evaluations showed chronic 
cholecystitis of varying intensity in patients with gallstones. The infl ammation was 
assessed and designated as mild, moderate, or severe. In the study group, severe 
infl ammation was predominant (Fig.  5.5 ). In contrast, only mild to intermediate 
infl ammation was observed in the control group. The thickness of the gallbladder 
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 muscularis propria  was signifi cantly increased in the study group compared with 
the control group (4,453 ± 597 vs. 3,610 ± 346 μm;  p  < 0.01).

   The number of mast cells in the gallbladder wall was evaluated in specimens 
immunostained for tryptase. Mast cells were present in all layers of the gallbladder 
wall and predominantly localized to the  lamina propria  (Figs.  5.6  and  5.7 ). The total 
number of mast cells in the gallbladder wall was signifi cantly higher in patients with 
gallstones than in control subjects (224 ± 41 vs. 161 ± 37, respectively;  p  < 0.05). In 
immunostained slides, c-Kit and tryptase double-positive mast cells were generally 
round or oval shaped, with a centrally located nucleus.

    The c-Kit-positive/mast cell tryptase-negative cells were considered to be telo-
cytes. We found them predominantly located in the corpus, but these cells were 
also observed in the gallbladder fundus and neck. TCs had a centrally located 
nucleus and were mostly fusiform in shape with small branches that were visible 
in some sections; however, sparse, round tryptase/c-Kit-positive cells were also 

  Fig. 5.5    Cross section of 
the gallbladder wall from 
the cholelithiatic group 
showing mild infi ltration 
with infl ammatory cells 
and a thickened muscular 
layer. H&E staining.  l.p.  
lamina propria,  m.p.  
muscularis propria (From 
Matyja et al. [ 59 ])       

  Fig. 5.6    Cross section of 
the gallbladder wall of a 
control patient stained for 
CD117 ( red ) and tryptase 
( green ). The nuclei are 
counterstained with DAPI 
( blue ). CD117-positive/
tryptase-negative TCs 
( arrows ), and CD117- 
positive/tryptase-positive 
mast cells ( arrowheads ) 
are indicated (From Matyja 
et al. [ 59 ])       
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present. Numerous TCs were detected, mostly in the  muscularis propria , and 
some TCs were observed in the connective tissue separating the smooth muscle 
bundles (Fig.  5.5 ). 

 The number of TCs in the gallbladder wall corpus was signifi cantly lower in the 
study group than in the control group (3.03 ± 1.43 vs. 6.34 ± 1.66 cell/FOV in the 
 muscularis propria ;  p  < 0.001) (Figs.  5.6  and  5.7 ). CD-34-positive cells were visual-
ized in the gallbladder; however, they appeared to be mainly of vascular origin. 
CD-34-positive cells were rarely encountered in the  muscularis propria . These 
CD-34-positive cells were c-Kit negative concurrently.   

5.6     On Possible Mechanisms of TC Impairment 

 In order to elucidate the possible mechanisms leading to TCs depletion in gall-
bladder, the consecutive studies [ 59 ] concentrated on the role of bile properties, 
including bile salt concentrations. Signifi cant decrease in the mean concentrations 
of glycocholic and taurocholic acids in the bile from patients with cholelithiasis 
compared with the controls ( p <  0.02 and  p <  0.05, respectively) was reported 
(Fig.  5.8 ). Moreover, there was also a positive correlation between the TC count 
and the concentrations of glycocholic ( r  = 0.45,  p  = 0.039) and taurocholic 
( r  = 0.32,  p  = 0.05) acids. No signifi cant differences in the concentrations of the 
other bile acids examined (glycochenodeoxycholic, glycodeoxycholic, tauroche-
nodeoxycholic, and taurodeoxycholic acid) were observed between the two 
groups of patients (Fig.  5.9 ). There were also no signifi cant differences in the 
concentrations of cholesterol, bile salts, or phospholipids in the bile between the 
two groups (Fig.  5.10 ).

     However, the calculated cholesterol saturation index (CSI) [ 108 ] was signifi -
cantly higher in patients with cholecystolithiasis (1.23 ± 0.84) than in the controls 

  Fig. 5.7    Cross sections of 
the gallbladder wall of a 
cholelithiatic patient 
stained for CD117 ( red ) 
and tryptase ( green ). The 
nuclei are counterstained 
with DAPI ( blue ). 
CD117-positive/tryptase- 
negative TCs ( arrows ) and 
CD117-positive/tryptase- 
positive mast cells 
( arrowheads ) are indicated 
(From Matyja et al. [ 59 ])       
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(0.78 ± 0.33) ( p < 0.05 ). These results revealed also an important negative correla-
tion ( r  = −0.62,  p  = 0.001) between the CSI and the TC count in the gallbladder 
wall (Fig.  5.11a, b ).

   Even under physiological conditions, the cholesterol content in the aqueous solu-
tion of gallbladder bile is relatively high because cholesterol is incorporated into 
mixed micelles, together with bile salts and phospholipids. When the bile choles-
terol levels increase or the secretion of solubilizing bile salt is diminished, the solu-
tion becomes supersaturated. In this case, excess cholesterol is stored in vesicles 
(spheres composed of cholesterol and phospholipids, with no bile salts), provided 
that enough phospholipid is available. When relatively low amounts of phospholip-
ids are present, cholesterol crystal formation occurs, leading to gallstone formation 
[ 82 ,  84 ,  103 ]. Moreover, cholesterol crystallization is also promoted by hydropho-
bic bile salts (e.g., chenodeoxycholate and deoxycholate) and phospholipids with 
unsaturated acyl chains [ 63 ]. Human bile contains a mixture of both hydrophobic 
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  Fig. 5.8    Concentrations of 
glycocholic acid ( GCA)  
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in gallbladder bile from 
patients with 
cholecystolithiasis ( n  = 24) 
and controls ( n  = 25). The 
data are expressed as the 
mean values ± SD (From 
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  Fig. 5.9    Bile acid 
concentrations of 
glycochenodeoxycholic 
acid ( GCDCA ), 
glycodeoxycholic acid 
( GDCA ), 
taurochenodeoxycholic 
acid ( TCDCA ), and 
taurodeoxycholic acid 
( TDCA ) in gallbladder 
bile from patients with 
cholecystolithiasis ( n  = 24) 
and controls ( n  = 25). The 
data are expressed as the 
mean values ± SD (From 
Matyja et al. [ 59 ])       
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(e.g., deoxycholate) and hydrophilic (e.g., ursodeoxycholic) acids, and thus, the 
fi nal hydrophobicity of the bile salts depends on the relative contents of these com-
ponents [ 44 ,  47 ,  72 ]. Therefore, the biliary bile salt composition affects human gall-
stone formation, which opens several therapeutic possibilities [ 48 ,  49 ,  55 ,  102 ]. Our 
results showed that there were no signifi cant differences between the two groups of 
patients in the mean concentrations of total bile acids, phospholipids, or cholesterol 
in vesicular bile, except for the lower mean concentrations of glycocholic and tau-
rocholic acid in the patient group. The lower amounts of these mostly hydrophilic 
bile acids were associated with the increased lithogenicity index (CSI) in the study 
group. Interestingly, in patients with gallstones, a signifi cant positive correlation 
between the mean number of TCs and the concentrations of glycocholic and tauro-
cholic acids was found. We conclude that glycocholic and taurocholic acids are 
somehow protective to TCs. However, it is unclear whether this is an artifact of the 
statistical analysis or whether TCs are indeed preserved by these acids, and the 
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exact mechanism of this possible protective effect should be examined further, 
including in an experimental model. 

 We acknowledge that possible mechanisms underlying the destructive infl uence of 
bile on TCs remain speculative rather than empiric, as reports on the role of TCs in 
gallstone pathophysiology are sparse. Some insights were provided by Hu et al. [ 46 ] 
who demonstrated that the expression of c-Kit mRNA and protein in the gallbladder 
wall was signifi cantly decreased in the gallbladders of guinea pigs fed a high-choles-
terol diet. A study by Xu and Shaffer [ 112 ] reported that gallbladder hypomotility was 
impaired by the increased bile cholesterol level. A study by Lavoie [ 54 ] proved that 
excess cholesterol in the smooth muscle of the gallbladder attenuates the ability of the 
muscle to contract as a result of changes in signal transduction and ion channel activ-
ity, decoupled membrane receptor-ligand interactions, and disturbances in contractile 
protein activity. Moreover, in a subsequent study on guinea pigs fed a lithogenic diet, 
Lavoie et al. [ 53 ] reported cholesterol accumulation in gallbladder smooth muscles in 
the plasma membrane, especially membrane caveolae, leading to a decrease in mem-
brane fl uidity and a subsequent change in rhythmic electric activity. Hypertrophy was 
also detected in the  muscularis propria , and the contractile response to an agonist was 
decreased. It is not yet known whether such mechanisms could infl uence TC activity 
as well. Furthermore, TCs seem not to be directly involved in the pacemaking mecha-
nism but rather possibly act as modulators of the contractility, e.g., through the 
released exosomes/shedding vesicles [ 81 ]. Elements of the TC network are interacting 
with each other (homocellular connections) as well as with other cell types (heterocel-
lular connections). As reported in the heart, the homocellular junctions occur at both 
podomeric and podomic levels, either side to side (presumably for exchanging infor-
mation) or end to end (probably for relaying, passing on information). Heterocellular 
junctions are encountered between TCs and myocytes, fi broblasts, mast cells, macro-
phages, pericytes, endothelial, or Schwann cells. TCs are integrating such cellular 
types into a complex 3D network. These networks are providing both structural and 
functional support for long-distance signaling [ 5 ,  37 ,  74 ]. 

 Another important mechanism underlying TC loss concerns the chronic infl am-
matory processes involving the gallbladder wall. Portincasa et al. [ 82 ] described 
impaired gallbladder motility caused by mild infl ammation. Indeed, we observed 
infl ammatory infi ltration, predominantly localized in the  lamina propria , in the 
gallbladders of patients with gallstones, which was associated with a signifi cant 
increase in the mast cell count. However, as we reported previously, TC loss does 
not correlate with infl ammatory grade or mast cell count [ 69 ]. 

 Nevertheless, other indirect infl ammatory effects on gallbladder TCs cannot be 
excluded. For example, apoptotic mechanisms leading to the loss of gallbladder TCs 
should be considered. The apoptosis might be caused by multiple mechanisms, 
including chronic infl ammatory reactions [ 40 ], and it is possible that the reduced 
number of TCs in the infl amed gallbladder wall in patients with gallstones could be 
caused by an imbalance between the apoptosis and regeneration of TCs. Finally, the 
reduced number of TCs might be primarily caused by the trans-differentiation of TCs 
precursor cells, as reported by Torihashi et al. in the smooth muscles in the gut [ 99 ]. 

 Furthermore, the recent studies on the role of unsaturated fatty acids (UFA) in bile 
phospholipids fraction in relationship to TCs performed by our team revealed that in 
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patients with cholelithiasis, the levels of UFA differ signifi cantly between healthy sub-
jects and patients with cholelithiasis. Moreover, such changes are statistically related to 
the decreased TCs count in the gallbladder muscularis propria (unpublished). 

 Saturated fatty acid (SFA) concentrations in the phospholipid fraction of the bile in 
gallstone patients were slightly decreased as compared with control (47.7 % ± 3.0 vs. 
50.7 % ± 7.5;  p  = 0.07, respectively). The monounsaturated fatty acid (MUFA) concen-
trations in the phospholipid fraction of the bile in gallstone patients remained 
unchanged between both groups (13.7 % ± 2.5 vs. 15.2 % ± 54.1;  p  = 0.17). Surprisingly 
however, the polyunsaturated fatty acid (PUFA) concentrations in the phospholipid 
fraction of the bile in gallstone patients were signifi cantly higher in patient suffering 
from cholelithiasis compared with the control subjects (39.6 % ± 4.7 vs. 34.0 % ± 6.8; 
 p  = 0.0046). The omega-3 PUFA levels did not differ between both groups (3.68 % ± 1.1 
for gallstone patients, 3.79 % ± 1.6 for controls, respectively,  p  = 0.81), whereas the 
omega-6 PUFA concentrations were signifi cantly elevated in gallstone patients 
(35.8 % ± 4.3 for gallstone patients, 30.2 % ± 6.0 for controls,  p  = 0.0015). 

 Such increase originated mainly from the signifi cant elevation of the C18:2(n-6) 
(linoleic acid) serum concentrations (28.8 % ± 4.8 vs. 22.8 % ± 4.9, respectively, for 
cholelithiasis and controls;  p  = 0.0005). In addition, the omega-6 PUFA to omega 3 
PUFA ratio was signifi cantly higher in gallstone patients compared to controls 
(11.0 ± 3.1 vs. 8.41 ± 2.3;  p  = 0.0121). 

 The study revealed also the moderate correlation of telocyte count in the gall-
bladder muscularis propria with the (1) total PUFA concentrations ( r  = −0.543; 
 p  < 0.05), (2) omega-6 PUFA levels ( r  = −0.415;  p  < 0.05), and (3) omega 6- PUFA 
to omega-3 PUFA ratio ( r  = −0.559;  p  < 0.05). 

 Thus, we conclude that the disrupted polyunsaturated fatty acid concentrations in 
the gallbladder bile, with elevation of omega-6 PUFA, constitute important factors 
infl uencing TC density in the gallbladder wall, being one of the possible patho-
physiological components for the gallstone disease development.  

5.7     Conclusions 

 The specifi c role of TCs in the gallstone disease reminds relatively incompletely 
described. There are still more questions rising than we have answers available. But 
whether the telocytes regulate the smooth muscle functions, or are the crucial ele-
ment for their regeneration, or play a role in the cellular communication, or can act 
as the sensor elements, the importance of further investigation of TC ultrastructure 
and electrophysiological studies is indisputable. But despite the fact that many of 
pathophysiological mechanisms of gallstone formation still need to be elucidated, 
we can surely conclude that TCs are the important players in cholelithiasis and a 
possible target for the novel therapies.     
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    Chapter 6   
 Features of Telocytes in Agricultural Animals                     

     Ping     Yang    ,     Nisar     Ahmed    ,     Shakeeb     Ullah    ,     Qiusheng     Chen    , 
and     Yonghua     Zheng    

    Abstract     Telocytes have been identifi ed in almost all kinds of organs and tissues in 
human, rat, mouse and other mammals, and they are considered to be important 
during tissue regeneration and repair, and they have potential roles in the pathogen-
esis of some diseases. However, there is still short of knowledge about telocytes in 
agricultural animals. In this chapter, we try to testify the existence of telocytes and 
demonstrate the morphological and ultrastructural characteristics of telocytes in 
agricultural animals. The results confi rmed the existence of telocytes in the repro-
ductive and gastrointestinal tract of agriculture animals, and they share the same 
morphology and ultrastructure with telocytes in other reported mammals. The 
results also promoted the study of telocytes and enhanced the researchers to pay 
more attentions on this new type of interstitial cells and it is helpful to create new 
treatments for the various reproductive disorders and gastrointestinal problems.    

6.1      Introduction 

 Medical research focusing on human and rat and mouse are already considering 
telocyte histology and pathology, but in agricultural animal, research of telocyte is 
usually ignored. Nevertheless, recent studies of telocyte show a growing interest in 
the functional morphology of different organs and species and emphasize the con-
sideration of the potential important role of this cell type in the agricultural animal. 
The aim of this chapter was to point out the little research performed in agricultural 
animal related to telocyte and give a resume of the importance of telocyte according 
to the study of the functional morphology in some agricultural animal. 

 Agricultural animals play a crucial role in the rural and agricultural economies of the 
world. They not only produce food directly but also provide major inputs to crop agri-
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culture. Actually, agricultural animals is a broader term including about 5,000 breeds 
comprising 40 edible or economic animal species, such as cattle, buffalo, horse, swine, 
sheep, goat, turtle, poultry, fi shes, etc. Agricultural animals meet approximately 30 % of 
total human needs for food and agriculture in the form of eggs, milk, meat, fi ber, fertil-
izer for crops, fuel, and draught power and also provide a very important cash source in 
many farming systems. Livestock are the only ready source of cash to buy inputs for 
crop production – seeds, pesticides, and fertilizers for many smallholder farmers. 

 For over 150 million years, poultry has been on the earth, dating back from the origi-
nal wild jungle fowl to now that we include chickens, peafowl, turkeys, pigeons ducks, 
geese, pheasants, guinea fowl, and those in the list of species under the  general class 
named poultry. Poultry provides human beings with companionship, fi ber, and food in 
the form of eggs, meat, and feathers. Chicken and other poultry can be reared in almost 
all parts of the world and people all over the world like poultry products. In the last 
20 years, the interest in poultry and poultry products has grown enormously due to easy 
availability and cost-effective values. Almost every country in the world has a poultry 
industry of some kind. In addition, turtles are one of the common species of reptiles and 
are widely distributed in world. This species is famous for its economic and pharmaco-
logic value, and hence, they are subjected to extensive harvesting pressure. 

 Telocytes (TCs) are a novel interstitial (stromal) cell type described in many tis-
sues and organs of humans and laboratory mammals (  www.telocytes.com    ). A TC is 
characterized by a small cell body (9–15 μm) and a variable number (one to fi ve) of 
extremely long and thin telopodes (Tps), with alternating regions of podomers 
(∼80 nm) and podoms (250–300 nm). Tps are interconnected by homo- and hetero-
cellular junctions and form three-dimensional networks. Moreover, Tps release 
three types of extracellular vesicles: exosomes, ectosomes, and multivesicular car-
gos, which are involved in paracrine signaling. Agricultural animals present signifi -
cant economical and scientifi c notability; so, to determine the identifi cational and 
functional studies of TCs in agricultural animals is of great importance. LM Popescu 
(2010) established that TEM features alone can serve as the gold standard for iden-
tifi cation of TCs [ 1 ]. In the level of light microscopy, by single immunohistochem-
istry, TCs do not express specifi c marker(s); at present, CD34 labeling remains the 
best available choice for the single immunohistochemical identifi cation of TC; how-
ever, sometimes it may be confused with endothelial cells in general. But by double 
immunohistochemistry, CD34/PDGFRα or CD34/CD31 labeling can be an accu-
rately oriented diagnosis [ 2 ]. Indeed, some researchers in agricultural animals had 
identifi ed TCs by TEM. They had used the immunohistochemical staining and light 
microscopic techniques to localize and especially quantify the numbers of TCs in 
the various regions of different animals, but regarding the agricultural animals, these 
studies are regrettably low due to lack of the availability of easy choice- specifi c 
antibodies in the markets. Recently, only three papers have been published on telo-
cytes in the agriculture animals (turtle and chicken), but a lot of research is waiting 
for publishing in other agriculture animals, such as, goat, sheep, etc., because the 
telocytes play a key role within the body of living organisms along with other cells. 

 Here, we discussed the novel work about the telocytes in agriculture animals, 
which is the fi rst step to explore the importance of telocytes.  

P. Yang et al.
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6.2     Telocytes in the Reproductive System of Agriculture 
Animals 

 Reproductive system is one of the most important systems within the living organ-
isms. The reptilian and poultry oviduct, unlike mammals, is an important organ that 
performs major functions including sperm storage, egg formation, maturation, and 
transportation of unfertilized or fertilized eggs to the exterior of the body. The organ 
is composed of the following fi ve segments or regions (from anterior to posterior): 
infundibulum, magnum, isthmus, shell gland (uterus), and vagina. The uterus is 
regarded as an important segment of the oviduct, which performs several important 
functions, such as salt and water absorption, egg calcifi cation, egg transport, and egg 
pigmentation, while sperm storage also takes place in the uterus of the reptilian and 
poultry. Ullah et al. describe the ultrastructure characteristics of telocytes in the 
uterus of female adult soft-shelled turtles,  Pelodiscus sinensis , through transmission 
electron microscopy (Figs.  6.1  and  6.2 ) [ 3 ]. Remarkably, this is the fi rst study in 
reptiles, besides mammals. The general features of the telocytes, identifi ed in the 
interstitial spaces of the uterus of soft-shelled turtle  Pelodiscus sinensis , were simi-
lar to those already reported in mammalian species and are consistent with the diag-
nostic criteria of telocytes, explained by Popescu such as the existence of long, 
moniliform and convoluted telopodes. The telocytes makes homo- and heterocellu-
lar junctions by connecting with each other, and with different cell types by their 
long cell processes, these are able to carry signals over long distances. Conversely, 
local (paracrine) signaling of telocytes is achieved by shedding vesicles. The 

  Fig. 6.1    Digitally colored 
TEM image of the turtle 
uterus. Long telopodes are 
present around the 
capillary. The podom and 
a telocyte are also visible. 
( Tc  telocyte,  Tp  telopode, 
 RBC  red blood cell,  En  
endothelium). The scale 
bar represents 5 μm       
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telocytes were embedded in the collagen fi ber [ 4 ], which suggests that telocytes 
might be involved in homeostasis, remodeling, regeneration, and tissue repair. 
Telopodes are connected with each other by either end-to-end or side-to-side con-
tacts but rarely by end-to-side connections in the uterus. These data provide mor-
phological evidence for the presumption that telopodes might convey signal 
indication or have unique communication between telocytes. The telopodes also 
present in a close proximity to secretory glands and blood vessel in the lamina pro-
pria beneath the simple columnar epithelium. Furthermore, they are also observed 
in close connections with smooth muscle fi bers formed by gap junctions and con-
nective tissues. These fi ndings suggest that telocytes could infl uence the timing of 
contractile activity in smooth muscle cells and indicate the key role of telocytes in 
uterine contraction. Further studies need to explore the potential bio-functions of 
telocytes in certain pathological conditions in the uterus and investigate the mecha-
nisms of interaction between telocytes and other cells.

    Testes are components of both the reproductive and endocrine systems. The main 
functions of the testis are the production of sperm (spermatogenesis) and andro-
gens, primarily testosterone. The testis parenchyma consists of seminiferous tubules 

a b

  Fig. 6.2    Digitally colored TEM image of the turtle uterus. ( a ) At least 2 telocytes with their exten-
sive telopodes are visible in the lamina propria near gland cells. Telopodes with long alternating 
podom and podomer are visible. ( Tt  tortuous telopode,  Tc  telocytes,  GC  gland cells,  Pm  podom, 
 Pd  podomer). The scale bar represents 2 μm. ( b ) Two telocytes are clearly visible and telocytes 
connect with telopodes from other telocytes. The encircled area shows the close connection 
between telopodes. Mitochondria and vesicles are also visible. ( TC  telocyte,  Tp  telopode,  GC  
gland cell,  CC  close connection,  Ve  vesicle,  M  mitochondria.) The scale bar represents 2 μm       
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and interstitial tissue. The testis interstitial tissue (TIS) is a highly vascularized 
loose connective tissue that includes Leydig cells, blood vessels, leukocytes, and 
fi broblasts. Spermatogenesis occurs in the seminiferous tubules, which are com-
posed of Sertoli cells (SCs) and maturing germ cells that are surrounded by one 
(e.g., in rats and mice) or more (e.g., humans and turtles) layers of peritubular cells. 
Recently, Yang et al .  for the fi rst time reported the information about the existence 
of telocytes in the testis through transmission electron microscopy and CD34 immu-
nohistochemistry (Figs.  6.3 ,  6.4 , and  6.5 ) [ 5 ]. This is the fi rst time he used CD34 for 
the identifi cation of telocytes in the agriculture animals.

     In the turtle testis, several layers of peritubular cells were clearly present in the walls 
of the seminiferous tubules. Some peritubular cells presented the typical  characteristics 
of smooth muscle cells, such as nuclei that exhibited many irregularities (i.e., con-
certina nuclei), abundant actin fi laments with dense focal bodies, and caveolae. The 
peritubular cells located in the inner layer (near the seminiferous tubules) exhibited 
thicker processes and contained more actin fi laments and dense material than the 
cells located in the outer layer. The outermost layer around peritubular cells was 
identifi ed as a novel type of interstitial cell known as TCs according to the diagnos-
tic criteria for TCs suggested by Popescu et al. [ 1 ]. However, in terms of morphol-
ogy, these cells are easily confused with peritubular cells because both cell types 

  Fig. 6.3    TEM micrograph of a turtle testis. TCs with very long thin prolongations (telopodes, 
 arrows ) bordering several layers of the peritubular cells. The encircled area indicates the heterocel-
lular junction (point contact) between the TCs and the Leydig cells. Several telopodes are present 
in close proximity to the blood vessels and Leydig cells within the interstitial tissue.  St  seminifer-
ous tubules,  Tc  telocyte,  Pc  peritubular cell,  Lc  Leydig cell,  Cf  collagen fi ber,  Bv  blood vessels. 
The scale bar is 10 μm       
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have long processes. A typical TC with two extremely long processes (Tps) near the 
peritubular cells. The observation of the TCs revealed that the cell body was small, 
the nuclei exhibited moderate heterochromatin at the periphery with a small amount 
of cytoplasm surrounding the nuclei, and the cytoplasm contained numerous mito-
chondria. Furthermore, the Tps have (cellular extensions) exhibited alternating thin 
segments (podomers) and dilated bead-like regions (podoms). The podoms accom-
modated the mitochondria and vesicles. Whereas the processes of the peritubular 
cells have thicker and greater numbers of spinelike short process. The appearances 
of the nuclei of the peritubular cells were similar to those of smooth muscle cells 
(i.e., concertina nuclei). The TCs shared obvious substantial connections with the 

  Fig. 6.4    TEM micrograph 
of a turtle testis. The TCs 
with extremely long 
processes ( arrow ) 
bordering the large blood 
vessel exist between the 
peritubular cells and the 
blood vessel within the 
interstitial tissue.  St  
seminiferous tubules,  Pc  
peritubular cell,  Tp  
telopod,  Bv  blood vessels. 
The scale bar is 10 μm       

  Fig. 6.5    Photomicrograph 
of a turtle testis. CD34- 
positive TCs with long thin 
telopodes extending from 
the cell body and bordering 
the seminiferous tubules 
are shown.  Tc  telocyte,  Tp  
telopod,  St  seminiferous 
tubules,  TIS  testis 
interstitial tissue,  Bv  blood 
vessel. The scale bars are 
20 μm       
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Leydig cells in the interstitial tissue along with few fi bers around the blood vessels, 
which suggests that the TCs are indirectly involved in the secretion of the testoster-
one, rostenedione, and dehydroepiandrosterone within the testis of agriculture ani-
mals. The prolongations of the vascular TCs exhibited greater numbers of bands 
and secreted various numbers of vesicles into the extracellular compartment. TCs 
might act as cellular guides for immune cells via the blood stream, and this vesicle 
density seems to evidence cell-to-cell communication via the direct stimulation of 
target cells or receptor-mediated interactions. Furthermore, homocellular junctions, 
such as end-to-side membrane contacts (less than 13 nm) known as nanocontacts, 
were present between the Tps surrounding the blood vessels. Some uncommon 
junctions were also present between the Tps and cell bodies of the TCs. Electron 
microscopy also revealed octopus-like TCs with extremely twisted. These Tps 
formed a labyrinthine system with three-dimensional convolutions that overlapped 
each other and were also involved in the secretion of a large number of vesicles. 

 The endothelium and TCs were positively labeled for CD34. The immunostain-
ing revealed numerous positive endothelial cells in the small and large blood vessels 
in the connective tissue between the seminiferous tubules of the testes. CD34 was 
expressed in the TC cell bodies and their cellular elongations, and the TCs were 
observed to be bipolar in shape with thin several prolongations that extended to sur-
round the adjacent peritubular cells of the seminiferous tubule. The extremely long 
Tps were present in the close contact with the peritubular cells, Leydig cells, and 
blood vessel. Collectively, its morphological evidence suggested that the interac-
tions between Sertoli cells, peritubular cells, Leydig cells, and germ cells are essen-
tial for the regulation of spermatogenesis in the agriculture animals.  

6.3     Telocytes in the Gastrointestinal Tract (GIT) 
of Agriculture Animals 

 GIT is responsible for consuming and digesting food stuffs, absorbing nutrients, and 
expelling waste martial. The tract consists of the stomach and intestines and is 
divided into the upper and lower gastrointestinal tracts. By the broadest defi nition, 
the GIT includes all structures between the mouth and the anus. Yang et al. identifi ed 
the existence of telocyte in chicken (Figs.  6.6  and  6.7 ) [ 6 ]. They found in chicken 
telocytes almost have similar characteristics like telocytes present in other organs. 
TCs have with a small body and a variable number of Tps, containing a nucleus, 
surrounded by a small amount of cytoplasm. Tps have a particular ultrastructural 
signature, consisting of an alternation of thin segments (podomers) and dilations 
(podoms). Each TC can have 1–5 Tps; the shape of the telocytes is according to the 
number of their telopodes: piriform for one prolongation, spindle for two telopodes, 
triangular for three, stellate, etc. The thin rim of cytoplasm surrounding the nucleus 
contains a small Golgi apparatus, some mitochondria, and few cisternae of the rough 
endoplasmic reticulum (RER) and smooth endoplasmic reticulum (SER). Telocytes 
seem to have strategic position in the ileum, in between blood capillaries and stem 
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cells, and are in close contact with nerve endings. Telocytes could be nurse cells 
integrating local (short-distance signals: direct contacts, exosomes, shed vesicles) 
and long-distance signals through the long TPs, because of their 3D network.

    TCs were distributed within the longitudinal and circular muscle layers. The TCs 
of the longitudinal layer have distinct close contacts, not gap junctions, with adja-
cent SMC and with blood vessel. TCs were also present along the submucosal sur-
face of the circular muscle layer, lamina propria of the ileum, and around the ganglia 
of the submucosal plexus. These fi ndings suggest that the telocytes have a role in 

  Fig. 6.6    TEM image of 
some telocytes along the 
submucosal surface of the 
circular muscle layer in the 
chicken ileum. TCs were 
arranged around the 
ganglia of the submucosal 
plexus.  Tc  telocytes,  Tp  
telopods. Bars = 2 μm       

  Fig. 6.7    TEM image of 
some telocytes along the 
submucosal surface of the 
circular muscle layer in the 
chicken ileum. TCs were 
arranged around the 
ganglia of the submucosal 
plexus.  Tc  telocytes,  Tp  
telopods. Bars = 2 μm       
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contraction of GIT, reparation of injured tissues during diseases, like in the skeletal 
muscles, but there is a great need to explore telocyte-specifi c biomarker to clarify 
the cell in the functional aspect and, in an easier way, network biomarkers to under-
stand more about the interaction between proteins, genes, and signal pathways and 
dynamic network works to defi ne and predict time-dependent telocyte function and 
morphological features. The ultrastructural evidence for the existence of telocytes 
in the muscularis and the lamina propria in the ileum of the chicken and telopodes 
connect with immune cells, smooth muscle cells, nerve fi bers, and blood vessels. 
Further studies must explore the potential bio-functions of telocytes in certain path-
ological conditions in intestine and investigate the mechanisms of interaction 
between telocytes and other cells.  

6.4     Conclusion 

 In this chapter, we have demonstrated the morphological and ultrastructural charac-
teristics of telocytes in the few organs of reproductive and gastrointestinal tract of 
agricultural animals. This information not only enhanced the interest of researchers 
to conduct more studies on agricultural animals but is also helpful to treat the vari-
ous reproductive disorders as well as gastrointestinal problems.     
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    Chapter 7   
 The Telocyte Subtypes                     

     Maria-Giuliana     Vannucchi        and     Maria-Simonetta     Faussone-Pellegrini      

    Abstract     Several cells are endowed in the interstitial space of the connective tis-
sue; among them, a peculiar type has been recently described and named telocyte 
(TC). The increasing interest on this cell type has allowed identifying it in almost all 
the organs. All TCs have a proper ultrastructural feature that makes them undoubt-
edly recognizable under the transmission electron microscope (TEM). On the con-
trary, a complex often confusing picture comes out from the immunohistochemical 
investigations either due to the technical procedures used or, intriguingly, to the 
possibility that diverse subtypes of TC might exist. 

 Among the several markers used to label the TC, the most common are the CD34 
and the PDGFRalpha, and, in many organs, the TC expresses both these markers. 
An exception is represented by the human urinary bladder where none of the TC, as 
recognized under the TEM, was double labelled. All the data indicate that TCs show 
immunohistochemical differences depending on the organ where they are located 
and/or the animal species. 

 On the basis of their ubiquitous distribution, TCs are unanimously considered orga-
nizers of the connective tissue because of their ability to form 3-D networks. Close to 
this common role, numerous other roles have been attributed to the TC. Indeed, each 
of the TC subtype likely plays an own organ-/tissue-specifi c role contributing to dif-
ferent aspects of physiological regulation in the various anatomical niches they occupy.  

7.1        The Interstitial Cells 

 Several types of interstitial cells are present in the connective tissue so that, next to 
the fi broblasts/fi brocytes responsible for the matrix formation, there are mast cells, 
resident macrophages and, occasionally, lymphocytes, plasma cells, granulocytes 
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and monocytes. Recently, another type of interstitial cell has been added to the pre-
vious ones. This cell type seems to be present in all organs so far examined and has 
been named telocyte (TC) [ 15 ,  21 ,  37 ]. Moreover, other interstitial cell types might 
be present in some organs. In the gut, for example, there are the so-called interstitial 
cells of Cajal (ICC), discovered by Cajal in 1889, responsible for pacemaker activ-
ity, and, according to some researchers, the so-called PDGFRα-positive cells are 
considered to be capable of neurotransmission [ 3 ,  25 ,  26 ,  32 ]. Interestingly, in the 
gut [ 44 ], liver [ 20 ,  47 ], uterus [ 14 ], heart [ 50 ] salivary glands [ 2 ] and urinary blad-
der [ 45 ], the PDGFRα-positive cells and the telocytes (identifi ed by their CD34 
positivity, Fig.  7.1 ) are the same cell type. In the urinary tract, many interstitial cell 
types have been described by immunohistochemistry, and several and confusing 
identities have been attributed to them: ICC [ 24 ], TC [ 21 ,  49 ], PDGFRα-positive 
cells [ 27 ,  28 ] and a lot of other various (inconsistent) names [ 41 ].

7.2        The Telocytes 

 The cells today called TC correspond to those formerly called interstitial Cajal-like 
cells (ICLC) [ 7 ,  11 ,  23 ,  34 – 36 ,  39 ]. This name, however, was quite ambiguous and 
was changed by the same authors in telocyte (TC) [ 37 ]. All the cells identifi ed as TC 
have a proper and common ultrastructural feature that makes them easily and 
undoubtedly recognizable under the transmission electron microscope (TEM) [ 8 , 
 10 ,  12 ,  15 ,  23 ,  29 – 31 ,  37 ,  42 ,  48 ]. TCs are surely not fi broblasts even if in some 
organs these cells, at variance with the TC typical ultrastructure and similarly to 
fi broblasts, are rich in rough endoplasmic reticulum (Fig.  7.2a ). Likely, TC might 

  Fig. 7.1    Immunohistochemistry, light microscope. In  brown , DAB revelation of the CD34 positiv-
ity. Telocytes are CD34-positive and form a 3-D network in the connective tissue. Human gastric 
submucosa. Bar = 20 μm       
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a

b c

  Fig. 7.2    ( a, b ) Transmission electron microscope. ( a ) Rabbit colonic submucosa. Two telocytes: 
a typical one (1) with a scarce perinuclear cytoplasm and an atypical one (2) with a perinuclear 
cytoplasm rich in mitochondria and endoplasmic reticulum. ( b ) Rabbit colonic submucosa. Several 
telocytes that with their long processes (telopodes) come in contact with each other and form a 3-D 
network. ( c ) Immunohistochemistry, fl uorescence microscope. CD34-positive telocytes form a 
3-D network. Bar: ( a ) = 0.5 μm, ( b ) = 1 μm, ( c ) = 20 μm       
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correspond to the cells called in the past and still called by some authors fi brocytes. 
Indeed, the morphology of these two cell types is very similar.

   A discriminant element, especially under the light microscope, to make sure 
that we are looking at the TC is their organization in networks (Fig.  7.2b,c ). 
Indeed, these cells are constantly organized in a 3-D network intermingled with 
resident and not resident connective tissue cells or in a 2-D network lining the con-
nective border of various tissues and around blood vessels. The TC located around 
blood vessels presumably corresponds to the cells known as ‘adventitial cells’ and 
those located around enteric ganglia and nerve strands to those known as ‘covering 
cells’ [ 19 ].  

7.3     TC Subtypes 

 A careful revision of our and literature data obtained in different animal species 
and in different organs of the same animal suggests that the cells identifi ed as 
TC might differ from each other either in the ultrastructure or in the immunohis-
tochemical labelling. Ultrastructural differences are the lesser evident; on the 
contrary, the immunohistochemical ones are prominent. Therefore, the possibil-
ity that the ultrastructural and immunohistochemical differences reported for 
these cells might correspond to diverse subtypes of TC is very likely and 
fascinating. 

7.3.1     Gut and Urinary Tract 

 These two apparatus are the most extensively investigated for identifying the dif-
ferent types of interstitial cells. In particular, a controversy exists on whether in 
these two organs the TC and the so-called PDGFRα-positive cells are the same 
cell type. The PDGFRα-positive cells have been considered by some authors [ 3 , 
 25 – 27 ] to correspond to the so-called fi broblast-like cell (FLC). In the human 
urinary bladder, however, the FLC ultrastructure resulted much more similar to 
that of fi broblasts than to that of TC [ 39 ]. Moreover, when the immune TEM was 
applied, these cells were CD34-negative [ 39 ]. These results would suggest that 
the TC and the PDGFRα cells are two distinct cell types. However, according to 
several authors, in the gut [ 34 ], liver [ 20 ,  47 ], uterus [ 14 ], heart [ 50 ] and salivary 
glands [ 2 ], the TC and the PDGFRα-positive cells are a unique cell type since in 
these organs, all the cells identifi ed as TC were double labelled with CD34 and 
PDGFRα (Fig.  7.3a–c ) and shared identical ultrastructural features. In the human 
urinary bladder, a picture more complex than in the other organs comes out. In 
particular, while TCs in the submucosa and detrusor were CD34-positive and 
PDGFRα-negative, those in the suburothelium were PDGFRα-positive and CD34-
negative. To note, both these two populations formed 3-D networks and shared a 
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  Fig. 7.3    ( a – d ) Immunohistochemistry, fl uorescence microscope. ( a – c )  T elocytes labelling in the 
muscle coat and submucosa of the human small intestine. In  red , CD34 immunoreactivity ( a ), in 
 green  PDGFRα immunoreactivity ( b ), in  yellow  double CD34/PDGFRα immunoreactivity ( c ). ( d ) 
Telocytes labelling in the suburothelial area of the human bladder. Some of the telocytes are 
PDGFRα-positive only (in  green ), whereas others are double PDGFRα (in  green )- and αSMA (in 
 red )-positive. ( e ) Transmission electron microscope, human bladder. A ‘hybrid’ telocyte possess-
ing along its contour numerous attachment plaques ( asterisks ). Bar: ( a – c ) = 25 μm, ( d ) = 10 μm, 
( e ) = 0.8 μm       
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typical TC ultrastructure [ 21 ,  22 ,  41 ,  45 ]. In the mouse bladder [ 28 ], PDGFRα-
positive cells were seen throughout the entire bladder wall and, similarly to TC, 
had a spindle or stellate body and possessed multiple processes that contacted one 
another forming a loose 3-D network. Moreover, in the human urinary bladder, 
among the suburothelial PDGFRα-positive cells, some of those closer to the uro-
thelium were also αSMA-positive (Fig.  7.3d ) [ 45 ]. The presence of PDGFRα-
positive/αSMA-positive TC is quite intriguing. Indeed, when these cells were 
observed under the TEM, they showed some peculiarities compared to the typical 
TC such as a larger body and cell processes possessing attachment plaques 
(Fig.  7.3e ) similar to the fi bronexus typical of the myofi broblasts. These TCs, 
therefore, were indicated as ‘hybrid’ TC [ 45 ]. In summary, on the basis of our 
experience, two TC subtypes can be identifi ed under the TEM in the human uri-
nary bladder: one with the characteristic small oval body and at least two long, 
thin, varicose processes and the other with a larger body containing several cister-
nae of the rough endoplasmic reticulum (RER) and a well- developed Golgi 
apparatus.

7.3.2        Placenta 

 In the chorial villi, TCs were seen to show different immunohistochemical profi les 
[ 42 ]: some of them were c-kit-positive; many were CD34-positive and co-expressed 
vimentin and caveolin-1. Moreover, double labelling for c-kit and CD34 disclosed 
three cell populations, one c-kit-positive, one CD34-positive and a third one c-kit/
CD34-positive; despite that, all of them shared the same TC ultrastructural profi le 
[ 42 ]. Finally, in cultured cells from the same placental villi, some were double- 
positive for c-kit and iNOS and others for c-kit and VEGF [ 42 ].  

7.3.3     Striated Muscle 

 In the skeletal muscle, TC expressed c-kit-, caveolin-1 and CD34 and secreted 
VEGF [ 43 ]. Several phenotypes of TC have been described in the myocardium [ 9 , 
 50 ]. In particular, in the mouse heart, most but not all of the TC were CD34-positive 
and some c-kit-positive, and those isolated from the mouse, rat and human heart 
showed a CD34-/PDGFRα-positivity [ 50 ].  

7.3.4     Liver 

 In the mouse and human liver, TCs were CD34/PDGFRα-positive [ 20 ,  47 ].  
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7.3.5     Female Reproductive Tract 

 In mice and monkeys, the PDGFRα-positive cells formed extensive networks in the 
ovary, oviduct and uterus, and their distribution and density were similar between 
the two species [ 33 ]. However, signifi cant differences in gene expression have been 
found among these organs and also among cells from different tissue regions within 
the same organ (e.g., myometrium vs. endometrium). Under the TEM, two different 
types of TC were seen in the  lamina propria  of mouse oviducts but in different 
periods of life: one during oestrum and the other during pregnancy (personal obser-
vations, Fig.  7.4a ). Interestingly, since the TC of the oviduct expresses both oestro-
gen and progesterone receptors [ 11 ], it can be reasonably concluded that, in this 
organ, there are not two TC subtypes but a unique type that, under specifi c stimuli 
such as those linked to pregnancy, acquires different features. Finally, it has been 
reported that isolated human uterine telocytes are CD34-/PDGFRα-positive [ 14 ].

   All above data indicate that TC shows several immunohistochemical differences 
depending on the organ and/or animal species. Beyond these differences, also technical 

a

b

  Fig. 7.4    ( a ,  b ) Transmission electron microscope. ( a ) Mouse oviduct during pregnancy. Telocytes 
are rich in organelles and embrace small blocks of new synthetized extracellular matrix ( asterisks ). 
( b ) Submucosa of rabbit colon. The telocyte 3-D network embraces thick collagen bundles likely 
determining their orientation. Bar: ( a ) = 0.8 μm, ( b ) = 1.3 μm       
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factors might cause controversial results. The various laboratories often use differ-
ent technical procedures for fi xation, antibody unmasking and so on. Moreover and 
unpredictably, it happens sometimes that antibodies purchased by the same provider 
give controversial or no results when bought at different times. In the presence of 
such events, two main points could help in understanding whether or not the labelled 
cells are likely TC: if they form networks and if they are CD34-positive. Indeed, 
among all the immunohistochemical markers that label the TC, the CD34 seems to 
be that shared by most of them.   

7.4     TC Roles 

 Many roles have been suggested for TC, presumably too many for each TC subtype. 
Nevertheless, it is likely that all TC subtypes play one common role. About it, it has 
to be borne in mind that TCs are unanimously considered organizers of the connec-
tive tissue by their ability to form 3-D networks, either alone or intermingled with 
other cell types, embracing and, probably, determining the orientation of the colla-
gen and elastic fi bres (Figs.  7.2b  and  7.4b ). Moreover, the TC, by forming a 3-D 
scaffold, should be able to follow organ distension and relaxation, to avoid anoma-
lous organ deformation and to control blood vessels closure or rheology [ 4 ,  6 ,  13 , 
 19 ,  23 ,  34 ,  38 ,  40 ,  44 – 46 ]. 

 In our opinion, it is equally reasonable to conceive that each subtype plays an own 
organ-/tissue-specifi c role. Among the proposed organ-specifi c role, a TC net might 
participate in the control of muscle tone and motor activity [ 16 ]. In the gut, the mixed 
TC and ICC net has been correlated with the possibility that TC might favour the 
spreading of the neurotransmission signals directed to the ICC, which in turn are 
electrically coupled to the smooth muscle cells [ 34 ]. In favour of this hypothesis, it 
has been recently suggested that the ‘smooth muscle cells are electrically coupled to 
both ICC and PDGFRα-positive cells (the cells we consider to correspond to the TC) 
forming an integrated unit called the SIP syncytium’ [ 28 ]. More, it has been hypoth-
esized that the ‘hybrid TC’ (Fig.  7.3d,e ) present in the urinary bladder shares myofi -
broblast functions (i.e., participate to the sensory system described in the bladder) 
and also have the possibility, on demand, to differentiate in organ resident myofi bro-
blasts [ 18 ,  45 ]. In the oviduct during pregnancy, since TCs are able to acquire fea-
tures similar to those of the fi broblasts, they might produce the extracellular matrix 
(ECM) (Fig.  7.4a ). This possibility is also suggestive for a close relationship between 
TC and fi broblasts [ 46 ]. However, at present whether TC might differentiate into 
fi broblasts and vice versa remains unanswered. 

 Among other fascinating roles, TCs have been proposed to be involved in the 
repair and regeneration of different tissues and organs, including the heart, lung, 
skeletal muscle, skin, meninges and choroid plexus, eye, liver, uterus and urinary 
system [ 5 ,  17 – 19 ,  36 ,  38 ,  46 ]. Moreover, it has also been demonstrated that TCs 
have a morphogenetic role, and, at present, the best example has been reported for 
the cardiac TC [ 1 ,  4 ,  36 ].  
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7.5     Conclusions 

 All what mentioned and discussed above induces us to conclude that many of the 
different interstitial cell types presently described likely correspond to a unique type 
of which several subtypes can be identifi ed, each of them organ specifi c for mor-
phology and role. Briefl y, in our opinion, TCs are a heterogeneous population of 
cells that contributes to different aspects of physiological regulation in the various 
anatomical niches they occupy.     
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    Chapter 8   
 Telocytes in Cardiac Tissue Architecture 
and Development                     

     Daniele     Bani       

    Abstract     The heart is a paradigm of organ provided with unique three-dimensional 
tissue architecture that is molded during complex organogenesis processes and is 
required for the heart’s physiological function. The cardiac stroma plays a critical 
role in the formation and maintenance of the normal heart architecture, as well as of 
its changes occurring in cardiac diseases. Recent studies have shown that the car-
diac stroma, including the epicardium, myocardial interstitium, and endocardium, 
contains typical telocytes: these cells establish complex spatial relationships with 
cardiomyocytes and cardiac stem cells suggestive for a regulatory role over three- 
dimensional organization of heart tissues. Telocytes appear early during prenatal 
heart development and represent a major stromal cell population in the adult heart. 
Numerous studies have highlighted that telocytes, through juxtacrine and paracrine 
mechanisms, can behave as nursing cells for cardiac muscle stem cells modulating 
their growth and differentiation. On these grounds, a possible role of telocytes in 
cardiac regeneration can be postulated: this hypothesis is supported by recent exper-
imental fi ndings that reduction of cardiac telocytes due to hypoxia may concur to 
explain the negligible regenerative ability of the post-infarcted heart, while grafting 
of telocytes in the injured myocardium improves adverse heart remodeling. The 
increasing knowledge on the properties of cardiac telocytes is orienting the research 
toward their role as key regulators of the three-dimensional architecture of the heart 
and new promising targets for cardiac regenerative medicine.  

8.1       Introduction 

 The mechanisms presiding over the three-dimensional assembling of cells to give rise 
to differentiated tissues and organs are a major area of investigation in stem cell 
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biology and have a pivotal importance for regenerative medicine. What we have 
learned from the numerous experimental and clinical studies on stem cell grafting for 
organ repair is that the probability of a successful outcome is substantially reduced 
when the host organ has a complex three-dimensional architecture and negligible 
when this architecture has been altered by disease. Stem cell-based treatment of the 
post-infarcted, failing heart is a typical example of the substantial inability of the 
regenerative approach to re-create a structurally complex tissue such as the myocar-
dium [ 44 ]. 

 The events and mechanisms responsible for the transition from undifferentiated 
aggregates of embryonic stem cells to well-defi ned organ precursors are basically 
characterized by the appearance of the mesenchyme and extracellular matrix (ECM) 
to give rise to the stroma. This is capable of forming a supporting frame required to 
integrate cells into functional assemblies and regulate their differentiation, thereby 
determining the proper cell composition and architecture of the organs [ 1 ,  12 ,  19 ,  20 , 
 45 ], Hay et al. 1983, 2005]. For instance, during heart development, spatiotemporal 
deposition of fi bronectin, a key molecule mediating cell-ECM interaction, infl uences 
the correct migration of myocardial precursor cells to form the primitive heart tube 
[ 42 ]. Moreover, evidence has been provided that spatially oriented changes in cell 
growth, migration, and differentiation, such as those involved in heart compartmental-
ization and valve formation, are infl uenced by mechanical forces originated by hemo-
dynamic stresses in the beating primitive heart tube and mediated by the cardiac 
stroma [ 22 ].  

8.2     Morpho-Functional Features of Cardiac Telocytes 
and Their Possible Roles in the Adult Heart 

 As stated above, the heart is a paradigm of organ provided with unique three- 
dimensional tissue architecture that is molded during complex organogenesis pro-
cesses and is required for the heart’s physiological function [ 10 ]. The cardiac stroma 
plays a critical role in the formation and maintenance of the normal heart architec-
ture, as well as of its changes occurring in cardiac diseases [ 27 ]. 

 Fibroblasts are considered the main cardiac stromal cell type: they are held 
responsible for the formation and renewal of ECM, but, being differentiated cells, in 
the normal adult heart, their proliferative capability is very low and barely suffi cient 
for self-renewal [ 10 ]. Accordingly, like other differentiated cells, they grow very 
slowly and rapidly undergo senescence when cultured in vitro [ 8 ]. Morphologically, 
typical fi broblasts can be identifi ed in the cardiac stroma by transmission electron 
microscopy. They appear as fusiform or stellate cells with euchromatic nuclei and 
cytoplasms containing numerous RER profi les and a well-developed Golgi appara-
tus. Their cell surface lacks a basal lamina and often forms grooves containing bun-
dles of collagen microfi brils, indicating that these cells can preside over the spatial 
orientation of the newly formed ECM macromolecules. Cardiac fi broblasts can also 
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regulate cardiomyocyte proliferation and growth during development through para-
crine and juxtacrine signals [ 23 ,  35 ]. 

 Owing to the pioneering studies of Professor L.M. Popescu and co-workers, the 
cardiac stroma has also been demonstrated to harbor telocytes [ 21 ,  25 ], which have 
been identifi ed as a normal cell population in the adult heart [ 5 ,  26 ,  41 ]. In particu-
lar, cells with the typical features of telocytes have been detected in all the connec-
tive tissue components of the heart, including the myocardial stroma [ 11 ,  21 ,  25 , 
 39 ], the endocardium and heart valves [ 15 ,  46 ], and the epicardium [ 16 ,  36 ,  37 ]. As 
detailed in another authoritative chapter of this book, the most characteristic and 
reliable hallmarks of cardiac telocytes are their ultrastructural features: a small, 
irregular cell body (average diameter of 10 μm), containing a nucleus with a peripheral 

a b

  Fig. 8.1    Typical telocytes (TC) in the stroma of adult swine heart ( a ,  b ). These cells show spindle- 
like shape, heterochromatic nuclei, and scarce cytoplasms containing cisternae of rough endoplas-
mic reticulum (RER). They are provided with elongated telopodes ( arrows ). Collagen fi bers ( CF ) 
and microfi brils ( CmF ) are adjacent to the telopodes ( b ). The insets show higher magnifi cations of 
the areas indicated by the arrowheads (Reproduced from Bani and Nistri [ 5 ], with permission)       
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heterochromatin rim, and a scarce cytoplasm with few organelles. The cell  surface 
is characterized by very long, thin processes, or telopodes, whose number deter-
mines the shape of the cell body (spindle, triangular, or stellate), and lacks a basal 
lamina (Fig.  8.1 ). At variance with cardiac fi broblasts, which can be viewed as ter-
minally differentiated cells, cardiac telocytes retain stemness features, as judged by 
the expression of the hematopoietic stem cell marker CD34, the protein encoded by 
the embryonic gene Nanog, and the myocardial stem cell markers sca-1 and c-kit [ 9 , 
 50 ], as well as by the ability of these cells to be cultured and expanded in vitro [ 6 , 
 34 ,  40 ,  48 ]. Moreover, cardiac telocytes have been found to establish complex inter-
actions with cardiomyocytes through juxtacrine (i.e., direct cell-cell contacts) [ 17 , 
 18 ] as well as paracrine (i.e., release of exosomes containing short-range growth 
factors and cytokines) [ 14 ] mechanisms: these fi ndings suggest that the two cardiac 
cell types are functionally correlated and might represent a functional unit.

   The putative relation between telocytes and fi broblasts coexisting in the cardiac 
stroma is an intriguing matter and an interesting subject for future investigation. 
During organ morphogenesis, ECM is produced and organized by mesenchymal 
cells which progressively differentiate into fi broblasts. Later on, telocytes appear in 
the stroma and sometimes represent the largest population at term development, 
while typical fi broblasts are scarce. Therefore, it could be hypothesized that telo-
cytes might differentiate from preexisting fi broblasts and that both cell types might 
be involved in the synthesis/organization/maintenance of cardiac ECM. Possibly, 
fi broblasts could be chiefl y held responsible for ECM production, while telocytes 
would preside over its spatial organization. This view is supported by the observa-
tions that, in diseases associated with a consistent loss of telocytes, such as systemic 
sclerosis, fi broblasts increase in number and produce a large amount of ECM but are 
unable to organize it correctly; thus, the three-dimensional architecture of the dam-
aged tissue is subverted and prone to hypoxia and fi brosis [ 28 ,  29 ]. These fi ndings 
clearly indicate that an important functional relationship exists between these two 
cell types, but the question whether fi broblasts might differentiate into telocytes, 
and/or vice versa, remains unanswered.  

8.3     Morpho-functional Features of Telocytes 
in the Developing Heart 

 Heart development takes place through a complex spatial-temporal interplay 
between different cell types needed to the heart for attaining its fi nal size, shape, 
histological structure, and function. During this process, muscle and stromal stem 
cells are mutually stimulated to proliferate, differentiate, and integrate into a three- 
dimensional functional assembly. In this context, stromal cells featuring telocytes 
have been described in the developing mouse heart, where they establish close 
spatial relationships with cardiac muscle cells [ 4 ,  13 ]. In particular, cells with the 
ultrastructural features of telocytes were found in the epicardium of developing 
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mouse hearts since midpregnancy (day 14 of gestation) (Fig.  8.2 ). Telocytes pro-
gressively extended toward the myocardium where, with their cell bodies and telo-
podes, they created a framework co-oriented with the longitudinal and transverse 
axes of the cardiomyocytes [ 4 ]. These fi ndings suggest that telocytes may be capa-
ble of molding the three-dimensional architecture of the developing heart and act-
ing as nursing cells for muscle stem cells during their differentiation pathway. 
Indeed, in later (perinatal) developmental stages, telocytes appeared to mediate 
myocardial compaction from rudimental myocardial trabeculae and promote 
orthodox spatial organization of the ventricular wall [ 4 ]. The hypothesis of a mor-
phogenetic role of cardiac telocytes has been further supported by the results of a 
study performed on in vitro reconstructed myocardium, in which telocytes were 
deemed necessary to the engineered tissue for acquisition of a proper three-dimen-
sional architecture [ 49 ].

a b

c d

  Fig. 8.2    Telocytes in the developing mouse heart. At midpregnancy ( a ,  b ), cells featuring telo-
cytes are located in the wide space that separates the columns of immature cardiomyocytes. By 
their long, thin processes, the telocytes are in contact and border the cardiomyocytes nearby. At 
birth ( c ,  d ), telocytes acquire more differentiated features: ( c ) a telocyte process containing several 
rough endoplasmic cisternae is seen in the interstitial stroma between two cardiomyocytes, which 
appears reduced in size; ( d ) a telocyte process establishing numerous interactions ( asterisks ) with 
an adjacent cardiomyocyte, in the form of focal plasma membrane contacts.  CM  cardiomyocytes, 
 TC  telocytes (Reproduced from Faussone-Pellegrini and Bani [ 13 ], with permission]       
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8.4        Telocytes as Key Players of Cardiac Regeneration 

 It is known that the heart behaves as a postmitotic organ, because mature cardio-
myocytes have no regenerative ability. However, the adult heart retains a pool of 
cardiac stem cells, chiefl y located in epicardial cardiogenic niches close to coronary 
artery branching, which have been credited for spontaneous, albeit limited, myocar-
dial regeneration after injury [ 7 ,  43 ]. However, this phenomenon is not functionally 
relevant because the myocardial progenitors in the adult heart have an intrinsically 
low regenerative potential and are operating in an unfavorable environment, as that 
occurring in the diseased myocardium [ 24 ]. In principle, the persistence of a pool of 
cardiac stem cells in the adult heart provides the background for possible therapeu-
tic approaches [ 33 ]. Therefore, studies aimed at identifying possible strategies to 
improve the recruitment, self-renewal, and in situ differentiation of resident cardiac 
progenitors are topical and clinically relevant. In the adult heart, besides forming a 
framework in the myocardial stroma, telocytes have been also found in the cardio-
genic niches, where they form close contacts with the resident cardiac stem cells 
(Fig.  8.3 ), strongly suggestive for their function as supporting and nursing cells [ 16 , 
 36 ]. Moreover, in vitro coculture studies have shown that telocytes secrete a wide 
range of cytokines and exosomes by which they exert paracrine modulation of car-
diac stem cell growth and differentiation [ 2 ]. The postulated cooperative role of 
telocytes on myocardial histogenesis during heart development is closely related to 
the possibility that telocytes could also be involved in supporting myocardial regen-
eration occurring in the adult heart upon pathologic events, such as ischemia- 
induced infarction. This attractive hypothesis is based on multiple clues. First, like 
dermal telocytes in systemic sclerosis [ 29 ], cardiac telocytes have been shown to be 
prone to ischemic damage, and their framework in the heart stroma is rapidly dis-
rupted during myocardial infarction [ 32 ]. The disappearance of cardiac telocytes 
may thus concur to explain the negligible regenerative ability of the post-infarcted 
heart. Second, a recent in vivo study in mice subjected to myocardial infarction has 
demonstrated substantial morpho-functional heart improvement upon grafting of 
induced pluripotent mesenchymal stem cells [ 32 ]. Of note, myocardial improve-
ment coincided with the appearance of interconnecting telocytes, likely originated 
by in situ differentiation of the grafted mesenchymal precursors, in the stroma of the 
injured ventricular myocardium [ 32 ]. In fact, myocardial stem cells seem to require 
the close interaction with stromal cells for correct recruitment and commitment, a 
mechanism that may preside over the physiological turnover of the myocardium as 
well as disease-induced heart repair [ 3 ,  30 ]. The above data concur to suggest that 
cardiac telocytes are likely needed to stimulate and sustain the regenerative poten-
tial of the myocardium. This hypothesis deserves to be further investigated because 
it may lead to improve the current protocols of stem cell therapy for cardiac regen-
eration. In keeping with this concept, it has been recently shown that grafting of 
purifi ed, cultured cardiac telocytes to rats subjected to myocardial infarction reduced 
infarct size and improved myocardial function. These effects were related to the 
reconstruction of a network of telocytes in the injured myocardium, which resulted 
in increased angiogenesis and reduced fi brosis [ 47 ].
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a

b

  Fig. 8.3    Telocytes in a cardiogenic niche of mouse heart epicardium. ( a ) Putative cardiac stem 
cells (CSC), isolated or in small groups, cardiomyocyte progenitors (CMP), and cells with inter-
mediate features (CSC-CMP) can be seen embedded within a loose extracellular matrix. ( b ) 
Details at higher magnifi cation of the area marked in ( a ) with a  dotted square . The CMP shows 
characteristic leptomeres ( arrow ), which precede the appearance of microfi brils, and is in close 
contact with telocyte processes (TCp) containing dense granules ( asterisk ) suggestive for para-
crine signaling.  CM  cardiomyocyte;  macro , macrophage;  coll , collagen fi bers (Reproduced from 
Gherghiceanu and Popescu [ 16 ], with permission)       
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   An additional presumptive role of stromal cells in cardiac regeneration emerges 
from the observation that these cells can be reprogrammed in vitro to differentiate 
into cardiomyocytes [ 38 ]. However, whether stromal-to-muscle cell reprogramming 
might spontaneously occur in the adult heart, and whether telocytes might provide 
a contribution to such trans-differentiation, remains a matter of speculation and an 
area for future investigation.  

8.5     Conclusions and Perspectives 

 The above notions provide support to the view that cardiac telocytes can play a key 
role in the regulation of heart morphogenesis and regeneration. In fact, they appear 
to possess the capability to shape a proper three-dimensional scaffold composed of 
their cell bodies and elongated processes and stimulate the growth and differentia-
tion of muscle stem cells to give rise to the complex multicellular assembly consti-
tuting the heart. In this context, during embryonic development, mesenchymal cells 
have been found to extend thin fi lopodes interpreted as sensors for spatial informa-
tion necessary for correct morphogenesis [ 31 ]. Such thin fi lopodes are very similar 
to telopodes, the typical processes of telocytes, which are conceivably provided 
with this sensing function. In pathological conditions, under the effects of local pro- 
infl ammatory mediators, stromal cells are induced to differentiate into myofi bro-
blasts, which are unable to generate a shaping framework but possess a fi brogenic 
phenotype needed for scarring, the typical emergency healing response to injury of 
the most evolved organisms aimed at preserving survival at the expense of function. 
Notwithstanding this, a large number of reports in the literature on regenerative 
medicine indicate that, under appropriate conditions, the original ability of stromal 
cells to orchestrate organ regeneration can be preserved or resumed. The increasing 
knowledge on the properties of cardiac telocytes is orienting the research toward 
their role as key regulators of the three-dimensional architecture of the heart and 
new promising targets for cardiac regenerative medicine.     
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    Chapter 9   
 The Potential Role of Telocytes for Tissue 
Engineering and Regenerative Medicine                     

     Raymund     E.     Horch       ,     Annika     Weigand    ,     Justus     P.     Beier    ,     Andreas     Arkudas    , 
and     Anja     M.     Boos   

    Abstract     Despite recent advances in surgery, medicine and anaesthesiology as 
well as the development of microsurgical tissue transplantation, wear out of body 
parts remains a problem, and organ shortage does not allow to allocate enough 
donor organs for patients with vital diseases and conditions. The idea to create spare 
parts or spare organs from the patients own cells by combining engineering 
approaches to cellular and molecular medicine for th purpose of Tissue Engineering 
(TE) was fascinating when popularized in the early 1990ies. However clinically 
success was limited, mainly because of a lack in rapid vascularization of large scale 
TE replacement constructs useful for clinical purposes. The idea to utilize cells and 
cytokines to aid the human organism in gradually restoring lost tissue functions has 
drawn attention to the wider fi eld of Regenerative Medicine (RM). Stem cells and 
putative stem cells, such as the recently discovered and meanwhile well described 
interstitial Telocytes, which are comprised of extremely long and thin prolongations 
named telopodes, may well become active players in the regenerative process. This 
article highlights the principles of TE and RM and the potential role of Telocytes 
with regard to tissue regeneration.   

  It was not until the end of the twentieth century that treating patients medically was 
based on the assumption that by doing so one could hope to reverse a pathologic 
process. The necessary loss of healthy tissue and/or tissue function was taken as an 
unavoidable drawback of this concept. Although complex plastic surgical recon-
structions have been described already 600 before Christ in the Suśrutasamhitā 
Ayurveda Sanskrit text on medicine [ 1 ], surgery was mainly based on extirpative 
methods to cure diseases. Even the enormous advances in microsurgery and organ 
transplantation with their incredible achievements within the last decades depend 
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on donor sites to gain healthy tissue. This as well as donor organ shortage is a 
 serious limitation toward a better cure of acute and chronic diseases without losing 
tissue function or hampering the patient’s quality of life. 

 Attempts to develop prosthetic organs, which would be easily and universally 
available, such as the artifi cial heart, have met with limited success. Therefore a 
general use of synthetic tissues other than cochlear implants and prosthetic joints 
has not occurred up to now [ 2 ]. In contrast, distraction osteogenesis is an in vivo 
tissue engineering technique that gradually restores form by “coaching” bone to 
repair itself. 

 The prospect to culture replacement tissue and organs in the laboratory with the 
patient’s own cells therefore seemed as a major breakthrough to overcome the cur-
rent limitations of treatments. Pioneering inventions to serially culture cells under 
defi ned conditions and seeding them on appropriate scaffolds have not directly led 
to routine clinical therapies yet, mainly because the substitution of whole organs is 
a complex process and the multitude of infl uencing and interfering factors is not 
well enough understood. Nevertheless by deciphering the genetic code and by 
 optimizing cell cultures and understanding ways to infl uence cell growth and modu-
late angiogenesis, tissue engineering (TE) has gained many insights that helped to 
better understand cellular and molecular mechanisms. It increased our knowledge 
of cellular pathophysiology and has expanded from the cellular to the biomolecular 
level. Today the detection of and in part the substitution of dysfunctional genes, 
molecules, cells, and organs have become clinically available in regenerative medi-
cine (RM). In TE many approaches were hampered by the lack of vascularity of 
TE-generated replacement. Cells within larger constructs of clinically relevant size 
depend on suffi cient nutrition from the very fi rst moment they are implanted into the 
recipient organism. Our group has worked on the combination of TE with super- 
microsurgical methods to generate intrinsic vascular supply to artifi cial constructs 
to overcome the remaining major problem with the lack of initial vascularization. 
We studied extrinsic and intrinsic vascularization strategies alone and in combina-
tion to accelerate vascularization (Figs.  9.1 ,  9.2 ,  9.3 , and  9.4 ).

a b

  Fig. 9.1    ( a ) Adipose-derived stem cells (ADSC), ( b ) CD90 immunofl uorescence staining of 
ADSC       
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a b

  Fig. 9.2    ( a ) Coculture of adipose-derived stem cells (ADSC) and mammary epithelial cells 
(MEC). ( b ) Immunofl uorescence microscopy of the coculture indicates possible fusion of ADSC 
and MEC (ADSC labeled in  green , MEC in  red )       

a b c

  Fig. 9.3    Differentiation of human adipose-derived stem cells into the adipogenic ( a ), chondro-
genic ( b ), and osteogenic ( c ) lineage       

a b c

  Fig. 9.4    ( a ) Isosurface rendering of micro-CT showing a dense vascular network emerging from 
the AV-loop for vascularization of a PCL-collagen-nanofi ber scaffold (rat AV-loop model). ( b ) 
Primary rat myoblast seeded on electrospun PCL-collagen-nanofi bers prior to rat AV-loop implan-
tation procedure (magnifi cation see data bar below). ( c ) Immunohistochemical staining of alpha 
smooth muscle actin in a tissue-engineered bone in the sheep model       
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      The utilization of putative stem cell properties with extracellular matrix compo-
nents, growth factors, and supporting matrices to achieve independently growing 
tissue is one way to deliver functional replacements. More insights are gained in 
cell-cell interaction and to manipulate cell behavior in the past years, but still the 
ideal cell source is not found so far. Possibly telocytes can play a role for tissue 
engineering and regenerative medicine purposes. According to the literature, it is 
more and more evident that they have a regenerative potential and act in cellular 
communication through their network-forming telopodes. Talking about tissue 
engineering, histological fi ndings and in vitro experiments can be the fi rst step, but 
we always should keep in mind the need for upscaling for later clinical application. 
In the upscaling process, vascularization of the engineered tissue is essential. 
Arteriovenous loop models are providing an ideal platform for preclinical testing of 
putative therapeutic concepts in regenerative medicine. The following book chapter 
should give an overview about what is known so far about the potential role of telo-
cytes for tissue engineering and regenerative medicine. 

 Telocytes are identifi ed as a new cell type among “classical” interstitial cells. The 
key feature that distinguishes telocytes from any other cell is their extremely long 
and thin prolongations named telopodes [ 3 ] (Fig.  9.5 ). Therefore, telocytes are 
shortly defi ned as “cells with telopodes” [ 4 ]. Telopodes are organized in a network – 
forming a labyrinthine system by tridimensional convolution and overlapping, com-
municating through gap junctions. Telocytes have “strategic” positioning in a tissue, 
in between blood capillaries and their specifi c target cells (e.g., smooth muscle cells, 
cardiomyocytes), and in close contact with nerve endings. To underline that telopo-
des could establish close contacts, like synapses, with immunoreactive cells, in vari-
ous organs, telopodes have been called as stromal synapses [ 5 ]. Telocytes seem to 
be involved in intercellular signaling, taking into account the 3D network of telopo-
des and their strategic position. For that, two mechanisms could be considered. A 
paracrine and/or juxtacrine secretion of small signal molecules and shedding 
microvesicles, which play unique roles in horizontal transfer of important macro-
molecules among neighboring cells (e.g., proteins or RNAs, microRNA included). 
Such a mechanism, via shed vesicles, may serve to rapid phenotype adjustment in a 
variety of conditions [ 3 ,  6 ].

   Telocytes are described in a broad range of tissues and organs so far. For exam-
ple, they are found in the heart, and it is described that the number of telocytes 
decreases during myocardial infarction [ 7 ]. In the lung, they are supposed to stim-
ulate and induce cell proliferation through the inhibition of apoptosis, possibly 
leading to reduced development of interstitial fi brosis in the lung [ 8 ]. In sclero-
derma, telocytes were reported with severe ultrastructural damages, reduced in 
number, and missing [ 9 ]. In patients with systemic sclerosis, the 3D network of 
telocytes is affected, for example, in the myocardium, lung, and gastric wall [ 10 ]. 
Authors are concluding that telocytes might be key players in the regulation of 
skin homeostasis, repair, and regeneration and a possible new target for the treat-
ment of this disease. Telocytes seem to be important for liver regeneration in a 
murine model of partial hepatectomy. There they might infl uence proliferation of 
hepatocytes and/or the activation of stem/progenitor cells [ 11 ]. In patients with 
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gallstone disease, telocytes are less described in the gallbladder wall [ 12 ,  13 ]. 
Furthermore, they are reported to be present in the urinary system and in the kid-
neys [ 14 ]. They are described as special cells that can adapt their morphology to 
the organ activity [ 15 – 17 ]. 

 In tissue engineering approaches, cells are an integral part for generation of 
a functional tissue. Because regenerative potential is limited in humans, stem 

a

b

  Fig. 9.5    Digitally colored transmission electron micrographs of mouse heart show telocytes (TC) 
in blue. ( a ) Cardiac structural unit composed by cardiomyocyte (CM), blood vessel, and 
TC. Telocyte extends its characteristic, very long and thin, process (Tp-telopode) between arteriole 
and cardiomyocyte. ( b ) Regenerative cardiac unit composed by cardiomyocyte progenitor (CMP), 
capillary (cap), nerve, and TC (Figure kindly provided by Prof. L.M.Popescu, reprinted with per-
mission from: Polykandriotis et al. [ 33 ]; Copyright © 2010 The Authors Journal compilation © 
2010 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd)       
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cell- based therapy remains a hope for regeneration in the future. So far a broad 
range of methods and cells (embryonic stem cells; induced pluripotent stem 
cells; hematopoietic stem cells; multipotent mesenchymal stromal cells derived 
from the blood, bone marrow, umbilical cord, and adipose tissue; etc.) have been 
investigated, but we are still waiting for the breakthrough in regenerative medi-
cine. There are recent publications indicating that telocytes and stem cells are 
linked together [ 4 ,  18 ]. 

 In the current literature, a potential power of regeneration is described for telo-
cytes [ 19 ,  20 ]. Possibly, they play an important role for tissue repair and regenera-
tion guiding putative stem and progenitor cells in stem cell niches in a spectrum of 
tissues and organs [ 21 ]. There are a lot of publications dealing with the role of 
telocytes in heart regeneration [ 22 ]. They can act as mediators for heart compaction 
from embryonic myocardial trabeculae during mouse heart development [ 23 ]. 
Transplantation of cardiac telocytes and mesenchymal stem cells decreases periph-
eral fi brosis of the border zone when directly injected into tissue damage zones. 
Rebuilding the cardiac telocyte network decreased infarction size and improved 
myocardial function [ 7 ]. Coming from ultrastructural studies, it has been shown that 
telocytes form a cardiac interstitial network which is involved in the structural sup-
port for overall information from the vascular system (endothelial cells and peri-
cytes), nervous system (Schwann cells), immune system (macrophages, mast cells), 
interstitium (fi broblasts, extracellular matrix), stem cells/progenitor cells, and 
working cardiomyocytes [ 24 ]. This interstitial system coordinates possibly cardiac 
renewal, regeneration, and repair [ 24 ]. Telocytes act as “nursing” cardiomyocyte 
progenitors in epicardial stem cell niches and are therefore active players in cardiac 
renewing. In the newt heart, a supporting network of stromal cells is primarily 
developed possibly being telocytes because all ultrastructural criteria are fulfi lled. 
Authors state that it would be an important goal for regenerative medicine to fi nd 
some factors to stimulate telocytes, as autologous in situ cells. 

 Given these facts, telocytes may well become active players in the regenerative 
process. Since they can sometimes express stem cell markers like c-kit, Sca-1, 
and Oct 4 [ 25 – 27 ], they might possibly also have a role in angiogenesis and vas-
cular stability during tissue repair. It has been shown that they express VEGF and 
PDGFR-β in skeletal muscle interstitium [ 28 ,  29 ]. Cells in the interstices have 
been studied by a growing number of research groups, and there is evidence that 
these cells may play a crucial role in tissue regeneration [ 30 ]. Telocytes have 
more and more gained international attention within the last years [ 3 ]. 
Ultrastructural techniques showed a complex interstitial cell population in vari-
ous tissues changing during health and disease processes [ 31 ]. For example, telo-
cytes were found with signifi cantly higher numbers in the epicardium than in the 
myocardium, and they were distributed longitudinally and within the cross net-
work of myocardium [ 32 ]. 

 According to the current literature and the huge number of hinds for the regen-
erative potential of telocytes, there are great expectations for these cells at the 
moment from the tissue engineering and regenerative medicine community. Possibly 
further molecular and cellular studies of telocytes functions could develop new 
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tools for regenerative reprogramming of lost organ functions [ 19 ,  33 ]. One can 
therefore rightly speculate that telocytes are possibly a novel target for therapeutic 
strategies, and further improvements in telocytes research will someday implement 
them a signifi cant position in regenerative medicine. Further research will therefore 
focus on culturing telocytes under distinct conditions and to study the effect of cul-
tured telocytes alone and together with other cells to possibly generate 3D replace-
ment constructs.    
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    Chapter 10   
 Presence of Telocytes in a Non-innervated 
Organ: The Placenta                     

     Cleofi na     Bosco      and     Eugenia     Díaz   

    Abstract     This chapter discusses the relationship between failure in placentation 
and the subsequent alterations in the normal structure of the placenta. Interstitial 
Cajal-like cells (ICLC) were observed for the fi rst time in the human placenta in 
2007 and later were named telocytes. Strong evidence confi rms that in the placental 
chorionic villi, TC are located strategically between the smooth muscle cells (SMC) 
of the fetal blood vessel wall and the stromal myofi broblasts. As the placenta is a 
non-innervated organ and considering the strategic position of telocytes in chori-
onic villi, it has been postulated that their function would be related to signal trans-
duction mechanisms involved in the regulation of the blood fl ow in the fetal vessels, 
as well as in the shortening/lengthening of the chorionic villi providing the neces-
sary rhythmicity to the process of maternal/fetal metabolic exchange. In this con-
text, telocytes represent part of a functional triad: “SMC of fetal blood 
vessel-telocyte- myofi broblast.” This triad takes part in the regulation of fetal 
growth and development via transport of nutrients and gases. This chapter also 
discusses the alterations in the metabolic maternal–fetal exchange, leading to intra-
uterine growth retardation and preeclampsia. Additionally, the apoptosis undergo-
ing in the preeclamptic hypoxic placenta affects all the chorionic villi cells, 
including telocytes and myofi broblast, and not only trophoblast, as it has been so 
far considered. In consequence, we proposed that apoptosis affects the triad struc-
ture and alters the placental function, subsequently affecting the normal fetal 
growth and development.  
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   Abbreviations 

   CTB    Cytotrophoblast   
  EVT    Extravillous trophoblast   
  ICC    Interstitial cells of Cajal   
  ICLC    Interstitial Cajal-like cells   
  IUGR    Intrauterine growth restriction   
  NO    Nitric oxide   
  PE    Preeclampsia   
  ROS    Reactive oxygen species   
  SMC    Smooth muscle cells   
  STB    Syncytiotrophoblast   
  TC    Telocytes   
  TP    Telopode   
  UL-vWF    Ultra-large vWB multimers   
  VEGF    Vascular endothelial growth factor   

10.1         Telocytes 

 Ramón y Cajal, the eminent Spanish neuropathologist of the nineteenth century, dis-
covered a particular cell type in the gut, which he named “interstitial neuron.” In the 
early 1970s, electron microscopy studies established that this interstitial cell type did 
not correspond to neurons and, consequently, were renamed “interstitial cells of Cajal” 
(ICC) [ 1 ]. It is now widely accepted that in the gut, the ICC are pacemaker cells 
involved in the regulation of gastrointestinal motility [ 2 ,  3 ]. ICC were also found out-
side the gastrointestinal tract and were named “interstitial Cajal-like cells” (ICLC). An 
example of this is the mammary gland [ 4 ], where ICLC were found in the intralobular 
stroma and were identifi ed by methylene blue vital staining and c-kit immunoreactiv-
ity [ 5 ]. Later, ICLC were also found in many other human organs such as in the fal-
lopian tube [ 6 ], gallbladder [ 7 ], placenta [ 8 ,  9 ], etc. Due to all these confusing names, 
Popescu and Faussone-Pellegrini [ 10 ] proposed the term telocytes (TC) for these cells. 

 The most striking ultrastructural feature of TC is that they possess few and long 
cytoplasmic projections emerging from an elongated cell body, with small perinu-
clear cytoplasm and oval nucleus, presenting one or more nucleoli [ 10 ]. Cell-to-cell 
communication between TC occurs through the cytoplasmic’s very long moniliform 
prolongations called telopodes (TP), frequently two to three per cell. The TP present 
thin fi brillar-like segments called podomers, and dilated cistern-like regions denoted 
as podoms. Mitochondria and endoplasmic reticulum cisternae are accumulated 
inside podoms [ 8 ,  9 ]. In addition, homocellular junctions correspond to TC commu-
nication established between telopodes, and heterocellular junctions to those estab-
lished with other cell types. Additionally, these junctions could also be  established 
with the surrounding connective tissue (stromal synapses), and metabolite signaling 
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can be released via microvesicles or exosomes [ 9 ]. Furthermore, the expression of 
c-kit/CD117 is commonly accepted as a specifi c marker for TC, while vimentin 
expression is considered as an alternative or supplementary marker [ 8 ].  

10.2     Placental Telocytes 

 For the fi rst time in 2007, Suciu et al. [ 8 ] reported that TC were present in the extra-
embryonic mesoderm of the villi from the human term placenta. Placental TC were 
immunohistochemically positive for the following markers: vimentin, c-kit, CD34, 
VEGF, caveolin-1 and iNOS, αSMC, neuron-specifi c enolase, S-100, and nestin [ 9 ]. 
The light microscopy study of Suciu et al. [ 8 ] on semithin sections of human term 
placenta demonstrated that TC were easily identifi able as cells with long cellular 
processes (TP) that surround blood vessels, or extend into the connective tissue 
beneath the trophoblast, or were interposed between arterioles and the trophoblast 
basement membrane, in both large, peripheral stem villi and small stem villi. The 
authors also proposed that the presence of TP suggests a juxta- and/or paracrine 
activity with immunoreactive cells. These TP were connected by gap junctions 
forming a network extending into the placental stroma between SMC layers of large 
blood vessels and myofi broblasts [ 8 ,  9 ,  11 ]. The former authors considered “that 
these cells may be involved in tissue remodelling and, since the placenta is a non- 
innervated organ, they may also intervene in blood fl ow regulation.” Regarding their 
disposition, myofi broblast are arranged in parallel to the longitudinal axis of the 
anchoring and stem villi [ 12 ,  13 ]. Even if no distinct junctions between TC and 
myofi broblasts are apparent, the close contact between them suggests some sort of 
communication. Based on the placental lack of innervation and the strategic posi-
tion of TC in placental villi [ 8 ,  9 ], Bosco et al. [ 11 ] have proposed to consider TC 
as placental pacemakers. However, in order to avoid any possible misinterpretation, 
it seems advisable to reserve the pacemaker denomination for the gastrointestinal 
ICC [ 3 ] and consider placental TC related to cellular signaling [ 9 ,  14 ]. 

 Studies from Nicolescu and Popescu [ 15 ] and Bosco et al. [ 16 ] in the pancreas, 
an organ where there is no presence of muscle layers, have suggested that TC may 
constitute the pancreatic pacemaker, considering the strategic position of these cells 
between neurons and pancreatic exocrine ducts, as well as between neurons and 
blood vessels, thus providing rhythmicity to the exocrine ducts and fl ow regulation 
in the pancreatic blood vessels.  

10.3     Placental Telocytes Origin 

 It has been demonstrated that normal placental development ensures normal fetal 
development and growth [ 17 ]. All the events involved are highly related to each 
other and are susceptible to the effects of intra- and extraplacental environmental 
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factors, including the nutritional status of the mother and nutrient intake during 
pregnancy [ 18 ,  19 ]. 

 As we previously described, the fi rst fetal–placental villi develops as trophoblast 
sprouts, an epithelial tissue subsequently invaded by extraembryonic mesoderm, 
forming the secondary villi which are then transformed, by vasculogenesis, into 
tertiary villi [ 19 ]. Due to the fact that TC have mesodermal origin, which has been 
immunohistochemically evidenced by the presence of vimentin-positive cells [ 9 , 
 14 ] have postulated that they probably differentiated from mesenchymal cells of the 
mesoderm present in the secondary and tertiary villi.  

10.4     Placenta 

 The placenta is the site where the physiological exchange between the mother and 
the fetus occurs. Placental function is to transfers nutrients to the fetus, excrete 
waste products into the maternal blood, and modify maternal metabolism at differ-
ent stages of pregnancy, via hormones [ 20 ]. Therefore, it is reasonable to assume 
that the placenta functions as a lung, gastrointestinal tract, kidney, liver, as well as 
an endocrine organ for the fetus [ 20 ,  21 ]. Additionally, the placenta constitutes an 
immunological barrier between the fetus and the mother and produces and secretes 
different hormones [ 21 ], as well as a variety of cytokines and signaling molecules 
[ 22 ]. The events that characterize normal placental growth are considered to be 
important determinants of fetal growth and development. All of these events are 
likely interrelated and susceptible to the effects of many environmental factors, 
including maternal food intake, both before and during pregnancy [ 18 ]. 

 The blastocyst is an embryonic structure constituted by an inner cell mass, the 
embryoblast, formed at 4–5 days of gestation, surrounded by the external tropho-
blast. The cells of the trophoblast layer differentiate into two layers, an inner cyto-
trophoblast or epithelial stem cells (CTB) and an outer syncytiotrophoblast (STB), 
both of which contribute to the formation of the villi and ultimately the placenta 
[ 19 ]. The stem villi, which represent the central branches of the villous trees, are 
characterized by a loose connective tissue or stroma in which the fetal arteries and 
veins are embedded [ 19 ]. 

 Human placenta development depends critically on the differentiation of CTB 
[ 23 ], process for which two differentiation pathways exist. In one, CTB remains 
in the fetal compartment and fuse themselves to form multinucleate STB that 
cover the fl oating chorionic villi. These villi, which are in direct contact with the 
maternal blood in the intervillous space, perform the nutrient and gas exchange 
for the fetus [ 24 ,  25 ]. In the other pathway, a subset of CTB in anchoring chori-
onic villi aggregate into cell columns that attach to the uterine wall [ 26 ]. From 
there, CTB differentiated to extravillous trophoblasts (EVT) ulteriorly invading 
the uterine arteries walls [ 23 – 25 ]. As a result, these cells replace the endothelial 
and muscular linings of uterine spiral arteries, a process that initiates maternal 
blood fl ow to the placenta and greatly enlarges the diameter and low resistance of 
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maternal spiral arteries, thereby increasing blood fl ow to the placenta and allow-
ing an adequate supply of oxygen and nutrients to the growing fetus [26- 28]. 
Insuffi cient EVT invasion contributes to the development of preeclampsia (PE), 
which often results in fetal intrauterine growth restriction (IUGR), maternal 
hypertension, and proteinuria [ 28 ]. This insuffi cient EVT invasion is associated 
with a signifi cant reduction in the uteroplacental blood fl ow, developing placental 
hypoxia which in turn results in further elevated oxidative stress and apoptosis, as 
observed in PE placentas [ 29 – 32 ].  

10.5     Placenta Oxidative-Nitrosative Stress 

 Pregnancy itself is a condition of increased susceptibility to oxidative stress arising 
from the increased metabolic activity in placental mitochondria and reduced scav-
enging power of antioxidants [ 33 ]. The production of reactive oxygen species (ROS) 
within the fetal–placental unit induces cellular damage by acting on protein and 
lipids. ROS form as a natural product of the normal metabolism of oxygen and gen-
erate potentially superoxide anion, hydrogen peroxide, and hydroxyl radical [ 34 ]. 

 Although the cause of PE still remains unknown, it has been proposed that 
enhanced oxidative stress is a basic component of this condition that could provide 
the connection between abnormal placentation and the maternal syndrome [ 35 ,  36 ]. 
Oxidative stress occurs when there is an imbalance between the production of ROS 
and the ability of the biological system to readily detoxify these reactive intermedi-
ates or easily repair the resulting damage [ 37 ,  38 ]. 

 The placenta also produces nitric oxide (NO) [ 39 ], giving rise to another local 
source of free radicals, likely contributing to endothelial dysfunction [ 30 ]. In a pla-
cental environment where superoxide anion and NO are present in abundance, the 
interaction of the two chemical species inevitably will yield peroxynitrite, a potent 
prooxidant which also increases the oxidative stress (in this condition defi ned as 
nitrosative stress) observed in PE placenta [ 40 ]. As the placenta is a non-innervated 
organ [ 14 ], its blood fl ow must be regulated by autocrine/paracrine factors produced 
in the organ such as NO [ 34 ]. A decrease in NO availability could adversely affect 
placental blood fl ow regulation, which could, in turn, account for the abnormal fetal 
development [ 30 ].  

10.6     Myofi broblast Placental Function 

 The myofi broblast are cells located intermediately between fi broblasts and smooth 
muscle cells. They exhibit an important cytoplasmic microfi lamentous apparatus 
such as bundles of actin microfi laments with associated contractile proteins such as 
non-muscle myosin [ 41 – 44 ]. Hence, these cells are considered to be specialized 
contractile fi broblast with an important role in establishing tension. By scanning 
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electron microscopy, it has been demonstrated that the stellate form of myofi broblast- 
like cells in placental villi and their tendency to establish a three-dimensional net-
works in this organ [ 13 ,  45 ,  46 ] require contractile structures to generate the 
necessary force for blood propulsion [ 47 ]. 

 It has been suggested that the contraction of myofi broblast adjusts the blood fl ow 
in fetal vessels and increases the turgor, imparting mechanical stability to the villous 
tree in the maternal bloodstream [ 12 ]. It has also been proposed that contraction of 
longitudinally arranged myofi broblasts within anchoring villi may infl uence the 
length and width of the intervillous space, thus regulating maternal intervillous 
blood pressure [ 48 ,  49 ]. The stimulus for this type of contraction has not yet been 
established because the placenta is a non-innervated organ, but Suciu et al. [ 9 ,  14 ] 
have proposed that TC function would be related to mechanisms of signal transduc-
tion to myofi broblast involved in the regulation of the blood fl ow in fetal vessels, as 
well as in the shortening/lengthening of the chorionic villi. Furthermore, Suciu et al. 
[ 8 ,  9 ] have also demonstrated that TC were connected by gap junctions in a network 
extending into the stromal and large blood vessels of the placental myofi broblasts. 
These authors concluded that the close contact between these cells suggests some 
sort of communication or coupling. Additionally, it was also demonstrated that TC 
[ 9 ] and myofi broblasts [ 48 ] generate NO, which, in turn, may modulate the tone of 
perivascular contractile sheets.  

10.7     Placenta and Telocyte Functions 

 The placenta provides an excellent model for understanding the relationship 
between hypoxia, organogenesis (organ development), and angiogenesis (blood 
vessel development). In order to elucidate the role of hypoxia in the regulation of 
cellular and organ functions, it is necessary to understand placental development 
and some placental pathologies. 

 It is well known that defects in the processes of embryonic implantation and 
fetal placentation can result in the condition of PE, which occurs in 5–10 % of 
pregnancies and is responsible for diseases of pregnancy like spontaneous abor-
tion, preterm birth, and IUGR [ 50 ]. PE is a multisystem disorder which is a major 
cause of maternal morbidity and mortality worldwide. The cardinal features of PE 
are hypertension and proteinuria, clinical signs which are manifested after 
20 weeks gestation in women who were not previously known to be hypertensive. 
Other signs and  symptoms include edema and headache, and in severe cases, the 
condition is associated with seizures (eclampsia), liver and kidney dysfunction, as 
well as clotting abnormalities [ 29 ]. In PE pregnancies, the reduction of the utero-
placental perfusion pressure and the ensuing placental ischemia/hypoxia during 
late pregnancy may be caused by inadequate EVT invasion of the uterine spiral 
arteries in the fi rst trimester of pregnancy [ 27 ]. Placental ischemia/hypoxia may 
trigger the release of placental factors that initiate a cascade of cellular and molec-
ular events leading to apoptosis of TC [ 11 ] and endothelial and vascular smooth 
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muscle cell dysfunction [ 19 ], thereby increasing vascular resistance and arterial 
pressure [ 23 ,  51 – 53 ]. 

 Placental function is to exchange nutrients to the fetus, excrete waste products 
into the maternal blood, and modify maternal metabolism at different stages of 
pregnancy via hormones. Therefore, it is plausible to say that the placenta functions 
in a similar way as the lungs, gastrointestinal tract, kidneys, liver, as well as an 
endocrine organ for the fetus [ 19 ,  21 ]. In this context, it is important to emphasize 
that in PE the apoptosis of placental TC [ 11 ] affects placental functions related to 
the regulation of fetal blood fl ow and the intraplacental blood volume. 

 Considering that the placenta functions as a lung for the fetus, some authors have 
postulated in human and mouse lung that besides the conventional role of mechani-
cal support for the TC network, TC’s main role in the lung would be related to 
intercellular communication, proliferation, differentiation, as well as growth of the 
stem cells and repair mechanisms in injured tissue [ 54 ,  55 ]. The authors based this 
assumption on the existence, in the human lung, of TC near the stem cell niches in 
the lung [ 54 ], and the existence of TC and their TP in close vicinity of blood capil-
lary and/or nerve fi bers [ 55 ]. Additionally, Popescu et al. [ 54 ] observed TC in the 
mouse respiratory tree, located in the interstitial space of terminal and respiratory 
bronchioles, as well as in alveolar ducts in which TPs were connected with alveolar 
epithelial cells and the vicinity of small blood vessels. This crucial relationship has 
been also demonstrated in the placental villi, an organ that exchanges gases between 
mother and fetus. TC and their TP were described in the interstitial space between 
trophoblast epithelial cells and blood capillary [ 8 ,  11 ]. Taking into account that in 
PE the TC suffer apoptosis [ 11 ,  14 ], this condition consequently will affect the 
gases exchange process. 

 Considering that the placenta also functions as gut due to its absorbing metabo-
lites functions, it is worthwhile to point out that Vannucchi et al. [ 56 ] described the 
presence of TC in the mucosa, submucosa, and muscle coat of the gastrointestinal 
tract. The authors described that TC formed a three-dimensional network in the 
submucosa and in the interstitium between muscle layers, and an almost continuous 
layer at the submucosal borders of muscularis mucosae and circular muscle layer. 
Moreover, TC encircled muscle bundles, nerve structures, blood vessels, funds of 
gastric glands, and intestinal crypts. Additionally, Milia et al. [ 57 ] found in the nor-
mal gut that TC were observed in all the ileal wall layers, from the mucosa to the 
subserosa, and according to the different disposition in the wall layers, they form a 
network. On the contrary, in the gut from Crohn’s disease, characterized by derange-
ment of the normal disposition of the intestinal walls, these authors observed that 
TC have disappeared. Milia et al. [ 57 ] concluded that due to the 3-D network of TP 
and their strategic position between immune cells, smooth muscle cells, blood and 
lymphatic vessels, and nerve endings, the loss of TC might have important patho-
physiological implications, contributing to the disorder of the intestinal wall archi-
tecture, gut dysmotility, and impaired immune surveillance. In this context, it seems 
reasonable to assume that placental TC apoptosis observed in PE [ 11 ] would affect 
the regulation of fetal blood fl ow, the intraplacental blood volume, as well as the 
shortening/lengthening of the chorionic villi. 
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 In another line of evidence, PE is characterized by a maternal hypercoagulable 
state and intravascular coagulation, microthromboses in several organs, and impair-
ment of the uteroplacental circulation [ 58 ]. The thromboresistance of the placental 
endothelium is maintained as long as natural anticoagulant pathways are function-
ally present in the endothelial plasma membrane [ 59 ,  60 ]. The main anticoagulant 
pathway in the placenta is mediated by thrombomodulin (TM), an endothelial cell- 
surface glycoprotein [ 61 ]. In this regard, Bosco et al.[ 32 ] found immunohistochemi-
cal expression of TM in the stromal cells of placental villi of PE, and these authors 
concluded that the presence of TM in stromal cells may suggest a role in preserving 
the function of these cells in villous contractility and modulation of the intervillous 
space affecting both maternal and fetal–placental circulation. This is further sup-
ported by the lack of IURG in these PE cases. These authors further postulate that 
TM-positive placental stromal cells correspond to TC and myofi broblasts (Fig. 10.1a ) 
and that their functions and communication between them favor the metabolic 
exchange and protect the organ against the hypercoagulable state. The lack of auto-
nomic innervations in the placenta implicates that the blood fl ow must be regulated 
by humoral mechanisms and by autocrine/paracrine factors produced in the organ 
[ 33 ]. The main vasoactive agent, NO, is secreted by the endothelium and by stromal 
placental TC and myofi broblasts, a fact that further supports this idea [ 9 ,  12 ]. 
Additionally, Kroll and Waltenberger [ 62 ] found that vascular endothelial growth 
factor (VEGF) enhances the activity of endothelial NOS (eNOS) and inducible 
NOS (iNOS) in endothelial cells via KDR receptor. VEGF can induce the produc-
tion of NO in the placenta, but an excess of NO and superoxide anion induces the 
formation of an excess of peroxynitrite [ 63 ], thus increasing the nitrosative stress. 
Therefore, the increased VEGF expression observed by Parra-Cordero et al. [ 64 ] 
and Bosco et al. [ 65 ] in the stromal TC and myofi broblasts of PE placentas 
(Fig.  10.1b ) suggests an increase in the NO production and subsequently an increase 
in peroxynitrite formation (Fig.  10.1c ) and fi nally an increase of the apoptotic pro-
grammed cell death, evidenced by a greater expression of the proapoptotic protein 
BAX in TC and myofi broblast (Fig.  10.1d ). The apoptosis in TC causes loss of their 
TP [ 11 ,  66 ] and hence of the intercellular connections between the myofi broblasts 
and smooth muscle cells from the blood vessels.

   Bosco et al .  [ 65 ] have also suggested that the oxidative and nitrosative stress 
developed in PE placentas is followed by a signifi cant increase of maternal plasma 
vWF levels. Additionally, Dong et al. [ 67 ] and Li et al. [ 68 ] demonstrated that ultra- 
large vWF multimers (UL-vWF), unlike plasma forms of vWF secreted by stimu-
lated endothelial cells, are anchored to the endothelial surface as extraordinarily 
long string-like structures capable of binding platelets. These UL-vWF multimeric 
strings were rapidly cleaved in the presence of the normal plasma metalloprotease 
ADAMTS-13, limiting thrombus growth [ 68 – 70 ]. These multimers are also more 
reactive with platelet receptors in the presence of high fl uid shear stress [ 69 ]. 
Furthermore, Lancellotti et al. [ 71 ] found that peroxynitrite oxidizes the vWF- 
cleaving metalloprotease ADAMTS-13, thus contributing to the prothrombotic 
effects. Additionally, Myatt et al. [ 40 ] and Bosco et al. [ 62 ] also reported the pres-
ence of nitrotyrosine residues in the stromal cell of PE placentas. Taking all these 
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evidences into account, we consider it plausible to postulate that the maternal hyper-
coagulable state due to the impairment of ADAMTS-13 alters the normal 
 longitudinal contraction/relaxation of the villi, a mechanism through which TC 
modulate the rhythmicity of the process. 

 In a model of cardiac hypoxia, Kostin [ 66 ] found that increased interstitial fi bro-
sis and fi brillar collagen lead to TC cell death via apoptosis, with shrinkage and 
shortening of telopodes, and Bosco et al. [ 11 ] found a considerable amount of col-
lagen deposits located near the telopodes of TC in PE placentas. Apoptosis of pla-
cental TC from the chorionic villi leads to alteration of the TP and therefore to a 
possible loss of the synaptic-like connections that relate TC with themselves, with 
myofi broblasts and with smooth muscle cells from fetal blood vessels. All these 

a b

c d

  Fig. 10.1    Placentas of preeclamptic women. ( a ) Anti-thrombomodulin monoclonal antibody 
expression in PE placental villi. An intense immunohistochemical labeling in the apical zone of the 
syncytiotrophoblast (*), endothelium ( arrow head ), telocytes ( TC ), and myofi broblast ( My ) is dis-
played. ( b ) Antihuman VEGF165 monoclonal antibody labeling. VEGF immunostaining was 
moderate in telocytes ( TC ), myofi broblast ( My ), and syncytiotrophoblast (*) and intense in the 
muscular layer of the arteries ( arrow head ) and veins of the stem villi. ( c ) Anti-nitrotyrosine resi-
dues rabbit polyclonal antibody labeling. The labeling was intense in telocytes ( TC ), myofi broblast 
( My ), syncytiotrophoblast (*), and the muscular layer of the arterioles ( arrow head ) and the veins 
of the stem villi. ( d ) Anti-BAX rabbit polyclonal antibody labeling. The mark for the proapoptotic 
protein BAX was intense in the syncytiotrophoblast (*), telocytes ( TC ), myofi broblast ( My ), and 
the muscular layer ( arrow head ) of the fetal blood of the stem villi. ( a ) Calibration bar 50 μm. 
Antibody working dilution=1:50. ( b ) Calibration bar 70 μm. Antibody working dilution=1:50. ( c ) 
Calibration bars 60 μm. Antibody working dilution=1:100. ( d ) Calibration bars 60 μm. Antibody 
working dilution=1:100. Original magnifi cation: 400× in ( a ,  c ) and ( d ); 200× in ( b )       
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events point to a decrease of the contact surface of the villi with the maternal blood 
in the intervillous space, with a consequent reduction of maternal metabolic contri-
bution to the fetus.  

10.8     Final Remarks 

 Finally, we postulate that SMC of fetal blood vessels, TC, and myofi broblast act as 
a triad and that the coordinate function of TC contribute to the normal placental 
function. Apoptosis of placental TC from the chorionic villi leads to alteration of the 
telopodes and therefore to a possible loss of the synaptic-like connections. The loss 
of these synapses would lead to loss of the TC triad function probably related to 
signal transduction mechanisms involved in the regulation of the fetal vessels blood 
fl ow, as well as in the shortening/lengthening of the chorionic villi, providing the 
necessary rhythmicity to the process of maternal/fetal metabolic exchange.     
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    Chapter 11   
 Telocytes in Exocrine Glands Stroma                     

     Mihnea     Ioan     Nicolescu       

    Abstract     Stroma is viewed as the supportive framework of a predominant epithe-
lial organ, comprising mostly of connective tissue, blood vessels and nerves. Since 
the discovery of telocytes one decade ago (Popescu and Faussone-Pellegrini J Cell 
Mol Med 2010;14(4):729–40), their presence was proven in several exocrine gland 
stromata, including major and minor salivary glands, mammary glands as well as 
exocrine pancreas. 

 Telocytes have been found in a close connection with acinar and ductal structures 
but also with their stromal neighbours – nerves, blood vessels or other connective 
elements, either cells or collagen fi bres. 

 The approaches used to reveal the telocytes’ location were immunohistochemis-
try and electron microscopy.  

11.1        Salivary Glands 

 Saliva is produced by major and minor salivary glands. The fi rst are responsible for 
about 90 % of the total salivary secretion. In humans, major/main salivary glands are 
the parotid, submandibular and sublingual pairs. The differences between their 
saliva are due to the differences in their cellular repertoire, namely, exclusively 
serous acini in parotids and mixed in the other two, with a mucous predominance in 
the sublinguals. Intriguingly, the telocytes’ location did not show any signifi cant 
difference between the major salivary glands. Their existence was suggested by 
immunohistochemistry and proven by electron microscopy, the most reliable tech-
nique for the direct identifi cation of a cell or group of cells in a given tissue. 
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 In parotid glands, vimentin-positive cells were making stromal networks sur-
rounding the acini, while others resided in septa (Fig.  11.1 ). Solitary CD117 +  
with long, moniliform processes were identifi ed within the intraparotid large 
septa, around ducts and blood vessels. Although a defi ning trait of myoepithelial 
cells, smooth muscle α-actin also showed positive results on interacinar cells, 
outside their basal laminae, that sent long prolongations between and around 
parotid acini [ 5 ].

   In adult submandibular glands (Fig.  11.2 ), CD117 exhibited positivity around 
ducts (panel A) and nerves (B and D panels) or in scarce interstitial location (panel 
C). Only excretory ducts presented surrounding CD117 +  cells, while no positivity 
was encountered around striated or intercalary ducts in foetal samples (Fig.  11.3 ). 
In major salivary glands, CD117 marked preferentially the actual body of telocytes, 
while telopodes (the long, peculiar, moniliform prolongations of telocytes) were 
positive for vimentin and smooth muscle α-actin. Both structures showed selective 
positivity for CD34.

    Interlobular telocytes were identifi ed under electron microscopy in rat and 
human parotid samples (Fig.  11.4 ), with their long moniliform telopodes 
(Figs.  11.4  and  11.5 ). Interacinar telocytes confi rmed the location suggested by 

  Fig. 11.1    Human parotid gland: vimentin immune staining. Spindle-shaped vimentin-positive 
cells with long prolongations are identifi ed in septa, where they contribute to stromal networks. 
Periductal positive cells ( arrowhead ) are mostly uni-/bipolar, while peri-/interacinar ones ( arrows ) 
often have a multipolar appearance sending prolongations in the periphery of the neighbouring 
acini (Reproduced with permission from Nicolescu [ 5 ])       
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a

db

c

  Fig. 11.2    Submandibular gland (human, adult): CD117 immunohistochemistry. ( a ) Positive cells 
around ducts. Ob. 20×. ( b ) Positive cellular processes around vegetative neural cells. Ob. 40×. ( c ) 
Positive interstitial cells. Ob. 40×. ( d ) Positive perineural cells. Ob. 40× (Reproduced with permis-
sion from Nicolescu [ 3 ])       

  Fig. 11.3    Submandibular gland (human, foetal, 20 weeks): CD117 immunohistochemistry. 
 Arrows  indicate positive apical duct cells (Reproduced with permission from Nicolescu [ 3 ])       
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 immunohistochemistry (Fig.  11.5 ). The long trajectory of telopodes includes very 
convoluted areas we consider to be elongation reserves, possibly needed for mor-
phological reconfi guration of the cellular processes involved in intercellular sig-
nalling (Fig.  11.6 ).

     Telocytes’ close connection with neurovascular bundles (Fig.  11.7 ) presumably 
may support a role in regulation of vascular tonicity, by direct infl uence or via local 
neural pathways. Nevertheless, they might also infl uence the salivary fl ow and com-
position, by local interactions, e.g. with myoepithelial cells (Fig.  11.8 ). Heterocellular 
relations between telocytes and mast and plasma cells (Fig.  11.9 ) further emphasize 
the complexity of their interactions in salivary gland stroma.

  Fig. 11.4     Left  panel – rat parotid gland: two-dimensional sequenced concatenation from 11 serial 
electron micrographs.  Right  panel – human parotid gland: two-dimensional sequenced concatena-
tion from 16 serial electron micrographs. Stromal telocytes ( TC , digitally colourized in  blue ) in rat 
( left  panel) and human ( right  panel) parotid interstitium send off long telopodes ( Tp ).  Arrows  and 
 insets  indicate shedding microvesicles (digitally colourized in  purple ).  Left inset  shows ( bright 
green ) the stromal synaptic line between a telocyte and an acinar cell.  Right insets  prove why sev-
eral sequenced electron micrographs are needed to observe a whole TC/Tp and why they were 
overlooked so far.  Asterisks  indicate TC caveolae.  Ac  acinar cell,  TC  telocyte,  Tp  telopode 
(Reproduced with permission from Nicolescu [ 5 ])       
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     More recent studies showed, on minor salivary glands, the impairment of telo-
cytes in autoimmune pathologies such as Sjogren’s syndrome [ 1 ].  

11.2     Mammary Glands 

 Telocytes have been previously reported as “interstitial Cajal-like cells” (ICLCs) in 
several organs [ 7 ], including human resting mammary gland stroma [ 2 ]. 

 Toluidine blue-stained semithin sections showed long cellular processes [ 8 ], 
which were to be later named telopodes. Their ultrastructural details were thor-
oughly reviewed under transmission electron microscopy. Telopodes present an 
alternation of thin, long segments – podomeres – and dilations accommodating 
mitochondria and calcium-releasing units, podoms [ 10 ]. 

 Telocytes and various cell types (plasma cells, lymphocytes, fi broblasts, mast 
cells and macrophages) presented multi-contact stromal synapses of variable length 
(up to several micrometres), comprising of close plasmalemmal apposition seg-
ments, with the cell membranes only 10–20 nm apart, as detailed in [ 2 ]. 

  Fig. 11.5    Rat parotid 
gland: electron 
micrographs. A typical 
telocyte cell body with an 
interacinar localization is 
shown in the upper panels, 
digitally colourized in  blue . 
Shed microvesicles were 
digitally colourized in 
 purple . Note the 
moniliform aspect of 
telopodes (digitally 
colourized in  blue ).  Arrows  
indicate caveolae. Note the 
alternation of thin 
segments ( podomeres ) and 
thicker portions ( podoms ) 
(Reproduced with 
permission from 
Nicolescu [ 5 ])       
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  Fig. 11.6    Human 
submandibular gland: 
transmission electron 
microscopy. A telopode 
(digitally colourized in 
 blue ) shows seriated 
elongation reserve areas 
( red arrows ) along its thin 
segments (podomeres) 
(Reproduced with 
permission from Nicolescu 
[ 3 ])       

  Fig. 11.7    Rat parotid gland: electron 
micrographs. Two telopodes (digitally 
colourized in  blue ) are bordering nerves 
(digitally colourized in  green ) and an 
arteriolar wall – digitally colourized in 
 brown  (muscular layer) and  red  
(endothelium).  Lower panel  shows a 
cholinergic nerve between an arteriole 
and a telopode.  RBC  red blood cell,  SMC  
smooth muscle cell (Reproduced with 
permission from Nicolescu [ 5 ])       
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 Networks of CD34+ stromal cells surrounding microvessels and excretory units 
were reported in the human mammary gland stroma. Furthermore, CD34 + /CD10 ± /
CD117 − /vimentin -  cells of inter-/intralobular mammary gland stroma showed signs 
of mesenchymal potency [ 6 ].  

11.3     Exocrine Pancreas 

 As the case of other organs [ 7 ], too, pancreatic telocytes were initially described as 
ICLCs [ 9 ]. In human pancreas, telocytes and their telopodes form an extensive lat-
tice network, especially around serous acini (Fig.  11.10 ). This network is based on 

  Fig. 11.8    Human parotid gland: electron micrograph. A telocyte (digitally colourized in  blue ) is 
present between collagen fi bres and a myoepithelial cell (digitally colourized in  red ).  Arrows  indi-
cate junction points between the myoepithelial cell and a parotid acinar cell (Reproduced with 
permission from Nicolescu [ 5 ])       

  Fig. 11.9    Human parotid gland: electron micrograph. A mast cell surrounded by plasma cells 
establishes a multi-contact stromal synapse with a telopode (digitally colourized in  blue ). Shed 
microvesicles were digitally colourized in  purple . A nearby nerve is digitally colourized in  green  
(Reproduced with permission from Nicolescu [ 5 ])       
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homocellular contacts (between the same type of cells – here, between the long 
podomeres of telocytes), as they may be seen in Fig.  11.11 . All the same, heterocel-
lular connections are also present between telocytes and mast cells (Figs.  11.11b  
and  11.12a ), macrophages (Fig.  11.12b ) and stellate cells (Fig.  11.13a ).

      Branching pattern of telopodes might enhance the cellular telocytes signalling in 
the interstitial microenvironment. However, less periductal telocytes were encoun-
tered in exocrine pancreas compared to major salivary glands, where telocytes are 
more frequent around ducts than between acinar units [ 5 ]. As a true interconnecting 
hub, telocytes establish relations with all functional elements of the pancreas – acinar 

a

b

  Fig. 11.10    Overview of telocytes’ network in the pancreatic interstitium. Human exocrine pan-
creas: transmission electron microscopy. Telocytes (TC) were digitally colourized in  blue , shed 
microvesicles in  purple . ( a ) General topography of acini and the interstitial TC. Note the small TC 
cell body, with a nucleus and several very long and thin telopodes (Tp). ( b ) One human pancreatic 
acinus is circumvented by long Tp belonging to different TC. Arrowheads indicate two Tp in close 
contact with neighbour pancreatic acinar cells. Blood capillary and a mast cell (MC) are also pres-
ent (Reproduced with permission from Nicolescu and Popescu [ 4 ])       
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a

b

  Fig. 11.11    Interpodomeric connections. Human exocrine pancreas: transmission electron micros-
copy. Telocytes digitally colourized in  blue , shed microvesicles in  purple . ( a ) Note the long 
(3.22 μm,  dotted yellow line ) linear plain contact between podomeres of two telopodes ( Tp1 ,  Tp2 ) 
in their intra-acinar trajectory. ( b ) Several Tps located between an acinar cell and a mast cell, bor-
dering both of them. They establish a close intertelopodic convoluted plain contact ( dotted yellow 
line ) 8.63 μm long. A multivesicular body ( arrowhead ) is present at a Tp bifurcation (Reproduced 
with permission from Nicolescu and Popescu [ 4 ])       
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cells, ducts, blood vessels and nerves (Figs.  11.13 ,  11.14 , and  11.15 ). Telocytes 
release microvesicles to communicate with other cells, probably as alternative to 
stromal synapses for a telecrine/remote noncontact cellular cross talking. Thus, they 
act not as simply inert stromal elements but as active participants in regulating spe-
cifi c microenvironment [ 4 ].

a

b

  Fig. 11.12    Stromal synapses. Human exocrine pancreas: transmission electron microscopy. 
Telocytes digitally colourized in  blue , shed microvesicles in  purple . ( a ) Multi-contact ( bright yel-
low ) and “kiss-and-run” ( bright red ) stromal synapses between a telopode and a mast cell. Note 
that the contacts are established at both podomic and podomeric levels. ( b ) Multi-contact stromal 
synapse between a long telopode ( Tp ) and a macrophage. Note also a multivesicular body 
(Reproduced with permission from Nicolescu and Popescu [ 4 ])       
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a

b

  Fig. 11.13    Telocytes near stellate cells and pancreatic ducts: transmission electron microscopy. 
Telocytes and telopodes digitally colourized in  blue , shed microvesicles in  purple . ( a ) Human 
endocrine pancreas. Pancreatic stellate cell (digitally colourized in  brown ) in close relation to 
several telopodes. Note also abundant microvesicles. ( b ) Rat exocrine pancreas. Parallel telopodes 
bordering cells from the walls of pancreatic intercalated and intralobular ducts (Reproduced with 
permission from Nicolescu and Popescu [ 4 ])       
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a

b

  Fig. 11.14    Telocytes near blood vessels, nerves and collagen fi bres: transmission electron micros-
copy. Telocytes and telopodes digitally colourized in  blue , shed microvesicles in  purple . ( a ) 
Human exocrine pancreas. Several telopodes are passing very close to endothelial cells. Note that 
telopodes establish contacts with other telopodes (podomere-podomere and podomere-podom). 
Note the similar diameter of podomere segments and collagen fi brils ( arrowhead ). ( b ) Rat exo-
crine pancreas. Telopode neighbouring a nerve (digitally colourized in  green ) in pancreatic inter-
stitium.  Inset  shows nascent shed microvesicles ( arrows ). Also present transversal- and cross-cut 
collagen fi brils (Reproduced with permission from Nicolescu and Popescu [ 4 ])       
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    Chapter 12   
 Telocyte Behaviour During Infl ammation, 
Repair and Tumour Stroma Formation                     

     L.     Díaz-Flores     ,     R.     Gutiérrez    ,     M.     González-Gómez    ,     L.     Díaz-Flores     Jr    , 
    F.     Valladares    ,     N.     Rancel    ,     F.  J.     Sáez    , and     J.  F.     Madrid   

    Abstract     In this chapter, we outline the role of human CD34+ stromal cells/telo-
cytes (CD34+ SC/TCs) as progenitor cells during repair. The in vivo activation phe-
nomena of CD34+ SC/TCs in this process include increased size; separation from 
the neighbouring structures (mainly of the vascular walls); association with infl am-
matory cells, predominantly macrophages; development of the organelles of synthe-
sis (rough endoplasmic reticulum and Golgi apparatus); cell proliferation with 
presence of mitosis and high proliferative index (transit-amplifying cells); and 
fi broblastic and myofi broblastic differentiation. A procedure to study these tissue- 
resident cells, comparison of their behaviour in vivo and in vitro and different 
behaviour depending on location, time, type of injury (including tumour stroma) 
and greater or lesser proximity to the injury are also considered.  

12.1       Introduction 

 Currently, the morphologic, ultrastructural, histochemical and functional character-
istics of telocytes (TCs) are well known (for revision, see   www.telocytes.com    ). 
These stromal cells described by Popescu and his group [ 25 ,  51 ] are characterized 
by a small cell body and extremely long, thin moniliform processes (telopodes). 
Immunohistochemically, they are identifi ed by double positive labelling for CD34 
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and vimentin and by CD34 and PDGFR-α. Cell-surface glycoprotein CD34 expres-
sion in telocytes plays a signifi cant role, and the use of this marker is important for 
several reasons: (a) it enables TC identifi cation as a subpopulation of stromal cells 
(CD34+ SC/TCs), (b) it is present in progenitor cells and its potential functions 
include enhancing proliferation and blocking differentiation of stem or progenitor 
cells (maintenance of the undifferentiated progenitor/stem cell phenotype) and (c) it 
may vary with physiological and pathological processes, or during in vitro passages 
(it is a sometimes-on-sometimes-off molecule), and CD34+ SC/TCs may therefore 
be a source of other cells in which CD34 expression is absent. Thus, the role of 
CD34+ SC/TCs as progenitor cells during tissue repair requires particular attention 
and is the subject of this chapter.  

12.2     Role of CD34+ SC/TCs in Tissue Regeneration/Repair 

 CD34+ SC/TCs can act in the regeneration and repair of tissues in two ways: as 
interstitial cells located in stem cell niches and as progenitor cells themselves. 

 As interstitial cells located in stem cell niches (networking between stem cells) 
(for revision, see [ 2 ,  20 ,  63 ]), CD34+ SC/TCs are integrated with stem cells and 
other components of the niche (blood vessels, extracellular matrix) [ 2 ,  6 ,  11 ,  13 ,  26 , 
 27 ,  42 ,  43 ,  52 – 55 ,  64 ]. Thus, telocytes have been described in stem cell niches of 
different anatomical regions, including the skin; respiratory, gastrointestinal and 
urinary tracts; liver; pancreas; uterus; skeletal muscle; heart and vascular system; 
nervous system; meninges; choroid plexus; and ocular structures [ 13 ,  16 ,  27 ,  52 ,  53 , 
 64 ,  66 ]. CD34+ SC/TCs in the niches carry out several functions (homeostatic con-
trol, support, nurse, regulation, guide, signal generation and induction) and are 
therefore in “unperturbed physiological conditions” [ 20 ]. Indeed, although the term 
“quiescent” may be used to describe this stage of these cells, it is not entirely accu-
rate, since they perform numerous functions [ 14 ,  18 ,  22 ,  51 ]. 

 When CD34+ SC/TCs act as progenitor cells, they enter into an activated stage, 
with changes in distribution, relationship and morphology, subsequent proliferation 
and the possibility of conserving CD34 positivity or differentiating into other cell 
types after losing CD34 expression [ 17 ,  20 ,  21 ,  63 ].  

12.3     Selection of Human Tissues as Substrates to Study 
CD34+ SC/TC Behaviour During Human In Vivo 
Repair 

 The adipose tissue and enteric and gallbladder walls are excellent anatomic sites to 
study in vivo human CD34+ SC/TC behaviour during infl ammatory-repair pro-
cesses. Indeed, an advantage of using adipose tissue substrate is the existence of 
numerous studies of its stromal cells in culture (see below). The enteric wall is 
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interesting because previous studies by different authors have confi rmed that CD34+ 
SC/TCs are telocytes in this location [ 25 ,  45 ,  50 ,  62 ]. The gallbladder wall is impor-
tant because intense angiogenesis and widespread fi broblastic proliferation occur in 
acute cholecystitis, whereas the polymorphonuclear infi ltrate is scarce. Therefore, 
combined observations of these tissues affected by infl ammatory-repair processes 
give an overview of CD34+ SC/TC behaviour in these conditions, which also 
enables comparison with observations by other authors of these cells in culture.  

12.4     Importance of Resident CD34+ SC/TC Studies 
in Adipose Tissue Affected by Infl ammatory-Repair 
Processes to Compare In Vivo and In Vitro Behaviour 
in These Cells 

 In vitro models to study the capacity of tissue CD34+ SC/TCs as progenitor cells 
include isolation and subsequent 2D and 3D cultures. Tissue-resident CD34+ SC/
TCs may be isolated from several tissues, although most studies have been per-
formed in the adipose tissue for the following reasons: (a) it is abundant, (b) it is 
easily obtainable in large quantities with no signifi cant side effects and (c) its freshly 
isolated vascular fraction contains CD34+ SC/TCs in far greater quantities than in 
other tissues, including the bone marrow. In studies in culture, the common term for 
these cells is adipose-derived stromal cells or adipose stromal/stem/progenitor cells 
(ASCs), which are primarily CD34+, form part of the heterogenous population of 
the stromal vascular fraction, adhere to culture plastic and may proliferate and dif-
ferentiate into adipocytes, osteoblasts, chondrocytes and myocytes [ 15 ,  24 ,  28 – 32 , 
 47 ,  61 ,  69 ,  70 ]. Therefore, cells described as CD34+ SC/TCs in the adipose tissue 
are consistent with ASCs in the freshly isolated vascular fraction and in culture, 
since ASCs are found in the CD34+ population and are negative for pericytic, endo-
thelial or other haematopoietic markers [ 5 ,  7 – 9 ,  35 ,  37 ,  40 ,  44 ,  46 ,  58 ,  60 ,  61 ,  67 , 
 68 ]. Thus, the extensive literature on ASCs in culture can also be considered for the 
tissue-resident (native) CD34+ SC/TCs. According to the objective of this chapter 
on the role of CD34+ SC/TCs during repair, we also outline our contributions on the 
human adipose tissue during in vivo activation of CD34+ SC/TCs and compare the 
results with those of other authors on ASCs in culture.  

12.5     A Procedure to Study Tissue-Resident CD34+ SC/TC 
Behaviour as Progenitor Cells In Vivo 

 An interesting procedure to study the in vivo behaviour of CD34+ SC/TCs as pro-
genitor cells is to use surgically obtained tissue affected by infl ammatory-repair 
processes (e.g. in periappendicitis, cholecystitis, complicated diverticulitis and 
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localized peritoneal abscesses). The morphological fi ndings of each repair stage 
(infl ammatory, proliferative and remodelling) enable human tissue selection for the 
follow-up of tissue-resident CD34+ SC/TC behaviour at different evolutionary 
times [ 20 ,  21 ]. The infl ammatory stage is characterized by vasodilation, oedema, 
leukocyte margination and interstitial infi ltration of leukocytes, with a predomi-
nance of neutrophils. Angiogenesis with neovascularization; recruitment of infl am-
matory cells, predominantly macrophages; and stromal cell proliferation, with 
granulation tissue formation, occur in the proliferative stage. Numerous stromal 
cells with a tendency to be arranged parallel to each other are observed in early 
remodelling. Subsequently, cell numbers decrease and extracellular matrix increases.  

12.6     CD34+ SC/TCs as Adult Progenitor Cells and Their 
Derived Committed Precursors as Transit-Amplifying 
Cells 

 Telocytes are a subpopulation of quiescent, slow-cycling resident cells, with prolif-
erative potentiality and with the capacity to self-renew and to originate transit- 
amplifying cells, which may differentiate into αSMA+ cells and, in all likelihood, 
into other functionally mature cells. Therefore, telocytes may be considered as adult/
somatic stem/progenitor cells and their proliferating derivatives as transit- amplifying 
cells or committed precursor cells, which, with more rapid though limited prolifera-
tion, increase the number of differentiated cells produced by each telocyte.  

12.7     Morphologic Characteristics During the Transition 
from Quiescent CD34+ SC/TCs to Transit-Amplifying 
Cells (Initial Stage of CD34+ SC/TC Activation) 

 The changes in quiescent CD34+ SC/TCs (Fig.  12.1a ) are evident during repair 
around vessels. Early morphologic phenomena of CD34+ SC/TC activation include 
increased size (becoming plumb cells, which augment their somatic volume and 
shorten their telopodes), loss of their arrangement with separation from the neigh-
bouring structure (Fig.  12.1b ) (from the vascular wall and the interstitial fi brils), 
association with infl ammatory cells (neutrophils, macrophages, mast cells or lym-
phocytes, predominantly macrophages (Fig.  12.2 ), which contribute to the dissocia-
tion and detachment of the CD34+ SC/TCs), location in a new medium (in 
oedematous spaces) and structural modifi cations (the nucleus increased in size with 
prominent nucleoli, numerous intracytoplasmic ribosomes, either singly or in aggre-
gates, as well as some profi les of the rough endoplasmic reticulum) (Fig.  12.3 ). 
During this initial stage of activation, transitional cell formed between quiescent and 
activated CD34+ SC/TCs are observed by light and electron microscopy. These 
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transitional cell forms show an increased somatic region while conserving more or 
less evident telopodes (Fig.  12.3b ). All these phenomena can be well demonstrated 
during the infl ammatory stage of repair (in the fi rst 24 h after tissue injury), in which 
vascular dilation of venules and capillaries, opening of intercellular contacts between 

a b c

d

  Fig. 12.1    ( a ) CD34+ SC/TCs ( arrows ) around vessels. One medium-sized and one small vessel 
are observed. Endothelial cells (in the intima) and SC/TCs (in the adventitia), both stained with 
CD34, sandwich the CD34-unstained media layer. ( b – d ) Activated CD34+ SC/TCs ( arrows ) dur-
ing the infl ammatory stage of repair are observed in oedematous spaces around different sized 
vessels. Most CD34+ SC/TCs increase in size and appear as large, plump, stellate or ovoid cells. 
The nuclei are also increased in size and show prominent nucleoli. Some cells conserve their telo-
podes. ( a – c ) CD34 immunoperoxidase labelling (using  brown  –  a  and  b  or  red  –  c  -visible label) 
with haematoxylin counterstain. ( d ) Section double stained with anti-CD34 ( brown ) and anti- 
αSMA ( red ). Bar: ( a ) 20 μm; ( b ,  c ) 10 μm; ( d ) 25 μm. ( a – c ) (Reproduced from Díaz-Flores et al. 
(2015), with permission of Histol. Histopathol)       
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endothelial cells, increased vascular permeability, leukocyte margination and early 
diapedesis occur. All the activated stromal cells in this stage express CD34, and 
expression of αSMA is only observed in pericytes and smooth muscle cells.

12.8          Transit-Amplifying Cells Derived from CD34+ SC/TCs 
(Proliferative Stage of CD34+ SC/TCs and Derived Cells) 

 Transit-amplifying cells continue to express CD34 and coincide with the end of the 
infl ammatory stage and with most of the proliferative stage of repair. Therefore, they 
become evident during granulation tissue formation, and their presence is associated 
with angiogenesis (proteolytic degradation of the vascular basal lamina, dissociation 
between endothelial cells and pericytes, endothelial cell migration and proliferation 
with budding, formation of the new vessel lumen, recruitment of pericytes around the 

a b

  Fig. 12.2    Association between activated CD34+ SC/TCs ( brown ) and macrophages ( red ) during 
granulation tissue formation is demonstrated in a section double stained with anti-CD34 and anti-
 CD68. Bar: 25 μm       
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b

a

  Fig. 12.3    Ultrastructural characteristics of quiescent ( a ) and early activated ( b ) telocytes. ( a ) 
Telocytes ( arrows ) around small vessels are demonstrated in semithin and ultrathin sections (Insert 
of  a , vessel in semithin section) ( b ) In the fi rst stages of repair through granulation tissue, an acti-
vated telocyte ( asterisk ) separates from the vessel wall (v) ( ec  endothelium,  p  pericyte,  m  macro-
phages). Uranyl acetate and lead citrate. Bar: 1 μm.  Insert , toluidine blue, Bar: 25 μm (Reproduced 
from Díaz-Flores et al. (2015), with permission of Histol. Histopathol)       
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new vessels and formation of the new basal lamina). As the name suggests, transit-
amplifying cells derived from CD34+ SC/TCs are proliferating cells, showing mitoses 
(Fig.  12.4a, b ) and a high proliferative index (demonstrated in sections double stained 
with anti-Ki-67, detected exclusively within the nucleus and anti-CD34 detected in the 

a b

c

  Fig. 12.4    ( a ,  b ) Activated CD34+ SC/TCs in mitosis ( arrows ) around different size vessels during 
the proliferative stage. The cells in mitosis show rounded morphology with peripheral expression 
of CD34 and chromosomes in the CD34-unstained central zone. ( c ) High proliferative index in 
CD34+ SC/TCs is demonstrated in a section double stained with anti-CD34 (peripheral expres-
sion) and anti-Ki-67 (expression in nuclei). In the insert, one activated CD34+ SC/TC in mitosis, 
showing anti-Ki-67-stained chromosomes.  vl  vessel lumen. Insert, 6 μm. Bar: ( a ) 20 μm, ( b ) 
10 μm; ( c ) 15 μm; Insert, 6 μm (Reproduced from Díaz-Flores et al. (2015), with permission of 
Histol. Histopathol)       
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peripheral cytoplasm and cell membrane) (Fig.  12.4c ). Therefore, a higher number of 
CD34+ SC/TC-derived cells occur in this proliferative stage. Although these cells 
continue to express CD34 during the early steps of this stage, co-expression of αSMA 
is observed in some cells. Likewise, neighbouring stromal cells express CD34 or 
αSMA with different intensity (Fig.  12.5 ). In successive steps of this stage, the number 
of stromal cells that express CD34 gradually diminishes, while that of αSMA-
expressing cells increases. Finally, most stromal cells express αSMA. Stromal cells 

a

b

e f g

c d

  Fig. 12.5    ( a ) Activated CD34+ SC/TCs during differentiation into αSMA+ stromal cells. ( a ) A 
zone in which neighbouring CD34+ ( brown ) and αSMA+ ( red ) stromal cells ( arrows ), with differ-
ent labelling intensity, is demonstrated in a section double stained with anti-CD34 and anti-αSMA. 
( b ,  d ) Co-localization of CD34 and actin ( arrows ) in stromal cells around a vessel, demonstrated 
by double immunofl uorescence. Nuclei are counterstained with DAPI. ( e – f ) Co-localization of 
CD34 and αSMA in a stromal cell.  vl  vessel lumen,  ml  media layer. ( a ) 25 μm; ( b – d ) 20 μm;  e – g ) 
8 μm. ( b – g ) (Reproduced from Díaz-Flores et al. (2015), with permission of Histol. Histopathol)       
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expressing αSMA show ultrastructural characteristics typical of myofi broblasts (abun-
dant organelles of synthesis and stress fi laments). Increased organelles of synthesis are 
observed (activated fi broblasts) in cells without expression of αSMA.

12.9         Comparison of the Behaviour of Activated CD34+ SC/
TCs In Vivo and In Culture 

 Numerous studies of the freshly isolated vascular fraction and their adipose stro-
mal/stem progenitor cells (ASCs) and the culture of these cells support the concept 
that the CD34+ stromal population of the isolated stromal vascular fraction is the 
main progenitor with the ability to differentiate into multiple lineages, including 
adipocytes, osteoblasts, chondrocytes and myocytes [ 15 ,  24 ,  28 – 32 ,  47 ,  61 ,  69 , 
 70 ]. Cultured CD34+ stromal cells lose CD34 expression in successive passages 
and gain expression of other markers, including αSMA [ 5 ,  7 – 9 ,  15 ,  24 ,  28 – 32 ,  35 , 
 38 – 41 ,  44 ,  46 ,  47 ,  58 ,  60 ,  61 ,  68 – 70 ]. This behaviour of stromal cells in culture 
concurs with that of CD34+ SC/TCs in vivo during infl ammatory-repair 
processes.  

12.10     Different Behaviour of Activated CD34+ SC/TCs 
Depending on Location 

 During infl ammatory-repair processes, CD34+ SC/TCs around vessels and in the 
interstitium of the connective tissue (e.g. in the submucosa and subserosa of the 
gastrointestinal tract or in the dermis) can undergo all the steps outlined above. 
However, CD34+ SC/TCs in other locations (e.g. in the endoneurium or between 
smooth muscle cells of the gastrointestinal muscular propria) may activate and 
undergo changes in number and morphology but retain CD34 positivity (non- 
published observations).  

12.11     Importance of the Observation of CD34+ SC/TCs 
in Early Stages of Infl ammatory-Repair Processes 
to Understand Their Role and Behaviour 

 The activation of CD34+ SC/TCs and their main changes occur over a short period 
in the initial stages of infl ammation and repair, which explains why stromal cells 
co-expressing CD34 and αSMA are not detected in later stages (e.g. in tumour 
stroma or in remodelling stages of repair).  

L. Díaz-Flores et al.



187

12.12     Different Behaviour of Activated CD34+ SC/TCs 
Depending on the Type of Injury 

 Depending on the type of injury, activated CD34+ SC/TCs may follow all the stages 
until loss of CD34 and gain of αSMA (wound scarring and stroma formation in some 
tumours – see below) or conserve CD34 expression (e.g. the stroma and capsule of 
some tumours, such as myopericytoma, melanocytic nevus, neurofi bromas and lipo-
mas, edematous and myxomatous processes or tissues around silicon prostheses).  

12.13     Different Behaviour of Activated CD34+ SC/TCs 
Depending on Greater or Lesser Proximity to Injury 

 As mentioned above, the activation of CD34+ SC/TCs may occur with or without 
transformation to αSMA+ cells, in relation to the type of process [ 17 ,  19 ] and to the 
tissue location. This different form of activation is also in relation to proximity to 
the injury [ 20 ,  21 ]. Thus, in the zones with greater proximity, CD34+ SC/TCs can 
differentiate into αSMA+ cells, while in zones relatively far from injury, the acti-
vated cells retain CD34 positivity.  

12.14     Possible Participation of Cells Other Than Resident 
CD34+ SC/TCs in the Origin of αSMA+ 

 CD34+ circulating fi brocytes, which are a subset of circulating monocyte-like cells 
[ 10 ], may contribute to CD34+ SC/TCs in the tissues and may enter the injured tis-
sues and also contribute to αSMA+ stromal cells [ 1 ,  57 ]. Although an important role 
of tissue-resident CD34+ SC/TCs has been demonstrated in the origin of αSMA+ 
stromal cells during infl ammatory-repair processes, this does not exclude a contri-
bution of CD34+ circulating fi brocytes.  

12.15     CD34+ SC/TCs in the Tumour Stroma 

 Carcinoma-associated fi broblasts (CAFs) and myofi broblasts play an important role 
in tumour behaviour, formation and progression [ 59 ]. Differences in the stromal cell 
characteristics have been reported [ 3 ,  4 ,  12 ,  23 ,  33 ,  34 ,  36 ,  48 ,  49 ,  56 ,  65 ]. Indeed, 
as occurs during infl ammatory-repair processes, different behaviour of activated 
CD34+ SC/TCs can be observed depending on the type of tumour. Thus, activated 
CD34+ SC/TCs may follow all the stages until loss of CD34 and gain of αSMA 
(myofi broblasts transformation) or conserve CD34 expression. Interestingly, many 
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malignant invasive epithelial tumours lose CD34 expression and gain αSMA expres-
sion [ 3 ,  4 ,  23 ,  34 ,  48 ,  49 ,  56 ,  65 ], although this is not always the case (e.g. two third 
of lobular carcinoma of the breast – [ 23 ]).     
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    Chapter 13   
 Paracrine Signaling in the Prostatic Stroma: 
A Novel Role for the Telocytes Revealed 
in Rodents’ Ventral Prostate                     

     Bruno     D.  A.     Sanches    ,     Lara     S.     Corradi    ,     Patricia     S.  L.     Vilamaior    , 
and     Sebastião     R.     Taboga    

    Abstract     The telocytes have recently been described in the prostate gland. In 
mature gland, they exist in close association with the acini and their telopodes form 
networks whose functions remain unclear. In this chapter, our group gives a brief 
introduction to telocytes and explores the history that led to such a concept and then 
discusses hypotheses and presents new evidences about the roles exerted by telo-
cytes in the prostate. First is given emphasis on the role that these cells possibly play 
in paracrine signaling employed in the differentiation of smooth muscle periacinar 
are then discussed other roles potentially performed by telocytes in the prostate, 
such as the organizational, where these cells would act in order to delimit stromal 
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microenvironments, thereby assisting the differentiation of the prostatic anatomical 
components. In addition, the pacemaker function of smooth muscle cells contrac-
tion, as evidenced by the presence of caveolae and gap-type junction and, fi nally, the 
role of telocytes in prostate remodeling and the possible action as adult progenitor 
cells. Generally speaking, the chapter reaffi rms the existence of telocytes as distinct 
cells of other stromal cells and the importance of this new cell type for normal 
metabolism and prostate development.  

13.1        A Brief Introduction on the Prostate Telocytes 

 The epithelial-mesenchymal interactions since the early twentieth century are con-
sidered the core of the formation of various organs [ 37 ], among which are the lungs, 
kidneys, mammary glands, and prostate [ 4 ,  29 ,  35 ]. Several paracrine molecular 
pathways have been implicated in prostate development; such interactions initially 
are set between projections of the epithelium of the urogenital sinus (UGS) and the 
epithelium of the urogenital sinus (UGE) [ 9 ,  32 ,  42 ]. Such epithelial projections 
(prostatic buddings) reach the prostate inductive mesenchymes surrounding the 
periurethral musculature, among which the most studied is the ventral mensenchy-
mal pad (VMP), which is responsible for inducing the differentiation of the ventral 
lobe of the prostate in rodents [ 39 ,  43 ,  44 ]. In these mesenchymes prostatic bud-
dings undergo branching morphogenesis and suffer a progressive canalization in the 
proximal-distal direction and, at the end of the fi rst month of postnatal life, func-
tional acini are verifi ed in the prostate in rodents [ 26 ,  32 ]. 

 The presence of interstitial Cajal-like cells was detected in the prostate in inti-
mate association with gland smooth muscle cells [ 34 ]; at the same time, a series of 
publications confi rmed the existence of interstitial Cajal-like cells in other organs 
such as the mammary glands [ 11 ], pancreas [ 23 ], uterus [ 24 ], and others [ 22 ]. The 
Cajal cells were fi rst described by Cajal [ 28 ], who proposed in the early twentieth 
century that such cells would be interstitial neurons; such a classifi cation was defi ed 
for more detailed studies that have shown that these cells were truly interstitial cells 
of mesenchymal origin [ 10 ,  41 ]. Such cells would have a function in a smooth 
muscle contraction, acting as a pacemaker [ 14 ,  41 ], and immunostaining for c-kit 
has become the main identifi cation method of this cell type [ 16 ]. The c-kit is a 
receptor which binds to stem cell factor (SCF) and generates a calcium mobilization 
by dependent pathways of src family kinase and PI3-kinase [ 46 ], which contributes 
to the activity of interstitial Cajal cells as pacemaker of smooth muscle 
contraction. 

 Evidences were accumulated to consider interstitial cells of Cajal (ICCs) a het-
erogeneous population of cells [ 30 ], with cells more alike to smooth muscle cells 
and more fi broblast-like cells [ 15 ]. The same fi broblast-like cells remained present 
in c-kit mutated mice. The c-kit marker is a factor considered essential for the dif-
ferentiation of ICCs: the fi broblast-like cell subpopulation carries a smaller amount 

B.D.A. Sanches et al.



195

of caveolae, has gap junctions, and is usually CD34 positive [ 12 ,  38 ]. These cells 
were also supposed from performing a pacemaker function in the smooth muscle 
cells, only by inhibitory pathways of electrical stimulation via sk3, unlike the ICCs 
that would act in a stimulating manner via c-kit [ 13 ,  47 ]. 

 In mutant mice presenting problems in contractility of smooth muscle cells, 
CD34-positive fi broblast-like cells in the intestine increased concentration in com-
parison to other ICCs that decreased their number; thus, it was proposed that the 
CD34-positive fi broblast-like cells were associated with regeneration of the other 
ICCs, so as to be an adult progenitor cell [ 48 ]; however, such cells also possess a 
pacemaker activity, and to consider them only immature ICCs is an incomplete 
assumption [ 38 ]. The existence of a distinct cell type of ICCs in the gut is widely 
accepted; however, the typical marker of these cells is controversial, CD34 immu-
nostaining is not a consensus, and the PDGFR is also considered a marker [ 33 ], 
albeit many of the CD34-positive cells are also positive PDGFR [ 2 ]. 

 Given the existence of a distinct cell type of ICCs and ambiguous interpretations 
or vague terms like fi broblast-like cells or CD34-positive interstitial Cajal-like cells, 
a new term has been coined to characterize this cell type, which has a role that 
extends beyond the auxiliary function in the contraction of smooth muscle cells 
(such cells were denominated as telocytes [ 22 ], and their thin and long cytoplasmic 
processes were termed telopods). With the characterization of this new cell type, 
distinct from the ICCs, a number of new studies have been conducted in this fi eld, 
bringing light to an enormous amount of data on this cell type [ 20 ] (Nicolescu et al. 
2012). New roles beyond the pacemaker activity were proposed for such cells, for 
example, a central role in organizing bodies’ tissue compartmentalization and defi n-
ing stromal microenvironments [ 31 ]. Other functions have been proposed and they 
vary from tissue to tissue such as, for example, acting on immune function in the 
duodenum [ 5 ] in regenerating the cardiac muscle [ 17 ] or direct action on cell dif-
ferentiation of smooth muscle cells in the prostate, as proposed in this chapter 
(Figs.  13.1 ,  13.2 ,  13.3 ,  13.4 ,  13.5 ,  13.6 ,  13.7 , and  13.8 ).

          Such cells are present in the heart [ 17 ,  31 ], in the lungs [ 50 ], in the pancreas [ 19 ], 
in the parotid glands [ 20 ], in the uterus [ 7 ,  8 ], in the kidneys [ 27 ], and in the intes-
tine [ 5 ], and more recently, they have been described in the prostate by our research 
group [ 6 ]. Changes in the structure of telocytes in pathological conditions have been 
identifi ed for the dermis [ 18 ] and lung [ 50 ]. Such evidence may indicate that these 
cells may show, in general, an important organizational role in the maintenance of 
several organs. In terms of the prostate gland, ultrastructural evidence and histo-
chemical approaches point out that telocytes could present an important role in the 
maintenance of the prostate architecture and they could be associated with the 
homeostasis of stroma and contribute to the compartmentalization of prostatic 
stroma microenvironments. This possible function of prostate telocytes could imply 
them with the investigation of pathological conditions in the prostate or during the 
prostate involution following chemical castration [ 6 ]. 

 Prostate telocytes are morphologically similar to telocytes of the myocardium, kid-
neys, and other organs [ 6 ]. Such cells are distributed in the interacinar region that involves 
the smooth muscle layers of the acini, but unlike what is found in the myocardium, 
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  Fig. 13.1    Histology of female prostate development in the Mongolian gerbil. Histological sec-
tions of the developing prostatic complex were stained with hematoxylin-eosin to cover the early 
postnatal development period of the gland. ( a ) Cells with fl attened nuclei are observed in the 
periphery of the inductive prostatic mesenchyme at P1. ( b ) At P7, fusiform cell bodies with small 
cytoplasmic projections are observed in interductal region in the developing. ( c ) At the end of the 
second week of development, spindle-shaped cell bodies with thin and longer projections are 
arranged on the periphery of the acini and juxtaposed to the developing smooth muscle. ( d ,  e ) Cell 
bodies with thin and long projections exhibiting the characteristic morphology of telocytes occupy 
the periductal region forming a network of projections (telopods) involving the prostatic acini. 
 Arrows  (telocytes in differentiation),  inserts  (details of regions where there are possible telocytes), 
 PB  prostatic buddings,  PA  prostatic acini       
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  Fig. 13.2    Histology of male prostatic complex development in Mongolian gerbil. Histological 
sections of the developing prostatic complex were stained with hematoxylin-eosin to cover the 
early postnatal development period of the gland. ( a ) Cells with fl attened nuclei are observed in the 
mesenchyme inductive prostate at P1. ( b ) At P7, fusiform cell bodies are verifi ed in the vicinity of 
prostatic buds. ( c ) At P14, spindle-shaped cell bodies with thin and longer projections in the inter-
ductal region closely associated with the developing periductal smooth muscle. ( d ,  e ) As seen in 
females, fusiform cell bodies with thin and long projections, with the characteristic morphology of 
telocytes, occupy the periductal region forming a network of cytoplasmic projections (telopods) 
involving the prostatic acini.  Arrows  (telocytes in differentiation),  inserts  (details of regions where 
there are possible telocytes),  PB  prostatic buddings,  PA  prostatic acini       
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  Fig. 13.3    Ultrastructural aspects of telocytes in the ventral prostate of Mongolian gerbil. Detailed 
description of the ultrastructure of telocytes in the prostate was made by Corradi and collaborators 
[ 6 ]. The fi gure ( a ) illustrates a few synthetic cytoplasmic organelles in the telocytes ( Tc ) in com-
parison with a large endoplasmic reticulum in the stromal fi broblast ( Fb ). The fi gure ( b ) illustrates 
an abundant cytoplasmic prolongaments (podomers) in the basis of the epithelium, with caveolae. 
Figure ( c ) reveals an extensive network of cytoplasmic podomers interposed to fi broblasts ( Fb ) and 
smooth muscle cells ( SMC ) in the basis of secretor epithelium ( Ep ). Figure ( d ) illustrates the telo-
cytes podomers with several mitochondria ( mi ). In all fi gures, the podomers and telocyte prolonga-
ments are illustrated by  black arrows . Scale bars: Fig. ( a )= 0.8 μm; Fig. ( b ) = 1.2 μm; Fig. ( c ) = 
1.2 μm; Fig. ( d ) = 0.5 μm       
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telocytes are not intermingled in the muscle (Figs.  13.1 ,  13.2 , and  13.3 ) and telo-
cytes in other organs; they form a network of thin and long cytoplasmic projections 
(telopods) which surround the acini (Figs.  13.3 ,  13.4 , and  13.5 ). Similar to that seen 
in the myocardium [ 17 ,  31 ], telocytes are completely differentiated only in the post-
natal period coinciding with the morphological and functional differentiation of the 
gland, and they are still present in the mature organ as described by Corradi and 
coworkers [ 6 ]. These cells are present in females (Fig.  13.1 ) and in the male prostate 
(Fig.  13.2 ) and display similar pattern of differentiation in the gland. The ultrastruc-
tural aspects of the telocytes in the prostate gland were detailed in previous work 
[ 6 ], and some aspects of the ultrastructure are here illustrated, such as few synthetic 
cytoplasmic organelles (Fig.  13.3a ), abundant cytoplasmic prolongaments with 
caveolae (Fig.  13.3b ), and extensive network of cytoplasmic prolongaments inter-
posed to the fi broblasts and smooth muscle cells at the basis of secretor epithelium 
(Fig.  13.3c ), and in the telocytes, podomers may be observed in several mitochon-
dria (Fig.  13.3d ).  

a

c d

b

  Fig. 13.4    Light microscopy showing telocytes and fi broblasts ( a – d ) in mice primary prostatic 
tissue culture after 72 h after the primary culture establishment. The telocytes have cell bodies with 
fusiform aspect and long and thin cytoplasmic projections (telopods) with moniliforme format, 
with dilatation (podoms) and thin segments (podomeres). Fibroblasts have shorter and thicker 
projections.  Arrow  (Telopods),  TC  telocytes,  FB  fi broblasts, scale bar (20 μm)       
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  Fig. 13.5    Immunofl uorescence assays for CD34 showing the progression of immunostaining for 
this factor during postnatal development. At P1, CD34-positive cells are found in peripheral por-
tions of the prostate inductive mesenchyme. At P7, CD34-positive cells are found in the vicinity of 
prostatic buds. Already at P14, CD34-positive cells can be seen in periductal region with the typi-
cal telocyte morphology. At P45, such cells surrounding the acini form a network telopods.  Asterisk  
(CD34-positive cells in the periphery of the prostate inductive mesenchyme – VMP),  arrow  
(CD34-positive cells), scale bar (50 μm)       

Ventral prostate-Male-P14

TGFβ1 FGF10 CD34

  Fig. 13.6    Immunohistochemical assays for TGFβ1 and FGF10 in CD34. In interacinar region in a male 
at P14, where immunomarking for TGFβ1 in the center of the interacinar region can be verifi ed. While 
in the periductal region, marking for FGF10 is observed. CD34 is colocated with TGFβ1, which indi-
cates a possible secretion of TGFβ1 by telocytes.  PA  prostatic acini,  arrow  (immunomarked region)       
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  Fig. 13.7    Double-staining immunofl uorescence assays for CD34/c-kit and CD34/TGFβ1 and 
immunofl uorescence assay for α-SMA in telocytes on mice prostate primary culture. ( a – d ) There 
is a small colocalization marking for CD34 and c-kit in some telocytes, and there are c-Kit- negative 
telocytes ( arrow head ) and c-kit-positive and CD34-negative cells constituting other interstitial 
cells. The telocytes have thin and long projections (telopods) that are CD34 positive. ( e – h ) 
Telocytes show colocalization for CD34 and for TGFβ1 marking. ( i – k ) Some fusiform cell bodies 
with long and thin projections (telopods) showed positive staining for α-SMA. Bar (100 μm)       

  Fig. 13.8    Schematic diagram depicting the developing prostate telocytes and their role in prostate 
development. At P1, telocytes are not on the periphery of prostatic buds, and they do not possess 
their characteristic long and thin projections. From P7, the developing telocytes have already 
reached the periductal region; at P14, they have strong association with periductal smooth muscle; 
and from P30 onwards, they form a network of telopods involving the periductal smooth muscle. 
 MC  mesenchymal cells,  Tc  telocytes,  Cp  capillaries,  Ep  prostatic epithelium,  SM  smooth muscle       
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13.2     The Multiple Functions of Prostate Telocytes 

13.2.1     The Telocytes and the Development of Ducts, Acini, 
and Smooth Muscle Layers 

 The prostate telocytes as it was verifi ed in myocardium telocytes [ 17 ,  31 ] are fully 
differentiated only in the postnatal period, when they acquire their characteristic 
morphology with cell bodies of fusiform aspect with long and thin cytoplasmic 
projections (telopods) of the moniliform aspect because of their switching between 
dilations (podoms) and thin regions (podomers). The differentiation of prostate telo-
cytes occurs simultaneously with the very differentiation of histological compart-
ments of the gland, which occurs markedly in the postnatal period. At birth, solid 
epithelial cords (prostatic buds), undifferentiated and originating from the urogeni-
tal sinus, grow to reach their prostatic inductive mesenchymes. As the most studied 
of all, VMP responds by inducing the ventral lobe of the prostate in rodents [ 25 ,  32 , 
 39 ,  42 ,  44 ]. In such, mesenchymes undergo epithelial-mesenchymal interactions 
that trigger the gradual differentiation of epithelial buds in the secretory portion of 
prostate from the most distal portion and the conductive portion from more proxi-
mal regions. At the same time, the inductive mesenchymes undergo progressive 
differentiation giving rise to the periductal musculature, which surrounds the acini 
and prostatic ducts, accounting for the gland contractility and the loose connective 
tissue of the prostatic stroma [ 26 ,  40 ]. 

 Fibroblasts are the main cell population in the prostatic stroma but to this will be 
joined the nerve cells and mesenchymal stem cells, besides the telocytes, fi rst 
described in 2013 in the prostate [ 6 ]. During the development of the prostate gland, 
considering the days for development of the gland as “P,” at P14 (14 days in the post-
natal development), both the male and female prostate in the Mongolian gerbil pos-
sess developing telocytes involving the periductal smooth muscle cells (Fig.  13.5 ); at 
this period the periductal smooth muscle layer undergoes a progressive cellular dif-
ferentiation. At P30 (30 days in the postnatal development), telocytes form a complex 
network of telopods closely associated with the smooth muscle layers. 

 Immunohistochemical assays for TGFβ1, FGF10, and CD34 were performed, 
and the center of interacinar region in a male at P14 was TGFβ1 positive and colo-
calizes with the marking for CD34, while they were opposite to the immunomark-
ing for FGF10 (Fig.  13.6 ). This immunostaining pattern suggests that telocytes 
secrete TGFβ1; this factor promotes the differentiation of smooth muscle cells of 
ducts and prostatic acini [ 21 ], besides inhibiting the expression of FGF10, which 
reduces the epithelial proliferative activity in the developing prostate and stimulates 
its morphological differentiation [ 26 ,  45 ]. This fi nding is confi rmed by immuno-
fl uorescence assays for mice primary cultures of telocytes (Fig.  13.7a–k ), in which 
TGFβ1 production is also verifi ed (Fig.  13.7e–h ). 

 Nevertheless, prostate telocytes also show positive staining for α-SMA 
(Fig.  13.7i–k ), which can be considered an indication that they have a common 
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progenitor cell with the smooth muscle cells of the gland, as previously proposed 
for ICCs [ 49 ], or they possibility are a reservoir of immature cells capable of dif-
ferentiating into smooth muscle cells in cases of injury to smooth muscle, as it was 
suggested for telocytes in the myocardium [ 2 ]. There are c-kit positive cells present-
ing a small colocalization for CD34 marking and cells that express exclusively 
CD34 (Fig.  13.7a–d ). However, this colocalization can also occur due to overlap-
ping cells [ 47 ]. The telocytes are distinct from ICCs, in which the basic marker is 
the c- kit [ 16 ], and do not necessarily express such factor, so that the CD34 is the 
basic factor that distinguishes telocytes from ICCs. The telocytes also have a char-
acteristic morphology with CD34-positive telopods, and the other c-kit-positive 
cells lack such cytoplasmic projections. 

 In general terms, our studies on prostatic stroma, under several steps of normal 
and pathological conditions, confi rm the existence of telocytes as distinct cells from 
the interstitial cells of Cajal (ICCs). This new cell type displays in the prostate a role 
that changes throughout the development: initially they perform a direct role in the 
differentiation of smooth muscle cells and an indirect role in reducing the concomi-
tant proliferative activity in the prostate epithelium (Fig.  13.8 ). In the adult period, 
prostate telocytes exhibit an auxiliary role in the smooth muscle cell contraction 
process, as well as a possible role in the replacement in other smooth muscle cell 
contraction auxiliary cells or even in the replacement of smooth muscle cells. 
Finally, the CD34 can be regarded as a more suitable marker for the detection of 
such cells in the prostatic stroma than c-kit.  

13.2.2     Prostate Stromal Telocytes and Tissular Prostatic 
Compartmentalization 

 The differentiation of prostatic compartments depends on fi nely regulated 
epithelial- mesenchymal interactions coordinated by concentration gradients of 
various self- regulating paracrine factors. For example, the FGF10 secreted from 
mesenchymal cells promotes epithelial proliferation, but its increase leads to acti-
vation of inhibitory pathways involving Shh and Bmp4; these, in turn, have an 
inhibitory effect on epithelial proliferation [ 26 ,  44 ]. The TGFβ1 operates as well so 
as to directly inhibit the production of FGF10 by mesenchymal cells in the periduc-
tal region to reduce the proliferation of prostate epithelium and, at the same time, 
promote the differentiation of smooth muscle cells [ 21 ]; thus, the development of 
prostatic histological compartments takes place in a highly integrated and regu-
lated manner over time. The telocytes involve the smooth muscle layer of the pros-
tatic ducts and acini and may perform a role in compartmentalization of paracrine 
factors, so as to establish delimitations between the smooth muscle layer and sur-
rounded connective tissue of the gland, which would contribute to the individual-
ization of acini. The involvement of telocytes in tissue structure also has been 
suggested for myocardium telocytes [ 1 ].  
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13.2.3     Prostate Telocytes as Smooth Muscle Cell Pacemakers 

 As previously proposed to fi broblast-like cells CD34 present in the intestine [ 13 ,  47 ] 
and later to myometrium telocytes [ 7 ] and placenta [ 3 ], prostate telocytes can exert 
an auxiliary function in contractility of the ducts and acini smooth muscles cells in 
prostate stroma. In studies with the myometrium, such cells showed no excitatory 
activity on the smooth muscle cells, but they can perform a pacemaker activity [ 7 ], 
possibly by inhibitory pathways. The evidence for such a role in prostate telocyte is, 
as in the myometrium, the existence of caveolae and gap junctions between their 
membranes and membranes of smooth muscle cells (demonstrated by [ 6 ]).  

13.2.4     Telocytes and the Prostate Stroma Remodeling 

 As it had been previously suggested for interstitial Cajal-like cells [ 48 ] and also 
designed for the telocytes concept, such cells exert a possible role in tissue remodel-
ing or regeneration. The myocardial α-smooth muscle actin expression [ 2 ], as seen 
in prostate telocytes (Fig. 13.7i–k ), could indicate a role in the remodeling of pros-
tatic smooth muscle cells or a common origin with the smooth muscle cells. 
Furthermore, the expression of CD34 by telocytes (Fig.  13.5 ), a factor typical of 
undifferentiated cells and hematopoietic cells [ 36 ], supports the hypothesis that these 
cells would serve as a reservoir of cells active in stroma remodeling processes.      

  Funding   The São Paulo Research Foundation (FAPESP), grant numbers 2013/15939-0 and 
2013/16443-9, and the CNPq Brazilian National Research and Development Council (CNPq), 
grant number 301596/2011-5.  
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    Chapter 14   
 Primary Extragastrointestinal Stromal 
Tumours in the Hepatobiliary Tree 
and Telocytes                     

     Somanath     Padhi         and     Hemanta     Kumar     Nayak       

    Abstract     The fi rst decade of the twenty-fi rst century witnessed the presence and 
light microscopic, immunophenotypic, and ultrastructural characterization of inter-
stitial Cajal-like cells (coined as ‘telocytes’) in virtually every extragastrointestinal 
site of the human body by Laurentiu M. Popescu and his co-workers. Not surpris-
ingly, stromal tumours, immunophenotypically similar to that of  telocytes  [CD117 
(c-KIT) +/CD34 +], have also been sporadically reported outside the tubular gut 
(so-called extragastrointestinal stromal tumours, EGISTs), including the gall blad-
der, liver, and pancreas. A meticulous literature search from January 2000 to 
November 2015 have found 9 such case reports of EGISTs in the gall bladder, 16 in 
the liver, and 31 occurring in the pancreas. The site wise mean age at presentation 
for these tumours were reported to be 62.2 ± 16.6, 50.9 ± 20.1, and 55.3 ± 14.3 years, 
respectively. Six of nine EGISTs in the gall bladder were associated with gallstones. 
On pathological evaluation, these tumours exhibited prominent spindled cell mor-
phology and consistent expression of CD117/c-KIT and CD34 on immunohisto-
chemistry and variable expression of vimentin and α-smooth muscle actin. The 
biological behaviour of hepatic and pancreatic lesions was favourable compared to 
that in the gall bladder, following defi nitive surgery with or without imatinib ther-
apy. While the exact pathophysiologic role played by  telocytes  in various organs is 
yet to be fully elucidated, there seems to be a direct link between these enigmatic 
stromal cells and pathogenesis of gallstones and origin of EGISTs, and a hope for 
targeted therapies. Furthermore, the possible role of  telocytes  in hepatic regenera-
tion and liver fi brosis opens a new dimension for futuristic research.  
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14.1        Introduction 

 Gastrointestinal stromal tumours (GISTs), fi rst coined by Mazur and Clark in 
1983, are the most common primary, nonepithelial, mesenchymal tumours of the 
tubular gastrointestinal tract which arise from or show the morphologic, immuno-
phenotypic characteristics of the interstitial cells of Cajal (ICC). These are the 
results of gain-of-function mutation of c-KIT (up to 90 %) or platelet-derived 
growth factor receptor alpha (PDGFR-α, 5–7 %) proto-oncogenes, leading to 
ligand-independent activation of tyrosine kinase protein receptors in ICC and con-
comitant downstream activation of signal transduction pathways [ 1 ,  2 ]. Recently, 
discovery on gastrointestinal stromal tumour 1 (DOG 1, also called TMEM16A/
FLJ10261/ORAOV2/anoctamin 1), a calcium-regulated chloride channel protein, 
and protein kinase C theta (PKC-θ) (a signalling molecule in T-cell activation) 
have been shown to be the most specifi c diagnostic biomarker of GISTs, especially 
in c-KIT/CD117 and PDGFR-α-negative tumours [ 3 – 6 ]. The most common sites 
of the origin of GISTs are the stomach (40–70 %), small intestine (20–40 %), and 
rarely the oesophagus, colon, and rectum (less than 10 %) [ 1 ,  7 ]. A subset of these 
GISTs arise from extragastrointestinal sites (so-called extragastrointestinal stro-
mal tumours, EGISTs); most common being the soft tissues of the retroperito-
neum, mesentery, and omentum [ 8 ,  9 ]. 

 The fi rst decade of the twenty-fi rst century witnessed the presence and light 
microscopic, immunophenotypic, as well as ultrastructural characterization of inter-
stitial Cajal-like cells (ICLC) in virtually every extragastrointestinal anatomic site 
of the human body by the pioneering work of Laurentiu M. Popescu and his co- 
workers as well as other researchers around the world [ 10 – 17 ]. These cells, which 
Popescu et al. earlier coined as ICLC, were renamed as ‘telocytes’ in 2010 by 
Popescu and Faussone-Pellegrini by virtue of their specifi c ultrastructural character-
istics (‘telopodes’) [ 10 ]. Not surprisingly, EGISTs, immunophenotypically similar 
to  telocytes , have been sporadically reported outside the tubular gut such as the 
pancreas [ 18 – 20 ], gall bladder (GB) [ 21 – 29 ], liver [ 30 – 45 ], and other rare anatomi-
cal sites [ 46 – 48 ]. With this, the well-established dogma that ‘GISTs arise exclu-
sively in the tubular gut’ has been overpassed! 

 In our previous paper [ 20 ], we reviewed all reported cases of pancreatic EGISTs 
till 2013 ( n  = 19) and highlighted the pancreatic  telocytes . Considering the fact that 
both the liver and GB are being embryologically related to the tubular gut, it seems 
prudent that GISTs may arise primarily from these sites (hepatobiliary EGISTs). 
Since the fi rst report of EGIST in the GB (benign) by Ortiz-Hidalgo et al. [ 21 ] in the 
year 2000, and in the liver by Hu et al. [ 30 ] in 2003, there have been altogether 25 
reported cases of EGISTs from these sites [ 21 – 45 ]. This chapter summarizes all the 
reported cases of hepatobiliary EGISTs in regard to clinical characteristic, diagnos-
tic modalities used, pathology, immunohistochemical and molecular/genetic char-
acteristics, management, and outcome. Furthermore,  telocytes  in the hepatobiliary 
tree are briefl y highlighted.  

S. Padhi and H.K. Nayak
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14.2     Molecular Biology of GIST and EGIST (Fig.  14.1 ) 

14.2.1        c-KIT 

 Molecular biology of GIST and EGIST is similar. These are characterized by their 
genetic expression of c-KIT and immunohistochemical staining of CD117, which 
occurs in 85–95 % of all GISTs [ 7 ,  9 ,  49 ]. c-KIT is a 145-KD transmembrane tyro-
sine kinase which serves as a receptor for stem cell factor. The binding of stem cell 
receptor to KIT results in homodimerization of its receptor with the activation of 
tyrosine kinase and concomitant activation of downstream intracellular signal trans-
duction pathways, most notably RAS-RAF-MAPK and P13K-AKT-mTOR path-
ways. This results in modifi cation of several cellular functions, which includes 
adhesion, migration, differentiation, and cellular proliferation with decrease in cel-
lular apoptosis. These oncogenic potentials would ultimately lead to neoplasia. The 
mutation of the KIT proto-oncogene tends to cluster in four exons, namely, exon 9 
(extracellular domain), exon 11 (intracellular juxtamembrane domain), exon 13 
(split kinase domain), and exon 17 (kinase activation loop). 

Figure-1 PDGFR-aC-KIT

Extracellular domain

Juxtamenbrane domain

Exon 9; 18.1%

Exon 11; 66.9%

Exon 13; 16.1% Exon 14; 0.3%

Exon 12; 0.8%

Exon 18; 3.8%Exon 17; 1.6% Activation loop domain

Split Kinase domain

CYTOPLASM

  Fig. 14.1    Schematic representation of c-KIT and platelet-derived growth factor receptor alpha 
( PDGFR-α ) molecule with location and frequency of mutation in gastrointestinal/extragastrointes-
tinal stromal tumours       
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 Exon 11 mutations, which encode for juxtamembrane domain, are the most 
common mutated regions of KIT. They account for 70 % of all the tumours and do 
not appear to be associated with any specifi c location, size, or clinical outcome 
[ 2 ]. In-frame deletions of one or more codons in exon 11 of KIT are the most com-
mon mutations, accounting for 60–70 %. The majority of these mutations involve 
the proximal part of KIT exon 11 between codons Gln550 and Glu561 [ 1 ]. 
Deletion of Trp557 and Lys558 in exon 11 codon, which is the most common 
simple deletion in GISTs, is associated with poorer clinical outcome with more 
aggressive metastatic behaviour [ 50 ]. Missense point mutation in KIT exon 11 is 
the next most common type of mutation, occurring in 20–30 % of GISTs. They 
involve almost exclusively three codons, Trp557, Val559, and Val560, in the prox-
imal part and Leu576 in the distal part of exon 11. GIST with missense mutation 
at these regions seems to have better prognosis in gastric but not in small intestinal 
tumours. 

 Exon 9 mutations are the second most often involved region which entails muta-
tions of the extracellular domain. These account for 10 % of tumours and are most 
commonly associated with GISTs of the small bowel with a known aggressive clin-
ical behaviour. Primary mutation of exon 13 (split kinase domain) and exon 17 
(loop) is rare, accounting for <1 % of the cases. Exon 13 involves missense muta-
tions resulting in substitution of glutamate for lysine with a more malignant poten-
tial [ 2 ,  3 ]. Secondary cytogenetic changes occur in GISTs and likely cause tumour 
progression. These include loss of chromosome 14, 22q, 1p, 9p, and 11p and gains 
of chromosomes 5p, 20q, 8q, and 17q with resultant loss of tumour suppressor 
genes and gain of proto-oncogenes, respectively [ 51 ,  52 ].  

14.2.2     PDGFR-α 

 In up to 5 % of cases of c-KIT negative, GISTs/EGISTs harbour a mutation in the 
gene encoding for PDGFR-α which most commonly involves the cytoplasmic 
(intracellular) domain such as exon 18 (activation loop domain) (3.8 %), followed 
by exon 12 and exon 14 (juxtamembrane domain).   

14.3     EGISTs in the Gall Bladder and Liver 

 The clinical presentation and imaging modalities used for their characterization, 
management, pathology, and follow-up data of reported cases of hepatobiliary 
EGISTs are summarized in Tables  14.1  and  14.2 , and a comparative review of dif-
ferent parameters among EGISTs in the pancreas, liver, and GB is presented in 
Table  14.3 .
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       Table 14.3    Comparative review of all reported cases of primary extragastrointestinal stromal 
tumours (EGIST) in the gall bladder, liver, and pancreas (2000–2015)   

 Parameters 
 Gall bladder 
[ 21 – 29 ] ( n  = 9) 

 Liver [ 30 – 45 ] 
( n  = 14/16) a  

 Pancreas [ 18 – 20 ] 
( n  = 31) 

 Male/female ( n )  Nil/9  8/6  16/15 
 Mean age (years) (mean ± 
SD) 

 62.2 ± 16.65  50.9 ± 20.10  55.3 ± 14.3 

 ≤50/>50 years ( n ) (%)  3/6 (33.3/66.7)  4/10 (28/72)  8/23 (26/74) 
 Symptomatic ( n ) (%)  9 (100)  11 (78.5)  25 (80.6) 
 Localization (by imaging and/
or gross examination) ( n ) (%) 

 6 (neck/body) 
(66.7) 

 10; right lobe (71.4) 
2; left lobe (14.4) 1; 
both lobes (7.1) 1; 
falciform ligament 
(7.1) 

 Head; 11 (36.0), Tail; 
7 (22.5), body + tail; 
7 (22.5), head + 
body; 3 (10.0), 
uncinate process; 1 
(3.0), whole pancreas; 
1 (3.0), unspecifi ed; 1 
(3.0) 

  Mean size (cm) (range)   4.5 (0.7–7.5)  11.3 (5–20) 
( n  = 11/16) 

 11.4 (2.4–35) 
( n  = 30/31) 

 >10 cm ( n ) (%)  0  5/11 (45.5)  12 (40.0) 
 ≤10 cm ( n ) (%)  9 (100)  6/11 (54.5)  18 (60.0) 
  Microscopy (n) (%)   –   In 3 ;  cytology not 

described  
  In 4 ;  cytology not 
described  

 Spindle cell  5/9 (55.5)  8/13 (61.5)  25/27 (92.6) 
 Spindled and epithelioid cells  3/9 (33.3)  4/13 (30.8)  1/27 (3.7) 
 Pure epithelioid cell  –  1/13 (7.7)  1/27 (3.7) 
 Mitosis  Numerous to 

–high in 8, 
sparse in 1 

 Variable (low to 
high) 

 <5/50 HPF; 12 
 5–10/50 HPF; 8 
 >10/50 HPF; 5 
 Not specifi ed; 6 

  Immunohistochemistry (+) 
(n, %)  

 –  ( In 2 ,  not described )  – 

 CD117/c-KIT ( n ) (%)  7/9  13/14 (92.8)  30/31 (96.8) 
 CD34  1/9  9/14 (64.3)  22/31 (71.0) 
 DOG 1   Not used   2  2/31 (in rest not used) 
 PKC-θ  Not used  1   Not used  
 PDGFR-α  1/9  1  Not used 
 Myoglobin  1/9  –  – 
 Vimentin  5/9  6  4/6 
 A-SMA  1/9  5  – 
  Management (n, %)    In 14 ;  data available  
 Surgery  8/9  6/14  16/31(51.6) 
 Surgery + imatinib (Im) ± 
sunitinib (Su) 

 1/9 (Im)  4/14 (Im)  13/31(41.9) 

 Supportive ± imatinib  –  4/14  2/31 (6.5) 
  Outcome, n (%)    Reported in 6    Reported in 12    Reported in 29  
 Favourable  2/6  11/12 (91.6)  27/29 (93) 
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14.3.1         Clinical Characteristics 

 EGISTs in the GB ( n  = 9) were reported exclusively in females, whereas an equal 
gender predilection was reported both at hepatic and pancreatic sites. The mean 
ages at diagnosis/presentation for these tumours were 62.2 ± 16.6 (GB), 50.9 ± 20.1 
(liver), and 55.6 ± 13.6 years (pancreas) ( P  > 0.05), and a higher proportion of these 
patients (60–75 %) were older than 50 years. All patients with GB-EGISTs pre-
sented with pain in the right upper quadrant with or without fever, palpable lump, 
and leucocytosis which was suggestive of acute cholecystitis or empyema, thus 
requiring urgent intervention. Similarly, a higher proportion (75–80 %) of hepatic 
and pancreatic tumours presented with non-specifi c symptoms and signs such as 
malaise, loss of appetite, epigastric pain, or weight loss. Among those with hepatic 
lesions, two were asymptomatic hepatitis B virus carrier, one had a past history of 
treated testicular cancer [ 39 ], and two had prior history of gastrectomy (one for 
carcinoma stomach [ 36 ], one for chronic gastric ulcer [ 38 ]). Notable was the fact 
that one of the cases of hepatic EGIST, on follow-up, also developed a distinct 
c-KIT positive gastric GIST [ 33 ] (Tables  14.1 ,  14.2 , and  14.3 ).  

14.3.2     Imaging Modalities 

 Routine abdominal ultrasound (USG) was used most often to characterize the lesions 
in the GB which demonstrated dilatation and thickening of walls with or without 
stones (six of nine cases). In addition, polypoid mass lesions were observed in two. 
Furthermore, computerized tomogram (CT) scan, demonstrated heterogeneously 
enhancing masses in two patients, suggestive of malignancy. On imaging, 6/9 
(66.7 %) of EGISTs were localized to the neck and/or body of the GB with size rang-
ing from 0.7 to 7.5 cm (mean = 4.5 cm). On abdominal CT scan supplemented with 
colour Doppler imaging, hepatic lesions showed a predilection for the right lobe 

Table 14.3 (continued)

 Unfavourable/aggressive  4/6  1/12 (8.4)  2/29 (7) 
 Duration of follow-up  3–108 months  3–108 months  5 days to 66 months 
  Mutation analysis done (n)   3/9 (2; c-KIT 

negative, 1; 
c-KIT+, 1; 
PDGFR-α+) 

 6/16 (3; c-KIT +, 1; 
PDGFR-α +, 1; 
negative for both 
c-KIT and 
PDGFR-α, 1; c-KIT 
negative lesion in the 
liver, but distinct 
positive lesion in the 
stomach, on 
follow-up) 

 3/31 (c-KIT+) 

   a In two of 16 cases, full data were not available  
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(10/16, 62.5 %); left lobe localization was observed in two patients, whereas bilateral 
multiple lesions were reported in one patient. In another patient, the lesion was 
reported to originate from the hepatic falciform ligament with contiguous involve-
ment of the left hepatic lobe [ 39 ], and the presence of satellite nodules suggestive of 
hepatocellular carcinoma was reported in one patient [ 30 ]. The mean size of these 
lesions ( n  = 11/16) was 11.3 cm (range, 5–20 cm), and all these lesions occurred in 
noncirrhotic livers.  

14.3.3     Management 

 Following radiological diagnosis, all patients with GB lesions underwent either 
open or laparoscopic cholecystectomy followed by anastomosis procedures, and in 
one patient, ultrasound-guided fi ne-needle aspiration cytology preceded defi nitive 
surgery [ 26 ]. Only one of the nine patients received postoperative imatinib mesylate 
(Gleevec), following histopathological diagnosis of EGIST [ 28 ] (Table  14.1 ). Ten 
of 14 patients with hepatic tumours (where data available) underwent elective resec-
tion of mass lesions (hepatectomy), of which four also received postoperative ima-
tinib, and the remaining four patients were managed symptomatically with or 
without imatinib therapy (Table  14.2 ). In contrast, pancreatic lesions were managed 
by surgery alone (R0 resection) in 16, surgery and neoadjuvant imatinib in 13, and 
the remaining two cases were managed symptomatically (Table  14.3 ).  

14.3.4     Biological Behaviour and Outcome 

 The biological behaviour of GB-EGISTs (data from seven patients) was aggressive 
(locoregional recurrence or metastasis) in three, whereas death occurred in four 
patients (two due to postoperative complications, two due to tumour) (duration of 
follow-up, 3–108 months) (Table  14.1 ). Similarly, among 12 patients with hepatic 
EGIST (where data available), six behaved aggressively, though only one patient 
died of lung metastasis [ 31 ] (duration of follow-up, 3–108 months) (Table  14.2 ). In 
comparison, 27/29 (93 %) patients with pancreatic EGISTs had a favourable out-
come (Table  14.3 ).  

14.3.5     Gross and Microscopic Pathology 

 Six of nine (66.7 %) GB-EGISTs originated from the neck and/or the body with size 
ranging from 0.7 to 7.5 cm (mean = 4.5 cm). In six cases, these lesions were associ-
ated with gallstones. These tumours were solid, tan to grey to purplish in colour 
with foci of haemorrhage, ulceration, and yellowish areas, though macroscopic 
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evidence of necrosis was evident in two cases. In comparison, hepatic EGISTs were 
solid with size ranging from 5 to 20 cm (mean = 11.3 cm,  P  < 0.05) (50 % of these 
were >10 cm in diameter) and showed a predilection for the right lobe. The sizes of 
pancreatic EGISTs [mean, 11.4 cm (range, 2.4–35 cm)] were comparable to that of 
hepatic lesions, and higher proportion of these (18/30, 60 %) were ≤10 cm. Fourteen 
of 31 (45 %) occurred in the head and/or body, whereas similar proportion involved 
the body and/or tail of the pancreas (Table  14.3 ). This variation in sizes may be 
attributed to the anatomic dimension of the GB and liver as well as to the anatomic 
location; the pancreas being a retroperitoneal organ, the lesions attained bigger size 
before being symptomatic. 

 On microscopic evaluation, EGISTs showed variable cellularity with predomi-
nant spindle cells in fascicles or storiform pattern at all three anatomic sites, though 
mixture of spindle and epithelioid cells were described variably. Furihata et al. [ 25 ] 
described a case of GB-EGIST with mixed spindled to epithelioid cells and racquet- 
shaped cells with cytoplasmic cross striation, highlighted on phosphotungstic acid 
haematoxylin (PTAH) staining, suggestive of rhabdomyosarcomatous differentia-
tion. Hu et al. [ 30 ] described a spindle cell EGIST in the liver with giant cells at the 
hilar lymph node metastatic site; Yamamato et al. [ 36 ] described a case of pure 
epithelioid EGIST in the liver masquerading as a perivascular epithelioid cell tumour 
(PEComa). Hayashi et al. [ 40 ] reported a case of EGIST in the liver with extensive 
myxoid change, microcysts, skeinoid fi bres, and a prominent haemangiopericytoma- 
like pattern. Among GB lesions, the mitotic fi gures were reported to be numerous to 
high in eight, whereas those in hepatic lesions were reported as variable (low to 
high). The mitotic fi gures in pancreatic tumours were as follows: ≤10/50 high-
power fi eld in (HPF) 20/31 (64.5 %), >10/50 HPF in 5/31 (16.1 %), and not specifi ed 
in the remaining six cases. Thus, applying Fletcher’s risk stratifi cation criteria [ 53 ], 
the tumours were categorized as high-risk category for GB lesions (high mitosis, any 
size), and high to intermediate risk for hepatic and pancreatic lesions.  

14.3.6     Immunohistochemical and Molecular Characteristics 

 On immunohistochemistry (IHC), hepatobiliary and pancreatic EGISTs were con-
sistently positive for CD117/c-KIT (up to 93 %), making this as the single most 
reliable marker for these tumours. Furthermore, DOG 1 positivity was noted in two 
cases, each of hepatic and pancreatic EGISTs, whereas PKC-θ and PDGFR-α 
expression was reported in one each of hepatic EGIST. These tumours also showed 
variable expression of CD34 (60–70 %), vimentin, α-smooth muscle actin (SMA), 
neuron-specifi c enolase (NSE), and very rarely for desmin and myoglobin. These 
tumours were uniformly negative for cytokeratin, epithelial membrane antigen, 
CD30, alpha-fetoprotein, HMB-45, CD31, factor VIII, and D2-40, thus differentiat-
ing these unusual tumours from solitary fi brous tumour, epithelial malignant 
tumours (primary and metastatic), PEComas, vascular tumours, as well as rare pri-
mary sarcomas such as leiomyosarcoma, rhabdomyosarcoma, etc. 
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 Mutation analysis studies were reported in three cases of GB tumours [ 23 ,  25 , 
 27 ], six cases of hepatic tumours [ 33 ,  35 ,  36 ,  40 ,  44 ,  45 ], and only three cases of 
pancreatic tumours [ 18 – 20 ]. c-KIT-positive (exon 9 and 11) mutation was reported 
in one case of GB-EGIST [ 25 ], and c-KIT negative/PDGFR-α positive (codon 
824 in exon 18) was reported in another [ 27 ]. Among hepatic lesions, two were 
c-KIT positive (exon 9, 11, 17) [ 44 ,  45 ], one was c-KIT positive/PDGFR-α negative 
[ 35 ], one was PDGFR-α positive (V561D, exon 12) [ 36 ], and one was negative for 
both c-KIT and PDGFR-α [ 40 ]. In one case, a distinct c-KIT-positive (exon 11) 
GIST occurred in the stomach during postoperative follow-up of primary hepatic 
tumour (c-KIT negative) [ 33 ] (Table  14.2 ).   

14.4     Telocytes: The Enigmatic Interstitial Stromal Cells 

 The 2010, landmark studies by Laurentiu M. Popescu and Faussone-Pellegrini led 
to ultrastructural and immunophenotypic characterization of the peculiar, enig-
matic, interstitial stromal cells in various extragastrointestinal, anatomic sites of 
the human body. These cells, earlier presumed to be ICLC by several researchers, 
were coined as  telocytes  [ 10 ]. These cells were characterized by the presence of 

  Fig. 14.2    Telocytes in extragastrointestinal sites: ultrastructural and immunophenotypic charac-
teristics. ( a ) Rat exocrine pancreas. Nonconventional light microscopy, objective 100×. Tissue 
fi xed with glutaraldehyde and postfi xed in OsO4. Thin section of Epon-embedded material (~1 μm) 
was stained with toluidine blue;  cap  capillary,  ven  venule. At least four  telocytes  ( TC ) are present 
in the interstitium among acini (a). Note the cell bodies of TC and the emerging prolongations – 
 telopodes  ( dashed lines ). The length of the  telopodes  is very impressive – tens of micrometres (!); 
they are very thin (less than 0.5 μm) (Reproduced with permission from Popescu and Faussone- 
Pellegrini [ 10 ]). ( b ) Digitally coloured electron microscopic image of a  telocyte  in rat myome-
trium:  telocyte  ( blue ), smooth muscle cells (Sienna brown);  N  nuclei. Note three long, moniliform 
processes that encircle bundles of cross-cut smooth muscle cells. Original magnifi cation ×6800. 
Inset: human pregnant myometrium. Primary confl uent culture (day 8) showing a  telocyte  with at 
least prolongations with several ‘beads’ along  telopodes  (Reproduced with permission from 
Popescu and Faussone-Pellegrini [ 10 ]). (c) Immunohistochemistry:  telocytes  in human exocrine 
pancreas. Paraffi n-embedded pancreas sections were incubated with polyclonal antibodies against 
CD117/c-KIT. Nuclei were counterstained with Mayer’s haematoxylin.  Telocytes  ( arrows ) with 
fusiform body can be seen, having typical long, moniliform cytoplasmic processes that ‘touch’ the 
acini. Original magnifi cation 100×, oil immersion (Reproduced with permission from Popescu and 
Faussone-Pellegrini [ 10 ]). ( d ) Human exocrine pancreas. Positive immunostaining of  telocytes  for 
CD34 ( arrows ), counterstained with Mayer’s haematoxylin, 40× (Reproduced with permission 
from Popescu and Faussone-Pellegrini [ 10 ]). ( e ) Transmission electron microscope images show-
ing the ultrastructure of liver (mice).  Telocytes  ( TCs ) with  telopodes  ( Tps ) in the perisinusoidal 
space of Disse ( D ) between endothelial cells ( E ) and hepatocytes ( H ). Note the upper  telopode  ( Tp ) 
which is more than 20 μm long. These cells were distinct from conventional perisinusoidal  Ito cells  
and showed positivity for CD117/CD34, CD117/vimentin, and PDGFR-α/CD34 by double immu-
nofl uorescence labelling (Reproduced with permission from Xiao et al. [ 54 ])       
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specifi c cell characteristics termed as ‘telopodes’ [two to fi ve, extremely long (ten 
to hundreds of μm) and thin (less than 0.2 μm) cell body prolongations with a 
moniliform aspect (many dilations along), and many caveolae] (Fig.  14.2a, b ). 
These features were unequivocally distinct from the prototype ICC, as well as from 
other interstitial stromal cells such as fi broblasts, fi broblast-like stromal cells, or 
any other mesenchymal cells. Immunophenotypically, by using IHC and double 
immunofl uorescence, these cells were shown to be positive for CD117/CD34 and 
CD117/vimentin (Fig.  14.2c, d ).
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14.5        Telocytes in Hepatobiliary Tree: Possible Role 
and Future Directions (Table  14.4 ) [ 14 – 17 ,  54 – 61 ] 

    Hinescu et al. [ 14 ] in the year 2007 gave a detailed light microscopic (conventional 
sections stained with methylene blue, Epon-embedded semi-thin sections stained 
with toluidine blue) and transmission electron microscopic (TEM) evidence of the 
presence of  telocytes  in normal human GB. Three years later, Ahmadi et al. demon-
strated the presence of similar cells in human GB and extrahepatic biliary ducts, by 
using double immunofl uorescence confocal microscopy as well as TEM, but these 
cells were not demonstrated in the intrahepatic biliary ductules [ 15 ]. Huang et al. 
[ 55 ] in their guinea pig experiments demonstrated the presence of pleomorphic to 
spindle-shaped  telocytes  in the extrahepatic biliary tree, maximum at the distal com-
mon bile duct, thus suggesting the possible role of these cells in maintenance of 
function of the sphincter of Oddi. Pasternak et al. [ 12 ,  56 ] have convincingly dem-
onstrated, quantitatively, the presence of  telocytes  in the wall of human GB and 
highlighted their role in GB motility and pathogenesis of gallstone disease. 
Furthermore, the role of  telocytes  in human cholecystitis and gallstone disease was 
further corroborated with similar observation by Matyja et al. in 2013 [ 57 ]. 

 Rusu and colleagues in 2011 gave the histological evidence of hepatic, portal, 
and periportal  telocytes  in their experiments on human cadavers [ 17 ]. By using rou-
tine light microscopy (haematoxylin and eosin and Giemsa-stained sections) as well 
as IHC, CD117+  telocytes  were demonstrated in the portal space, portal aspect of 
the limiting plate, and the periphery of the hepatic lobule, and these researchers 
postulated the possible role of these cells in idiopathic portal hypertension. However, 
more convincing evidence of hepatic telocytes came only recently from the study by 
the Chinese researchers in their mouse experiments where  telocytes  were demon-
strated in the perisinusoidal space of Disse. These CD117+/CD34+, CD117+/
PDGFR-α+, CD117+/vimentin +  telocytes  were found to be distinct from the con-
ventional  Ito  cells (Fig.  14.2e ) [ 54 ]. Furthermore, studies from the recent past have 
also postulated the role of  telocytes  as a part of hepatic stem cells involved in hepatic 
regeneration programme, and a decrease  telocyte  number has also been implicated 
in alteration in hepatocyte-matrix interaction and pathogenesis of hepatic fi brosis 
[ 58 ,  60 ,  61 ].  

14.6     Conclusion 

 Although the presence of  telocytes  has been well established in virtually every ana-
tomic organ outside the tubular gut, their exact pathophysiologic role is yet to be 
fully elucidated. In the hepatobiliary tree, there seems to be a direct link between 
 telocytes  and the gall bladder motility, bile fl ow, and gallstone pathogenesis. The 
origin of CD117/c-KIT-positive stromal tumours in hepatobiliary tree adds a new 
dimension to  telocytes  pathobiology and a hope for targeted therapy with tyrosine 
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kinase inhibitors. On the other hand, the putative role of hepatic  telocytes  in stem 
cell regenerative medicine and the development of effective and targeted antifi brotic 
therapy in the human liver fi brosis is to be further re-explored in future studies.     
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    Chapter 15   
 Cardiac Telocytes in Regeneration 
of Myocardium After Myocardial Infarction                     

     Liao     Zhaofu     and     Cai     Dongqing      

    Abstract     Recent research progress has revealed that a novel type of interstitial 
cells termed cardiac telocytes (CTs) is found in the interstitium of the heart. We 
demonstrated that CTs are distributed both longitudinally and within the cross net-
work in the myocardium and that the density of CTs in the atrium-atria and base of 
the myocardium is higher than that in the middle of the myocardium, while the 
density of CTs in the epicardium is higher than that in the endocardium. In addition, 
we documented, for the fi rst time, that the network of CTs in the infarct zone of the 
myocardium is destroyed during myocardial infarction (MI). This fact shows that, 
in addition to the death of cardiac myocytes, the previously unrecognized death of 
CTs is an important mechanism that contributes to the structural damage and poor 
healing and regeneration observed in the infarcted myocardium. Furthermore, we 
demonstrated, for the fi rst time, that transplantation of CTs in cases of MI decreases 
the infarct size and improves myocardial function. The mechanisms behind the ben-
efi cial effects of CT transplantation are increased angiogenesis at the infarct site and 
the border zone, decreased fi brosis in the infarct and non-infarct zones, improved 
pathological reconstruction of the left ventricle, and increased regeneration of CTs 
in the infarct zone. Our fi ndings reveal that CTs can be specifi cally identifi ed by the 
following characteristics: very small cell bodies, extreme prolongation with some 
dilation, predisposition to cell death under ischemia, and expression of molecular 
markers such as c-Kit, CD34, vimentin, and PDGFR-β. CTs act as a structural and 
functional niche microenvironment in the myocardium and play an essential role in 
maintaining the integrity of the myocardium and in the regeneration of damaged 
myocardium.  
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15.1        Cardiac Telocytes Are Interstitial Cells that Play 
an Important Role in Regeneration of the Myocardium 

 The reconstruction of damaged myocardium remains a major challenge in regenera-
tive medicine [ 1 – 4 ]. The use of cell therapy for MI has been reported to improve 
cardiac function and reduce the infarct size [ 5 – 12 ]. However, recent research that 
included more stringent placebo controls and randomized trials has raised questions 
as to whether cell therapy actually improves cardiac function, especially related to 
the mid- and long-term therapeutic effects of myocardial infarction (MI), in both 
animals and humans [ 13 – 23 ]. To date, the promise of complete cardiac regeneration 
has not been realized. 

 Recent studies have revealed that the interstitium informs responsiveness to 
physiopathological stimuli through continuous bidirectional cross talk between 
cardiomyocytes and noncardiac cells, such as cardiac fi broblasts, endothelial 
cells, and others, which act as a “cardiovascular unit” (CVU) and as building 
blocks of the heart to maintain the integrity of myocardial function [ 24 – 26 ]. 
During development and under pathological conditions, adult interstitial cells and 
microvessels control the proliferation, growth, and differentiation of cardiomyo-
cytes in the myocardium [ 27 – 29 ]. Thus, we should consider a new perspective in 
which all cells of the myocardium are important for tissue homeostasis, develop-
ment, disease, and regeneration [ 25 ,  26 ]. Therefore, understanding how cardiac 
myocytes and other cells of the myocardium work together to maintain structural 
and functional integrity in disease and regeneration is critical for elucidating the 
cellular and molecular mechanisms of regeneration following MI. Such knowl-
edge may provide a starting point for the development of new therapies for regen-
eration following MI. 

 Recent studies have shown that the supporting niche cells within cardiac units of 
the myocardium might play an important role in myocardial regeneration [ 26 ]. One 
of the important discoveries is that of a novel type of interstitial cells named telo-
cytes in the interstitium of the heart [ 30 – 37 ], intestine [ 38 ], uterus and fallopian 
tube [ 39 ], trachea and lung [ 40 ,  41 ], skeletal muscle [ 42 ], mammary gland [ 43 ], and 
placenta [ 44 ]. Within the cardiac stem cell niche, cardiac telocytes (CTs) play an 
essential role as niche-supporting cells that nurse the cardiac stem cells (CSCs) and 
angiogenic cells in the myocardium. Furthermore, they play an important role in 
regeneration following MI [ 45 ].  

15.2     Morphology and Markers of CTs 

 Using transmission electron microscopy (TEM), we found that cardiac telocytes 
are located in the interstitial space of cardiac myocytes. CTs are characterized 
specifi cally as piriform, spindle, or triangular cells with a nucleus that occupies 
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approximately 25–30 % of the cell volume and very long and thin, dichotomously 
branched prolongations called telopods (Fig.  15.1 ), considered to be the 
 “ultrastructural hallmark” [ 32 ,  36 ,  46 ].

   Using double immunofl uorescent staining for anti-c-kit and anti-CD34 (mark-
ers for CTs), we revealed that c-kit + /CD34 +  CTs, with very small cell bodies 
(approximately 1:1 ratio for the cytoplasm and nucleus) and extremely thin pro-
longations, are present in the interstitial space of the cardiac myocytes in the 
myocardium. In addition, the prolongations of the CTs had a moniliform aspect 
(alternations and dilated segments). The 3D reconstruction of one represented 
CT also confi rmed that the CT had a very small cell body with an approximately 
1:1 ratio of the cytoplasm to the nucleus and one extremely long prolongation 
(diameter of approximately 1–2 μm) with some dilation. Our morphology studies 
using TEM and light microscopy evidence clearly indicate that the previously 
ignored CTs are important interstitial cells in the myocardium and play a phys-
iopathological role in maintaining the integrity of the myocardium [ 47 ]. We also 
developed a magnetic bead technique for isolation of CTs from the myocardium 
[ 47 ]. Under phase-contrast microscopy, the primary culture of isolated c-kit +  car-
diac telocytes revealed that CTs are piriform/spindle/triangular cell bodies con-
taining long and slender telopods, which present the alternation of thick segments, 

  Fig. 15.1    Transmission electron microscopy revealed that cardiac telocytes are located in the 
interstitial space of cardiac myocytes (CMs). CTs are characterized specifi cally as piriform, spin-
dle, or triangular cells with a nucleus ( arrow ), which occupies approximately 70 % of the cell 
volume and very long and thin, dichotomously branched prolongations called telopods ( open 
arrow ). Bar = 2 μm       
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podoms, and thin segments, podomers. They are positive for expression of c-kit 
and CD34 [ 47 ]. 

 Based on the morphological hallmarkers of CTs, which is piriform/spindle/
triangular cell bodies containing long and slender telopods with the alternation of 
thick segments, podoms, and thin segments, podomers, and one of the membrane 
marker proteins – c-Kit – recently, we established a unique technique to character-
ize CT at the single-cell level. In this technique, c-Kit antibodies along with DiI 
Micro-label and fl ow cytometry were used to label and capture CTs. CTs were 
fi rst isolated with c-Kit antibody-conjugated magnetic beads. Cells which exhibit 
the unique telocyte morphology were further labeled with DiI microinjection. The 
DiI +  cells were sorted and recovered in a 96-well plate using single-cell fl ow 
cytometry. Our results revealed that CTs were c-Kit and CD34 positive as con-
fi rmed by immunofl uorescence. In addition, reverse transcription-polymerase 
chain reaction (RT-PCR) results also showed that CTs were positive for c-Kit, 
CD34, vimentin, and PDGFR-β, which have been proposed as markers for CTs 
[ 48 ]. According to our and other studies [ 49 ,  50 ], c-Kit, CD34, vimentin, and 
PDGFR-β positivity along with the unique morphology described above should 
be used as hallmarks to identify CTs.  

15.3     CTs Are Distributed Longitudinally and Within 
the Cross Network in Myocardium 

 Understanding the anatomic location and spatial distribution of CTs in the 
 myocardium should help uncover their physiopathological functions. For this 
propose, using anti-c-kit immunofluorescent staining of the longitudinal and 
cross dimension of the whole heart, we demonstrated that many CTs were dis-
tributed in the longitudinal direction (Fig.  15.2 ). In addition, many CTs were 
found to be distributed in the cross direction (Fig.  15.3 ). This pattern indicated 
that CTs are distributed longitudinally and within the cross network in normal 
myocardium [ 47 ]. Furthermore, we also found that the density of CTs in the 
atrium-atria and base of the myocardium was higher than that in the middle, 
while the density of CTs in the epicardium was higher than that in the endocar-
dium. These findings suggested that CTs are densely distributed around the 
epicardium and atrium-atria and base of the myocardium [ 51 ]. This unique pat-
tern of distribution of the CTs in the myocardium might indicate that the struc-
tural niche and support from CTs are required for other cardiac cells, such as 
cardiac myocytes (CMs), endogenous cardiac stem cells (CSCs), and cardiac 
microvascular endothelial cells (CMECs) in this region, and provide morpho-
logical and structural evidence that CTs might play an important role in the 
structural and functional integrity of the myocardium and in the regeneration of 
injured myocardium.
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15.4         The Network of CTs in the Myocardium Is Destroyed 
During Myocardial Infarction 

 Based on the hypothesis that CTs may function as niche-supporting cells, interact 
with other cardiac cells (such as CMs, CSCs, and CMECs) in the myocardium, might 
play an important role in maintaining the functional and structural integrity of the 
myocardium, and are involved in the regeneration of injured myocardium, we found 
that the network of CTs is destroyed during MI using an experimental left anterior 
descending (LAD) ligation myocardial infarction model. Under ischemic conditions 
of the medium and base sections of the heart in the infarcted zone, the density of CTs 
decreased progressively in the LAD ligated group compared with the same region in 
the non-LAD ligated control group. The density of CTs decreased signifi cantly 
1–3 days (1–4 days for base) after LAD ligation, and the cells were undetectable 
4 days (5 days for base) after LAD ligation. In the border zone, the density of CTs 
decreased signifi cantly 4–7 days (2–7 days for base) after LAD ligation when com-
pared with the same region in the non-LAD ligated control group. In addition, the 
density of CTs reached its lowest level 7 days (6–7 days for the base) after LAD liga-
tion. However, the CT density rebounded slightly 14 days after LAD ligation and was 
then maintained at a level similar to that observed 4 days after LAD ligation [ 47 ]. 

 In the zone located opposite the infarcted zone (nonischemic area), the density of 
CTs decreased signifi cantly 3–4 days (2–28 days for base) after LAD ligation when 
compared with the same region in the non-LAD ligated control group. The decrease 
in the density of CTs was progressive 2–4 days after LAD ligation, and the CT den-
sity reached its lowest point 3–4 days after LAD ligation. However, the density of 

  Fig. 15.2    The anti-c-kit immunofl uorescent staining for the longitudinal dimension of the whole 
heart demonstrated that many CTs are distributed in the longitudinal direction ( arrow ).  Open 
arrow : merged DAPI staining for nuclei       

  Fig. 15.3    The anti-c-kit immunofl uorescent staining for the cross dimension of the whole heart 
documented that many CTs are distributed in the cross direction ( arrow ).  Open arrow : merged 
DAPI staining for nuclei       
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CTs increased 5 days after LAD ligation and was then maintained at a level similar 
to that measured 2 days after LAD ligation. In the atrium-atria part of the heart 
(above the ligated site; nonischemic area), the density of CTs progressively 
decreased 1–4 days after LAD ligation compared with the same region in the non- 
LAD- ligated control group. The density of CTs was lowest 3–4 days after LAD 
ligation and increased progressively 5–28 days after LAD ligation. At 14–28 days 
after LAD ligation, the density of CTs was maintained at a level similar to that mea-
sured 1 day after LAD ligation [ 47 ]. 

 These results suggest that CTs undergo cell death in the permanently ischemic 
myocardium, and the level of damage is particularly high in the infarct zone as CTs 
were undetectable until 28 days after LAD ligation. This also suggests that the 
structural network of the CTs in the infarct zone of the myocardium was destroyed, 
and the regeneration of CTs in this area is rare. In view of the fact that the density 
of CTs in the border zone and nonischemic area decreases for approximately 1 week 
and then increases 2 weeks after LAD ligation, it is proposed that under permanent 
ischemic conditions (LAD permanent ligation), the regenerative capacity of CTs in 
the nonischemic zone is intact. These fi ndings reveal that, in addition to the death of 
cardiac myocytes, the previously unrecognized death of CTs is an important mecha-
nism that contributes to the structural damage of the myocardium in the infarcted 
zone and poor healing and regeneration in infarcted myocardium. This unique phe-
nomenon led us to further hypothesize that regeneration and reconstruction of CTs 
and their network in the infarct zone might be a novel strategy to improve and pro-
mote better healing and regeneration after MI.  

15.5     Transplantation of CTs After MI Decreases the Infarct 
Size and Improves Myocardial Function 

 According to this hypothesis, transplantation of CTs for MI has promising therapeu-
tic effects for decreasing the infarct size and improving myocardial function. In the 
experimental LAD ligation rat MI model, we demonstrated, for the fi rst time, that 
CT transplantation in the center and borders of the infarct site of ischemic myocar-
dium decreased the size of the infarct signifi cantly. In addition, the left ventricle 
function of CT-treated infarct hearts was signifi cantly improved – which was char-
acterized by a higher ejection fraction of the LV and lower diastolic and systolic 
diameters compared with the phosphate buffered saline (PBS)-treated controls. 
These therapeutic effects were confi rmed both in the short term, 2 weeks after trans-
plantation, and midterm, 14 weeks after transplantation. We found that the mecha-
nisms behind the benefi cial effects of CT transplantation are as follows: (1) CT 
transplantation signifi cantly increased the vessel density at both the infarct site and 
the border zone; (2) CT transplantation was able to signifi cantly decrease the fi bro-
sis in the infarcted zone and non-infarcted zone and improve the reconstructed 
parameters such as the thickness of the LV border zone wall and infarcted myocar-
dium wall as well as improve the pathological reconstruction of infarct myocardium 
and potentially decrease the risk of heart failure; and (3) CT transplantation could 
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signifi cantly increase the density of CTs in the infarct zone. These fi ndings imply 
that the benefi cial effects of CT transplantation are attributable to enhanced angio-
genesis, decreased fi brosis in the ischemic myocardium, and improved pathological 
reconstruction, which support survival of CTs or regeneration of CTs in the isch-
emic myocardium [ 47 ,  52 ]. These results confi rm the role of CTs as a structural and 
functional niche and microenvironment for endothelial cells. In fact, other studies 
have reported that CTs secrete vascular endothelial growth factor (VEGF), express 
angiogenic-associated microRNAs, and establish direct nano-contacts with newly 
derived endothelial cells at the border zone of MI [ 36 ,  37 ,  45 ]. In addition, our fi nd-
ings propose that CTs might provide a structural and functional niche microenviron-
ment for cardiac fi broblasts and regulate the transition of fi broblasts to myofi broblasts 
and fi brogenesis in cardiac pathology. Therefore, the underlying molecular mecha-
nisms would be an intriguing area for future investigation.  

15.6     Cardiac Telocytes Are Unique Interstitial Cells 
in the Myocardium that Differ from Cardiac 
Fibroblasts 

 Even though our study and studies by others have demonstrated the unique ultra-
structure by TEM and light microscopy to clearly reveal CTs as unique interstitial 
cells, specifi c markers for the identifi cation of these cells are still lacking. In addition 
to demonstrating the hallmark morphology of CTs, we used c-Kit antibodies com-
bined with DiI Micro-label and fl ow cytometry to reveal that CTs express c-Kit, 
CD34, vimentin, and PDGFR-β at the single-cell level [ 48 ]. Another unique hall-
mark of CTs is that they undergo cell death in the permanently ischemic myocardium 
[ 47 ,  52 ]. These characteristics imply that CTs are a unique type of interstitial cells in 
the myocardium that differ from cardiac fi broblasts. It is well established that under 
ischemic challenge, cardiac fi broblasts are able to survive and proliferate and then 
transform into myofi broblasts, whereas CTs undergo cell death in similar situations. 
Therefore, characteristics such as the unique morphology and predisposition to cell 
death under ischemia along with molecular markers such as c-Kit, CD34, vimentin, 
and PDGFR-β should enable the identifi cation of CTs.  

15.7     Summary 

 Ours and other studies clearly demonstrated that cardiac telocytes are interstitial cells 
that play a structural and functional niche microenvironmental role in the myocardium 
to regulate cardiac stem cells, cardiac angiogenesis, and fi brosis. According to our fi nd-
ings, CT transplantation after MI limits the size of the infarct and improves cardiac 
function signifi cantly. Therefore, we propose the following intriguing issues for inves-
tigation in future studies: (1) the interaction of CTs with other cardiac cells, such as 
cardiac stem cells, endothelial cells, and cardiac fi broblasts; (2) the role of CTs in 
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cardiac fi brosis; and (3) the possible synergic therapeutic effects with cardiac stem cells 
and other types of stem cells for MI. Information about these intriguing issues will 
assist in tailoring novel antiaging strategies to combat pathological phenotypes in the 
cardiovascular system and improve regeneration of the myocardium after MI.     
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    Chapter 16   
 Myocardial Telocytes: A New Player 
in Electric Circuitry of the Heart                     

     Winston     Shim      

    Abstract     The heart is an electrically conducting organ with networked bioelectric 
currents that transverse a large segment of interstitial space interspersed with the 
muscular parenchyma. Non-excitable connective cells in the interstitial space con-
tributed importantly to many structural, biochemical, and physiological activities of 
cardiac homeostasis. However, contribution of interstitial cells in the cardiac niche 
has long been neglected. Telocyte is recently recognized as a distinct class of inter-
stitial cell that resides in a wide array of tissues including in the epicardium, myo-
cardium, and endocardium of the heart. They are increasingly described to conduct 
ionic currents that may have signifi cant implications in bioelectric signaling. In this 
review, we highlight the signifi cance of telocytes in such connectivity and conduc-
tivity within the interstitial bioelectric network in tissue homeostasis.  

16.1        Background 

 All living cells and tissues are believed to be interlinked via bioelectric signaling 
mediated by ionic fl ow, electric fi elds, and voltage gradients to maintain intercon-
nectivity [ 1 ]. The ability to maintain such bioelectric gradients across multidimen-
sional networked cellular entities has important implications in health and disease 
state. Maintenance of bioelectric signaling, beyond electrical conduction per se, via 
differential resting membrane potentials among living cells, in particular, by non- 
excitable cells in the interstitial space has been highlighted to play important roles 
in developmental embryogenesis, tissue morphogenesis, and organ regeneration [ 2 ]. 
Indeed, gradients of membrane potentials within tissue niche are believed to direct 
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stem cell proliferation and differentiation [ 3 ] that could have far-reaching but often 
underappreciated infl uence on cellular physiology. 

 The heart is an electrically conducting organ whereby known players in the 
parenchyma and interstitial space bridge the bioelectric gradients by electrotonic 
conductivity and electrical circuitry that are interconnected through connexins and 
gap junction and via other hitherto poorly studied intercellular adaptors/connectors. 
Non-excitable connective cells in the interstitial space contributed importantly to 
many structural, biochemical, and physiological activities of cardiac homeostasis. 
Heterocellular electrotonic coupling between interstitial cells such as fi broblasts, 
endothelial cells, smooth muscle cells, stem cells, and cardiomyocytes is only 
beginning to be recognized. In fact, in situ membrane connectivity of fi broblasts 
that juxtaposed cardiomyocytes is clearly evidenced in studies involving dye trans-
fer experiments in sinoatrial node that signals their direct participation in physiolog-
ical and perhaps pathological processes of electrical conduction in the heart [ 4 ]. The 
ability of cardiac fi broblasts to act as a bridge between conducting cardiomyocytes 
has been widely demonstrated in various coupling experiments [ 5 ,  6 ]. 

 Telocytes are recently described interstitial cells with exceptionally long cellular 
processes found within cardiac parenchyma of the epicardium, myocardium, and 
endocardium that are believed to mainly act as structural supporting and nursing 
cells in the heart [ 7 – 9 ]. Despite their implicated intermediary role in the electrical 
activities of cardiac rhythm [ 7 ] and atrial fi brillation [ 10 ], very limited is known 
about the electrophysiological property of cardiac telocytes. We recently reported 
that human atrial and ventricular telocytes responded to H 2 S by attenuating TGF- 
β1- stimulated KCa1.1/Kv1.1 and Kir2.1 gene expression. However, the presence of 
competent K +  channels in telocytes and their implications in myocardial physiopa-
thology remain largely unexplored. Human myometrial telocytes have been reported 
to express calcium-dependent hyperpolarization-activated chloride inward current 
[ 11 ], and SK3 outward potassium rectifi er channels were reported in uterine telo-
cytes [ 12 ]. Furthermore, transient outward potassium current that exhibited 
pacemaker- like activity was reportedly present in gastrointestinal telocytes [ 13 ], 
and hyperpolarization-activated cyclic nucleotide-gated (HCN) channel was found 
in telocytes of murine gastric antrum [ 14 ]. In this review, we highlight the signifi -
cance of telocytes in such connectivity and conductivity within the interstitial bio-
electric network in cellular homeostasis.  

16.2     Telocyte: A New Player Within Interstitial Network 

 The seminary work by Popescu and colleagues in the last decade has identifi ed and 
established telocyte as a distinct cellular entity, separate from fi broblasts [ 15 ] in the 
interstitial space of many organs, including the heart [ 16 ], bladder [ 17 ], lungs [ 18 ], 
and skeletal muscle [ 19 ]. Such telocytes are intimately contacting parenchymal tis-
sues within the organs and are implicated in electrical conduction beyond their tra-
ditional structural supporting role in the myocardial system due to their close 
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proximity to nerve endings, cardiomyocytes [ 20 ], and pulmonary veins [ 10 ] in 
which atrial arrhythmias often originated in recurrent atrial fi brillation [ 21 ,  22 ]. 

 Telocytes have previously been described as interstitial Cajal-like cells (ICLC) 
and were found in atrial and ventricular myocardium [ 23 ,  24 ] though very little was 
known of their function. Recently, telocytes have been increasingly recognized to 
participate beyond their passive supporting role but instead may play physiological 
diverse functions in the heart [ 25 – 27 ]. Telocytes have exceptionally long (10–
1,000 μm), moniliform cellular processes named telopodes with intervening podoms 
and podomers that act as long-range cellular connector that transverses a vast inter-
stitial network connecting different segments of the heart [ 28 ] including those of the 
epicardium [ 7 ,  29 ], myocardium [ 8 ,  26 ], and endocardium [ 9 ]. Their close proxim-
ity with cardiac progenitors and cardiomyocytes is believed to be important in the 
repair and regeneration of infarcted myocardium [ 7 ]. However, the mechanisms 
involving in such interactions are poorly understood. 

 The fact that telocytes were found widely in the developing and adult heart [ 16 , 
 26 ] suggests that they are likely to have bioelectric modulatory function in their 
membrane potentials and capacitance due to their varying size and length in an adap-
tation towards microenvironment within cardiac niche. The extensive intercellular 
networks encompassed by telocytes with their long telopodes have been postulated 
to carry electrical signals and/or currents via intracellular cytoskeletal structures, 
perhaps in conjunction with transmitting electrical signals via gap junctions such as 
connexins that have been identifi ed in a wide range of tissues [ 30 ,  31 ]. This uncon-
ventional concept is in congruent with the observed ionic species and specialized ion 
channels reported in telocytes found in a wide range of tissues. Indeed, telocytes 
were recently shown to exhibit voltage-gated ion channels whereby ion conductance 
characteristics of BKca and IKir currents were reported by our group [ 32 ] and ICaT 
by others [ 11 ,  33 ]. This supports that they may carry functional ionic currents that are 
likely contributing to important cellular cues and signaling within the interstitial net-
work and in their electrical interaction with cardiomyocytes. 

16.2.1     Telocyte: Physical Connector Bridging Electrotonic 
Conductivity 

 Human myocardial telocytes are clearly distinguishable from atrial or ventricular 
fi broblasts in culture whereby their characteristic long telopodes [ 27 ] with inter-
sperse podomers and podoms that are often in contact with fi broblasts and other 
telocytes [ 34 ]. Consistent with distinctive telocyte identity [ 16 ,  26 ,  35 ], human telo-
cytes express CD34, c-Kit, and PDGFR-β markers (Fig.  16.1 )

   We recently reported that the presence of inter-networking cardiac telocytes in 
the interstitial space improved myocardial strain post-myocardial transplantation of 
human-induced pluripotent stem cell (iPSC)-derived mesenchymal stem cells 
(iMSCs) into the infarcted myocardium [ 36 ]. Our results are consistent with the 
purported role of telocytes in mediating cardiac parenchymal and interstitial 
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 interactions in promoting tissue repair [ 27 ]. Furthermore, we observed that myocar-
dial telocytes intertwined with transplanted cardiac progenitors in the infarcted 
regions that coincided with increased angiogenesis [ 37 ] that is in agreement with 
benefi cial effect of telocyte transplantation in recovering cardiac function [ 38 ]. The 
feasibility of long-range interaction between telocytes to maintain electrotonic con-
ductivity within the cardiac niche cannot be discounted as the network of mechani-
cal and biological interconnectivity from infarcted segment to other remote healthy 
segments of the myocardium was evidenced (Fig.  16.2 ) by close association of 
exogenously transplanted telocytes with resident telocytes [ 36 ,  37 ].

   The decreased density of telocytes early post infarct (from 4 to 30 days) and their 
subsequent transplantation that decreased infarct size and improved cardiac func-
tion suggest physiological benefi ts of their present in the heart [ 38 ,  39 ]. Interestingly, 
such disappearance of telocytes coincides with the window of arrhythmogenic epi-
sodes often acutely experienced post-MI. In addition, heart failure patients experi-
enced more than twofold decrease in the numbers of telocytes in the myocardium 
that coincided with remodeling of collagenous extracellular matrix in the cardiac 
niche [ 40 ] that is known to be a fertile substrate for pro-arrhythmogenic events [ 41 ]. 
Therefore, it may be tempting to surmise that loss of cardiac telocytes may compro-
mise the three-dimensional spatial interconnectivity and perhaps conductivity of a 
continuous bioelectric gradient between the interstitial and parenchymal junctions 
within the myocardium that may further precipitate the electrical imbalance during 
post-MI period. 

 Heterocellular coupling of fi broblasts with cardiomyocytes in culture has been 
well documented to support wave propagation as far as 300 um through electrotonic 
interaction possibly via connexin43 (C×43) and C×45, though with major local 

  Fig. 16.1    Identifi cation and characterization of myocardial telocytes in culture. Cells with 
extended telopodes that stained positive for CD34, c-kit, and PDGF-α that are characteristics of 
telocytes were patched with glass pipette in a whole-cell confi guration for electrophysiology study 
(Images adapted from Sheng et al. [ 32 ])       
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 conduction delays that may have implication in arrhythmias [ 5 ]. Similarly, telocytes 
are known to express C×43 [ 42 ] that may support electrotonic conduction and exert 
infl uence on cardiac arrhythmia. Therefore, more focused studies on coupling 
experiments between cardiomyocytes and telocytes for electrical interaction and 
integration within cardiac syncytium are warranted. 

 The elegant electron microscopy works provided by Popescu and colleagues 
attest to the possible existent of heterocellular coupling between telocytes and car-
diomyocytes within myocardium. Indeed, beyond paracrine communication through 
telocytes released vesicles [ 43 ], direct heterocellular connection and coupling 
between telocytes and cardiomyocytes have been demonstrated previously such that 
atypical junctions formed by macromolecular complexes and nanopillars were 
observed between telopodes and sarcolemmal processes of cardiomyocytes [ 25 ]. 
This is in addition to the reported direct junctional connection between telocytes 
and cardiac progenitors [ 7 ,  9 ], between telocytes and cardiac stem cells via adherens 
junctions, puncta adherentia, and stromal synapses [ 44 ], and the existence of close 
apposition of telopodes against intercalated disks of cardiac muscle [ 22 ]. 
Collectively, these evidences support possible electrophysiological role of telocytes 
within the spatial architecture of cardiac syncytium. 

 Consistent with their intermediary function and role as bridging connector, a 
comprehensive proteomic analysis of cultured telocytes revealed that up to 4 % of 
cellular proteins were of cell junction components, thus affi rming their key role in 
intercellular signaling and communication [ 15 ]. Tight adherens junctions were 
recently confi rmed to exist between telopodes of telocytes in the myocardium [ 45 ], 

a b

c

  Fig. 16.2    Interconnected myocardial telocytes in infarcted murine myocardium showing connec-
tivity of telocytes in the networked interstitial space in close proximity to cardiac progenitor cells 
and intact cardiac muscle fi bers (Images adapted from Ja et al. [ 37 ] ( top panel ) and Miao et al. [ 36 ] 
( bottom panel ))       
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and specifi c junctional contacts were noted between telocytes and cardiomyocytes 
and between telocytes and other interstitial cells [ 28 ] in the myocardium supporting 
their extended connectivity that is structurally supportive of probable electrotonic 
conductivity. Whether such connectivity is present or changed throughout develop-
mental phase and disease stage or differs between species and exists within other 
tissues that experience distinct mechanical stress than the myocardium is largely 
unknown. 

 Besides their interconnectivity through gap junctions and adherens junctions, it is 
believed that telocytes could connect with cardiomyocytes through recently described 
intercellular nanotubes that directly link these heterogeneous cells together. Such 
connectivity has been reported in coupling experiments between fi broblasts and car-
diomyocytes [ 46 ]. In fact, intercellular tunneling nanotubes ranging from 50 to 
200 nm in length, perhaps in conjunction with connexin junctional proteins, may 
impart electrical signals between fi broblasts and cardiomyocytes via activation of 
voltage-gated calcium channels [ 47 ] and exchange of mitochondria [ 48 ]. Such inter-
actions may partake in arrhythmogenesis as density-dependent biphasic infl uence of 
fi broblasts on conduction velocity and upstroke velocity through partial depolariza-
tion of cardiomyocytes has been previously observed [ 49 ]. Interestingly, such hetero-
cellular connections between fi broblasts and cardiomyocytes are reminiscent of 
telopodes of telocytes in contacting neighboring cells in a three-dimensional cardiac 
niche. Nevertheless, feasibility of interstitial telocytes acting as intervening electro-
tonic bridge between conducting cardiomyocytes has largely been neglected thus far. 
Intriguingly, the ratio of cardiomyocytes to telocytes in rat myocardium was reported 
to be 70:1 [ 42 ], which was similar to ratiometric density reported between cardio-
myocytes and fi broblasts that were observed to exert infl uence on arrhythmogenic 
events in heterocellular coupling experiments [ 49 ]. 

 Despite the mounting evidence suggesting heterocellular connectivity between 
telocytes and cardiomyocytes, it is unclear if telocytes are possibly acting in the 
overall electrical circuitry as passive insulating bystander or active conducting 
player. Transfection of gap junction proteins and voltage-gated ion channels into 
telocytes in coupling experiments with cardiomyocytes would be of crucial interest 
to further elucidate such connectivity in establishing bioelectric gradient and their 
importance in maintaining cardiac electrical homeostasis, at least spatially within a 
localized interstitial to myocardial niche.  

16.2.2     Telocyte: Gated Ion Channels and Function 

 To date, voltage-gated ion channels are increasingly being recognized in telocytes 
isolated from a wide range of tissues. In the human myometrium, patch-clamp 
recordings revealed a calcium-dependent hyperpolarization-activated chloride 
inward current but absence of L-type calcium channels, which was postulated to 
modulate myometrial smooth muscle contractions [ 11 ]. Furthermore, uterine telo-
cytes have been reported to express mibefradil-sensitive T-type calcium channels 
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that is responsive to near-infrared low-level laser stimulation [ 50 ] that may be 
important in bioelectric signaling for modulating cellular behaviors during preg-
nancy and labor [ 45 ]. Furthermore, telocytes expressing calcium-activated chloride 
channels and inwardly rectifying chloride channels in gastrointestinal tract have 
been identifi ed to mediate gut motility [ 51 ,  52 ]. Moreover, transient outward potas-
sium current that mediated pacemaker-like activity was noted in gastrointestinal 
telocytes [ 13 ]. In addition, ionic currents were previously reported in telocytes 
whereby small conductance potassium SK3 channels in human myometrium [ 12 ] 
and in murine bladder [ 53 ] may be key to regulating muscular excitability and con-
tractility. In addition, calcium-activated potassium channels in guinea pigs that 
regulate repolarization of stomach [ 54 ] and hyperpolarization-activated cyclic 
nucleotide-gated (HCN) channel of murine gastric antrum were identifi ed [ 14 ]. 

 We recently presented evidence of human ventricular and atrial telocytes that 
express large conductance Ca 2+ -activated K +  current (BK Ca ) and inwardly rectifying 
K +  current (IK ir ) currents (Fig.  16.3 ) in a TGF-beta1-dependent manner indicating 
their importance in cardiac electrophysiology or electrotonic interactions in cardiac 
fi brosis [ 32 ]. We recorded and characterized ion currents in single telocytes with 
long telopodes using conventional whole-cell voltage clamp setup. Paxilline 
(a  specifi c BK Ca  inhibitor)-sensitive and naringenin-responsive (a specifi c BK Ca  
opener) currents were detected, confi rming the presence of BK Ca  currents in atrial 
and  ventricular telocytes. Furthermore, it was found that 4-aminopyridine-insensitive 
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  Fig. 16.3    Patch-clamp electrophysiology of atrial and ventricular telocytes. Both outward and 
inward potassium currents consistent with BKca and IKir were detected in the voltage-clamped 
cells (Images adapted from Sheng et al. [ 32 ])       
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and pinacidil (K ATP -specifi c channel enhancer)-unresponsive currents were present, 
indicating the respective absence of transient outward currents (I to ) and ATP- sensitive 
K current (K ATP ) in myocardial telocytes. Nevertheless, inwardly rectifying K +  cur-
rents that were attenuated by Ba 2+  ion coupled with strongly spiking current ampli-
tude in the presence of 20 mM K +  bath solution were elicited in depolarizing telocytes, 
indicating the presence of IK ir  inward currents. The close proximity of telocytes to 
cardiac fi broblasts and cardiomyocytes suggests a probable role in facilitating mech-
ano-electrical coupling of the heart. Consistently, calcium-releasing stores, such as 
caveolae, sarcoplasmic reticulum, and mitochondria that are typical of voltage-
responsive cells, are present in telocytes [ 31 ]. Nevertheless, it is unclear if cellular 
resistance and capacitance of telocytes and resting membrane potentials would be 
suffi cient to depolarize the heterocellularly coupled cardiomyocytes.

   Human atrial fi broblasts are known to express a range of potassium channels that 
are important in proliferation and myofi broblast transformation Importantly, it is 
currently unclear the implications of greater potassium channel responsiveness 
observed in the atrial telocytes as compared to ventricular telocytes when stimulated 
with TGF-β1, a major mediator of myocardial fi brosis [ 32 ]. Although such dichot-
omy of cellular physiology coincided with the more robust fi brotic response of atrial 
fi broblasts as compared to ventricular fi broblasts in myocardial fi brosis [ 55 ,  56 ], it 
is unclear if the differential expression of such ion channels in atrial and ventricular 
telocytes has functional signifi cance in cellular proliferation and overall interstitial 
conductivity or fi brotic response. 

 Telocytes are increasingly being recognized to carry ionic currents that may have 
important implications in behavioral response of local tissue niche. It is unclear if 
telocytes may exhibit regional-specifi c property in different organs. Experimental 
evidence supports the presence of functionally competent BK Ca  and IK ir  channels, 
but not I to  and K ATP  channels, in cardiac atrial and ventricular telocytes. It is unknown 
if telocytes could assume a different phenotype in different conditions such as those 
observed conversion of fi broblasts to myofi broblasts that may affect different cel-
lular physiologies (e.g., smooth muscle actin expression [ 32 ]) that exerts distinct 
impact on the myocardial milieu.   

16.3     Conclusion 

 There are mounting evidence that support functional present of a wide array of ion 
channels in telocytes found in various tissues. These channels are reported to contrib-
ute to telocyte electrophysiology but may also have other bioelectrical and mechanical 
signifi cance in the tissue niche. Illustrating how these diverse ion channels contribute 
to function already well recognized in telocytes in mechanical supporting, topograph-
ical nursing, long-range sensing, microvesicle releasing, repair signaling, cytokine 
secreting, and immune system modulating would unveil a comprehensive road map of 
bioelectric traffi c crisscrossing the intercellular highways of networked interstitial 
sphere in communicating with the parenchyma to sustain tissue homeostasis.     
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    Chapter 17   
 Roles of Telocytes in the Development 
of Angiogenesis                     

     Yonghua     Zheng        and     Xiangdong     Wang       

17.1          Introduction 

 Telocytes were identifi ed to be located on the extracellular matrix of blood vessels 
[ 1 ], e.g. arterioles, venues and capillaries in many organs and tissues, especially in 
the heart and lung. For example, the number of telocytes signifi cantly increased 
around the neo-capillaries in the heart of mice with acute myocardial infarction, 
indicating that telocytes may contribute to the angiogenesis of capillaries [ 3 ,  5 ]. 
Telocytes have close relation with capillaries in the interstitial of lung tissues, indi-
cating that telocytes might participate in the structure of air-blood barrier [ 6 ]. In this 
chapter, we try to elaborate the biological function of telocytes on the angiogenesis 
through studies from lung.  

17.2     The Discovery of Lung Telocytes 

 Telocytes were fi rstly found, confi rmed and isolated from mouse trachea and lung 
tissues through the methods of transmission/scanning electron microscope, immu-
nohistochemistry and primary cell culture by Dr. Zheng et al. in 2011 [ 10 ]. Telocytes 
were found to be allocated in the interstitial space, between smooth muscle fi bers, 
and/or between the cricoid cartilage and smooth muscles within the trachea 
(Fig.  17.1 ). Telocytes were observed in the interstitial space of terminal bronchioles, 
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of which Tps were connected with alveolar epithelial cells and other cells in the 
lung tissues, Telocytes were identifi ed in the lung and were found to be related with 
stem-cell niches (Fig.  17.2 ), with positive staining of vimentin, c-kit and CD34 
(Fig.  17.3 ).

17.3          Experience of Lung Telocyte Isolation 

 In order to study the biological function of telocytes, cell culture is the fi rst step. 
Although several reports about the culture method have been published, there is still 
no detailed introduction. In this section, we try to elaborate the detailed primary 
culture method for telocytes according to published papers and our own study. Here 
we chose lung tissues of BABL/c mice as an example. After BABL/c mice were 
killed with an overdose of anesthetic, lung fragments were isolated under sterile 
conditions and collected into sterile tubes containing DMEM (Gibco, NY, USA), 
supplemented with 100 UI/ml penicillin, 0.1 mg/ml streptomycin (Sigma-Aldrich 
Shanghai Trading Co Ltd., Shanghai, China), placed on ice and transported to the 
cell culture laboratory. Samples were processed within 30 min. from surgery, and 
they were rinsed with sterile DMEM. The lung tissues were minced into fragments 

a b

  Fig. 17.1    ( a ) Mouse trachea; transmission electron microscopy of smooth muscle layer. Note, 
four muscle cells longitudinally cut and in between two fragments (one long, one short) of a Tp. It 
is to be mentioned the presence of thick myosin fi laments in smooth muscle cells.  DB  dense bod-
ies,  mito  mitochondria. ( b ) Higher magnifi cation of a fragment from ( a ). Note, a smooth muscle 
cell with thick myosin fi laments and basal lamina ( bl ); a fragment of a telopode, a podom contain-
ing element of ER.  cav  caveolae,  bl  basal lamina       
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of about 1 mm 3  and incubated on an orbital shaker for 4 h, at 37 °C, with 1 mg/ml 
collagenase type II (Gibco, NY, USA) in PBS (without Ca 2+  and Mg 2+ ). Dispersed 
cells were separated from nondigested tissue by fi ltration through a 40 μm diameter 
cell strainer (BD Falcon, NJ, USA), collected by centrifugation at 2000 r.p.m., 
5 min., re-suspended and cultured in a 75 cm 2  plastic culture fl ask containing 
DMEM, supplemented with 10 % foetal calf serum, 100 UI/ml penicillin and 
0.1 mg/ml streptomycin (Sigma-Aldrich) for 2 h, and then the supernatant contain-
ing slowly adhering cells was collected and re-plated into a new 25 cm 2  plastic 
culture fl ask, at a density of 1 × 10 5  cells/cm 2 , and maintained at 37 °C, in a 

  Fig. 17.2    Telocytes ( TCs ) 
in mice lung. About four 
TCs with telopodes (Tps) 
are visible in the interstitial 
of lung. A putative stem 
cell (SC,  yellow dotted 
circle ) is in close contacts 
with telocytes, establishing 
heterocellular junctions, 
visible under electronic 
microscope only. The 
tandem TCs-SC forms, 
presumably, a TC-SC 
niche.  EC  epithelial cells, 
 SMC  smooth muscle cells. 
Magnifi cation is 2000×, 
scale bar is 5 μm       

a b

  Fig. 17.3    ( a ) Immunohistochemical reaction for c-kit and vimentin in lung tissue. Long TC sil-
houette is seen positive near small vein lumen. ( b ) Positive reaction for CD34 of TC between air-
way epithelium and blood vessel endothelium. Magnifi cation 1000×       
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humidifi ed atmosphere (5 % CO 2  in air) until becoming semi-confl uent (usually 
4 days after plating), and the adherent cells were telocytes. Culture medium was 
changed every 48 h, and the mixed suspension cells were deleted through the chang-
ing of the medium. Cell viability was assessed by using the Trypan blue dye exclu-
sion test and cells were examined by phase contrast microscope [ 2 ].  

17.4     Morphology of Cultured Lung Telocytes 

 Primarily cultured telocytes could be identifi ed clearly from 3rd to 4th days. 
Telocytes appear typical Tps with long and uneven caliber, podoms and/or 
podomers (Fig.  17.4a ). Telocytes and Tps with very long and/or uneven caliber, or 
dilated portions resembling “beads on a string” were observed under the staining 
with methylene blue (Fig.  17.4b ) and giemsa (Fig.  17.4c ). Janus green B is a clas-
sic vital staining with high affi nity for mitochondria and used to assess viability 
and localize mitochondria. Figure  17.4d  illustrates the TC body and Tp with 

a

c d

b

  Fig. 17.4    Mouse lung telocytes ( TC ) in primary culture observed under phase-contrast micros-
copy. ( a ) TC is depicted with long and slender telopodes ( Tps ), which present the alternation of 
thick segments – podoms ( black arrows ) and thin segments – podomers ( black arrows ). Dichotomic 
branching of Tps is obvious. Magnifi cation is 400×. ( b ) Methylene blue staining. Magnifi cation is 
400×. ( c ) Giemsa staining. Magnifi cation is 100×. ( d ) Janus Green B staining Along Tp of another 
TC over-passed the cell body of the other Telocytes. Magnifi cation is 100×       
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podoms highly stained with Janus green B, indicating the rich presence of mito-
chondria in cell body and particularly in podoms. Mito Tracker Green FM is a 
molecular probe with high affi nity for mitochondrial membranes and used to iden-
tify mitochondria in living cells. The strong staining of mitochondria in most 
Telocytes and Tps with Mito Tracker Green FM was observed (Fig.  17.5 ), demon-
strating the accumulation of mitochondria in Telocytes and podoms. Those fi nd-
ings imply that the maintenance of Telocytes biological functions requires the 
large amount of energies, while Tps and podoms provide the energies for the 
extensions.

17.5         Proteomics Between Telocytes and Endothelial Cells 

 According to the study from Zheng et al, the proteomic analysis between telocytes 
and fi broblasts was studied by the method of iTRAQ and the function of protein 
expression profi les were analyzed with the aid of PANTHER Classifi cation 
System. 

 By comparison between telocytes and microvascular endothelial cells, there are 
38 proteins up-regulated in telocytes, especially Myosin-14, superoxide dismutase 
(SOD2), acid ceramidase (AC), envoplakin and epiplakin. Among these proteins, 
18 of them are responsible for metabolic processes and 15 proteins in cellular 
processes, such as cell communication (4 proteins), cytokinesis (2 proteins), cel-
lular component movement (2 proteins), and cell cycle (2 proteins). There are 60 
proteins down-regulated in telocytes, especially cell surface glycoprotein MUC18, 
 Ras- interacting protein 1, BTB/POZ domain-containing protein, peptidyl prolyl 
cis/trans isomerase and nestin and von Willebrand factor. The highly expressed 
proteins in telocytes are involved in important molecular functions such as: cata-
lytic activity (17 proteins), structural molecule activity (13 proteins) compared to 

a b

  Fig. 17.5    Primary culture of human lung telocytes. ( a ) Telocytes are observed under phase-con-
trast microscopy. ( b ) Telocytes are observed under fl uorescence microscopy. Telocytes were 
stained with Mito Tracker Green. The mitochondria are allocated mainly within Telocytes body 
and its podoms. The magnifi cation was 400 ×, and the scale bar is 20 µm       
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microvascular endothelial cells where signifi cantly more proteins are involved in 
catalytic activity (30 proteins) and 29 proteins have molecular binding function. 
Ten up-regulated proteins in telocytes are involved in developmental processes: 
anatomical structure morphogenesis (10 proteins), mesoderm development (3 pro-
teins), system development (2 proteins) and ectoderm development (1 protein). 
Moreover, 10 proteins in telocytes are related to localization processes such as 
vesicle mediated transport (4 proteins), protein transport (4 proteins) and ion 
transport (3 proteins). While in microvascular endothelial cells, two up regulated 
proteins are involved in nucleic acid-binding transcription and one has anti- oxidant 
activity. 

 The up-regulated telocytes proteins belong to the following pathways: nico-
tinic acetylcholine receptor (2 proteins), inflammation mediated by chemokines 
(2 proteins), de novo purine biosynthesis (2 proteins), cytoskeletal regulation 
by Rho GTPase (2 proteins), TCA cycle (1 protein), Parkinson disease (1 pro-
tein), integrin signaling (1 protein) and blood coagulation (1 protein) . In telo-
cytes, the up- regulated proteins are related to the following cellular components: 
cell part (13 proteins), organelle (12 proteins), membrane (2 proteins), cell 
junction (2 proteins), extracellular region (1 protein) and extracellular matrix 
(1 protein). 

 The up-regulated proteins in microvascular endothelial cells are attributed to the 
following protein classes: enzyme modulator (11 proteins), cytoskeletal proteins 
(10 proteins), oxidoreductase (7 proteins), nucleic acid binding (6 proteins), trans-
ferase, isomerase and chaperone (5 proteins each), etc. The pathways map depicted 
the microvascular endothelial cells proteins are related to: integrin signalling path-
way (3 proteins), Huntington disease (3 proteins), cytoskeletal regulation by Rho 
GTPase (3 proteins), pentose phosphate pathway (2 proteins), Parkinson disease (2 
proteins), infl ammation mediated by chemokines (2 proteins), glycolysis (2 pro-
teins), etc. The cellular component of microvascular endothelial cells proteome 
demonstrated proteins related to: cell part (12 proteins), organelle (10 proteins), 
extracellular region (1 protein) and extracellular matrix (1 protein) [ 9 ]. Telocytes 
are completely different from microvascular endothelial cells. Protein expression 
profi le showed that telocytes play specifi c roles in intercellular communication and 
intercellular signaling. Moreover, they might inhibit the oxidative stress and cel-
lular ageing and may have pro-proliferative effects through the inhibition of 
apoptosis.  

17.6     Telocytes and Angiogenesis 

 The angiogenesis is a common phenomenon both in physiological and pathologi-
cal conditions, including proliferation of vascular endothelial cells, enzymatic 
degradation of basement membrane and interstitial matrices by endothelial cells, 
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migration of vascular endothelial cells, or eventually formation of a blood vessel 
tube from sprouting vascular endothelial cells. Angiogenesis could be induced by 
activation of VEGF and EGF receptors by the binding of VEGF and EGF to 
induce the tube formation in the vascular endothelial cells, promote endothelial 
cell proliferation and vascular permeability, and maintain newly-formed blood 
vessels [ 4 ]. 

 In the study of lung telocytes, Zheng et al. confi rmed that lung telocytes were 
mainly distributed in the alveolar interstitial connected tightly with alveolar epithe-
lia cells and participated in the structure of air-blood barrier, in the small vein and 
bronchioles and in the interstitial space of smooth muscle participated in the frame 
structure of the blood and bronchioles [ 7 ]. Telocytes are positive to CD34 and C-kit 
which expressed on the surface of hemopoietic stem cells, and are proposed to par-
ticipate in the angiogenesis. 

 Distribution and structure characteristics of telocytes must fi t to its biological 
functions. Zheng et al. also confi rmed that production of VEGF and EGF from 
human lung telocytes increased signifi cantly. Cultured medium of telocytes could 
promote the proliferation of HPMECs, and partially recover the ability of tube 
formation of HPMECs injured by LPS. Indicating that telocytes may participate in 
the angiogenesis of lung tissues, in both normal and pathological conditions and 
play roles as progenitor cells and nutrient cells during the regeneration and repara-
tion of the injured tissues. Telocytes can be a new therapeutic target in lung 
diseases.  

17.7     Perspectives 

 The angiogenesis is a common phenomenon both in physiological and pathologi-
cal conditions, including proliferation of vascular endothelial cells, enzymatic 
degradation of basement membrane and interstitial matrices by endothelial cells, 
migration of vascular endothelial cells, or eventually formation of a blood vessel 
tube from sprouting vascular endothelial cells. Angiogenesis could be induced 
by activation of VEGF and EGF receptors by the binding of VEGF and EGF to 
induce the tube formation in the vascular endothelial cells, promote endothelial 
cell proliferation and vascular permeability, and maintain newly-formed blood 
vessels. Telocytes are a new type of interstitial cell with special biological func-
tions, for the close relation with stem cells, they are also named as “stem cell 
helper cells”. Telocyes play roles as progenitor cells and nutrient cells during the 
regeneration and reparation of the injured tissues, including the angiogenesis in 
both normal and pathological conditions through the secretion of VEGF and 
EGF [ 8 ]. Further studies are necessary for the application of cellular therapy 
with telocytes in clinic, such as lung injury, myocardial infarction, or tissue 
engineering.     
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    Chapter 18   
 Telocytes in Infl ammatory Gynaecologic 
Diseases and Infertility                     

     Xiao-Jun     Yang       

18.1           Introduction 

 Infertility is a common disease in women of reproductive age. It can be divided into 
anatomical and functional disease. Anatomically, oviduct and uterine diseases, such 
as severe endometriosis, tubal ectopic pregnancy, para-tubal adhesion after pelvic 
infl ammatory diseases, uterine septum, intrauterine adhesion, etc., frequently cause 
infertility. On the other hand, among the functional reasons, immune-mediated fer-
tility problems and related diseases, such as autoimmune diseases, early stage of 
endometriosis, pelvic infl ammatory disease and salpingitis, were the predominant 
diseases in the clinic. Generally, the female reproductive tract must maintain a 
unique immune micro-environment, in order to tolerate the semi-allogeneic sperm 
and foetus and protect against harmful pathogens [ 1 ,  2 ]. Further researches showed 
that immunocytes such as monocyte and macrophage, which were important multi-
functional players in local peritoneal immune response in endometriosis or pelvic 
infl ammatory disease, and their dysfunction or uncontrolled augmentations in quan-
tity and/or activation might not only change smooth muscle motility, microcircula-
tion and pelvic pain in endometriosis [ 3 ] but also lead to immune-mediated fertility 
problems, such as miscarriage, tubal infertility and tubal ectopic pregnancy [ 4 ,  5 ]. 

 Endometriosis (EMs) is a kind of aseptic infl ammatory, ischemic, oestrogen- 
dependent disease with many clinical manifestations [ 6 ,  7 ]. It was characterized by 
the presence of endometrium outside the uterine cavity and affects an estimated 
8–10 % of women of reproductive age in industrialized countries [ 6 ,  8 ]. Generally, 
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massive monocyte/macrophage and lymphocyte aggregation, which overproduce 
cytotoxic substance, such as infl ammatory factors (iNOS, COX-2), oxidative stress 
(LPO) and estradiol, was the most frequent pelvic micro-environment changes in 
EMs [ 7 – 9 ]. Then, EMs causes many abnormalities either in local anatomy or repro-
ductive endocrine and immunologic micro-environment disorders, subsequently 
leading to various clinical symptoms, such as chronic pelvic pain, hypermenor-
rhoea, dysmenorrhoea and sub- or infertility [ 8 ]. 

 Current knowledge regarding EMs-related fertility disorders remains insuffi -
cient. Generally, in women with obvious macroscopic anatomical changes of the 
pelvis, mechanical interference will be adversely affected by oocyte pickup, trans-
port and tubal peristalsis. However, women with absence of macroscopic pelvic 
alterations also complained of unexplained functional sub- or infertility [ 8 ], of 
which, many steps of the fertilization process were believed to be disturbed by 
infl ammatory peritoneal fl uid which were thought to exert direct cytotoxic effects or 
release various cytokines/enzymes into the pelvic milieu, such as ovulatory dys-
function, altered folliculogenesis, sperm phagocytosis, luteal-phase defects, 
impaired fertilization, defective implantation and early embryo growth [ 10 ]. 
Interestingly, the phenomenon of impaired utero-tubal sperm transport in early-
stage EMs and adenomyosis, strongly suggested that “tubal motility disorder” 
might be a potential cause for EMs-associated tubal factor sub- or infertility [ 11 ]. 
We suggested that tubal dysperistalsis might develop from a subset of clinically 
affected known or unknown oviduct cells that were functionally dysregulated, prob-
ably due to aforementioned toxic pelvic micro-environment. 

 Acute pelvic infl ammatory disease (PID) is a serious, infectious disease of the 
upper female genital tract, which frequently causes severe pelvic damage and leads 
to fertility problems among women of reproductive age, such as tubal ectopic preg-
nancy and tubal factor infertility [ 12 ]. Generally, PID was caused by ascending 
polymicrobial infection, particularly sexually transmitted organisms, such as 
 Chlamydia trachomatis , mycoplasma and  Neisseria gonorrhoeae  or vaginal dysbac-
teriosis. Clinically, acute PID can be divided into tubo-ovarian abscess, pelvic peri-
tonitis, acute endometritis and acute salpingitis (AS) which was the most important 
component of PID spectrum. AS can cause severe anatomical damage of a subset of 
oviduct cells, manifested by oviduct acute edema, pyosalpinx, obstruction of the 
lumen, peritubal adhesion, interstitial fi brosis and rigidity of the wall [ 12 ]; fre-
quently induced oviduct dysfunction, such as chronic tubal spasm, immunologically 
mediated mechanism in  Chlamydia trachomatis  infection. All of these changes were 
suggested as the underlying mechanisms for AS-induced female fertility problems. 
In our opinion, the clinical sequelae of fertility problems were developed from a 
subset of AS-affected oviduct cells that were structurally and functionally dysregu-
lated, including the widely known ciliated cells and various types of interstitial cells 
such as smooth muscle cells, fi broblasts, etc. All of these cell components play defi -
nite roles and were indispensable in a successful reproductive process. Nevertheless, 
besides the well-known impair of classically described oviduct cells, other damages 
that simultaneously occurred within the oviduct wall, which also structurally and 
functionally affect oviduct fertility capacity, are worthy of further investigation. 
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 With recent progress in electron microscope, telocytes (TCs), previously known 
as interstitial Cajal-like cells (ICLC), were identifi ed as a distinct interstitial cell 
component by Popescu et al., in interstitial space of a wide variety of cavitary and 
non-cavitary human and mammalian organs, including non-pregnant and pregnant 
myometrium, endometrium, oviduct, placenta, etc. (  www.telocytes.com    ). TCs have 
particular ultrastructure which can be clearly distinguished from classical interstitial 
cell of Cajal (ICC), fi broblasts, etc. Morphologically, TCs have a small piriform-/
spindle-/triangular-shaped cell body, with two to fi ve extremely long and slim telo-
podes (Tps), which contained thin segments (podomers) and dilated segments 
(podoms). By their Tps, TCs provide visible “short-distance” direct structural sup-
port for homocellular or heterocellular junctions between themselves and other type 
of cells. And based on their distribution, identifi cation, immunophenotype and ultra-
structure features in different normal organs/tissues, TCs were supposed to play an 
essential role in the maintenance of structural and functional integrity, by intercel-
lular signalling, spreading slow waves generated by the pacemaker ICC, involved 
in local tissue homeostasis/angiogenesis, nurse stem cells (SCs) and mediated tissue 
repair/remodelling, immunoregulation or immunosurveillance, etc. On the other 
hand, increasing number of reports described “long-distance” indirect intercellular 
contacts for TCs, such as through chemical [ 13 – 15 ], paracrine/juxtacrine signalling 
[ 13 ,  14 ,  16 – 19 ], extracellular vesicles (EVs) [ 14 ,  16 – 20 ] [ 15 ,  21 – 30 ], 
sex hormone [ 14 ,  16 ,  31 – 33 ] and/or microRNAs [ 23 ,  34 – 37 ]. These paracrine 
effects were believed to play important roles in function-specifi c intercellular com-
munication and regulate activity of “long-distance” neighbouring cells. 

 Recently, disease-induced TC damage was reported in fi brotic lesions of skin, 
cardiac, ulcerative colitis, Crohn’s disease and gallstone disease, and multiple 
potential pathophysiological roles have been speculated for TCs [ 37 – 42 ]. 
Nevertheless, as a new type of interstitial cell, the exact alterations of TC population 
in disease-affected oviduct tissue, such as in aseptic infl ammatory disease of EMs, 
and infectious AS; and potential involvement in structural and functional abnor-
malities of oviduct, further engagement in oviduct fertility capacity or adverse 
reproductive outcome (sub- or infertility), need more detailed evidence. 

 On the other hand, increasing studies showed that both in normal and disease- 
affected tissues, TCs developed heterocellular junctions with various immunocytes 
and potentially modulated their activities, such as macrophages, mast cells, lym-
phocytes, etc. [ 1 ,  26 – 28 ,  38 – 41 ,  43 – 53 ]. In particular, in infl ammatory-affected rat 
oviduct tissue [ 45 ,  46 ], TCs connected to the activated immunocytes, including 
mononuclear cells, mast cell, eosinophils and neutrophils. All of these studies sup-
posed that TCs might act as active players or “data suppliers” and involved in local 
immunoregulation/immunosurveillance [ 26 ,  28 ,  50 ,  51 ]. Progressive damage and 
loss of TCs might impair intercellular communication or immune homeostasis in 
immunoinfl ammatory process, such as multiple autoimmune, chronic infl ammatory 
and fi brotic disorders [ 26 ,  38 – 41 ,  44 – 46 ,  51 ]. We speculated that through direct 
junctional complexes or possibly indirect paracrine messages, TCs might poten-
tially involve in immunological signal presenting and/or transduction, infl uence and 
contribute to subsequent immunoresponse and then change normal physiological 
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process and lead to immune-mediated gynaecologic diseases or reproductive abnor-
malities. Nevertheless, currently, no reliable cytological evidences are available for 
this hypothesis. 

 Regarding the aforementioned questions, we have designed researches and pro-
vided related evidence in the following three aspects. We believed that such knowl-
edge will be helpful to elucidate pathophysiological role of TCs in female genital 
tract disease and fertility problems, with the aim of providing a potential target for 
genetic, pharmaceutical and clinical interventions.  

18.2     In Vivo TC Damage, Molecular Mechanisms 
and Potential Impact in Fertility in EMs-Affected 
Rat Oviduct Tissue 

 Women with EMs frequently complained with unexplained fertility problems. The 
recently identifi ed TCs were found to participate in the maintenance of structural 
and functional integrity of female oviduct, but so far whether TCs were involved in 
EMs-affected oviduct tissue and potentially infl uence female fertility capacity 
remains to be elucidated. 

 TCs were studied in an oviduct EMs model and in sham control Sprague-
Dawley rat, respectively, together with determination of inducible nitric oxide syn-
thase (iNOS), COX-2, lipid peroxide (LPO) and estradiol. Briefl y, the 
autotransplantation rat model of oviduct EMs was surgically constructed by remov-
ing uterine horn and transplanted towards both surfaces of contralateral mesosal-
pinx, with endometrial side adjacent to the arteries that irrigate the oviduct [ 54 , 
 55 ]. Rats received the same surgery with removal of the uterine horn and blank 
sutures, without any tissue masses, serving as the sham control. Then, EMs-
affected oviduct segment with grade III ectopic endometriotic vesicles (larger than 
4 mm) was harvested at 2 months [ 56 ]. Proceed for an integrated technique of 
haematoxylin and eosin staining, in situ immunohistochemistry (IHC), double-
labelled immunofl uorescence IHC staining and transmission electron microscopy 
(TEM) observation. 

 After confi rming by routine pathologic observation for disease-affected and 
disease- unaffected oviduct tissues (Fig. 18.1 ), in situ IHC was performed on con-
secutive sections from sham oviduct, and presumably TCs with special morphology 
and immunophenotype were observed: perivascular stellate-shaped cells with pro-
longed cell body and double-positive expression for CD34/vimentin (Fig.  18.2a, b ) 
and negative for c-kit (Fig. 18.2c ).

    Double-labelled fl uorescent IHC confi rmed the existence of typical TCs in sham 
group (Fig. 18.3a ), with characteristic appearance: one or more extremely long/thin 
cellular prolongations located around perivascular space, with specifi c immunophe-
notype of CD34 positive/vimentin positive/c-kit negative, consistent with in situ 
IHC (Fig. 18.2 ), while in EMs-affected oviduct tissue, cell populations with typical 
TC morphology and immunophenotype signifi cantly decreased and were sparse or 
even completely undetectable ( P  = 0.000; Fig.  18.3b, c ).
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   Meanwhile, quantitative analysis by using single-labelled fl uorescent IHC sug-
gested that in EMs-affected oviduct tissue, the contents of iNOS, COX-2, LPO and 
estradiol were elevated signifi cantly than in the sham group, respectively (all  P  < 0.01; 
Fig.  18.4a–d ), thus suggestive of intra-tubal infl ammation and ischaemia state.

a

c d

b

  Fig. 18.1    Macroscopical and microscopical view of EMs-affected rat oviduct, scale bar = 100 μm. 
( a ) Ectopic endometrial vesicles (>4 mm in diameter), located in mesosalpinx under naked eyes in 
study group. ( a ) ovary; ( b ) ectopic vesicle; (c) oviduct; ( d ) uterine horn; ( e ) oviduct swelling and 
edema after removal of the opposite uterine horn. ( b ) Infl ammatory tissue reaction in EMs-affected 
oviduct, manifested by hyperplasia and disturbance of capillaries ( black arrows ). ( c ) Chronic 
infl ammation and interstitial fi brosis, manifested by hyperplasia capillaries with excessive intersti-
tial lymphocyte infi ltration and fi bre contents ( black arrow ) in EMs-affected oviduct wall. ( d ) 
Nearly normal oviduct tissue from the sham control (Yang et al. [ 45 ] adapted with permission)       

a b c

  Fig. 18.2    Single-labelled in situ IHC on serial sections from the sham control ( black arrow ); scale 
bar = 200 μm. ( a ) Perivascular TC-like CD34 (+) cells with slender cell body and prolongations. 
( b ) TC-like CD34 (+) vimentin (+) cells. ( c ) c-Kit (−) in corresponding site of serial slides 
(Yang et al. [ 45 ] adapted with permission)       
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   Ultrastructure observation in sham oviduct confi rmed that normal TCs display 
typical ultrastructure features: a slender piriform/spindle/triangular cell body, with 
one or more extremely long, thin, very sinuous telopodes (Tps), alteration with thin 
(podomers) and thick segments (podoms), stretched from cell bodies to different 
directions. In addition, a rich amount of organelles, such as mitochondria, rough 
endoplasmic reticulum, cytoskeletal elements, caveolae and microvesicles, is 
located within podoms (Fig.  18.5 ). TCs are distributed around the perivascular 
space; two or three layers of TCs formed almost a complete sheath with Tps and 
surrounded the vascular endothelial cells, with homocellular or heterocellular junc-
tions among Tps or fi brocytes and pericytes (Fig.  18.5a ). Moreover, TCs also 
scattered among smooth muscle cells (SMC), with heterocellular junctions between 
them, and microvesicles are contained in Tps and synaptic cleft (Fig.  18.5b ).
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  Fig. 18.3    Double-labelled immunofl uorescence IHC confi rmed TCs with typical morphology and 
immunophenotype of CD34 (+)/vimentin (+); c-kit-negative images not shown; scale bar = 20 μm. 
( a ) In sham control, CD34 ( red ) overlying vimentin ( green ) both in cellular body and telopodes (Tps) 
(solid  arrows ) around perivascular space (CD34-positive capillary cells, indicated by  dotted arrows ). 
( b ,  c ) In EMs-affected oviduct, TCs with intact structure were scarce or even undetectable, decreased 
signifi cantly in number. * P  < 0.05. Error bars = SD (Yang et al. [ 45 ] adapted with permission)       
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  Fig. 18.4    iNOS ( a ), COX-2 ( b ), LPO ( c ) and estradiol ( d ) increased signifi cantly in EMs-affected 
oviduct tissue, as compared to sham control. * P  < 0.05. Error bars = SD (Yang et al. [ 45 ] adapted 
with permission)       

a
a b

c

a b

c

b

  Fig. 18.5    Normal TCs. ( a ) Perivascular TCs. ( a ) By Tps (podom and podomer,  black arrows ), 
TCs completely enwrap vascular endothelial cells (E) and pericyte (P). Mitochondria (M), rough 
endoplasmic reticulum (rER). ( b  and  c ) Higher magnifi cations of the  blue boxed  areas within “a”: 
homocellular and heterocellular junctions between TCs ( white arrows  in “b”) and fi brocyte (Fb; 
 black arrows  in “c”). ( b ) TCs among smooth muscle cells (SMCs). ( a ) Heterocellular junctions 
between Tp and SMC. ( b  and  c ) Higher magnifi cations of the blue boxed areas within “a”: extra-
cellular vesicles in synaptic cleft ( white arrows ) (Yang et al. [ 45 ] adapted with permission)       
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   However, in EMs-affected oviduct tissue, which is confi rmed by typical ectopic 
endometriotic glands (Fig.  18.6a ), extensive ultrastructural damage or complete loss of 
TCs was observed (Fig.  18.6b–e ), such as loss of organelles, swollen cell nucleus and 
mitochondria, cytoplasmic vacuolization, endoplasmic reticulum dilatation and swollen 

  Fig. 18.6    TC damage in EMs-affected oviduct tissue. ( a ) Ectopic endometriotic glands with dense 
secretory granules, with close contact to Tps ( white arrows ). ( b ) Perivascular TC damage and tis-
sue fi brosis, with nearly normal endothelial cells ( E ). ( a ) Disintegration of TC network, with swol-
len cell junctions ( white arrows ). ( b – d ) Higher magnifi cations of the  blue boxed  areas; ( b  and  c ) 
cellular organelles damage, cell nucleus ( N ) and mitochondria ( m ) swollen, dilatation of rough 
endoplasmic reticulum (rER), cytoplasmic vacuolization ( v ). ( d ) Excessive amount of collagen 
fi bres (Coll) embedded by damaged Tps. ( c ) Perivascular TC damage ( white arrows ), with endo-
thelium ( E ) damage. ( d ) Heterocellular junctions between slightly damaged TCs and mast cells 
(MC;  white arrows ), together with tissue fi brosis (collagen fi bril, Coll). ( e ) Damaged TCs nursed 
a group of putative normal stem cells (SC) to develop a possible SC niche, with heterocellular 
junctions between them ( white arrows ) (Yang et al. [ 45 ] adapted with permission)         
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cell junctions. Interestingly, TC damage with normal endothelial cells and SC, nearly 
normal TCs with severely damaged microvessels, abundant collagen fi bres and tissue 
fi brosis can also be observed (Fig.  18.6b, d, e ). In addition, TCs developed heterocellu-
lar synapse to mast cells (MCs) (Fig.  18.6d ) and stem cell (SC) (Fig.  18.6e ), suggesting 
potential participation in local immunoregulation and stem cell-mediated tissue repair.

   This successfully constructed rat model displays ectopic endometriotic vesicles 
macroscopically and infl ammation microscopically, with overproduced iNOS, 
COX-2, LPO and estradiol in oviduct tissue. This kind of rat model resembled clinic 
physiopathology of EMs and thus suitable for TCs and infertility research. 

 Classically, oviduct stromal cells are mainly composed of myocyte and immuno-
cytes such as dendritic cells, macrophages, mast cells, plasma cells, eosinophils and 
lymphocytes, plus interstitial cells of Cajal (ICC) as pacemaker for smooth muscles 
[ 57 ]and fi broblasts as effector cells for tissue fi brosis [ 40 ]. Each of them was essen-
tial in reproductive process. However, we reported for the fi rst time that the newly 
discovered TCs participate in the maintenance of structural and functional integrity 
of normal oviduct tissue. And in EMs-affected oviduct, we found infl ammation and 
reactive oxygen species-induced extensive TC damage and demonstrated a broad 
involvement of TCs with tissue fi brosis in EMs-affected oviduct wall and parallel 
trends of TC damage with the severity of EMs. 

 Although the exact roles of TCs are supposed merely based on their distribution and 
intercellular connections, oviduct TC damage might cause (i) dysregulation of inter-
cellular signalling, such as impaired immunoregulation/immunosurveillance, attenu-
ated intercellular signalling and oviduct contractility; (ii) impaired stem  cell- mediated 
tissue repair/regeneration and remodelling of interstitial fi brosis; and (iii) derangement 
of 3-D interstitial architecture, which were structural support for intercellular signal-
ling, tissue repair/remodelling and homeostasis. All in all, the newly identifi ed TCs 
provide a new explanation for structural and functional oviduct disease. 

 In the future, animal models with TC network depletion will be more helpful to 
clarify what exactly happened on the pathway, by which TCs mediate cell interactions 
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Fig. 18.6 (continued)
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with other structural components of oviduct, and unveil the real functional conse-
quences of TC damage on reproductive process. In addition, comparative high-
throughput analysis for TCs between disease-affected and disease-unaffected 
tissues would provide more insights into potential roles of TCs in oviduct patho-
physiology. On the other hand, whether uterine TCs simultaneously underwent cell 
damage and cause uterine dysfunction may be another critical topic. Interestingly, 
as accompanied by normal endothelial and SC, the mechanism of why TCs were 
seemingly less tolerant in the disturbed pelvic milieu needs further elucidation. 
Finally, whether TC transportation (together with or without stem cells), rebuilding 
TC network, can promote regeneration and reparation of disease-affected tubal 
damage, oviduct fi brosis and fertility disorders is worthy of future research.  

18.3     In Vivo Ultrastructure Damage of TCs in Acute 
Salpingitis-Affected Rat Oviduct Tissues 

 Acute salpingitis (AS) is a kind of acute pelvic infl ammatory diseases; it causes 
severe damage to a subset of classically described cells lining in the oviduct wall 
and fi nally leads to interstitial fi brosis and tubal factor sub- or infertility. However, 
with recent increasing reports regarding TC damage in various disease-affected tis-
sues, potential involvement and pathophysiologic role of TCs in AS-induced tubal 
factor fertility problems remain unknown. 

 In order to get AS-affected rat oviduct tissues, the rat model of AS was estab-
lished, the injection of bacterial liquid (0.1 ml, 2 × 10 7  E. coli) into both sides of ovi-
duct lumens was performed only after entering the abdominal cavity via lower 
midline trans-abdominal incision under aseptic conditions. The open surgery was 
done before injection [ 58 ]. The same amount of sterile saline instead of bacterial 
liquid served as the sham control. Then, 7 days later, both sides of oviducts were 
obtained for HE, IHC, immunofl uorescence IHC and TEM observation. 

 AS was confi rmed by acute infl ammation within oviduct tissues under HE stain-
ing, by massive neutrophil infi ltration under CD177 immunostaining (Fig.  18.7a–d ) 
and simultaneously by single-labelled immunofl uorescence IHC and quantitative 
analysis, which showed signifi cant overproduced infl ammatory factors (iNOS, 
COX-2) (both  P  = 0.000; Fig.  18.7e–f ).

   TC immunodiagnosis was performed by double-labelled immunofl uorescence 
IHC and confi rmed the existence of rich amount of CD34/vimentin double-positive 
TCs around perivascular space of the sham group. TCs showed typical cell body and 
two or more extremely long/thin prolongations, as well as double immunofl uores-
cence in its full length (Fig.  18.8a ). While there were no co-expression of vimentin 
and c-kit in cell bodies or prolongations of TCs (images not shown). Nevertheless, 
in sections from AS-affected oviduct tissues, CD34/vimentin double-positive TCs 
with intact structure signifi cantly decreased and were sparse or completely absent 
( P  = 0.000; Fig.  18.8b, c ).

   Ultrastructure observation under TEM identifi ed normal TCs by their character-
istic ultrastructure features (Fig.  18.9a, b ). TCs enwrap the whole capillaries with 
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  Fig. 18.7    Oviduct infl ammation confi rmed by HE staining ( a ,  b , scale bar = 40 μm), IHC ( c ,  d , scale 
bar = 20 μm) and single-labelled immunofl uorescence IHC and quantitative analysis (e, f). ( a ,  c ) 
Normal oviduct tissues, with no signs of infl ammatory cells infi ltration indicated by negative CD177 
IHC. ( b ,  d ) Acute infl ammation in AS-affected oviduct tissues showed signs of SMC and capillary 
swelling, interstitial congestion, exudation, oedema and interstitial fi brosis ( b ,  black arrows ) and mas-
sive neutrophil infi ltrations, suggested by strong positive CD177 IHC ( d ,  white arrows ). ( e ,  f ) COX-2 
(e) and iNOS (f) increased signifi cantly in AS-affected oviduct tissue, as compared to sham control. 
* P  < 0.05. Error bars = SD (Yang et al. [ 46 ] adapted with permission)       
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long Tps or scattered in SMC bundles in mucosa and muscular layer of the sham 
oviduct, with complex homocellular and heterocellular junctions with adjacent cell 
components, thus organizing a unique 3-D network, providing mechanical support 
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  Fig. 18.8    TCs with typical morphology and double-positive CD34 (+)/vimentin (+) were con-
fi rmed by double-labelled immunofl uorescence IHC. c-Kit-negative images not shown; scale bar = 
20 μm. ( a ) In sham control, CD34 ( red ) overlying vimentin ( green ) in whole length of TCs ( solid 
arrows ). ( b  and  c ) In AS-affected oviduct tissues, CD34/vimentin double-positive TCs with well- 
defi ned nuclei were less densely stained (solid arrows), signifi cantly decreased in cell number. 
* P  < 0.05, error bars = SD (Yang et al. [ 46 ] adapted with permission)       
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or structural basis for interstitial compartment and communicating and potentially 
affecting any of nearby different cell types.

   Nevertheless, in AS-affected oviduct tissues, TCs displayed multiple ultrastruc-
tural damage both in cellular body and Tps, together with obvious TC loss, dis-
rupted TC-SC niches (TC-SCNs) and excessive collagen content (Fig.  18.10 ). 
Furthermore, impaired homocellular or heterocellular junctions connected by TCs 
and adjacent cells also cause dearrangement of interstitial 3-D network. And 
 especially, TCs can also be observed to connect with the activated immunocytes 
with dense secretory granules (mononuclear cells, MO; eosinophils, Eo; Fig.  18.10a, 
c ) and thus might be involved in local immunoregulation and functionally affect 
(repression or activation) local immune state.

   These results provided the fi rst evidence that oviduct TCs displayed infl ammatory- 
induced extensive ultrastructure damage, with obvious cell loss, decrease or almost 
complete absence in the successfully constructed AS-affected oviduct tissues, which 
were confi rmed by acute infl ammation, interstitial fi brosis, numerous neutrophils 
infi ltration and overproduced iNOS and COX-2. 

 Similarly, in the fi rst part of this chapter, the aseptic-based infl ammation also 
causes TC damage in EMs-affected oviduct tissues [ 45 ], herein strengthening the 
broad involvement of TC damage in infection-based infl ammatory AS-affected 
 oviduct tissues. Nevertheless, although none of the supposed pathophysiologic 
functions have yet been proven defi nitive for oviduct TCs, based on their distinct 
ultrastructure, distribution and immunophenotype, we suggested that TC damage 

a b

  Fig. 18.9    Normal TCs in perivascular space or among smooth muscle bundles.  RBC  red blood 
cells,  E  vascular endothelial cells,  m  mitochondria,  rER  rough endoplasmic reticulum. ( A ,  a ) By 
Tps, which was composed of podoms and podomers, TCs surrounded and developed heterocellular 
contact with SMCs ( white arrows ) in perivascular space. ( b ) Higher magnifi cation of the  blue 
boxed  area; homocellular contacts ( black arrow ) between TCs and heterocellular connections with 
 E  ( white arrows ). ( B ,  a ) Perivascular TCs scattered among SMCs. ( b ) Higher magnifi cation of the 
 blue boxed  area: abundant mitochondria ( m ) and microvesicles ( black arrows ) within podom and 
heterocellular junctions between Tps and SMCs ( white arrows ) (Yang et al. [ 45 ] adapted with 
permission)       
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might consequently lead to structural and reproductive functional abnormalities of 
oviduct, probably via the following mechanisms:

    (i)    Ultrastructure damage, such as loss of multiple subcellular organelles within 
cellular body and Tps, will subsequently cause decreased synthesis of energy 
and substances, presumably, e.g.  TC-specifi c genome, microRNAs and pro-
teomic profi les, ion channels, neurotransmitter and cytoskeletal elements, 
which were all key elements for complex functions and activities of TCs, such 
as electrophysiology, dynamics of Tps in terms of adherence, spreading/exten-
sion and ramifi cation, etc.   

   (ii)    Swollen or loss of heterocellular (planar or point) junctions between Tps and 
nearby cells, e.g. capillaries, SMCs, activated immunocytes and SCs, will 
inevitably decrease TC-mediated intercellular signalling and proposed func-
tions, such as tissue repair/regeneration, homeostasis/angiogenesis, immuno-
regulation, neurotransmission/muscular contraction, etc.   

   (iii)    Loss of strategic position and disintegrating of extracellular 3-D architecture 
which resulted from TC damage, will change correct organization or mechani-
cal support for different structural components of interstitium; disturb cell 
migration or chemotaxis (SCs, activated immunocytes, etc.); impair intercel-
lular signal transduction, coordination and integration between TCs and adja-
cent cells; and fi nally cause interstitial fi brosis. Interestingly, although previous 
studies suggested that TC loss might occur before the onset of fi brotic recon-
struction of the intestinal wall [ 41 ], now it still lacks molecular evidence to tell 
whether TC loss happened before the onset of oviduct fi brosis or it is just being 
merely a consequence of the fi brotic process.   

   (iv)    Finally, a special intra-tubal immune state was essential for a successful fertil-
ization, early embryonic development and transportation. However, heterocel-
lular junctions between impaired TCs and the activated immunocytes (MO, 
Eo) might affect local immune state or infl ammatory response by either repres-
sion or activation of secretion of various cytotoxic cytokines/enzymes. 
Subsequently they will likely to cause immune-mediated early pregnancy fail-
ure, such as intra-tubal sperm phagocytosis, impaired fertilization, defective 
early embryo growth, abnormal transportation and implantation.    

  Fig. 18.10    TC damage in AS-affected oviduct tissues, with tissue fi brosis. ( A ,  a ) Degenerated Tps 
developed heterocellular contact with activated mononuclear cells (MO), which contained dense 
secretory granules, together with eosinophil (Eo) and neutrophil (PMN) infi ltration. ( b ) Higher 
magnifi cation of the blue boxed area: degenerated Tps connected to activated MO ( black arrows ), 
with swollen mitochondria (m) and vacuoles ( white arrows ) in Tps. ( B ,  C ) Intercellular contacts 
became wider or disappeared ( black asterisks ) between a group of putative stem cells (SCs) and 
damaged TCs and Tps ( black arrows ), between Tps and activated eosinophils (Eo) containing 
dense secretory granules ( white asterisk ) in disrupted TC-SC niches. Swollen mitochondria (m), 
cytoplasmic vacuolization ( white arrows ) in Tps and dissolution of SMCs can also be observed. 
( D ) Perivascular TCs and Tps, endothelial cell ( E ) and pericyte ( P ) damage: swollen mitochondria 
(m), rough endoplasmic reticulum (rER) dilatation and cytoplasmic vacuolization ( white arrows ) 
(Yang et al. [ 45 ] adapted with permission)       
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  Nevertheless, future work should take the following into consideration, such as 
the underlying molecular and cellular mechanisms for TC damage in the setting of 
different oviduct diseases and downstream pathway of TC involvement in differen-
tiation/activation of fi broblasts/fi brocytes and accompanied fi brosis, in local infl am-
matory process/immunoregulation and possibly in immune-mediated early 
pregnancy failure.  

18.4     In Vitro Immunomodulation of Mouse Peritoneal 
Macrophages by Uterine TCs 

 The fi rst two parts of this chapter describe in vivo heterocellular junctions between 
TCs and various adjacent immunocytes, including mononuclear cells, mast cells, 
eosinophils and neutrophils, both in normal and infl ammatory-affected oviduct tis-
sue in SD rat model, suggesting potential involvement of TCs in local immunoregu-
lation or immunosurveillance. Therefore, we hypothesized that through direct 
heterocellular junctions or indirect paracrine effects, TCs might have the ability to 
infl uence the activity of immunocytes and then be involved in local infl ammatory 
process or in immune-mediated various reproductive abnormalities. 

 Nevertheless, so far, no reliable in vitro cytological evidence is available to sup-
port the proposed immunoregulation/immunosurveillance role for TCs. The aim of 
this part of study is to confi rm the aforementioned in vivo fi ndings, by evaluating 
in vitro paracrine effect of uterine TCs on mouse peritoneal macrophages (pMACs). 
Therefore, mouse pMACs were designed to coculture with uterine TC-conditioned 
media (TCM) for 48 h, followed with study of in vitro morphology, viability and 
cytokines/enzyme production by pMACs [ 59 ]. Meanwhile, applying the same 
amount of DMEM/F12 or lipopolysaccharide (LPS) instead of TCM served as neg-
ative and positive controls, respectively. 

 To harvest uterine TCs, mice uterine tissues were used for primary culture, and 
in vitro TC identifi cation was carried out by methylene blue staining, mitochondrial 
labelling and double immunofl uorescence cytochemistry. And then uterine TCs 
were clearly identifi ed based on its typical morphology: small bipolar or multipolar 
cell body with extremely long Tps, which composed of podomers and podoms; and 
by Tps, TCs formed homocellular contacts (Fig.  18.11a–c ). In addition, active 
energy metabolism was indicated by mitochondria labelling (Fig.  18.11d ). 
Furthermore, double-positive CD34/vimentin was obvious both in the cell body and 
its alternating thick and thin segments of Tps (Fig.  18.11e ).

   Morphological study of pMACs demonstrated that after 48 h of coculture with 
TCM, DMEM/F12 or LPS (0.5 μg m L-1), obvious activation/immunoresponse of 
pMACs was elicited by TCM, in contrast to overstimulation or cell death by LPS 
exposure and no sign of activation by DMEM/F12 (Fig.  18.12a–c ). Further quantitative 
cell viability assay of pMACs by a cell counting kit 8 (CCK-8) indicated signifi cant 
activation of pMACs by TCM and LPS, as compared to DMEM/F12 (Fig.  18.12d ) 
(both  P  < 0.05), with no signifi cant difference between TCM and LPS ( P  > 0.05), thus 
verifying obvious cell morphological differences among three groups.
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   Quantitative analysis of a panel of pMAC-derived cytokines/enzyme showed that 
interleukin-6 (IL-6) and iNOS were signifi cantly elevated in TCM-treated pMACs; 
tumour necrosis factor a, IL1-R1 and IL-10 were also signifi cantly, but slightly, up-
regulated (all  P  < 0.05; Fig.  18.13a, b ). Meanwhile, no changes were observed for 
transforming growth factor-b1, IL-1b, IL-23a and IL-18 (all  P  > 0.05; Fig.  18.13b ).

   These data provided preliminary in vitro evidence and support our hypothesis 
that TCs are not merely innocent bystanders in the interstitial compartment but are 
instead potential functional active players in local immunoregulation or 
immunosurveillance. TCs display the ability to trigger the activation of pMACs and 
potentially induce a subsequent in vitro immune response, manifested by morphol-
ogy and viability alterations, and secretion of multiple cytokines/enzyme, likely 
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  Fig. 18.11    Typical TCs in primary culture from the mouse uterus demonstrated characteristic cell 
body and Tps, alternating with podoms and podomers that developed homocellular network ( black 
arrowhead ). ( a  and  b ) Phase-contrast microscopy. ( c ) Methylene blue staining under phase- 
contrast microscopy. ( d ) MitoTracker Green staining indicated extensive fl uorescence and cell 
metabolism around intercellular connections between Tps and other cells ( white arrow ). ( e ) Typical 
TC morphology with immunophenotype of CD34 (+)/vimentin (+)/c-kit (−) indicated by double-
labelled immunofl uorescence IHC. Scale bar = 50 μm (Chi et al. [ 59 ] adapted with permission)       
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through indirect paracrine effects. Such ability was similar to but slightly weaker 
than the classical stimulus, LPS. 
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  Fig. 18.12    Morphology and viability changes of mouse pMACs after exposure to TCM, DMEM/
F12 or LPS (0.5 μg mL-1) for 48 h. ( a ) No signs of cell activation in DMEM/F12 group, mani-
fested by normal morphology with regular round shape, abundant clear cytoplasm and wider inter-
cellular spaces. ( b ) Moderate activation/immune response in TCM group, manifested by obvious 
morphological changes, including polyhedron shape, large and suffi cient pseudopodia, abundant 
granules within the cytoplasm and narrow intercellular spaces. ( c ) Excessive activation in LPS 
group, manifested by irregular, doublet or multiple shapes and cell death, indicated by cell mem-
brane blebbing, cell body atrophy and nuclear condensation or fragmentation. ( d ) TCM and LPS 
both signifi cantly activated pMACs (* P  < 0.05 versus DMEM/F12), with no signifi cant difference 
between TCM and LPS ( P  > 0.05), error bars = SD (Chi et al. [ 59 ] adapted with permission)       
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 We believe that TCM inducing the panel of elevated cytokines/enzymes might 
play important roles in reproduction. iNOS is an enzyme catalysing the production 
of nitric oxide (NO) from L-arginine. iNOS produces large quantities of NO upon 
stimulation, such as by pro-infl ammatory cytokines (e.g. interleukin-1, tumour 
necrosis factor alpha and interferon gamma). iNOS has been suggested to  participate 
in host immunity, antimicrobial and antitumour activities as part of the oxidative 
burst of macrophages. Furthermore, it has been proposed that excessive NO gener-
ated through increased iNOS production may decrease tubal ciliary beats and 
smooth muscle contractions and thus affect embryo transport, which may conse-
quently result in tubal ectopic pregnancy and tubal factor infertility and probably 
also in uterine contractility disorders [ 60 ]. 

 Moreover, high IL-6 levels might cause improper endometrial environments and 
implantation failure. And overexpression of TNF-a not only stimulates the pathological 
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  Fig. 18.13    ELISA analysis of nine pMACs-related cytokines/enzymes after exposure to TCM, 
DMEM/F12 or LPS (0.5 μg mL-1) for 24 and 48 h, respectively. The bars that share a common 
letter represent either non-signifi cant difference ( P  > 0.05), or their values were too low for any 
biological behaviour. ( a  and  b ) iNOS and IL-6 were overproduced signifi cantly, together with 
TNF-a, IL1-R1 and IL-10 slightly, but signifi cantly increased in TCM and LPS groups, as com-
pared to DMEM/F12 (all  P  < 0.05), either at 24 or 48 h, by one-way ANOVA, followed by signifi -
cant differences between DMEM/F12 and test values by Dunnett’s test (all  P  < 0.05) and signifi cant 
differences within TCM and LPS groups at the 24 and 48 h time points, respectively, by  t -test (all 
 P  < 0.05). ( b ) No signifi cant changes in TGF-b1, IL-1b, IL-23a and IL-18 were observed (all 
 P  > 0.05) (Chi et al. [ 59 ] adapted with permission)       
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production of NO but also causes toxicity in multiple reproductive processes, such 
as implantation failure and immune-mediated abortion. Also, up-regulation of 
IL-1R1 by TCM might cause abnormal peri-implantation state and fi nally lead to 
failure of blastocyst implantation. Moreover, overproduction of IL-10, which was 
essential for a successful pregnancy, might lead to an adverse pregnancy outcome. 

 Generally, TCs release three types of extracellular vesicles (EVs): exosomes, 
ectosomes and multivesicular bodies. EVs contain many secretomes and transfer 
complex multimolecular biological messages from Tps [ 14 – 30 ,  61 ]. Paracrine 
secretion mediated cell proliferation, differentiation and tissue repair has been pro-
posed for TCs in many studies. Specifi cally, uterine TCs can shed or released EVs 
and/or exosomes from Tps [ 16 ,  20 ,  25 ]. TCs from other organs/tissues also release 
soluble mediators, containing IL-6, VEGF and nitric oxide [ 34 ,  50 ,  61 ]; and IL-6, 
VEGF, macrophage infl ammatory protein 1a (MIP-1a), MIP-2 and monocyte che-
moattractant protein 1 (MCP-1), IL-2, IL-10, IL-13 and growth-related oncogene/
keratinocyte-derived chemokine (GRO-KC) were signifi cantly expressed in the sec-
retome of cultured rodent cardiac TCs [ 61 ]. These multiple paracrine mediators 
might be essential for intercellular communication (long distance) and regulate the 
activity of neighbouring immunocytes, thus achieving the immunoregulation/
immunosurveillance roles of TCM. However, behind the general concepts of para-
crine effects, we still wondered what were the underlying cellular and molecular 
mechanisms. The exact pathway (nuclear factor kappa B, NF-kB, or else) and/or 
complex networks, which are responsible for the crosstalk between pMACs and 
TCM, maintenance of pMAC activation and subsequent overproduction of the panel 
of cytokines/enzymes, remain to be fully elucidated. 

 More questions still need to be answered, whether this immunomodulation role 
is only specifi c for uterine TCs or exists widely in other organs/tissues. And whether 
the observed near-infrared low-level laser stimulation of human myometrium TC 
growth [ 62 ] might also provide a potential choice for TC-associated abnormalities 
related to local reproductive immunity remains to be determined. Last but not least, 
to confi rm this in vitro result, animal models will be more helpful to better clarify 
or strengthen in vivo functional consequences of the proposed immunoregulation/
immunosurveillance roles of TCs. Then we can forward clinical applications of TCs 
in immune-mediated fertility problems and other related diseases.     
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    Chapter 19   
 Electrophysiological Features of Telocytes                     

     Daniel     Dumitru     Banciu    ,     Adela     Banciu    , and     Beatrice     Mihaela     Radu    

    Abstract     Telocytes (TCs) are interstitial cells described in multiple structures, 
including the gastrointestinal tract, respiratory tract, urinary tract, uterus, and heart. 
Several studies have indicated the possibility that TCs are involved in the pacemaker 
potential in these organs. It is supposed that TCs are interacting with the neighboring 
muscular cells and their network contributes to the initiation and propagation of the 
electrical potentials. In order to understand the contribution of TCs to various excit-
ability mechanisms, it is necessary to analyze the plasma membrane proteins (e.g., 
ion channels) functionally expressed in these cells. So far, potassium, calcium, and 
chloride currents, but not sodium currents, have been described in TCs in primary 
cell culture from different tissues. Moreover, TCs have been described as sensors for 
mechanical stimuli (e.g., contraction, extension, etc.). In conclusion, TCs might play 
an essential role in gastrointestinal peristalsis, in respiration, in pregnant uterus con-
traction, or in miction, but further highlighting studies are necessary to understand 
the molecular mechanisms and the cell-cell interactions by which TCs contribute to 
the tissue excitability and pacemaker potentials initiation/propagation.  

19.1        Introduction 

 Telocytes (TCs) have been described in a variety of tissues/organs, including the 
gastrointestinal tract (colon, small intestine, etc.), urinary tract (urethra, prostate, 
etc.), respiratory tract (lungs, trachea, esophagus, etc.), skeletal muscle, heart, liver, 
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kidney, skin, eye, etc. [ 1 – 16 ]. Extensive immunohistochemical and electron micros-
copy studies have been conducted on TCs, but their unique features and dynamic 
changes in cell culture limited the in vitro electrophysiological analysis [ 17 ,  18 ]. In 
the last years, several patch-clamp studies have been done on TCs in order to identify 
the ion channels functionally expressed in these cells and to understand their possible 
contribution to pacemaker potentials. In this chapter will be presented the most 
recent in vitro electrophysiological studies conducted on TCs from different tissues 
and the current conclusions based on these studies. At the end of the chapter are dis-
cussed some open questions concerning the role played by TCs in the various organs.  

19.2     Which Ion Channels Are Functionally Expressed 
in Telocytes? 

 Interstitial cells (IC), interstitial cells of Cajal (ICC), interstitial Cajal-like cells 
(ICLC), and telocytes (TC) were studied in terms of ion channels in a manner which 
highlights the functions of these cells (Table  19.1 ). Their distribution in different 
tissues infl uenced the evaluation of potential roles played by these cells. It can be 
assumed that the existence of long extensions, the cell motility, and the ability to 
develop gap junctions with neighboring cells infl uence the type of ion channels 
expressed and their degree of activation and local functions.

19.2.1       Potassium Currents 

 Voltage-sensitive potassium channels K v 7.5 are involved in the excitation of the 
interstitial cells of Cajal (ICC) associated with the myenteric plexus but not with 
those associated with the submuscular plexus of the colon [ 19 ]. Immunohistochemical 
and qRT-PCR characterization revealed the presence of K v 7.5 channels in the 
colonic ICC. Carbachol, a muscarinic acetylcholine receptor agonist, inhibited the 
potassium currents, indicating a cholinergic-dependent activation of the voltage- 
sensitive potassium channels. Moreover, XE991, a specifi c Kv7 channel blocker, 
was able to abolish completely the potassium currents [ 19 ]. These currents are very 
similar to the inwardly rectifying maxi-chloride currents that were previously 
described in the ICC associated with the mouse myenteric plexus from the small 
intestine [ 29 ]. Generally, the M-current is carried through heteromeric Kv7.2 and 
Kv7.3, Kv7.3 and Kv7.5, or Kv7.4 and Kv7.5, but in the case of colonic ICC, the 
current seems to be carried exclusively through homomeric Kv7.5 channels [ 19 , 
 30 – 32 ]. By contrast to the myocytes, the ICC in the prostate are characterized by the 
absence of sensitive outward potassium currents [ 20 ]. Hyperpolarization-activated 
cyclic nucleotide currents (HCN) have been also described in mouse colonic ICC, 
but only HCN1 and HCN3 channel transcripts were detected [ 24 ]. 
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 ICC’s presence was previously described in the atrial and ventricular myocar-
dium [ 33 ,  34 ]. In order to understand the role played by TCs in heart contractility, a 
detailed analysis of the existing potassium currents was done. In atrial and ventricu-
lar TCs have been evidenced large conductance Ca 2+ -activated potassium currents 
(BK Ca ) and inwardly rectifying potassium currents (Kir), by applying paxilline and 
naringenin, or Ba 2+ , respectively. However, in these cells neither potassium outward 
currents nor the ATP-sensitive potassium currents have been identifi ed by applying 
4-aminopyridine, or pinacidil, respectively [ 21 ]. The presence of small-conductance 
calcium-activated potassium channels (SK Ca ) was also confi rmed in human uterine 
TCs; their mRNA levels were signifi cantly lower in pregnant myometrium com-
pared to nonpregnant myometrium; and SK activators were suggested to reduce 
contractility in human myometrium [ 23 ].  

19.2.2     Calcium Currents 

 Voltage-gated L-type calcium channels were evidenced in the urinary bladder based 
on nifedipine and Bay K 8644 response [ 26 ], prostate based on nifedipine response 
[ 20 ], and myometrium [ 27 ] based on TCs. These channels have different roles in 
other cell types. Voltage-gated L-type calcium channels are involved in heart auto-
maticity [ 35 – 38 ]. TCs were identifi ed in the heart [ 39 ], and it is possible that these 
cells possess such properties. Changes in urinary bladder function are made by 
streptozotocin-induced diabetes [ 40 ] and hypercholesterolemia [ 41 ] via voltage- 
gated L-type calcium channels. This may correlate with the involvement of these 
channels in cellular electrical automatism, in a manner relatively independent of 
tissue. TCs have the ability to achieve gap junctions with surrounding cells, and 
linking these issues may explain the existence of this automatism on the tissue. 
Androgens induce intracellular calcium increase via voltage-gated L-type calcium 
channels in prostate cancer cells [ 42 ]. This could explain the involvement of these 
channels in cell growth and multiplication. By extension, it is important to verify if 
these channels are involved in the cellular growth and multiplication in physiologi-
cal conditions. 

 Voltage-gated L-type calcium channels are involved in augmentation of sponta-
neous uterine contractility in pregnant rat modulated by protease-activated receptor 
2 [ 43 ]. This modulation of rhythmic contractions can be extrapolated that is impor-
tant at TC level and not just at tissue and organ levels, due to long cell extensions 
that are infl uenced by mechanical forces and due to gap junctions of TCs. Voltage- 
gated L-type calcium channels are modulated by alpha5beta1 integrin-fi bronectin 
interactions, with a role in myogenic tone and vascular wall remodeling [ 44 ]. 
Modulation of L-type Ca 2+  channels by hypoxia [ 45 ] can create a logical link in the 
pathophysiological mechanism, explaining the importance of these channels at TC 
in the muscle tissue under the infl uence promoting automatism, but also on the 
 tissue by integrating interactions between TCs and muscle cells, and achieving feed-
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back loops that include various other factors such as the vascular factors and 
humoral factors consecutively. 

 Voltage-gated T-type calcium channels (Cav3.1 and Cav3.2 subunits) were evi-
denced in the urinary bladder [ 26 ], prostate [ 20 ], and myometrium [ 27 ] on cultured 
TC and tissue strips. These channels play various roles in the smooth muscle wall 
of the blood vessels. Cav3.1 has a role on the blood vessel relaxation in an 
NO-dependent manner [ 46 ] and can induce myogenic constriction in the mesen-
teric vessels [ 47 ] and hypoxia-dependent pulmonary vasoconstriction [ 48 ]. These 
dual behaviors and the dependence on hypoxia may be extrapolated to myome-
trium, emphasizing the role of TC in uterus development and growth under hypoxic 
conditions, or even in birth control. Cav3.2 has a role in the relaxation of coronary 
vascular smooth muscles [ 49 ] and augmented contractility during oxidative stress 
[ 50 ]. Cav3.2 functions of myometrium TCs may be involved in fetal growth vascu-
lar adaptation. 

 Intracellular Ca 2+  concentration is an important excitability regulator in ICC, and 
besides the L-type and T-type calcium channels, the sodium-calcium exchanger 
(NCX3) contributes to the calcium homeostasis in the rat bladder [ 51 ].  

19.2.3     Chloride Currents 

 Human myometrial TCs have been described to present calcium-dependent 
hyperpolarization- activated chloride inward currents [ 9 ]. Ca 2+ -activated Cl −  channels 
on ICC were highlighted indirectly by chloride concentration modulation [ 52 ] and 
subsequently by response to CdCl 2  and CsCl [ 9 ] and response to nifl umic acid [ 20 ].  

19.2.4     Sodium Currents 

 Electrophysiological studies on the human myometrium failed to prove the pres-
ence of Na +  currents in TCs [ 9 ,  22 ].   

19.3     Are Telocytes Involved in the Pacemaker Activity? 

 Different types of cells, including ICC/TCs, can induce these changes through 
intracellular mediators, dynamic changes of ionic concentrations, or other local 
stimulating factors and can contribute to the existence of spontaneous electrical 
activity in various areas associated with initiation/propagation of pacemaker activi-
ties (Table  19.2 ).
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19.3.1       Role of Telocytes in the Pacemaker Activity of Internal 
Cavitary Organs 

 ICC-like cells isolated from the urethra [ 58 ,  59 ], bladder [ 62 ], prostate [ 63 ],  corpus 
cavernosum  [ 64 ], small intestine [ 56 ], embryonic intestine [ 55 ], Fallopian tube [ 60 ], 
and myometrium [ 61 ] present rhythmic fi ring activities acting also as neuromodula-
tors [ 65 ]. These cells which act as pacemakers can modulate the activities of muscu-
lar, nervous, or secretory systems. In ICC from the guinea pig prostate, the spontaneous 
transient depolarizations are initiated with the opening of a small number of Ca 2+ -
activated Cl −  channels followed by a small membrane depolarization which triggers 
the calcium infl ux through T-type calcium channels, and furthermore the summation 
of calcium transients would manifest in the pacemaker potential that opens L-type 
calcium channels in ICC and their neighboring smooth muscle cells [ 20 ]. 

 Patch-clamp experiments using cultured ICC from Balb/C mice urinary bladder 
revealed that these cells act as pacemaker, presenting individual spikes and bursting 
potentials similar to those observed in intact bladder tissues [ 53 ]. These spontane-
ous electrical potentials were inhibited by nifedipine (L-type voltage-gated calcium 
channel blocker) suggesting the involvement of these types of calcium channels 
[ 53 ]. Another study conducted on the rat bladder shows that spontaneous calcium 
activity is not infl uenced by L-type Ca 2+  channels but rather by the T-type calcium 
channels [ 66 ]. The carbachol-induced calcium oscillations were blocked by atro-
pine (a muscarinic receptor antagonist) [ 53 ,  54 ]. These fi ndings suggested the pos-
sible role of voltage-gated calcium channels and muscarinic receptors in generating 
the pacemaker behavior in bladder ICC. 

 Although, electrophysiological recordings on TCs from human myometrium 
failed to prove the presence of Na +  currents [ 9 ,  22 ], studies on transgenic mice have 
proved that longitudinal contractions of the uterus depend on a KIT signaling path-
way of ICC-like cells [ 67 ]. On the other hand, the spontaneous electrical activity 
recorded on the ICC urinary bladder, small intestine, or urethra is based on intracel-
lular calcium changes [ 53 – 59 ]. 

 Calcium imaging on urethra ICC suggests that PKA, RyR, IP3R, and NCX are 
involved in ICC pacemaker activity [ 58 ,  59 ,  65 ]. The pacemaker activity in small 
intestine ICC is modulated through 5-HT 3  and 5-HT 4  receptors, chloride channels, 
Ca 2+ -ATPase from the endoplasmic reticulum, phospholipase A, phospholipase C, 
phospholipase D, and TRPC3 [ 56 ,  57 ]. Calcium imaging studies on embryonic 
mouse intestinal ICC showed the role of L-type voltage-gated calcium channels in 
rhythmic electric activities [ 55 ]. These results revealed that the pacemaker mecha-
nism is more complex and needs to be studied in an integrated manner. Calcium 
imaging studies on embryonic mouse intestinal ICC showed the role of L-type 
voltage- gated calcium channels in rhythmic electric activities [ 55 ]. In human myo-
metrium and Fallopian tubes, Cajal-like cells/TC present spontaneous electric activ-
ity without a rhythmical pattern [ 60 ,  61 ]. 

 ICC have been proposed to be the pacemaker cells in the gastrointestinal tract. In 
the small intestine, ICC associated with the myenteric plexus are generating slow 
waves that contribute to the rhythmic muscle contractions in the proximal intestine 
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[ 68 ]. In the colon, ICC associated with the submuscular plexus contribute to slow 
waves in canine, rat, mouse, and human [ 69 – 73 ], while ICC associated with the 
myenteric plexus do not contribute to slow waves in rat and mouse but generate 
rhythmic transient depolarizations of low and variable frequency as a result of 
L-type calcium channels activation [ 72 ,  73 ]. In the colon, ICC associated with 
myenteric plexus and intramuscular plexus are cooperating for the generation of 
pacemaker activity, and their excitability is regulated by the cholinergic inhibition 
of K v 7.5 channels [ 19 ]. Hyperpolarization-activated cyclic nucleotide currents from 
mouse colonic ICC are tonically activated by basal cAMP production and partici-
pate in the regulation of the pacemaker activity [ 24 ].  

19.3.2     Role of Telocytes in the Pacemaker Activity of the Heart 

 Cav3.1 plays a role in sinoatrial node automaticity [ 74 ] and atrioventricular node 
automaticity [ 75 ]. Extrapolation of Cav3.1 involvement in TC automatism or in tis-
sues containing TC automatism requires further investigations. Cardiac TCs have 
been suggested to be implicated in cardiac rhythm and atrial fi brillation [ 76 ,  77 ]. 

 Sodium-calcium exchanger is involved in the pacemaker activity of the sinoatrial 
node [ 78 ] and in the overactive bladder in transgenic mice overexpressing NCX1.3 
[ 79 ]. It is assumed that the activity of NCX on TC is modulated by ionic concentra-
tions, by gap junctions, and telepods length that can develop the pacemaker func-
tionality of a tissue rather than of individual and independent cells. 

 Ca 2+ -activated Cl −  channels are found in many cell types and have different roles, 
among them being cardiac rhythmic depolarization, modulation of smooth muscle 
contraction, and taste receptor modulation. Their role is unknown in TCs, but the abil-
ity of these cells to have long extensions, gap junctions, and an increased dynamic of 
telepods apparently without stimulus creates opportunities for studying TC behavior 
under the infl uence of Ca 2+ -activated Cl −  channels. TC feature to have a rhythmic elec-
trical activity could be attributed to these channels. In vivo gap junctions between TC 
and adjacent cells could explain TC calcium dynamics changes in the presence of 
neighboring muscle cells and also the lack of in vivo electric automatism in the absence 
of gap junctions. Further studies are needed to assess the role of Ca 2+ -activated Cl −  
channels in TCs and their possible modulatory effect on chemoreceptors.   

19.4     What’s Next? 

19.4.1     TCs Are Sensitive to Stimuli That Modulate Membrane 
Fluidity 

 It was evidenced that TC uterine motility can be modulated by mechanical stimuli 
via optical tweezer [ 28 ]. Blocking the voltage-gated T-type calcium channels, which 
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have a degree of mechanosensitivity, decreases this optical modulation by means of 
mechanical forces. Channels that have a degree of mechanosensitivity are sensitive 
to external mechanical stimulation but also to changes in membrane fl uidity. 
Imatinib, a tyrosine kinase inhibitor that can be used in treating patients with chronic 
myeloid leukemia, may alter membrane fl uidity through alteration of lipid metabo-
lism [ 80 ]. Imatinib can decrease spontaneous contractile activity in guinea pig mod-
els and in human nonpregnant myometrium [ 81 ,  82 ]. Moreover, any change in the 
concentration of steroid hormones can cause changes in membrane fl uidity and 
infl uence the functionality of mechanosensitive-like ion channels. 

 Future studies should focus on cell-cell communication and to explore the infl u-
ence exerted on TC function by the surrounding myocytes through various factors 
that might affect membrane fl uidity. Our hypothesis is that TCs could be involved in 
the stimulation of muscle development where mechanical stress is elevated (e.g., 
uterine musculature). Besides the uterus, TCs may represent a mechanical sensor 
that contributes to the pacemaker activity in the heart, gastrointestinal tract, or uri-
nary tract.  

19.4.2     Hormonal Regulation of TCs: Role in Birth Delivery 

 We hypothesize the TCs involvement in a feedback loop control of uterus that trig-
gers the contraction initiation in birth delivery. The plasticity of the uterine muscu-
lature in pregnancy [ 83 ] might be under the infl uence of TCs that can modulate the 
activity of the surrounding myocytes. Rhythmic muscular activities are associated 
to signifi cant vascular changes in the uterus involving endocrine and humoral fac-
tors release that could be detected by TCs. 

 The increase in placental volume and the level of secreted steroid hormones can 
modulate the cellular membrane fl uidity [ 84 ,  85 ] and subsequently the activity of 
TCs, the function of myocytes, the frequency and force of contractions, and fi nally 
the endocrine feedback loop leading to fetal expulsion. These hypotheses should be 
tested in future studies on the interactions of TCs with surrounding cells in a such 
manner that can integrate mechanical and hormonal modulation with the therapeu-
tic purpose of preventing the premature birth.  

19.4.3     Integrating Information About TCs 

 There is a lack of comprehensive knowledge on the ion channels functionally 
expressed in TCs due to the variety of experimental approaches, including species, 
age differences, and methodology of analysis (in vitro and in vivo studies, staining 
on living and fi xed tissue, presence or absence of neighboring cells, etc.). An impor-
tant limitation in clinical studies is represented by the reduced number of samples 
from patients. 
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 The studies conducted so far led to the hypothesis that TCs play a role in intercel-
lular communication. However, the role of TCs in tissue excitability and pacemaker 
activity is still unclear. Therefore, it is imperative to connect all the information 
available on TCs and to understand their physiological role and their involvement in 
a variety of pathological conditions (e.g., psoriasis, myocardial infarction, focal 
lymphocytic sialadenitis, preeclampsia, ulcerative colitis, etc.) [ 86 – 90 ]. In conclu-
sion, it is a great challenge to explain how TCs with distinct protein expression 
profi les (e.g., ion channels) from different tissues are correlated with similar func-
tions, morphology, and dynamics of these cells.      
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    Chapter 20   
 The Cutaneous Telocytes                     

     Catalin     G.     Manole         and     Olga     Simionescu       

20.1          Introduction 

 The milestone paper from Professors L.M. Popescu and M.S. Faussone-Pellegrini 
entitled “ TELOCYTES  –  a case of serendipity :  the winding way from Interstitial 
Cells of Cajal  ( ICC ), via  Interstitial Cajal - Like Cells  ( ICLC )  to TELOCYTES ” 
described and characterized a new population of interstitial cells – telocytes (TCs). 
Two years later, Popescu’s team extended their research to the presence of TCs in 
the skin. Human skin is the largest organ, having a surface of 1.75 m 2 . Therefore, 
the description and documentation of the presence of a new cell type in the dermal 
stroma is very important for skin metabolism and homeostasis. In the past 6 years 
(2010–2016), the interest in TCs has increased progressively (see Fig.  20.1 ). 
According to the ISI Web of Knowledge, at the beginning of 2016 there were 175 
published papers focused on TCs, with more than 3,205 citations, leading to a 
Hirsch index of 34. In addition, the dedicated website   www.telocytes.com     was 
accessed 3,950 times (according to Google Analytics) during the last 2 months.
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20.1.1       Where Are TCs Located? 

 The TCs are found within the stroma of many human and mammalian cavitary and 
non-cavitary organs (see Table  20.1 ). There is not an accurate single immunohisto-
chemical marker for TCs; therefore, they are best identifi ed using a combination of 
markers (CD34 and PDGFRα) along with transmission electron microscopy data. 
The cardiovascular system, respiratory system, musculoskeletal system, digestive 
system, nervous system, skin, eyes, and genitourinary system are infl uenced by the 
presence of TCs within their stroma [ 19 ].

20.1.2        Why TCs Were Previously Overlooked? 

 A natural question was raised from the very beginning by Prof. L.M. Popescu, the 
“Father of Telocytes”: “Why telocytes were previously overlooked?”. In the era of 
scientifi c and technologic progress, histology is a morphological science classi-
cally considered “closed”. Perhaps the physical dimensions of TCs, especially of 
their (ultra)structural hallmarks – telopodes, prevented observation due to the 
physical limits of light (or even electron) microscopy. It is still diffi cult to view 
TC differentiation from the rest of stromal cells by light microscopy. In addition, 
TCs share immunophenotypical features with other interstitial cells and research 
is still ongoing to identify specifi c skin TC markers to individualize their immu-
nophenotype [ 7 ,  37 ]. 

 It is well-known that the resolving power of light microscopy is 0.2 μm. 
Incidentally, this value represents the mean diameter of podomers. Moreover, the 
best histological sections obtained from a microtome could be about 2–4 μm, and 
would not offer the best resolution. However, the three-dimensionality of TCs and 
distribution of telopodes might prevent capturing an entire cell in the same plane of 
section. Low magnifi cations could not discriminate the details of TCs; while, higher 
magnifi cations (immersion objectives) signifi cantly decrease the area of  observation 
in favor of more details. Hence, in light microscopy, capturing an entire TC with its 
telopodes is a lucky incident. 

  Fig. 20.1    Current publications and citations regarding telocytes in the ISI Web of Knowledge       
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 When using light microscopy in usual histology, another major obstacle in dis-
criminating TCs is their similarity with the surrounding fi broblast-like cells, and 
also their close apposition with these cells. Hence, the best combination of immu-
nohistochemistry markers must be used for TCs. Based on their positive marker 
expression for CD34, c-kit/CD117, and vimentin, two TC subtypes were docu-
mented in the human dermis [ 7 ,  37 ]. These data are supported by the most recent 
results of Vannucchi et al. regarding the co-existence of multiple subpopulations of 
TCs (perhaps with organ function adapted morphologies) in the urinary bladder 
[ 64 ], and the existence of multiple immunophenotypes of cardiac TCs [ 9 ]. 

 The resolution of electron microscopy is limited by the size of the observation 
area, since there is a higher range of magnifi cations. However, a low transmission 

   Table 20.1    The cavitary and non-cavitary organs where interstitium telocytes are located   

 Organ  Reference 

 Cardiovascular system  Heart (epicardium, myocardium, 
endocardium) 

 [ 9 ,  23 ,  30 ,  51 ,  53 ,  62 ] 

 Heart valves  [ 69 ] 
 Pulmonary veins  [ 49 ] 
 Aorta, blood vessels  [ 6 ,  32 ,  70 ] 

 Respiratory system  Trachea and bronchi  [ 56 ,  72 ,  74 ] 
 Lungs  [ 21 ,  50 ,  59 ,  71 ,  72 ,  74 ] 
 Pleura  [ 27 ] 

 Nervous system  Meninges and choroid plexus  [ 48 ] 
 Musculoskeletal system  Striated muscle  [ 3 ,  17 ,  61 ] 

 Fascia lata  [ 16 ] 
 Skin  Papillary dermis and reticular dermis  [ 7 ,  13 ,  29 ,  57 ] 
 Eye  Limbus and uvea  [ 35 ] 
 Digestive system  Esophagus  [ 10 ] 

 Duodenum  [ 4 ] 
 Jejunum  [ 12 ] 
 Colon  [ 65 ] 
 Salivary glands  [ 1 ,  43 ] 
 Liver  [ 66 ,  67 ] 
 Gallbladder  [ 38 ] 
 Pancreas  [ 44 ,  45 ] 

 Hematopoietic organs  Spleen  [ 8 ] 
 Bone marrow  [ 33 ] 

 Genitourinary system  Mammary gland  [ 39 ,  41 ,  47 ] 
 Fallopian tube  [ 49 ,  68 ] 
 Myometrium  [ 14 ,  15 ,  54 ] 
 Placenta  [ 60 ] 
 Kidney  [ 34 ,  52 ,  73 ] 
 Ureter and urinary bladder  [ 22 ,  55 ,  64 ] 
 Prostate  [ 11 ] 
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electron microscopy magnifi cation does not permit a clear discrimination of TCs 
from the other surrounding cells. Also, a higher transmission electron microscopy 
magnifi cation offers ultrastructural details, but drastically decreases the area of 
observation, not allowing the identifi cation of a TC. To obtain ultrastructural details 
of a complete TC, collages were made from many increased resolution images. 
However, the most reliable method for identifi cation of TCs remains transmission 
electron microscopy [ 5 ].   

20.2     Telocytes in Human Normal Skin 

20.2.1     The Ultrastructure of Skin TCs 

20.2.1.1     General Aspect 

 Ultrastructurally, dermal TCs recapitulate the features of TCs described in other 
organs [ 7 ]. As observed in Fig.  20.2a , in transmission electron microscopy, dermal 
TCs have:

     (a)    A small ovoid cell body;   
   (b)    A large nucleus (~25 % of cell volume) with a considerable amount of euchro-

matin, but also heterochromatin (appears as clusters attached to the inner face 
of the nuclear envelope) [ 49 ];   

   (c)    Scarcely perinuclear cytoplasm with a small number of mitochondria (~5 % of 
cell volume), small amount of Golgi cisterns, rough and smooth endoplasmic 
reticulum, as well as elements of the cytoskeleton [ 49 ];   

   (d)    The existence of an intermittent thin basal lamina;   
   (e)    Considerable amount of caveolae;   
   (f)    Several cellular prolongations. The number of cellular prolongations give differ-

ent shapes to the cellular body: piriform (1 prolongation), spindle shape (2 pro-
longations), triangular (3 prolongations), and stellate (4 or more prolongations).    

  The cellular prolongations of dermal TCs represent their (ultra)structural hall-
marks, and were termed  telopodes . In fact, considering the proximate genus and 
specifi c difference, we may state that the shortest defi nition for a TC is “a cell with 
telopodes” (Popescu 2010).  

20.2.1.2     Telopodes 

 The cellular prolongations of TCs, telopodes, have the following distinctive ultra-
structural attributes (Fig.  20.2b ):

    1.    The  number  of visible telopodes is usually two to three. However, depending on 
the angle and how the plane of section is intercepting the cell, there are two to 
fi ve visible telopodes within transmission electron microscopy images.   
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   2.    The  length  of telopodes, measured on electron microscopy images, ranged from 
29.88 to 74.52 μm (mean: 46.37 ± 12.63 μm). Moreover, telopodes are slender 
cellular prolongations, with a width ranging between 47.40 and 129.51 nm 
(mean: 90.86 ± 30.79 nm).   

   3.    Telopodes  suddenly emerge  from the cell body and following a sinuous trajec-
tory within tissue.   

   4.    In terms of caliber, telopodes appear to be  uneven caliber structures  (mostly 
below the 0.2 μm resolving power of light microscopy, but entirely visible under 
transmission electron microscopy).   

   5.    Telopodes are made up of alternating thin segments ( podomers ; 40–100 nm 
diameters) and dilated segments ( podoms ; 200–500 nm diameters). This alterna-
tion creates the “ beads - on - string ”  appearance  of telopodes.   

   6.    Podoms typically contain elements of endoplasmic reticulum, mitochondria, and 
caveolae. The association of these ultrastructural elements is specifi c to “ Ca   2 +  
 uptake / releasing units ”.   

  Fig. 20.2    Telocyte layers 
in human skin appendages. 
( a ) Telocytes ( blue ) form 
layers around an eccrine 
sweat gland mixed with 
nerve endings (NE). 
( b ) Telocytes are typically 
associated with mast cells. 
 Tp  telopodes (Reproduced 
with permission from 
Ceafalan et al. [ 7 ])       
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   7.    Through telopodes, TCs are involved in a  3D network , either physically (by 
junctions) or chemically (by paracrine secretion).    

  This ultrastructural profi le shows that TCs are completely different from fi bro-
blasts (Fig.  20.3 ). In the dermis, by homocellular and heterocellular junctions (e.g. 
 puncta adhaerentia minima ,  recessus adhaerente , or gap junctions; details in sub-
chapter “Telocytes: connecting cells”), TCs are organized in a 3D network. They 
form a spatially distributed labyrinthine network by convolutions and overlapping 
[ 7 ]. On the other hand, the connection between TCs (or between TCs and other 
cells) could be mediated by paracrine secreted signaling molecules or microRNA 

(via shed vesicles) [ 13 ].    

20.2.2     FIB-SEM Tomography of Ultrastructural TCs 

 A recent study [ 13 ] took advantage of a very new and powerful technique, focus ion 
beam scanning electron microscopy (FIB-SEM), and showed the 3D spatial confor-
mation of TCs in the human dermis. The computer-assisted reconstruction of serial 
sections revealed subcellular volumetric details of TCs and provided additional 
valuable fi ndings regarding the spatial conformation of telopodes. Thus, under FIB- 
SEM, telopodes appear either as uneven ribbon-like segments (fl attened veils with 
knobs as equivalents for podoms), or uneven tubular structures with irregular dila-
tions (homologue for podoms). Moreover, the volumetric 3D reconstruction after 
FIB-SEM tomography showed that dermal TCs are responsible for shedding 
microvesicles (dimensions >100 nm) rather than exosomes (dimensions <100 nm). 
In normal skin, TCs are predominantly distributed in the reticular dermis. The den-
sity of TCs is reduced in the papillary dermis. In the reticular dermis, TCs were 
found around blood vessels, within the perifollicular sheath, outside the glassy 
membrane, and surrounding sebaceous glands, arrector pili muscles, and eccrine 
sweat glands (secretory and excretory parts). Around skin adnexa, TCs create two to 
three incomplete concentric sheaths [ 7 ].  

20.2.3     The Immunohistochemical Profi le of TCs 

 The TCs could have different immunophenotypes, depending on their subtype and 
distribution in skin. Immunohistochemistry was used to distinguish and character-
ize TCs from other interstitial cells of the dermis. Using immunofl uorescence, it 
was shown that skin TCs were positive for CD34 or c-kit/CD117 expression, mainly 
in the reticular (but also papillary) dermis [ 7 ]. These cells were also positive for 
vimentin. These data indicate there are two subtypes of skin TCs that share the same 
morphology: CD34/vimentin positive TCs (situated mainly in the reticular dermis, 
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  Fig. 20.3    Transmission electron microscopy of the normal human dermis. ( a ) A telocyte (and its 
telopodes – Tp) is visible in the papillary dermis, parallel with the basal membrane of the epider-
mis. Podoms – the dilated segments of Tp – show mitochondria (m) and endoplasmic reticulum 
(ER) within. A close relation of Tp with a mononuclear cell is visible. However, other TPs – Tp1, 
Tp2, Tp3 (most probably belonging to other different TCs) run parallel to each other. Moreover, 
Tp3 is establishing close contacts with the ab luminal face of endothelial cells of a capillary. ( b ) A 
typical fi broblast is shown in the human papillary dermis. The prominent euchromatic nucleus 
with visible nucleolus is characteristic. Also, the presence of abundant rough endoplasmic reticu-
lum (rER) is seen. The fi broblast is surrounded by collagen fi bres (coll) and elastic fi bres (E) 
(Reproduced with permission from Kang et al. [ 29 ])       
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around deep segments of hair follicles, sebaceous glands, arrector pili muscles, and 
secretory or ductal parts of the sweat glands) and CD117/vimentin positive TCs 
(surrounding hair follicles and sweat glands) (Fig.  20.4 ). Complementary data also 
indicated positivity for PDGFRα for cells with morphologies suggestive of TCs, 
situated within the papillary dermis. Currently, a single marker cannot unequivo-
cally identify the TCs. The most appropriate combination of markers for TCs could 
be CD34/PDGFRα [ 37 ] (Fig.  20.5 ).

20.2.4         The Differential Diagnosis of TCs in Normal Skin 

 It is well-known that fi broblasts are the most common cells of connective tissue; 
thus, the other cells are sometimes classifi ed as fi broblast-like cells. However, TCs 
represent a distinct cellular population of interstitial cells. In the attempt to discrimi-
nate TCs from other skin cells, several microscopy techniques were performed (his-
tology, immunohistochemistry, immunofl uorescence, transmission electron 
microscopy, FIB-SEM tomography), as well as cytokine profi le analysis. To date, 
the best immune identifi cation of TCs by light microscopy is using double immu-
nostaining (for CD34 and PDGFRα). The immune expression of TCs differs from 
the immune expression of any other dermal dendritic cell. The TCs do not express 
CD1a (like Langerhans cells), mast cell tryptase (like mast cells), αSMA (like 

  Fig. 20.4    Telocytes in human reticular dermis vasculature. Epifl uorescence microscopy: double 
immunofl uorescence labelling shows a telocyte located in the perivascular space of a blood vessel 
that ( a ) coexpresses CD34 and vimentin ( yellow  indicates merged colours) ( b ) CD34 label ( red ); 
( c ) vimentin label ( green ). Nuclei are counterstained with DAPI ( blue ). Original magnifi cation 
400× (Reproduced with permission from Ceafalan et al. [ 7 ])       
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myofi broblasts), etc. (Table  20.2 ). Moreover, TCs do not express procollagen or 
CD90, making them distinct from fi broblasts [ 7 ,  37 ].

   The differences between TCs and other interstitial cells were documented using 
various techniques. The cytokine antibody array analyses indicated several points of 
difference between skin TCs and fi broblasts. The expression of ENA-78 (Epithelial 
Neutrophil Activated peptide 78) and GCP-2 (Granulocyte Chemotactic protein 2) 
were higher in TCs than fi broblasts. These results are supportive for the presumed 
roles of TCs in vascular homeostasis and neoangiogenesis, intercellular signaling, 
immune modulation response, and skin cancer progression. In contrast, the cytokine 
profi le of fi broblasts revealed 37 highly expressed cytokines with documented 
structural roles in interstitium homeostasis and initiation of wound healing [ 29 ].  

20.2.5     Skin TCs: Connecting Cells 

 Skin TCs are interconnected by homocellular junctions ( puncta adhaerentia min-
ima ,  recessus adhaerente , and also gap junctions) and heterocellular junctions in a 
3D network [ 7 ].  Puncta adhaerentia minima  are very small junctions, with role(s) 
in adhesion, and are especially found on cells with mesenchymal origin. Usually, 
the diameters of such junctions do not exceed 50 nm. Some proteins were identifi ed 
at the level of these junctions, among them N-cadherin, cadherin-11, catenin α- and 
β-, etc. [ 20 ].  Recessus adhaerens  represent the tight-fi tting insertion of a plasma 
membrane expansion of one cell into the deep plasma membrane invaginations of 

  Fig. 20.5    Higher magnifi cations of immunohistochemistry for PDGFRα in the papillary dermis 
show the absence of telocytes but the presence of infl ammatory cells (mainly lymphocytes) in a 
psoriatic plaque ( a ). However, in the distant uninvolved skin ( b ), telocytes (TC,  blue arrows ) with 
very long telopodes are situated in the papillary dermis and run parallel to the line of the dermal- 
epidermal junction. ( c ) Telocytes (TC;  blue arrows ) were also observed in the papillary dermis of 
treated skin, with their telopodes running parallel to the basement membrane.  Black arrows  indi-
cate blood vessels. Magnifi cation 400× (Reproduced with permission from Manole et al. [ 37 ])       
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   Table 20.2    Immune expression of different skin cells   

 Cell type  Immunohistochemical marker  References 

 Endothelial cells  CD31 (PECAM1)  [ 28 ] 
 Fibroblasts  Procollagen-1  [ 31 ] 
 Myofi broblasts  αSMA  [ 18 ] 
 Pericytes  αSMA, PDGFRβ, NG2, CD146, nestin  [ 2 ,  42 ,  63 ] 
 Stem cells  SCA-1, CD29, CD90, CD34, CD44  [ 46 ] 
 Melanocytes  S-100, HMB45, Melan-A  [ 58 ] 
 Macrophages  CD11c, CD14, CD40, CD11b, CD64, 

CD68 
 [ 40 ] 

 Mast cells  c-kit/CD117  [ 26 ] 
 Telocytes  CD34 + PDGFRα  [ 37 ] 
 Langerhans cells  CD1a, Langerin/CD207  [ 37 ] 
 Dermal dendritic cells  CD11c, CD83, CD208  [ 37 ] 
 Infl ammatory dendritic 
cells 

 CD11c, CD14, CD209, NOS  [ 37 ] 

 Plasmacytoid dendritic 
cells 

 CD11c, CD123, CD205, TNFα  [ 37 ] 

   CD31  ( PECAM - 1 ) –usually used for determining the presence of endothelial cells in histological 
tissue sections 
  Procollagen type 1  – represents a useful marker for activated fi broblasts 
  αSMA  ( alpha Smooth Muscle Actin ) – role in cell motility, structure, and integrity 
  PDGFRβ  ( Platelet Derived Growth Factor Receptor beta ) – role in blood vessel formation. 
Stimulates the recruitment, migration, and proliferation of pericytes and smooth muscle cells to 
endothelial cells 
  PDGFRα  ( Platelet Derived Growth Factor Receptor alpha ) – roles in the differentiation of bone 
marrow-derived mesenchymal stem cells 
  CD146  ( Melanoma Cell Adhesion Molecule  –  MCAM ) – indicates the endothelial cell lineage 
  Nestin  –marker for neural stem cells, for newly formed/proliferating endothelial cells 
  SCA - 1  ( Stem Cells Antigen  –  1 ) – used for identifying hematopoietic stem cells (together with 
other markers) 
  CD9  – protein found on the surface of exosomes; regulates and modulates cell migration and adhe-
sion 
  CD90  ( Thy - 1 ) – marker for different stem cells 
  CD34  ( Hematopoietic progenitor cell antigen CD34 ) – mediates the attachment of stem cells to 
bone marrow extracellular matrix/stromal cells 
  CD44  – roles in lymphocyte functions, hematopoiesis, and tumor metastasis 
  S100  – protein that indicates the presence of melanocytes, myoepithelial cells, macrophages, 
Langerhans cells, dendritic cells, and keratinocytes. Involved in cell growth and differentiation in 
histological sections. Also indicates the infl ammatory process.  S100A7  (also known as  psoriasin ) 
acts like an infl ammatory cytokine, particularly in psoriasis 
  CD11b  ( Integrin alpha M ) – identifi es macrophages, involved in immune processes such as phago-
cytosis 
  CD11c  ( Integrin ) –induces cellular activation. Also, identifi es human dendritic cells, but also on 
monocytes and macrophages 
  CD14  – identifi es macrophages, neutrophils, and dendritic cells 
  CD40  – identifi es endothelial cells, smooth muscle cells, and fi broblasts 
  CD64  – identifi es macrophages and monocytes 
  CD68  – identifi es macrophages and monocytes 

(continued)
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another cell [ 24 ]. Ultrastructurally, the gap junctions are aggregates of intercellular 
channels responsible for the intercellular transfer of ions and small molecules 
between neighboring cells. The junctions between TCs support the idea that skin 
TCs do integrate and modulate the various signaling inputs, thus contributing to tis-
sue homeostasis and pathology (Fig.  20.6 ).

   Dermal TCs are also connected with other types of interstitial cells (e.g. immune 
reactive cells as mononuclear cells or mast cells) by heterocellular junctions (point 
contacts and planar contacts) [ 7 ]. It is tempting to believe that TCs act as mast cell 
modulators in allergic conditions. Also, close spatial relations were documented 
with macrophages. Within the human dermis, telopodes have a special position rela-
tive to blood vessels (having direct contact with the  abluminal  surfaces of the endo-
thelial cells) and nerve endings. Immunohistochemistry (expression for nestin and 
c-kit/CD117) and transmission electron microscopy demonstrated that TCs cooper-
ate with stem cells in the human dermis. The TCs were found near the hair follicle 
bulge, enwrapping clusters of stem cells with their telopodes. Stem cells showed the 
ultrastructural characteristics of undifferentiated cells: a remarkable large euchro-
matic nucleus, abundant cytoplasm with few mitochondria, endoplasmic reticulum, 
and free ribosomes. The direct interaction between TCs and stem cells appeared as 
point contacts and planar contacts. These data indicate that, as in other organs, TCs 
and stem cells are involved in tandem structures, mostly found in stem cell niches 
[ 25 ,  48 ,  50 ,  61 ]. This is highly suggestive that TCs are involved in regeneration/
repair processes at the skin level.  

20.2.6     Presumptive Roles of TCs in Normal Skin 

 The specifi c roles of TCs in skin are unclear (resulting in a very exciting research 
fi eld). Their localization in the interstitium (near structures), their involvement in a 
3D network, and their junctions with immunoreactive cells suggest TCs have impor-
tant roles. Some possible roles are:

Table 20.2 (continued)

  CD117  – identifi es a few types of hematopoietic progenitor cells; is also expressed by mast cells, 
melanocytes, and ICC 
  CD207  ( Langerin ) – expressed by skin or mucosal Langerhans cells 
  CD209  – identifi es macrophages and dendritic cells; it mediates dendritic interactions with vascu-
lar endothelium 
  CD83  – plays a role in antigen presentation 
  CD208  – is involved in dendritic cell function and adaptive immunity 
  NOS  – involved in cell signaling, angiogenesis, insulin secretion, and vascular tone modulation 
  CD123  ( interleukin - 3 receptor ) – roles in proliferation and differentiation of hematopoietic cell 
lines 
  TNFα  – protein involved in infl ammation. It is produced by macrophages, neutrophils, mast cells, 

neurons, and lymphocytes  
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  Fig. 20.6    Homocellular junctions between telocytes in human skin (TEM). ( a ) Three telopodes 
(Tp1–Tp3) are connected by small adhaerens junctions ( arrows ). ( b ) A gap junction is visible 
between two telopodes (Tp1, Tp2). ( c ,  d ) The telopode (Tp1) of one telocyte embraces the cyto-
plasmic extension (Tp2) of another telocyte, forming a  recessus adhaerens . A  punctum adhaeren-
tia minimum  is visible in D ( arrow ).  VSMC  vascular smooth muscle cell. ( e ) Overlapping telopodes 
(Tp1–Tp4) are connected by  puncta adhaerentia minima  ( arrows ) (Reproduced with permission 
from Ceafalan et al. [ 7 ])       
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    1.     The  ( ultra ) structure and 3D confi guration of TCS within the interstitium may 
involve them in the architectural network between collagen and elastic fi bers . 
Failure of TCs, by dystrophy or disintegration in systemic sclerosis, is sustained 
by disorganized fi bers [ 36 ].   

   2.     The tandem between TCs and stem cells indicates that TCs are acting as nurse 
cells for mesenchymal and epithelial stem cells  [ 7 ]. Failure in epidermal turnover 
(as in psoriasis vulgaris) is associated with severe dystrophic changes of TCs in 
terms of nuclear degeneration features (including nuclear extrusion) [ 37 ].   

   3.     TCs may represent immunologic targets and might subsequently be involved in 
cutaneous autoimmune disorders .   

   4.     By their paracrine secretion ,  TCs may be involved in controlling and modulating 
the functions of fi broblasts  [ 36 ]. The secretion of paracrine signaling molecules 
(including microRNAs) and their shuttle by shedding vesicles represents the 
indirect way TCs interact with surrounding cells, and also the way they modify 
the microenvironment [ 7 ].   

   5.     The close vicinity between TCs and endothelial cells indicates the role of TCs in 
vascular physiology ,  and moreover in skin regeneration / repair processes . The 
loss of TCs could represent the background mechanism of vascular pathology in 
psoriasis. This may explain the most characteristic sign of psoriasis: the Auspitz’s 
sign (or the “ bloody dew ” sign).   

   6.     TCs may modulate mast cell activity during allergic reactions . Since TCs are 
located in close vicinity with mast cells, they share some immunophenotypical 

features [ 37 ].      

20.3      Telocytes in Skin Pathology 

 To date, TCs have been studied in systemic sclerosis and psoriasis vulgaris. These 
two conditions lead to severe TC dystrophy and loss of TCs in areas of affected skin. 

20.3.1     Systemic Sclerosis 

 Systemic sclerosis is a multi-systemic disease, featuring excessive fi brosis (exten-
sive activation of fi broblasts), infl ammation, and vasculopathy (through endothelial 
cell injury). The most frequently involved organs are skin, esophagus, lung, heart, 
and kidneys. The TCs were described in both limited and diffuse systemic sclerosis 
[ 36 ]. The intensive fi brotic process disarranges the normal structures of skin creat-
ing severe ultrastructural damage, which leads to progressive loss of TCs. 
Histopathologically, systemic sclerosis is characterized by extensive accumulation 
of collagen I and III in the lower dermis and subcutaneous fi brous trabeculae. The 
early stages of systemic sclerosis are illustrated by pathologic accumulations of 
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collagen bundles in the reticular dermis, parallel to the epidermis. Panniculitis, 
mucoid edema, and lymphocytic infi ltrate may also be present at this stage, along 
with epidermal atrophy, eccrine gland entrapment, capillary dilations with endothe-
lial proliferation, and complete obstruction. As systemic sclerosis progresses to the 
later stages, the dermis becomes more avascular and infl ammation decreases. Thus, 
the later stages of systemic sclerosis feature more densely packed collagen bundles, 
the disappearance of the pilosebaceous units, and sweat glands. 

 In systemic sclerosis TCs show severe ultrastructural changes including swollen 
mitochondria, cytoplasmic vacuolization, and lipofuscin bodies. These changes are 
highly suggestive of ischemia changes, since decreasing tissue oxygen is a result of 
endothelial damage and represents the  primum movens  of systemic sclerosis. The loss 
of TCs was documented in the reticular dermis, but also in the papillary dermis, and 
was proportionally related to the evolving early stages of systemic sclerosis [ 36 ]. In 
early stages of systemic sclerosis, TCs have a patchy distribution, being absent in the 
papillary dermis and numerically reduced in the reticular dermis. Mostly, TCs are 
situated around arteriole, nerves, hair follicles, and sebaceous glands. Conversely, in 
later stages of systemic sclerosis, TCs were absent in the reticular dermis, in the con-
nective tissue around arteriole, and in most of the adnexal structures, but TCs were 
preserved around the excretory parts of the eccrine glands. Thus, Manetti et al. raised 
the question “Why telocytes are more sensitive to ischemia in comparison with other 
stromal cells like fi broblasts, myofi broblasts, or mast cells?” Altering the 3D network 
of TCs also affects the extracellular matrix, since TCs in the dermis enwrap collagen 
and elastic fi bers with their telopodes. It is noteworthy that the investigated patients 
did not receive immunosuppressive treatment or disease-modifying drugs.  

20.3.2     Psoriasis Vulgaris 

 Psoriasis is a keratinization disorder, a chronic immunologic disease with a genetic 
background that affects normal epidermal turnover. Four populations of dendritic 
cells were previously documented to be involved in the immune response of psoria-
sis: Langerhans cells, dermal dendritic cells, infl ammatory dendritic epidermal 
cells, and plasmacytoid dendritic cells. In vulgaris psoriasis, there is acanthosis of 
the epidermis ridges, which are elongated and club-shaped at their bases. This false 
acanthosis is due to the lack of a granular layer. The papillae are thin and elongated 
and contain dilated capillaries. Parakeratosis may alternate with orthokeratosis and 
hyperkeratosis. The blood vessels are surrounded by infl ammatory infi ltrate, mainly 
consisting of lymphocytes, mast cells, macrophages, and dendritic cells. 
Lymphocytes could be also observed in the epidermis in mature lesions. Munro’s 
microabcesses represent the accumulation of neutrophils in the stratum corneum, 
and this is a histopathological hallmark of psoriasis. 

 A recent comparative study on psoriasis employed biopsies (a) from the mature 
psoriatic lesion; (b) from non-lesional skin (40 cm distance from any lesion); and 
(c) after the clearance induced by local treatment plan with keratolytic (urea and 
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salicylic acid) and cytoreductive (based on Anthraline) therapies, followed by calci-
potriol and steroid ointments. This study demonstrated that in psoriasis vulgaris, TCs 
displayed severe dystrophy features (other than those reported in systemic sclerosis 
by Professor Faussone-Pellegrini’s team), or were lost at the lesion level. On the 
other hand, TCs were ultrastructurally and numerically normal in perilesional skin. 
Unlikely systemic sclerosis, the psoriatic TCs had different dystrophy features, most 
likely due to a shorter turnover of keratinocytes. Using transmission electron micros-
copy, we demonstrated that TCs had apoptotic nuclei, or nuclear extrusions and cyto-
plasmic disintegration (Fig.  20.7 ). The extruded nuclei were frequently observed in 

  Fig. 20.7    Transmission electron microscope images show degenerative changes in telocytes (digi-
tally coloured in  blue ) from a psoriatic plaque. ( a ) A telocyte with shrivelled nucleus and detached 
telopodes. The  arrow  indicates dissolution of the cellular membrane and the cytoplasmic content 
surrounding the nucleus. ( b ) An extruded nucleus and cytoplasmic fragments (X) of a telocyte are 
visible in the vicinity of a dendritic cell.  g  granule (of a mast cell) (Reproduced with permission 
from Manole et al. [ 37 ])       

 

20 The Cutaneous Telocytes



318

close contact with dendritic cells. Also, dystrophic TCs with fragmented telopodes 
were found in psoriatic lesions. Additionally, no homocellular junctions between 
TCs were found in psoriatic skin, but there were heterocellular junctions with mast 
cells [ 37 ]. Moreover, frequent interruptions were found in the basement membrane, 
allowing Langerhans cells to migrate from the epidermis to dermis. Previous evi-
dence suggested that a T-cell-mediated immune reaction is pivotal to the pathogen-
esis of psoriasis [ 75 ]. In our study we found no proof of any relation between TCs 
and T-cells.

   Another important change found in psoriasis is the modifi cation of the vascular 
smooth muscle cell phenotype that is translated into a loss of the contractile pheno-
type with consequent dilation of the arteries. Also, the close vicinity of TCs with 
blood vessels could have implications in vascular pathology. Thus, the loss of TCs 
surrounding blood vessels could lead to the characteristic psoriatic vascular pathol-
ogy [ 37 ]. This could be a sustainable argument for the Auspitz’s sign. An ongoing 
study is dedicated to the involvement of TCs in pustular psoriasis, since these 
patients do not typically present the Auspitz’s sign. The impairment of the TC net-
work (either homocellular or heterocellular communication of TCs) could signifi -
cantly impact the lesion initiation as well as disease progression.   

20.4     Conclusions 

 Telocytes represent a distinct stromal cell population in the skin. In the papillary 
dermis, TCs are scarce, but their density in increased in the reticular dermis. 
Currently, the best method for identifying TCs is staining with CD34 and PDGFRα. 
In the skin, TCs are involved in a 3D stromal network, either by homocellular junc-
tion (Telocyte-Telocyte junction) or by heterocellular junctions (Telocyte – other 
interstitial cell). This network is important for maintaining the normal architecture 
of the dermis. However, by their close contacts either with immunoreactive cells 
and stem cells or with endothelial cells of the vascular structures, TCs seem to be 
involved in skin homeostasis and/or regeneration/repair processes. In our opinion, 
research should be developed in two directions in the near future: a specifi c immu-
nohistochemical marker for TCs and further documentation of the role(s) of TCs by 
studying them in different dermatoses and skin neoplasms.     
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    Chapter 21   
 The Third Dimension of Telocytes Revealed 
by FIB-SEM Tomography                     

     Dragos     Cretoiu    

    Abstract     Lately, spatial three-dimensional (3D) identity of cells and their interre-
lations with the environment that surrounds it represent a challenging trend with the 
purpose to achieve a holistic view over the functions. Combining data from different 
imaging of cells in the third dimension can offer insight into behavior modalities 
making a world of difference. This chapter outlines a breakthrough in telocyte 
research by volume electron microscopy with the aid of focused ion beam scanning 
electron microscopy (FIB-SEM). Reconstructing 3D (three-dimensional) appear-
ance of telocytes from a set of two-dimensional (2D) images by FIB-SEM tomog-
raphy allowed to extract valuable data about their volume in nanoscale dimensions 
such as the three-dimensional morphology of telopodes and extracellular vesicles.  

21.1        Introduction to Telocytes 

 Telocytes (TCs) are seen nowadays as a new cell population residing in the stromal 
space of many organs of vertebrates from reptiles to humans (for additional details, 
visit   www.telocytes.com    ). Shortly defi ned as cells with telopodes (Tps), TCs can be 
identifi ed with certainty only by electron microscopy – the technique by which they 
were initially discovered [ 1 ,  2 ]. TCs are ultrastructurally characterized by a small 
cellular body with different shapes according to the number of telopodes: piriform 
(1), spindle (2), triangular (3), stellate (4,5) [ 1 ,  3 ]. Telopodes (Tps), which are the 
main characteristic for these special cells, are extremely long reaching sometimes 
about 100 μm, tortuous, and described as having alternative thin and thick regions 
called podomers and podoms, respectively [ 4 ]. Cells need external environment and 
interactions with their neighbors to function properly. In this regard, it was demon-
strated that TCs are able to exchange information at short- and long-distance by 
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homo- and heterocellular junctions and by extracellular vesicle release, respectively 
[ 5 – 8 ]. Recent advance in TC research, such as determining their genetic profi le [ 9 –
 13 ], miRNA imprint [ 14 ], proteome, and secretome [ 15 – 17 ], as well as revealing 
some of their electrophysiological properties [ 18 ,  19 ], brings us closer to discover-
ing their functions. Although many of them are just hypothetical, few seem to be 
closer to the truth, based on numerous evidences pointing in the same direction. 
Therefore, we could list, not necessarily in order of importance, TCs’ involvement in 
modulating local homeostasis, in morphogenesis, in regeneration, and in repair, 
probably nursing the stem cells, as well as being capable of intervening in the infl am-
matory or carcinogenetic processes (see extensive up-to-date reviews [ 20 – 22 ]).  

21.2     The Three-Dimensional (3D) Appearance of TCs 

 Usually, we are accustomed to see cells in images depicting static two-dimensional 
(2D) structures. However, cells are three-dimensional structures having complex 
interactions with surrounding structure in their close proximity. Over time, recon-
struction techniques have evolved progressively from those involving passionate 
electron microscopists willing to dedicate a lot of time on manual or semiauto-
mated reconstruction of serial ultrathin sections to the most promising technology 
at the moment FIB-SEM (focused ion beam scanning electron microscopy) 
tomography. 

 The lack of a 3D viewpoint hampered the discovery of TCs, scientists, and elec-
tron microscopists in particular being used to describe only entirely seen structures. 
In this context, TCs represent a special case because of the unusually long telopodes 
that have contacted with different structures (blood capillaries, nerve bundles) and 
with different cellular types (stem cells, smooth muscle cells, cardiomyocytes, mast 
cells, basophils, lymphocytes, eosinophils, plasma cells, or macrophages) found in 
the immediate vicinity [ 23 – 25 ]. Discovered by serendipity, TCs were previously 
overlooked mainly because of their thin (average 0.10  ±    0.05 μm, with a 
min = 0.03 μm and a max = 0.24 μm) and tortuous labyrinthine telopodes, which 
were impossible to be observed in light microscopy (0.2 μm resolving power) [ 1 ]. 
Moreover, not even with the help of electron microscopy, TCs could not be seen in 
the past or better to say they were overlooked, because often images captured only 
telopode fragments and not the entire cell. Electron microscopy uses ultrathin sec-
tions of about 60–80 nm and higher magnifi cations. At low magnifi cation (×2,000), 
a TC is too small to be observed as a different peculiar cell, and afterward, an 
increase of the magnifi cation to gain access to the ultrastructural details decreases 
the diameter of the observed fi eld in such a way that at a higher magnifi cation, only 
a part of the telopode can be surprised in the image. Many of the details defi nitory 
for a TC can only be observed after two-dimensional (2D) reconstruction of succes-
sive electron microscopy fi elds (usually 8–15 photomicrographs are concatenated), 
depicting the cellular network in the tissue [ 26 ] (Fig.  21.1 ).
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   Since TC discovery, I was concerned about their spatial dimension, and we 
started to rebuild these cells by means that were somehow rudimentary and ended 
with the use of the latest technologies. 

 Typical image processing algorithm required to obtain three-dimensional recon-
struction can be described as follows: image acquisition, identifying areas of interest, 
identifying objects of interest, debugging alignment, gauging dimensions, 3D recon-
struction, and fi nal processing of the images obtained. At the beginning of TC 
research, serial electron photomicrographs (fi lm negatives) were digitized at 
1,200 dpi with the aid of a scanner, and images were processed using Adobe 
Photoshop© to manually outline cell contours. With the aid of the Reconstruct soft-
ware (Reconstruct 1.0.4.0., 1996–2005 John C. Fiala;   http://synapses.bu.edu    ), 
images were aligned with respect to specifi c cells of interest [ 23 ]. Three-dimensional 
reconstruction and rendering were performed using the cell contours arranged into 
objects (Figs.  21.2a, b  and  21.3a, b ).

  Fig. 21.1    Representative ultrathin section of human pregnant myometrium. Two-dimensional 
sequenced concatenation from 11 serial electron micrographs ( red rectangles ) depicting the 3D 
network of TCs ( blue ) interconnected by homocellular junctions ( dotted circles ). Smooth myo-
cytes (SMC) are depicted in cross section digitally colored in  brown . In their vicinity, numerous 
Tps ( blue ) establish a network and release extracellular organelles (exosomes and shedding vesi-
cles) ( arrowheads ) digitally colored in purple. One mast cell ( green ) is in the vicinity of this net-
work. Some vesicles are captured at the moment of being shed from Tps (marked with *).  Cav  
caveolae,  coll  collagen,  m  mitochondria,  RER  rough endoplasmic reticulum,  N  nucleus. Scale 
bar = 3 μm (Reproduced with permission from Cretoiu et al. [ 26 ])       
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    Lately, TCs were examined using ion beam milling (FIB-SEM) technique to col-
lect data sets of many microns in the z-axis, considered as a true revolution for 
ultrastructural volume 3D visualization and reconstruction [ 27 – 29 ]. In one of our 
studies, acquired images were sorted into stacks according to section alignments 
and processed using Adobe Photoshop CS6 (Adobe Systems Incorporated, San 
Jose, CA, USA) for realignment, noise detection and removal, and luminance level 
adjustment. Images were cropped by regions of interest and loaded by batches into 
3D Slicer 4.3.1 software package (  http://www.slicer.org    ) and reconstructed using 
volume rendering module [ 30 ]. To better observe the third dimension of TCs in the 
heart, we used a stack of 500 serial images at 50 nm z-interval to reconstruct a vol-
ume of 10,908.57 μm 3  corresponding to the following cardiac tissue dimensions: 
 x  – 20.77 μm;  y  – 21.01 μm;  z  – 25 μm, and covering a 436.38 μm 2  area. The 

  Fig. 21.2    ( a ,  b ) Rat stomach muscularis mucosae: TEM ( a , original magnifi cation 1,150×) and 
3D image reconstruction from serial ultrathin sections ( b ). An ICC (with triangular cell body and 
three processes I–III) appears located near a plasma cell and an eosinophil ( a ).  N  nucleus,  SER  
smooth endoplasmic reticulum,  RER  rough endoplasmic reticulum,  m  mitochondria,  RBC  red 
blood cell.  Yellow  ovals in ( a ) highlight two contact areas between the eosinophil, the plasma cell, 
and another cell. A series of fi ve ultrathin sections revealed that the ICC process (I) approaches the 
plasma cell and establishes a contact point with it. 3D image reconstruction ( b ) from fi ve serial 
sections (the area marked with  red dashed line  in 2A) shows that ICC processes are rather fl attened 
than cylindrical and that they branch in a 3D pattern. A short branch establishes a synapse with the 
plasma cell. In the inset, the same synapse is viewed from a different angle (90°rotation). 
Apparently, different-angle stereoscopic views are necessary to establish if such a synapse belongs 
to PS or MS type. Ab initio, an intermediate type of synapse (IS) cannot be excluded (Reproduced 
with permission from Popescu et al. [ 23 ])       
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 reconstructed volume showed TCs with long and thin telopodes, present in the peri-
vascular space of atrial tissue (Fig.  21.4 ). With the aid of FIB-SEM tomography, we 
were able to observe a third dimension of telopodes, which in fact appear as narrow 
but fl attened (ribbonlike) structures with swellings generated by the podoms. 
Moreover, we once more confi rm the presence of adherens junctions between telo-
podes participating in the formation of TC network in the cardiac interstitium.

   We used also the FIB-SEM technology to investigate the human dermis [ 31 ]. 
This time, the reconstructed volume was of 2,270 μm 3 , and the images were loaded 
into Amira 5.0.1 (Visage Imaging, Berlin, Germany) software package. A stack of 
275 serial images were assembled to obtain a 3D reconstruction (Fig.  21.5 ), 360° 
orthogonal rotation and a 3D digitally colored volume rendering. 3D reconstruction 
of dermal TCs by FIB-SEM tomography revealed the same conformation for the 
telopodes which appeared as long, fl attened irregular veils (ribbonlike segments) 

  Fig. 21.3    ( a ,  b ) Rat stomach muscularis mucosae: 3D image reconstruction from nine serial ultra-
thin sections ( a ) and TEM ( b ), original magnifi cation 1,500×. ( a ) Computer-aided volume render-
ing shows fl attened ICC processes emerging from the cell body ( violet ) and branching around the 
plasma cell ( red ). Other ICC prolongations ( blue ), probably belonging to another cell, show the 
same 3D morphology. The ICC b-plasma cell synapse is uneven, with “key-and-lock” areas. Upper 
inset in ( a ) shows contact points where the distance between the two cell membranes is 15 nm or 
less (in  violet ), seen from the plasma cell cytoplasm. In the lower inset, the ICC process has been 
rendered transparent in order to depict the same synapse. ( b ) The ICC b ( violet dotted outline ) 
seems to establish an intermediate synapse ( black rectangle ) with a plasma cell ( red dotted out-
line ). The inset presents a magnifi cation of this synapse, showing that it comprises, besides contact 
points, also a longer plasmalemmal apposition. Another ICC process ( blue dotted outline ) and an 
eosinophil ( green dotted outline ) are also present in close proximity (Reproduced with permission 
from Popescu et al. [ 23 ])       
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  Fig. 21.4    ( a ,  b ) Automated segmentation of the stack containing a telocyte (TC1) shows that the 
telopode (Tp2) is long (20 μm), narrow (0.2–1 μm), and fl at, given a ribbon appearance of the cell. 
X-Y-Z slice projections from volume rendering could be seen in the right side of A. Scale bars: 
2 μm (Reproduced with permission from Cretoiu et al. [ 30 ])       
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with knobs, corresponding to podoms, but also displayed tubular structures 
(podomers) with uneven caliber because of irregular dilations (knobs) – the podoms 
(Fig.  21.6 ). In addition, we were able to capture in 3D pictures the extracellular 
vesicles released by a human dermal TCs [ 31 ].

  Fig. 21.5    ( a – c ) FIB-SEM backscattered electron images. Three nonconsecutive serial images 
obtained at ∼1.2 μm z-interval show the narrow emergence ( arrow ) of a telopode from the cellular 
body of a telocyte (Reproduced with permission from Cretoiu et al. [ 31 ])       
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21.3         Concluding Remarks 

 Nowadays, it became more and more obvious that cell biological research is ori-
ented to the dynamically three-dimensional investigations. These new concepts 
already started to modify scientist perception about inner architecture of the cell and 
the outer dimensional complexity of its interactions. In the case of TCs, the fi rst 
steps were made in deciphering their third dimension with FIB-SEM technology 
capable to offer the highest voxel resolution of automated serial imaging modalities. 
Since we are at the beginning of perceiving TC elaborate 3D structure in the future, 
our aim will be to use more advanced technologies, where both sample preparation 
and imaging have been automated, to obtain unprecedented details about TC organ-
elles and spatial relationships.    

   Acknowledgments   This project was supported by a grant of the Romanian National Authority 
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  Fig. 21.6    FIB-SEM tomography of a 2,270 μm 3  volume from human papillary dermis encom-
passes a segment from a telocyte reconstructed in  blue . Three-dimensional reconstruction of the 
stack containing the telocyte shows a “wing-like” telopode (Tp1), a telopode with typical appear-
ance (Tp2), and a telopode with anfractuous contour (Tp3). The  arrow  indicates the narrow emer-
gence of Tp1 suggested by serial imaging. A portion of the cell body (TC) is located in the center. 
At least ten extracellular vesicles appear reconstructed in  purple  (Reproduced with permission 
from Cretoiu et al. [ 31 ])       
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    Chapter 22   
 Immunohistochemistry of Telocytes 
in the Uterus and Fallopian Tubes                     

     Sanda     Maria     Cretoiu      

    Abstract     The seminal work of Popescu and colleagues fi rst demonstrated the exis-
tence of a new cell type – the telocytes. We were among the fi rst who reported the 
presence of such cells in the female genital tract and performed TEM examinations, 
as well as immunohistochemical staining in the attempt to fi nd a specifi c marker. 
Telocytes from rat and from the human uterus and from human fallopian tube were 
extensively investigated initially by comparison with interstitial cells of Cajal. 
Progress in telocyte research led to the identifi cation of different subtypes sugges-
tive for a heterogeneous telocyte population which can even coexist in the same 
location. As a consequence, the functions of TCs are still elusive and can be consid-
ered a versatile phenomenon that depends on a variety of conditions, including sig-
nal reception and transmission of information via extracellular vesicles or by direct 
intercellular contact.  

22.1        Introduction to the History of This Discovery: 
From Interstitial Cajal-Like Cells to Telocytes 

 The last decade was marked by the discovery of a new type of cell – the telocyte – 
which is a starting point in rethinking the importance of the interstitial space. This 
serendipity event belongs to Professor Popescu and his team in Bucharest, Romania. 
All started in 2005 when Popescu focused on interstitial cells of Cajal (ICC) research 
[ 1 ]. Popescu and co-workers described, for the fi rst time, in the rat and human exo-
crine pancreas, cells resembling with ICC, which suggested to be pancreatic inter-
stitial Cajal-like cells (Fig.  22.1 ) [ 1 ]. In the next 5 years, he and his team described 
and characterized these cells in several organs [ 2 – 10 ]. In 2010, with the support of 
the world-known expert in ICC, Professor Faussone-Pellegrini, he decided that 
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ICLC was, in fact, a new type of cell and coined the name of telocyte [ 11 ]. The new 
term aims to prevent further confusion with ICC, myofi broblasts, or any other inter-
stitial cell space residents. Nowadays, telocytes are described in the interstitial space 
of multiple organs and tissues in mammals, birds, fi sh, and reptiles (Table  22.1 ).

    Telocytes are characterized by unusual-length tubular and/or veillike cytoplas-
mic extensions called telopodes, which might be present in a variable number, usu-
ally between 2 and 5 [ 80 ]. Therefore, the shortest appropriate defi nition for telocytes 
is cells with telopodes. Another distinctive feature is that these telopodes build 3D 
scaffolds by homocellular contacts [ 81 ]. Furthermore, telocytes establish important 
connections with distinct structures, e.g., blood vessels, nerve bundles, and covering 
and glandular epithelia, as well as with several different cell populations such as 
stem cells, immune cells, and muscle fi bers by means of heterocellular junctions 
[ 82 ]. Telocytes’ main defi nitive characteristics are seen in Table  22.2  by comparison 
with interstitial cells of Cajal and fi broblasts.

   Recent papers underline the capacity of telocytes to communicate at long dis-
tance by releasing extracellular vesicles. There are three types of vesicles released 

  Fig. 22.1    Rat exocrine pancreas. ( a ,  b ) Nonconventional light microscopy – semi-thin sections of 
Epon-embedded material were cut on ultramicrotome and stained with toluidine blue, tissue fi xed 
by perfusion with glutaraldehyde and postfi xed in OsO4, objective 100×. Note that only the TC 
body ( arrows ) and the emerging cytoplasmic processes ( dashed lines ) are evident using the above-
mentioned methodology. The length of the cytoplasmic processes is very impressive: 20–50–
100 μm (!). In addition, the cytoplasmic processes are very thin (less than 0.5 μm) and have a 
characteristic “moniliform” aspect ( arrowheads ). ( c ,  d ) TEM images showing the vicinity relation-
ships with acini, unmyelinated terminal nerve fi bers, arteriolar smooth muscle cells ( C ), capillar-
ies, or ductal cells ( D ). The cytoplasmic processes of TC ( dashed lines ) can be easily recognized: 
very long and thin and with dilatations (“moniliform” aspect), containing mitochondria and other 
organelles ( arrowheads ).  a  acini,  cap  capillary,  art  arteriole,  ven  venule,  m  mitochondria,  cav  
caveolae,  SMC  smooth muscle cells,  E  endothelium,  coll  collagen (Reproduced and modifi ed with 
permission from Popescu et al. [ 1 ])       
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   Table 22.1    List of telocytes’ localization and species in which telocytes’ presence was 
demonstrated   

 Organ  Location  Species  References 

 Heart  Epicardium  Hu, ro  [ 12 ,  13 ] 
 Myocardium  Hu, ro, fi , re  [ 14 – 20 ] 
 Endocardium  Ro  [ 21 ] 
 Myocardial sleeves  Hu  [ 22 ] 
 Heart valves  Hu, ro  [ 23 ,  24 ] 

 Digestive tract  Esophagus  Hu, ro  [ 25 ,  26 ] 
 Duodenum  Ro  [ 27 ] 
 Jejunum  Ro  [ 28 ] 
 Ileum  Bi  [ 29 ] 
 Colon  Hu  [ 30 ] 
 Liver  Hu, ro  [ 31 ,  32 ] 

 Annex glands  Gallbladder  Hu  [ 33 ,  34 ] 
 Salivary gland  Hu, ro  [ 35 ,  36 ] 
 Exocrine pancreas  Hu, ro  [ 1 ,  37 – 39 ] 

 Respiratory system  Trachea  Ro  [ 40 ,  41 ] 
 Lungs  Ro  [ 40 ,  42 ] 

 Urinary system  Kidney  Hu, ro  [ 43 ,  44 ] 
 Renal pelvis  Hu  [ 45 ] 
 Ureters  Hu, ro  [ 44 ,  45 ] 
 Bladder  Hu, ro  [ 44 ,  46 ] 
 Urethra  Hu  [ 45 ] 

 Female reproductive system  Fallopian tube  Hu, ro, re  [ 7 ,  47 ,  48 ] 
 Uterus  Hu, ro  [ 49 – 53 ] 
 Placenta  Hu  [ 10 ,  54 – 56 ] 
 Mammary gland  Hu  [ 9 ,  57 ,  58 ] 

 Vasculature  Blood vessels  Ro, pig  [ 59 – 61 ] 
 Thoracic duct  Hu  [ 62 ] 

 Serous membranes  Mesentery  Ro  [ 63 ] 
 Pleura  Hu, ro  [ 64 ] 

 Muscle  Skeletal muscle  Hu, ro  [ 65 ,  66 ] 
 Neuromuscular spindles  Hu  [ 67 ] 

 Sensory organs  Skin  Hu  [ 68 – 71 ] 
 Eye  Ro  [ 72 ] 

 Other organs  Prostate  Ro  [ 73 ] 
 Bone marrow  Ro  [ 74 ] 
 Meninges and choroid plexus  Ro  [ 75 ] 
 Dura mater  Dog  [ 76 ] 
 Fascia lata  Hu  [ 77 ] 
 Testis  Re  [ 78 ] 
 Spleen  Ro  [ 79 ] 

   hu  human,  ro  rodent,  fi   fi sh,  re  reptiles,  bi  birds  
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by telocytes: exosomes (released from endosomes, 45 ± 8 nm), ectosomes (budding 
directly from the plasma membrane, 128 ± 28 nm), and multivesicular cargos 
(MVCs, 1 ± 0.4 μm), both in situ and in vitro [ 83 ]. These vesicle-shedding proper-
ties could be responsible for controlling the extracellular environment and in turn 
for rapid phenotype adjustment, explaining why some immunohistochemical mark-
ers are inconstantly expressed. 

 Recent advances allowed the characterization of telocytes concerning their 
microRNA imprint, gene profi le, and proteomic analysis [ 84 – 88 ]. In addition, their 
secretome was also analyzed, and it was demonstrated to infl uence the stem cells 
[ 89 ] and macrophages [ 90 ]. Genes from several chromosomes (1, 2, 3, 4, 17, 18, X) 
were globally analyzed by comparison between pulmonary telocytes, pneumocytes, 
airway cells, mesenchymal stem cells, and lymphocytes [ 91 – 95 ].  

22.2     Telocytes in the Female Genital Tract 

 Reproductive functions are essential for the beginning of a new life. One of the key 
contributors is the integrity of female genital tract. In this view, the structure, micro-
anatomy, and physiology of the fallopian tubes and uterus were closely analyzed, 
and remarkable progress has been made. However, their state of contractility still 
represents an unsolved equation for scientists all over the world. This is also 
refl ected by the lack of advances in clinical treatments of many disorders such as 
infertility by implantation failure, spontaneous miscarriage, or preterm birth. 

 In 2005, our attention was drawn by the hypothetic existence of ICCs outside the 
gastrointestinal tract, in hollow organs with smooth muscle coats, which theoreti-
cally need a pacemaker to trigger the contraction. We described, then, the existence 
of some peculiar cells in human and rat myometrium and in human fallopian tubes 
[ 2 ,  3 ]. These cells proved to be of a distinct type than any other cell already described 
and were later, in 2010, designated under the name of telocytes [ 11 ].  

22.3     Telocytes’ Immunohistochemical Characterization 

 Immunohistochemistry (IHC) is an imaging technique that combines the histology 
techniques with biochemical and immunological ones in order to identify cell and 
tissue components by a particular antigen-antibody reaction. At cellular level, IHC 
is usually used to identify and classify specifi c cells within a cell population whose 
morphology is heterogeneous or apparently homogenous. The antigen-antibody 
complex is routinely visualized under the microscope through the addition of either 
a fl uorochrome conjugate or an enzyme to the antibody. It is well known that the 
antibodies are not entirely specifi c and can cross-react with more than one antigen 
or the reactions can be false positive and false negative. Sometimes one can observe 
cells, which express antigens typically associated with a completely different class 
of cells, and therefore, we need to use appropriate sections of control tissues. 

22 Immunohistochemistry of Telocytes in the Uterus and Fallopian Tubes
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 Although electron microscopy is essential for telocyte identifi cation, it was 
thought that IHC would bring valuable support for this. Nevertheless, for the time 
being, none of the cell-surface markers which were identifi ed proved to be specifi c 
for telocyte demonstration. Until now, there are several cell-surface markers found 
on telocytes in different locations. 

 As concerns the female genital tract, the phenotype of telocytes has been pro-
gressively investigated. The immunophenotype was determined both on tissue sam-
ples from nonpregnant and pregnant uteri and from human fallopian tubes, as well 
as in cell cultures usually obtained from the muscle coat of the fallopian tube and 
uterus and analyzed by IHC and/or immunofl uorescence (IF). 

22.3.1     Uterus 

 Several surface markers were identifi ed on myometrial telocytes. The fi rst report 
about myometrial telocytes tested these cells by immunofl uorescence assays for c-kit 
tyrosine receptor kinase, CD34, vimentin, and the specifi c α-smooth muscle actin 
(α-SMA) expressions [ 2 ]. Telocytes were found to express CD117/c-kit (Fig.  22.2a, 
b ) in distinct membrane areas, sometimes in association with CD34 (Fig.  22.2c ), 
while telopodes were intensely positive for vimentin (Fig.  22.2d, e ) and tested nega-
tive for α-SMA (Fig.  22.3 ) [ 2 ]. In a further study, immunocytochemistry performed 
on telocytes in culture depicted telocytes with intense immunostaining for estrogen 
receptor (ER) and progesterone receptor (PR), strong on the nuclei and weak at the 
cytoplasmic level (Fig.  22.4a, b ) [ 4 ]. These fi ndings were strengthened by double 
immunolabeling for CD117/c-kit and ER and CD117/c-kit and PR (Fig.  22.4c, d ) and 
confi rmed the same distribution of PR and ER on c-kit-positive cells (Fig.  22.5 ) [ 4 ].

      Salama (2013) performed a c-kit immunohistochemical characterization of telo-
cytes in immature, adult nonpregnant/pregnant, and postpartum rats [ 96 ]. She 
detected c-kit-positive cells interpreted as telocytes and showed that the mean 
counts were signifi cantly different in the endometrium and myometrium of distinct 
groups (Table  22.3 ).

   Hatta et al. reported in human myometrium telocytes positive for both vimentin 
and connexin 43 and also demonstrated the presence of rat endometrial telocytes in 
cell culture labeled for CD34, vimentin, and connexin 43 [ 50 ]. Rosenbaum et al. 
studied the SK3 expression in the myometrium from pregnant and nonpregnant 
women using immunohistochemistry mRNA and demonstrate that SK3 channels 
are localized in CD34-positive telocytes and that SK3 channels were detected at 
higher levels in nonpregnant compared to pregnant myometrium [ 97 ]. 

 Nowadays, we consider that telocytes’ existence can be demonstrated by double 
immunolabeling for CD34 and PDGFR-α [ 98 ]. Moreover, CD34 expression in cells 
with very long telopodes is considered to be suggestive for telocytes [ 99 ]. 
Additionally, uterine TCs were found to be double positive for CD34 and PDGFR-α 
and also express T-type Ca 2+ channels (Ca v 3.1 (α1G), Cav3.2 (α1H) members) (Figs. 
 22.6  and  22.7 ) [ 100 ].
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  Fig. 22.2    ( a – e ) Human myometrial cells in culture (the second passage): IF for c-kit ( green  in  a , 
 b ), c-kit and CD34 ( red  and  green , respectively, in  c ), and vimentin ( green  in  d ,  e ). Cells that dis-
play the TC morphologic feature (long, moniliform processes) express c-kit and contact adjacent 
cells ( a – c ). Some cells suggestive for TC co-express c-kit and CD34 ( c ). The characteristic cell 
processes are immunoreactive for vimentin and establish connections with nearby cells ( d ,  e ). 
Original magnifi cation 60×, nuclear counterstaining with Hoechst 33342 ( blue ) (Reproduced and 
modifi ed with permission from Ciontea et al. [ 2 ])       
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22.3.1.1        Fallopian Tube 

 In 2005, our laboratory discovered and described a novel type of interstitial cells in 
the fallopian tube tissue [ 3 ] which are now identifi ed to be telocytes. We then ana-
lyzed the telocytes’ percentage in the fallopian tube wall and found the following 
results: in the mucosa, telocytes represent 18 ± 2 % in the lamina propria underneath 
the basement membrane and ~8 % in the entire lamina propria thickness, and in the 
muscularis, telocytes represent 7.8 ± 1.2 %. 

 Human tubal telocytes were initially tested in tissue samples using 15 differ-
ent antibodies for single or double immunolabeling (see Table  22.4 ). Telocytes 
positive for c-kit were revealed at high density in the fallopian tube mucosa (in 
the lamina propria) (Fig.  22.8a–c ). In the same location, CD34-positive cells 
were also reported (Fig.  22.8d–f ). c-Kit/CD34 double IHC reaction was positive 
for both antigens (Fig.  22.9a ) and showed that c-kit was expressed mainly on the 
cell body, while CD34 stained preferentially the telopodes (Fig.  22.9b ). In addi-
tion, some of the tubal telocytes from the lamina propria were found to express 
S-100, while the majority of telocytes from the lamina propria and muscularis 
were nonreactive for SMA. Double IHC for S-100 and SMA revealed two differ-
ent types of telocytes: expressing both S-100 and SMA in the lamina propria or 
expressing either S-100 or SMA in the muscularis. NK-1 and nestin were incon-
stantly and weakly positive on tubal telocytes, while desmin showed a lack of 
expression on telocytes. Vimentin was found to be inconstantly positive, some-
times co-expressed with c-kit. IHC with antibodies against some additional anti-
gens showed negative immunostaining for CD1a, CD62P, CD68, GFAP, NSE, 
chromogranin A, and PGP 9.5.

     The immunophenotype of tubal telocytes was assessed in vitro, by IF, and the 
same markers were found to be (co-)expressed: c-kit and CD34 (Fig.  22.10a, b, c, 
e ). Occasionally in the same cell, desmin is co-expressed with c-kit (Fig.  22.10d ). In 

  Fig. 22.3    Human myometrial cell culture (the second passage). ( a ) Control phase-contrast 
microscopy and ( b ) immunofl uorescence for α-smooth muscle actin ( green ) of the same micro-
scopic fi elds; typical TC has one long SMA-negative process that contacts several SMA-positive 
myocytes. Although the TC cell body is reactive for SMA, no fi lamentous pattern is seen. Image 
reconstruction, original magnifi cation 60×, nuclear counterstaining with Hoechst 33342 ( blue ) 
(Reproduced and modifi ed with permission from Ciontea et al. [ 2 ])       
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addition, caveolin-1 and caveolin-2 cellular distribution was also detected, with 
greater intensity in telopodes (Fig.  22.11a, b ). SMA was detected in cell cultures 
only in cells with myofi broblastic morphology (Fig.  22.11c ). Moreover, tubal telo-
cytes also express ER and PR (Figs.  22.12  and  22.13 ) [ 101 ].

  Fig. 22.4    Human myometrial cell culture, fourth passage. Immunocytochemical staining for the 
estrogen and progesterone receptors. ( a ) Immunocytochemical detection of estrogen receptor – 
dark-stained nuclei (*), counterstaining with methyl green for negative nuclei. ( b ) ICLC stained 
positive for progesterone receptor. ( c ) Double staining (*) for CD117/c-kit ( red ) and estrogen 
receptor ( black ). ( d ) Double staining for CD117/c-kit ( red ) and progesterone receptor ( black ). 
Scale bar = 10 μm (Reproduced and modifi ed with permission from Cretoiu et al. [ 4 ])       
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      The above determined markers were inconstantly demonstrated by other stud-
ies. Yang et al. demonstrated on rabbit isthmic segment of the oviduct the presence 
of typical telocytes with strong c-kit immunoreactivity forming “a complex, dense, 
and highly anastomosing network between the adjacent muscle layers” [ 102 ]. The 

  Fig. 22.5    Human myometrial cell culture, fourth passage. Immunofl uorescent labeling for estro-
gen ( a ) and progesterone ( e ) receptor ( red ) which appears both inside the nucleus and in the cyto-
plasm. c-Kit/CD117 ( green ) only in the cytoplasm ( b ,  f ) and double labeling for both markers ( c , 
 g ), where the co-expression appears as yellow areas. Hoechst 33342 ( blue ) for nuclear counter-
staining. Phase-contrast microscopy focused on the same cells, typical ICLCs with long, monili-
form prolongations ( d ,  h ). Scale bar = 2 μm (Reproduced and modifi ed with permission from 
Cretoiu et al. [ 4 ])       
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  Table 22.3    Mean counts of 
telocytes (c-kit-positive cells) 
in the rat endometrium and 
myometrium  

 Rat group  Endometrium  Myometrium 

 Immature  3.9 ± 0.74  3.3 ± 0.95 
 Adult nonpregnant  10.4 ± 1.17  11.90 ± 1.37 
 Pregnant  13.9 ± 1.29  6.8 ± 1.48 
 Postpartum  10.2 ± 1.03  15.4 ± 2.41 

  Fig. 22.6    TCs in cell cultures from human nonpregnant/pregnant myometrium after 72 h in cul-
ture at the fi rst passage. ( a ,  e ) Phase-contrast microscopy depicts cell morphologies very evocative 
for TCs: small cell body with very long Tps characterized by a moniliform silhouette (alternation 
of podoms and podomers). Fluorescence microscopy shows CD34 ( b ,  f ) and PDGFR-α ( c ,  g )-
positive TCs. ( d ,  h ) Double labeling for both markers showing a different expression pattern for 
PDGFR-α and CD34 in the same TC. Nuclei were stained with DAPI. Bar = 50 μm (Reproduced 
with permission from Faussone-Pellegrini and Popescu [ 99 ])       

same author demonstrated by c-kit immunohistochemistry that telocytes’ network 
is affected in human fallopian tubes from endometriosis and tubal ectopic preg-
nancy [ 103 ]. A recent study performed on rat oviducts demonstrated that in normal 
oviducts, telocytes are characterized by a positive immunophenotype for CD34 
and vimentin, while some are negative for c-kit possibly because of immunophe-
notype variation among organ and/or animal species [ 48 ], thus confi rming the exis-
tence of different telocyte subpopulations [ 46 ]. Therefore, for an illustrative and 
effi cient immunodiagnosis of the telocytes, it is advisable to use a combination of 
markers such as CD34, c-kit, vimentin, and PDGFR-α or PDGFR-β [ 80 ] regardless 
of location.  
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22.3.1.2     Functional Correlations 

 In the uterus, telocytes were reported to be located in the endometrium and myome-
trium [ 50 ,  81 ]. In a rat model, telocytes were shown to suffer numerical variations, 
which might explain, for example, the quiescent myometrium during pregnancy 
(decreased number of telocytes) and the postpartum involution of the uterus at fi rst 

  Fig. 22.7    Double immunolabeling for T-type calcium channels in cell cultures from nonpregnant/
pregnant myometrium. ( a ) CaV3.1 immunolabeling ( green ) was detected on TC cell body, but it was 
stronger at Tps level. ( b ) CaV3.2 expression was detected only at the cell body level. ( c ) Co-expression 
of CaV3.1 positive ( green ) and CaV3.2 ( red ) is presented on merged images. ( d ) Immunolabeling for 
T-type calcium channels in cell cultures from pregnant myometrium. Strong staining for CaV3.1 was 
found in the cytoplasm, adjacent to the nucleus and in the Tps of the TCs. ( e ) CaV3.2 immunolabel-
ing was found throughout the cytoplasm of TCs and predominantly within Tps. ( f ) Merged images 
show a co-expression pattern for CaV3.1 ( green ) and CaV3.2 ( red ). Note that both TCs and SMCs 
(cells with a widened cell body without extensions) express CaV3.1 and CaV3.2. Nuclei were stained 
with DAPI. Bar = 50 μm (Reproduced with permission from Faussone-Pellegrini and Popescu [ 99 ])       

 

S.M. Cretoiu



347

by controlling the bleeding and next by reverting back to its initial state (increased 
number of telocytes) [ 96 ]. Moreover, Horn et al. similarly proposed a role for telo-
cytes in preventing premature uterine contractility [ 104 ]. 

 Telocytes also had been reported to be the starting point for the gastrointestinal 
stromal tumor of the uterus [ 105 ], a fact reinforced by the presence of the common 
markers with this type of tumors and with perivascular epithelioid cell tumors [ 106 ]. 
Many hypothetical functions were emitted for uterine telocytes (for details, see 
review [ 107 ]). However none of them were demonstrated. Besides the most obvious 
one, that of intercellular signaling, other possible functions might be considered, 
e.g., initiators and coordinators of myometrial contraction, participants in immune 
surveillance or in morphogenetic bioelectrical signaling, etc. 

 Based on the observation that methotrexate treatment for tubal pregnancy was 
followed either by recurrent cornual pregnancy or by infertility, Yang et al. 
 demonstrated a reduced number of telocytes after methotrexate exposure, in a dose- 
dependent manner, and a disruption of the 3D network, followed by a decrease in 
spontaneous tubal motility [ 102 ]. 

 In endometriosis-affected rat oviducts, TCs are reduced or absent and might be 
involved in deregulation of intercellular signaling and immune regulation [ 69 ]. 

   Table 22.4    Summary of immunohistochemical results for telocytes from human fallopian tube   

 Antibody  Clone  Dilution  Source  IHC positivity 

 CD117/c-kit  Polyclonal  1:100  DAKO  + + + + 
 CD34  QBEnd10  1:100  BioGenex  + + + 
 S-100  Polyclonal  1:500  DAKO  + + 
 α-SMA  1A4  1:1,500  Sigma  + 
 CD57  NK1  1:50  DAKO  + 
 Nestin  5,326  1:100  Santa Cruz  + 
 Desmin  D33  1:50  DAKO  – 
 Vimentin  V9  1:50  DAKO  + 
 NSE  BBS/NC/VI-H14  1:50  DAKO  + 
 GFAP  6F2  1:50  DAKO  – 
 CD68  PG-M1  1:50  DAKO  ± 
 CD62P  1E3  1:25  DAKO  – 
 CD1a  CD1a-235  1:30  Novocastra  – 
 Chromo A  LK2H10  1:50  Novocastra  – 
 PGP9.5  10A1  1:40  Novocastra  – 

  The intensity of telocytes’ reactivity was assessed semiquantitatively using an adaptation of quick 
score method [ 76 ] 
 Intensity, negative (no staining of any cellular part at high magnifi cation): – 
 Occasionally weak positive: ± 
 Low (only visible at high magnifi cation): + 
 Medium (readily visible at low magnifi cation): + + 
 High (strikingly positive at high magnifi cation): + + + 
 Strong (strikingly positive even at low magnifi cation): + + + +  
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Moreover, in acute salpingitis-affected oviduct tissues, telocytes lose out their 
interstitial 3D network in response to infl ammatory conditions, suggesting that 
telocytes are important in tissue homeostasis, their integrity preventing interstitial 
fi brosis [ 47 ].    

  Fig. 22.8    Human fallopian tube. Note the strong CD117/c-kit immunoreactivity of the spindle- 
shaped telocytes ( arrows ) in the lamina propria ( a – c ) and the isolated rounded c-kit-positive mast 
cells (magenta encircled areas in ( b ). The immunohistochemical staining for CD34 also shows 
immunoreactive telocytes in the lamina propria ( arrows ). Counterstaining with Mayer’s hema-
toxylin. Original magnifi cation 40× in ( a ,  b ,  d ) and 100× in ( c ,  e ,  f ) (Reproduced with permission 
from Popescu et al. [ 3 ])       

  Fig. 22.9    ( a ,  b ) Human fallopian tube and lamina propria of mucosal layer. Double IHC staining. 
Brown staining (DAB) indicates CD117/c-kit immunoreactivity and red staining ( fast red ) shows 
CD34-positive telocytes ( arrows ). Moniliform cell processes have a stronger reactivity for CD34 
than for CD117/c-kit, the second marker being preferentially distributed on cell bodies. Original 
magnifi cation 100× (Reproduced with permission from Popescu et al. [ 3 ])       
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  Fig. 22.10    Human fallopian tube primary cultures. ( a ,  b ) Telocytes assessed by IF for CD117/c- 
kit ( red ) and ( c ) for CD34 ( green ); ( d ) double immunofl uorescent labeling of an “octopus”-like 
telocyte: vimentin ( green ) and CD117/c-kit ( red ). ( e ) Double immunofl uorescent labeling for 
CD117/c-kit ( red ) and CD34 ( green ). This cell is positive for both markers, and co-localization 
appears as  yellow  areas. ( f ) Immunostaining for desmin and CD117/c-kit. The cell is positive for 
both desmin ( green ) and CD117/c-kit ( red ). Nuclei counterstained with Hoechst 33342 ( blue ). 
Original magnifi cation, 60× (Reproduced with permission from Popescu et al. [ 3 ])       
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  Fig. 22.11    Human fallopian tube. Telocytes in primary culture (day 4). Immunofl uorescent label-
ing for caveolin-1 ( a ), caveolin-2 ( b ), and smooth muscle actin ( c ). FITC-conjugated secondary 
antibodies ( green ) were used to visualize the reactions; Hoechst 33342 ( blue ) for nuclear counter-
staining. Antibodies against caveolin-1 ( a ) and caveolin-2 ( b ) stain preferentially telocyte pro-
cesses. The cell depicted in ( c ) does not display characteristic telocyte morphology and stains 
positive for SMA (reveals stress fi bers characteristic for myofi broblasts). Original magnifi cation 
60× (Reproduced with permission from Popescu et al. [ 3 ])       

  Fig. 22.12    ( a ,  b ) Human fallopian tube cell culture, fourth passage. The expression of ER-α ( a ) 
and PR-A ( b ) demonstrated by immunocytochemical staining. Telocytes ( arrows ) stained posi-
tive for ER and PR (brown nuclei). Scale bar = 5 μm (Reproduced with permission from Cretoiu 
et al. [ 100 ])       
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22.4     Conclusion 

 This chapter has highlighted several described markers for telocytes identifi cation, 
focusing on the immunohistochemistry of telocytes in the uterus and fallopian 
tubes. Some of the detected markers are characteristic for stem cells (c-kit, CD34, 
PDGFR-α, and PDGFR-β) and might help to explain the telocytes’ phenotype shift 
along with their differential localization, a concept that lately gains more and more 
credibility. The tissue-specifi c phenotypes of telocytes might best be described by 

  Fig. 22.13    Human fallopian tube cell culture, sixth passage. Immunofl uorescent labeling for c-kit/
FITC ( a ) and ER-α/Alexa Fluor 546 ( b ) and superimposed images to show co-localization ( c ). 
c-Kit fl uorescence of telocyte ( d ) and PR-A fl uorescence ( e ). Superimposed labeling for both 
markers ( f ), where c-kit ( green ) is localized only in the cytoplasm and PR-A is expressed in the 
telocyte nuclei ( red ). Scale bar = 5 μm (Reproduced with permission from Cretoiu et al. [ 100 ])       
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the infl uence of the local combination of signaling molecules that may determine 
their differentiation into various cell types and in addition their ability to generate 
local provision of growth and survival factors necessary for angiogenesis. Different 
phenotypes of tissue-specifi c telocytes might also explain tissue-specifi c functions, 
including tissue regeneration, signal transduction, or a role in modulating contrac-
tile activity in the smooth muscle. Furthermore, telocytes can be viewed as some-
how electrically active entities involved in bioelectrical signaling functions mediated 
by intracellular electrical messages. Their functional repertories began to be clari-
fi ed by recently accumulating genomic and proteomic studies, which are as well 
pointing to telocytes’ involvement in morphogenesis, tissue homeostasis, oxidative 
stress adaptation, and cancer suppression.     
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    Chapter 23   
 A Tale of Two Cells: Telocyte and Stem Cell 
Unique Relationship                     

     Zeinab     M.     El Maadawi       

    Abstract     Telocytes have been identifi ed as a distinctive type of interstitial cells and 
have been recognized in most tissues and organs. Telocytes are characterized by 
having extraordinary long cytoplasmic processes, telopodes, that extend to form 
three-dimensional networks and commonly constitute specialized forms of cell-to- 
cell junctions with other neighboring cells. Telocytes have been localized in the 
stem cell niche of different organs such as the heart, lung, skeletal muscle, and skin. 
Electron microscopy and electron tomography revealed a specialized link between 
telocytes and stem cells that postulates a potential role for telocytes during tissue 
regeneration and repair. In this review, the distribution of telocytes in different stem 
cell niches will be explored, highlighting the intimate relationship between the two 
types of cells and their possible functional relationship.  

    Telocyte (TC) is a newly described type of interstitial cells which is characterized 
by having a small cell body and extremely long cytoplasmic prolongations that are 
called telopodes. Each telopode is composed of alternating thin segments (podomers) 
and dilated segments (podoms) [ 47 ]. 

 Using electron microscopy (EM) is considered the ideal technique to identify 
TCs in most tissues. Meanwhile, double-positive immunohistochemistry for CD34/
c-Kit (usually localized in TC cell body) or CD34/vimentin (localized in telopodes) 
is designated as a reliable method for TC visualization [ 48 ]. More recently, the 
emergence of cutting-edge technologies in subcellular three-dimensional (3D) 
imaging, such as FIB-SEM tomography, has provided more evidence-based 
approach for TC study with special emphasis on their relationships with neighbor-
ing cells [ 15 ]. 

 Reviewing the literature establishes a growing body of evidence that TCs co- 
localize with stem and progenitor cells in different organs such as the heart [ 24 ], 
lungs [ 25 ], and skeletal muscles [ 53 ]. Furthermore, more emerging evidence has 
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supported the notion of the potential role of TCs in tissue regeneration and/or repair 
after injury ([ 36 ,  41 ,  64 ,  69 ,  76 ]). 

 Being the fundamental cells for tissue regeneration, different categories of stem 
cells (SCs) have been identifi ed in most adult human organs. However, resident SCs 
cannot survive only by their capacity of self-renewal. Therefore, SCs are strongly 
dependent on the microenvironment they live in each organ. Eventually, the term 
“stem cell niche” refers to the well-organized minute tissue areas housing SCs 
which ensure an appropriate microenvironment maintained with blood vessels, 
nerve endings, extracellular matrix, and supporting interstitial cells [ 19 ]. Stem cell 
niche commonly occurs at tissue intersections or transition zones, and it enables 
SCs to have spatial and dynamic interaction with neighboring cells as well as with 
remote cells through paracrine and endocrine signals [ 20 ]. 

 Accordingly, several studies have confi rmed the existence of TCs in SC niche 
microenvironment in a variety of tissues and organs such as the heart [ 2 ], lungs 
[ 51 – 53 ], skeletal muscle [ 6 ,  11 ,  64 ], skin [ 10 ], meninges and choroid plexus [ 54 ], 
liver [ 68 ,  71 ], eye [ 38 ], and aorta [ 74 ]. 

 Moreover, TCs were found to express SC markers like c-kit, Sca-1, and Oct 4 [ 6 , 
 23 ,  63 ]. Although the expression of particular SC markers by TCs varied among 
tissues, this fi nding suggests a major role of TCs in regeneration [ 14 ]. 

 It seems prudent to indicate that no defi nite mechanism has been confi rmed yet 
to explain the direct or indirect interaction between SCs and TCs. Meanwhile, sev-
eral hypotheses have been proposed based on the morphological features of both 
types of cells in the microenvironment. For example, [ 57 ] suggested direct cell-to- 
cell signaling and close cross talk where TCs might provide antioxidant protective 
effect to SCs [ 78 ]. Another regenerative role of TCs was attributed to their expres-
sion of VEGF and PDGFR-b, both in situ and in vitro, speculating their potential 
effect in angiogenesis during tissue repair [ 51 – 53 ,  64 ]. 

 Some investigators suggested a role of TCs in mesenchymal SC differentiation 
[ 10 ], while others [ 57 ] argued that TCs could be a subpopulation of mesenchymal 
SCs as they express some markers of stromal niche cells. In addition, TCs were 
proposed to play an important role in cell signaling, hence controlling the microen-
vironment in normal and malignant tissues [ 28 ]. 

 In fact, increasing evidence reveals that TCs actively contribute to the coordina-
tion of cell signaling in SC microenvironment either through direct intercellular 
junctions or via shed vesicles that exert a paracrine effect [ 3 ,  26 ,  40 ]. 

 In the following sections, tissue-specifi c localization of TCs in SC niche will be 
explored with special reference to the unique relationship between the two types of 
cells as evidenced by previous reports. 

23.1     Telocytes in Cardiac Stem Cell Niche 

 TCs have been vigorously studied as a distinct type of cells in the heart interstitium [ 24 , 
 27 ,  47 ,  60 ,  62 ]. More recently, 3D imaging using FIB-SEM tomography has added new 
evidence to the identifi cation of cardiac TCs [ 15 ]. 
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 TCs were described as 3D network in the myocardium among cardiomyocytes, 
blood capillaries, nerve endings, and immune system cells [ 2 ,  3 ,  15 ]. In addition, 
telocytes were clearly identifi ed under the pericardium in close association with 
cardiac SCs and progenitor cells (Fig.  23.1 ) [ 24 ].

  Fig. 23.1    ( a ) Electron 
microscopy of the 
subepicardial SC niche in 
the mouse showing the 
presence of putative 
cardiac stem cells ( CSC ), 
isolated or in small groups, 
cardiomyocyte progenitors 
( CMP ), and cells with 
intermediate features 
(CSC–CMP). All these 
cells are placed in a loose 
extracellular matrix. ( b ) 
Higher magnifi cation from 
area marked in ( a ) with a 
 dotted square . The CMP 
have characteristic 
leptofi brils ( arrow ) and are 
closely assisted by telocyte 
processes ( TCp ) which 
contain few dense granules 
( asterisk ) suggesting 
paracrine signaling.  CM  
cardiomyocyte,  macro  
macrophage,  coll  collagen 
fi bers (Courtesy with 
permission from 
Gherghiceanu and Popescu 
[ 24 ])       
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   The human myocardium is characterized by its extremely low ability to regener-
ate due to its limited number of cardiac SCs (0.01–1 %). Meanwhile, the number of 
cardiac TCs (0.5–1 %) exceeds that of cardiac SCs. Although TCs still represent a 
minute portion of human cardiac interstitial cells, their extremely long and exten-
sive telopodes allow them to occupy more surface area that forms 3D reticulum 
probably for supporting other cells [ 55 ]. 

 The exceptional relationship between cardiac TCs and SCs was best described as 
“tandem” where both types of cells integrate in a structural and functional manner 
[ 14 ,  24 ,  26 ]. Given such relationship, TCs were nominated to provide support for 
cardiac SCs [ 24 ,  26 ], guide cardiac progenitor cells [ 2 ,  50 ], and enhance neoangio-
genesis [ 41 ,  76 ]. 

 Different types of heterocellular junctions were described in adult murine and 
human heart tissue [ 25 ,  26 ] that have been localized between TCs in one side and 
cardiac SCs, cardiomyocytes, and other interstitial cells in the other side. The reported 
distance between junction cell membranes was 10–20 nm that goes well with transfer 
of macromolecules [ 26 ]. TCs and cardiomyocytes revealed electron- dense nanocon-
tacts [ 25 ], while the junctions between TCs and cardiac SCs were described as stro-
mal synapse or adherent junctions [ 26 ]. TCs were found also to have point and/or 
planar contacts with endothelial cells, pericytes, Schwann cells, and other interstitial 
cells such as fi broblasts, macrophages, and mast cells [ 26 ]. 

 Similar types of junctions were described between cocultured cardiac TCs and 
SCs where cells exhibited heterocellular adherens junctions as well as nonclassical 
junctions such as the puncta adherentia (Fig.  23.2 ) and stromal synapses. The stro-
mal synapse formed between TCs and SCs was frequently associated with small 
electron-dense structures (15 nm in length) that connect the two opposing cell mem-
branes (Fig.  23.3 ) [ 56 ].

    Such intimate cross-cellular relationships in situ and in vitro might help cardiac 
SCs to proliferate and differentiate refuting the hypothesis of a solitary role of SCs 
during cardiac regeneration [ 55 ]. Thus, the lack of such nursing role of TCs was 
proposed to explain the failure of solely engrafted cardiac SCs to survive in the 
microenvironment of injured myocardium [ 56 ]. 

 Special attention has been drawn to the epicardium as a novel source of cardiac 
SCs [ 7 ]. Cardiac TCs and SC niche in the subepicardial region were shown to express 
common surface markers such as PDGFR-b and c-kit (Popescu et al. 2010, [ 8 ,  73 , 
 79 ]). This fi nding argued for proposing cardiac TCs per se as a subpopulation of epi-
cardium-derived progenitor cells [ 2 ]. Another postulation was attributed to the possi-
bility that TCs might be a potential source of cardiac mesenchymal cells [ 17 ]. 
Accordingly, cardiac TCs were similar to bone marrow-derived SCs in being positive 
for mesenchymal marker CD29 and negative for hematopoietic marker CD45 [ 5 ]. 

 Reviewing literature, in vitro and in vivo studies revealed the possible modulat-
ing effect of cardiac TCs on cardiac development and repair [ 2 ,  21 ,  24 ]. In vitro 
studies demonstrated that cardiac TCs embrace cell populations of growing cardio-
myocytes supporting the proposed nursing role [ 2 ]. A tissue-engineered heart model 
demonstrated networks of TCs with their telopodes communicating with growing 
cardiomyocytes through junctions and shed vesicles [ 80 ]. Interestingly, studies on 
zebra fi sh revealed that, upon myocardial regeneration following amputation of the 
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  Fig. 23.2    ( a ) Transmission electron microscopy images of TC–CSC culture after 48 h shows a 
telopode (Tp) in close contact with a cardiac stem cell (CSC). ( b – d ) Marked areas from image A 
are shown at higher magnifi cation in the corresponding panels. A planar contact ( stromal synapse ) 
between TC and CSC can be seen associated with a number of electron-dense structures ( arrows ). 
A  puncta adherentia  junction ( arrowhead ) is visible between TC and CSC in image ( c ).  Cp  coated 
pit (Courtesy with permission from Popescu et al. [ 56 ])       
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ventricular apex, reorganized TCs with their telopodes were recognized in large 
number in close association with growing cardiomyocytes [ 32 ,  51 ]. 

 In vivo transplantation of cardiac TCs in experimental rat model of myocardial 
infarction was found to decrease the size of infarction and to enhance myocardial 
function [ 75 ,  76 ]. Such improvement was attributed to the potential ability of TCs 
to promote angiogenesis and to reduce fi brosis following heart injury [ 4 ,  75 ,  76 ]. 
Another study revealed an improvement of myocardial infarction after transplanta-
tion of human iPS-derived mesenchymal SCs with specifi c networked arrangement 
of TCs in the interstitial space of infarction [ 42 ]. 

 Thus, TCs might be critically involved in the integration of heterocellular com-
munications that is crucial for proliferation, differentiation, and maturation of 

  Fig. 23.3    Transmission electron microscopy shows similar intercellular connections ( plain stro-
mal synapses ) between telocytes (TC) and cardiac stem cells (CSC)  in culture  ( a ) and  in tissue  ( b ). 
Telopodes (Tp) connect with a cardiac stem cell (CSC) through small electron-dense structures 
( arrows ).  Endo  endothelial cell,  P  pericyte,  N  nerve ending,  CM  cardiomyocyte (Courtesy with 
permission from Popescu et al. [ 56 ])       
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myocardial progenitor cells [ 4 ,  66 ]. Therefore, preconditioning of transplanted 
cardiac SCs with TCs should be considered as an alternative modality to regenerate 
cardiomyocyte instead of monocellular therapy protocols.  

23.2     Telocytes in Skeletal Muscle Stem Cell Niche 

 The skeletal muscle is well known of its extraordinary capacity to regenerate after 
injury. Satellite cells are the primary cells involved in skeletal muscle regeneration 
and are found in specifi c satellite cell niche [ 33 ]. However, other non-satellite pro-
genitor cell niche can be recognized in which other precursor cells exist such as 
bone marrow-derived cells and pericytes [ 16 ,  18 ,  34 ,  43 ]. 

 It is worth mentioning that TCs have been well recognized in human adult skel-
etal muscle [ 51 – 53 ] where they closely communicate via telopodes with cells in 
both satellite cell niche and non-satellite progenitor cell niche suggesting a potential 
role for their proliferation and differentiation [ 6 ,  51 – 53 ]. 

 TCs were found to constitute a 3D network in the interstitial tissue of skeletal 
muscle where they locate very close to blood capillaries, nerve fi bers, myocytes, 
and satellite cells [ 6 ,  51 – 53 ]. Intimate contacts between TCs and both types of resi-
dent muscle SCs, which is satellite (Fig.  23.4 ) and non-satellite (Fig.  23.5 ), were 
clearly identifi ed where telopodes were found in their vicinity [ 53 ]. Heterocellular 
junctions were also identifi ed between TCs and the progenitor neighboring cells 
with shed vesicles and exosomes [ 4 ,  53 ].

    TCs in the skeletal muscle were postulated to have proliferative and angio-
genic capabilities based on their expression of proliferative marker Ki67, pluri-
potency marker Oct4, and vascular proliferation marker VEGF [ 6 ]. In vitro 
studies demonstrated better differentiation capacity of skeletal muscle-derived 
SCs into adipocytes, chondrocytes, and osteoblasts when cocultured with TCs, 
a fi nding that reinforces the potential role of TCs in tissue regeneration and 
repair [ 6 ].  

23.3     Telocytes in Liver Growth and Regeneration 

 As many other solid organs, TCs in the liver have been clearly identifi ed by both 
transmission electron microscopy and double immunofl uorescent staining for CD34 
with c-kit/CD117, vimentin, or PDGFR-a/b [ 71 ]. TCs were localized in the space of 
Disse, in close proximity with hepatocytes, putative stem/progenitor cells, and 
endothelial cells (Fig.  23.6 ) [ 71 ].

   The liver is characterized by its remarkable ability to regenerate after exposure to 
traumatic or ischemic injury [ 31 ]. Such regenerative capacity is attributed to the 
proliferation of hepatocytes and, in severe injuries, the activation and differentiation 
of hepatic stem/progenitor cells [ 69 ]. 
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 Some studies have evaluated the involvement of TCs in posttraumatic regenera-
tion and physiological growth of the liver. The possible role of TCs in liver regenera-
tion has been investigated using a mouse model of partial hepatectomy [ 68 ]. It was 
reported that the peak activity of hepatocyte proliferation was recorded after the fi rst 
2 days of partial hepatectomy followed by another, yet lower, peak after the third day 
that was concurrently associated with an elevation of both TCs and CK19- positive 
hepatic SCs [ 68 ]. These fi ndings suggested an exclusive relationship between TCs 
and other progenitor cells involved in liver regeneration. TCs might contribute to the 
control of proliferating hepatocytes and/or the differentiating stem cells [ 4 ]. 

 Furthermore, an important insinuation of TCs was postulated in pregnancy- 
induced hepatic proliferation [ 69 ]. The two peaks of hepatocyte proliferation during 
pregnancy in mice correlated with an increase in CD34/PDGFR-α positive TCs 

  Fig. 23.4    Transmission electron micrographs show TC with Tps, podoms, and podomeres in 
between muscle fi bers. Note the typical appearance of satellite cells. TCs (digitally  blue  colored) 
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 fl ows from TC 
to satellite cells (Courtesy with permission from Popescu et al. [ 53 ])       
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[ 69 ]. Further molecular mechanisms need to be investigated to explain the hepatic 
adaption in pregnancy with possible enrollment of TCs. 

 It is speculated that TCs contribute in liver regeneration through direct intercel-
lular junctions or paracrine effect via shed vesicles [ 69 ]. However, further evidence 
is required to determine the functional relationship between TCs and other cells in 
the liver.  

  Fig. 23.5    Electron micrographs of human skeletal muscle show a TC ( blue colored ), which 
extends its Tps indicated by  red arrows  around a striated cell, in fact a (putative) progenitor cell. 
Note: the tandem TC–progenitor cell making a non-satellite (resident) progenitor stem cell niche. 
Inset: higher magnifi cation of the progenitor cell shows incompletely differentiated features: unor-
ganized myofi laments (mf), glycogen deposits (Gly), prominent Golgi complex (G).  N  nucleus,  nc  
nucleolus (Courtesy with permission from Popescu et al. [ 53 ])       
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23.4     Telocytes and Skin Stem Cells 

 The skin is characterized by its astonishing competency to regenerate featuring it as 
an ideal model for studying SCs [ 29 ]. Multiple locations for SC niche have been 
recognized in the skin including the bulge of the hair follicle, dermal papillae, and 
perivascular spaces [ 22 ,  70 ]. 

 Bulge SCs express specifi c markers such as nestin [ 35 ]. However, they can pro-
liferate and differentiate only after receiving signals from specialized neighboring 
cells in the stroma which is known as the “bulge activation hypothesis” [ 65 ]. 

 As per other organs and tissues, electron microscopy and immunofl uorescence 
confi rmed the presence of TCs in human dermis [ 10 ,  58 ]. TCs were found to border 
a round cluster of bulge SCs with apparently two types of TCs/SCs contacts, point 
and planar contacts, forming atypical heterocellular junctions [ 10 ]. 

 Interestingly, studying scleroderma skin samples revealed that TCs were found 
to decrease in areas of SC niches [ 39 ]. In addition, SCs could not be observed in the 

  Fig. 23.6    Electron microscope images showing the ultrastructure of the liver (mice). ( a ) Telocytes 
(TCs) with telopodes (Tps) in the space of Disse (D) between endothelial cells (E) and hepatocytes 
(H). Note the upper telopode (Tp) which is more than 20 μm long. ( b ) Higher magnifi cation of the fi eld 
inside the  rectangle  in ( a ). Note in between the TC and hepatocytes ( H ) the presence of a putative stem 
cell (pSC) which has the features of a young cell (progenitor cell?);  ER  endoplasmic reticulum,  N  
nucleus. ( c ) A TC with at least three Tps;  H  hepatocyte,  m  mitochondria. ( d ) A TC with a heterochro-
matic nucleus ( N ) at a higher magnifi cation; ( e ) endothelial cell;  RBC  red blood cell;  H  hepatocyte,  m  
mitochondria,  Tp  telopodes; scale bar = 5 μM (Courtesy with permission from Xiao et al. 2013)       
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perivascular space in diffuse cutaneous scleroderma [ 39 ]. The depletion of TCs 
might be implicated to the impaired reparative and regenerative function of the skin 
in cases of scleroderma [ 39 ]. Nevertheless, TCs were also found to be reduced in 
organs other than the skin of systemic scleroderma patients such as the myocar-
dium, lung, and stomach [ 40 ]. The pattern of TC distribution in the skin augments 
the hypothesis that TCs are “nursing cells” where they may interact with resident 
cells in SC niche through indirect (chemical) and/or direct (junctional) contacts 
[ 10 ].  

23.5     Telocytes and Stem Cells in the Lung and Respiratory 
Passages 

 TCs have been described in the human and mouse respiratory tree including alveo-
lar ducts as well as terminal and respiratory bronchioles [ 52 ]. The tandem of TC–
SC was clearly demonstrated in subepithelial niches of the bronchioles particularly 
at the bronchoalveolar junction. Using electron tomography, telopodes were found 
to connect with SCs via bridging nanostructures [ 52 ]. 

 The direct connection between TCs and resident lung SCs through nanocontacts, 
shed vesicles, and exosomes [ 52 ] postulates a major supporting, cell guiding, and 
communicating role of TCs [ 51 ]. 

 In order to specifi cally identify the genes that regulate lung TCs, the genetic 
profi le of murine lung TCs was vigorously studied and compared to mesenchymal 
SCs and fi broblasts [ 77 ]. At least 46 genes were found to be functionally connected 
in TCs, mesenchymal SCs, and fi broblasts [ 77 ]. Consequently, multiple functional 
roles have been implicated for lung TCs including tissue development and regenera-
tion, remodeling of the extracellular matrix, and neovascularization with special 
emphasis on their potential effect on keeping the integrity of vascular basement 
membrane [ 77 ]. TCs usually locate in close vicinity of small blood vessels and 
express angiogenesis markers such as VEGF and NO [ 41 ]. 

 In addition, lung TCs were found to express pluripotency marker Oct4, which is 
usually expressed in embryonic SCs (Fig.  23.7 ), a fi nding that urged the supposition 
that TCs could be a subpopulation of SCs [ 23 ].

23.6        Telocytes and Stem Cell Niche in the Eye 

 The limbus (corneoscleral junction) was described to host a rich SC niche [ 44 ,  59 ] 
that is essential for corneal regeneration [ 46 ]. TCs and SCs have been co-localized 
at the perivascular spaces of the limbus and the stroma of the iris (Fig.  23.8 ) among 
nerve endings. Heterocellular direct membranous junctions have been identifi ed 
between TCs and SCs in the form of nanocontacts and planar contacts [ 38 ].
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   By securing a strategic 3D networked position in the eye among blood vessels, 
nerve endings, and other stromal cells such as SCs, melanocytes, and macrophages, 
TCs reinforce their highly proposed cell nursing role [ 38 ]. TCs might be able to 
infl uence other neighboring cells via short-distance signals through direct contacts, 
exosomes, and shed vesicles [ 1 ]. Meanwhile, their extremely long telopodes could 
exert a long-distance macromolecular signaling effect through which transfer of 
proteins, membrane receptors, and mRNAs occurs [ 37 ,  45 ]. Moreover, a specifi c 
modulatory effect [ 61 ] as well as guiding role of TCs [ 49 ] has been proposed in the 
immune system. Nevertheless, TCs per se could be an integral part of the mesenchy-
mal SC niche [ 9 ,  38 ]. Eventually, TCs are candidates that pave the way for SC 
migration during tissue regeneration of the eye [ 38 ] and might be a promising new 
treatment modality for degenerative eye diseases.  

  Fig. 23.7    Isolated lung Oct4-GFPpos cells that were maintained in culture for 5 days. Cells were 
sorted based on GFP fl uorescence and kept in culture at 37 °C in MEM medium. ( a – c ) Bright-fi eld 
images show cells with a fusiform telocyte-like shape with thin prolongations ( asterisks ). Examples 
are provided for cells having one ( a ), two ( b ), or three ( c ) cell prolongations (telopodes) with a 
particular shape resembling a string of beads ( arrows  in  c ). ( d ) Co-expression of Oct4 and vimen-
tin in telocytes. ( e ) Co-staining of telocytes with Oct4 and PDGFR-α. Note that telocytes do not 
express PDGFR-α; bar = 50 μm (Courtesy with permission from Galiger et al. [ 23 ])       
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23.7     Telocytes and Hematopoietic Stem Cells in the Spleen 

 The spleen is one of the frequently reported sites for extramedullary hematopoiesis 
in adults [ 72 ]. Putative hematopoietic SCs have been identifi ed adjacent to the sinu-
soidal endothelium of the spleen where they constitute SC niche that ensures a 
hypoxic environment suffi cient for maintaining hematopoietic SC growth and pro-
liferation [ 30 ]. 

  Fig. 23.8    Transmission electron microscopy images of epithelial ( a ) and stromal ( b ,  c ) stem cell 
(SC) niches in the mouse eye. ( a ) Basal SC is sited on the basement membrane of limbus epithe-
lium. A telopode (Tp1) runs parallel with the basement membrane, and a gap junction ( arrow-
heads ) connects it with another one (Tp2; higher magnifi cation in inset). ( b ,  c ) Stem cells in the 
stromal SC niches located in the corneoscleral junction. Direct contacts ( arrowheads ) between a 
Tp and the SC are visible in ( b ).  TC  telocytes,  Tp  telopodes,  Fb  fi broblast,  n  nerve endings,  L  
lumen of an arteriole. Scale bars: ( a ) – 2 μm; inset – 0.1 μm; ( b ) – 1 μm; ( c ) – 5 μm (Courtesy with 
permission from Luesma et al. [ 38 ])       
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 The presence, characteristics, and distribution of TCs in the spleen have been 
recently reported [ 13 ]. TCs exhibited similar ultrastructural morphology to that 
described in other organs where they connected via their telopodes with leukocytes 
and red blood corpuscles in the red pulp of the spleen [ 13 ]. Moreover, splenic TCs 
formed a 3D network by their telopodes when cultured in vitro anchored by hetero- 
and homocellular junctions [ 13 ]. 

 After 3 days of culture, splenic TCs formed circle-like structures in which their 
telopodes extended to support the circumference of these circles [ 13 ]. Double-
labeling immunofl uorescence revealed positive immuno-expression of vimentin 
with CD34, nanog, and Sca-1; however, splenic TCs were negative for c-kit [ 13 ]. 

 Therefore, the expression of pluripotent SC marker nanog [ 12 ] and hematopoietic 
progenitor markers CD34 and Sca-1 [ 67 ] in splenic TCs suggests some role in regen-
eration [ 13 ]. Eventually, TCs were suggested to contribute in the control of splenic 
hematopoietic cell niche via signal transmission [ 13 ].  

23.8     Summary and Conclusions 

 Morphological features and the characteristic distribution of TCs in SC niche 
remain the only current indicator that supports a structural relationship between the 
two types of cells. Therefore, more function-oriented studies need to be done in the 
future to prove a dual biological and structural liaison during migration, prolifera-
tion, and differentiation of SCs. 

 Moreover, genetic and proteomic analysis of TCs in different organs would clar-
ify the functional relationship with other neighboring cells including SCs. The use 
of 3D culture techniques and lab-on-chip technology with microfl uidic systems can 
help provide the ideal microenvironment in which TCs could effectively contribute 
to tissue repair and regeneration. In addition, coculture of SCs and TCs and the use 
of dual cell therapy protocols would enhance the proposed benefi ciary effects in 
regenerative medicine. 

 Given the aforementioned techniques would make it possible to answer an open 
question about the exact nature of TC–SC tandem and whether TCs are a specifi c 
form of mesenchymal/progenitor SCs.     
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    Chapter 24   
 Vascular Telocytes                     

     Hongqi     Zhang       

24.1          Constitution of Circulatory System 

 Circulatory system is composed of cardiovascular system and lymph system, which 
is a transport system that carries blood and lymph to and from the tissue of the body. 
The cardiovascular system consists of a pump represented by the heart and blood 
vessels, which provide the route by which blood circulates to and from all parts of 
the body. The heart pumps the blood through the arterial system under signifi cant 
pressure; blood is returned to the heart under low pressure with the assistance of 
negative in the thoracic cavity during inspiration and compression of the vein by the 
skeletal muscle. In our body, it is made up of arteries, veins, and capillaries between 
arteries and veins.  

24.2     General Structure of Blood Vessels 

 There are three major types of blood vessels: the arteries, which carry the blood 
away from the heart; the capillaries, which enable the actual exchange of water and 
chemicals between the blood and the tissues; and the veins, which carry blood from 
the capillaries back toward the heart. 

 Except the capillaries, both the arteries and the veins have three layers, the tunica 
intima, tunica media, and tunica adventitia; the tunica intima and tunica media are 
separated by the internal elastic lamina, and the boundary between tunica media and 
tunica adventitia is the external elastic lamina. 

        H.   Zhang ,  PhD      
  Department of Anatomy, Histology and Embryology ,  Shanghai Medical College of Fudan 
University ,   Shanghai   200032 ,  China    

  Key Laboratory of Medical Imaging Computing and Computer Assisted Intervention of 
Shanghai ,   Shanghai, Room 308, Building 9, Yixueyuan Road 138 ,  Shanghai   200032 ,  China   
 e-mail: zhanghq58@126.com  

mailto:zhanghq58@126.com


378

 Tunica intima is the thinnest layer among three layers; it is made up of a single 
layer of continuous squamous endothelial cells (ECs) surrounded by a thin layer of 
subendothelial connective tissue interlaced with a number of circularly arranged 
elastic bands called the internal elastic lamina. Sometimes, within the subendothe-
lial layer, a little of collagen fi ber (CF), elastic fi ber, and smooth muscle cells 
(SMCs) (the number of smooth muscle cells in it gradually increased with the age). 

 Tunica media locates between the internal elastic lamina and external elastic 
lamina. The thickness and elements of tunica media depend on the types and sizes 
of blood vessels. In large-sized arteries, the tunica media mainly consist of elastic 
membranes and a little quality of the smooth muscle; the tunica media of middle- 
sized arteries is composed mainly of smooth muscle cells, which can control the 
caliber of the vessel and produce collagen fi ber, elastic fi ber, and matrix. In some 
pathological condition, the smooth muscle cells in tunica media could migrate into 
the tunica intima and produce the connective tissues and result in the thickness 
increase of tunica intima, which is an important pathological basis of development 
of atherosclerosis. 

 Tunica adventitia is entirely made of connective tissue. It also contains circular 
or longitudinally arranged elastic fi bers, collagen fi bers, fi broblasts, and nerve end-
ings that supply the vessel as well as nutrient capillaries (vasa vasorum) in the larger 
blood vessels.  

24.3     A Novel of Interstitial Cell Telocytes 

 Tissues and organs where the telocytes have been found: 
 Telocyte (TC) is a novel type of interstitial cell, whose key features are their 

small cell body with very long prolongations of uneven caliber, termed telopodes 
(Tps) [ 1 ]. In fact, Tps are constituted by an alternation of dilated segments (podoms – 
which are harboring the mitochondria (M), endoplasmic reticulum, and caveolae) 
and thin segments (podomers). The telocytes have been recently described and 
termed in stromal connective tissue of many organs, such as the heart (endocardium 
[ 2 ], myocardium [ 3 ], epicardium [ 4 ]), skeletal muscles [ 5 ], gastrointestinal tract, 
and accessory annexes (esophagus [ 6 ], jejunum [ 7 ], salivary glands [ 8 ], gallbladder 
[ 9 ], [ 10 ,  11 ], liver [ 12 ]), respiratory system [ 13 ], (trachea [ 14 ], pleura [ 15 ]), urinary 
tract (kidney [ 16 ], renal pelvis [ 17 ], ureter [ 17 ], bladder [ 17 ], urethra [ 17 ]), menin-
ges and choroid plexus, mammary glands [ 18 ], uterus [ 11 ], fallopian tube [ 19 ], 
placenta [ 20 ], skin [ 21 ], vasculature [ 22 ], and spleen [ 23 ]. Recently, telocytes are 
found in more and more tissues and organs. 

 Cantarero [ 24 ] and colleagues found telocytes in the loose connective tissue sur-
rounding the arterioles, venules, and capillaries under electron microscope. These 
telocytes were morphologically similar to those previously found in other locations. 
In arterioles, the telocytes often send telopodes bordering the tunica adventitia. The 
adjacent telopodes may establish junction complexes and show small dilatations 
(podoms) that accommodate the rough endoplasmic reticulum (rER). In relation to 
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venules and capillaries, the telocytes were located parallel with the longitudinal axis 
of the smooth muscle cells of the vessel wall. Also, the telopodes can form a wide 
network around the blood vessels. Vascular telocytes showed typical features: small 
cellular body; long, thin, and moniliform prolongations with a dichotomic branching 
pattern; and mitochondria, well-developed Golgi apparatus, and polyribosomes.  

24.4     Blood Telocytes 

 As we know, the artifi cial blood vessel graft (more than 6 mm in diameter) is widely 
applied in the clinic or many operations; nevertheless, the use of artifi cial vascular 
graft (less than 6 mm in diameter) still encounters many problems such as; restenosis 
and is still in the experimental stage. The College of Textile of Donghua University 
and the Medical College of Fudan University in Shanghai cooperated to explore the 
possibility of small-caliber artifi cial blood vessels used in clinical operation. 

 In order to testify on the effect of artifi cial vascular graft (diameter is less than 
6 mm), an animal experiment was done, that is, a 4-cm-long artifi cial vascular graft 
was intergrafted into the common carotid arteries in pigs for 1 month, 2 months, and 
3 months. As a control group, normal morphological appearance of endothelial cells 
is observed under scanning electron microscope. Steps on the experimental animals 
to be treated are as follows: anesthetized pigs were fi xed and the thoracic cavity was 
opened, through a puncture in the left ventricle, and 3500 ml of heparin physiologi-
cal saline (for the removing of formed elements of the blood: erythrocytes, leuko-
cytes, and thrombocytes or platelets on the endothelial surface) and 1000 ml 4 % 
paraformaldehyde solution were perfused at physiological pressure (for the fi xation 
of endothelial cells and the tissues of the vascular wall in situ). After the perfusion, 
different arterial segments of large- and middle-sized arteries were removed and 
prepared for scanning electron microscopy according to routine treatment. 
Endothelial surface of various arteries was examined, and the images were captured 
by using Philips XL30E SEM. 

 Accidentally and luckily, a few of cells (Figs.  24.1 ,  24.2 ,  24.3 , and  24.4 ) with 
long prolongation adhesive to the surface of endothelial cells were discovered 
mainly in middle-sized arteries, such as common carotid arteries, internal thoracic 
arteries, and coronary arteries [ 22 ]. The kind of cells with long prolongations is 
apparently different from the dendritic cell. Dendritic cells are present in those tis-
sues that are in contact with the external environment, such as the skin (usually 
called the Langerhans cell) and the inner lining of the nose, lungs, stomach, and 
intestines. They can also be found in an immature state in the blood. At certain 
development stages, they grow branched projections, but their morphological fea-
tures are with more and thinner dendrites than telocytes. Dendritic cells that circu-
late in blood do not have all the typical features of their counterparts in tissue, i.e., 
they are less mature and have no dendrites.

      We used SEM to provide visual evidence for the presence of TCs in the blood. 
We studied both large arteries (different divisions of the aorta: the ascending aorta, 
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a b

  Fig. 24.1    Distribution of vascular telocytes ( TCs ) in pig, scanning electron microscope images. 
( a ) Under lower power, several TCs are seen on the endothelial surface. ( b ) Local enlargement of 
white rectangle indicates a typical TC with triangular cell body and one long telopode ( Tp ) (Tp, 
11.9 μm in length) with alternation of podomers and podoms       

a b

c d

  Fig. 24.2    The different types of telopodes ( Tps ) contacts and short prolongations, scanning elec-
tron microscope images of medium-sized arteries in pig. ( a ) Telocyte ( TC ) has four Tps, and two 
of them form direct contact and exist in the shape of ring ( arrow ). ( b ) Two Tps from different TCs 
form point contacts ( arrow ). ( c ) The Tps detach from the endothelial surface and the cell looks like 
a crab. ( d ) The shorter and thinner prolongations of cell body of a TC. They are apparently differ-
ent from Tps and microvilli       
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aortic arch, thoracic part, and abdominal part of the aorta) and middle-sized arteries 
(internal thoracic arteries, common carotid arteries, and coronary arteries). The 
fi ndings showed the presence of a new population of cells (TCs) on the pig endo-
thelial surface with the same ultrastructural features as TCs, previously described 
by Popescu’s group [ 1 ]. We found TCs only in the medium-sized arteries, rather 
than in large arteries. This might be because of the higher shear stress that occurred 

a b c

  Fig. 24.3    Scanning electron microscope images of number and features of telopodes ( Tps ) adher-
ing to endothelium of medium-sized arteries in pig. ( a ) The Telocyte ( TC ) with six Tps (Tp1–Tp6). 
( b ) The TC with four Tps, three of them form bifurcations and present alternating podomers and 
podoms. The TC body is 6.88 μm and 6.69 μm in length and width, respectively. ( c ) The TC with 
three Tps, the distinctive Tps are observed with typical podomer and podom       

a b c

  Fig. 24.4    The size of telocyte ( TC ) and its telopodes ( Tps ). Scanning electron microscope images 
of medium-sized arteries in pig. ( a ) The TC body looks rectangular and the long and short diam-
eters of the cell body are 8.70 μm and 5.18 μm, respectively. ( b ) The TC with fi ve Tps. The longest 
Tp is 20.8 μm. ( c ) Two Tps give rise to bifurcations. The cell body is 5.83 μm and 4.76 μm in 
length and width, respectively. The shorter Tps is 14.4 μm in length       
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in these vascular regions and could be speculated as TCs are less tolerant for turbu-
lent blood fl ow. On the other hand, it is well known that living cells, for self-assur-
ing their survival, have their natural tendency for minimizing their surface in the 
liquid environment. Thus, TCs in vasculature could appear with slightly modifi ed 
morphology, with more spherical, shorter, and thicker prolongations. In summary, 
we present visual evidence for the existence of TCs in the blood. The morphologi-
cal specifi city of blood TCs might be associated with the dynamic environment 
where they exist. Further morphological and functional correlations need to be 
established. 

 As to the origin of the blood telocytes, we speculate that they could be from the 
bone marrow; we all know that almost all the formed elements in the blood came 
from the bone marrow. Ten male C57BL/6 J mice aged 5 weeks (weight, 12–16 g) 
were used in the research. The femurs were harvested, and then the soft tissues 
attached to the femurs were removed. The femurs were then cut into two halves 
along their longitudinal axis by microsurgical scissors in preparation for sample 
treatment. The specimens were handled according to scanning electron microscope 
and transmission electron microscope (TEM) routine and observed under Philips 
XL30E SEM (Amsterdam, the Netherlands). Our research provide for the fi rst time 
ultrastructural evidence for the presence of TCs within the bone marrow. 
Ultrastructurally, TCs found in mice bone marrow share the similar distinctive 
features with TCs described by Popescu’s group within other organs [ 1 ]. TCs have 
the small cellular body with one to three suddenly emerging telopodes of uneven 
caliber. Similar to the previous reports, within the bone marrow, TCs appear inter-
connected by homocellular junctions, forming a network. In mice bone marrow, 
TCs are observed in close spatial relationships with small blood vessels and/or 
capillaries. Also, the presence of TCs in bone marrow tissue characterized by the 
generous presence of stem cells and progenitor cells somehow recapitulates the 
condition of TCs in stem cell niches. This aspect could offer new insights regard-
ing the presumptive role(s) of TCs in cellular regeneration. Now we are not sure 
that the telocytes in the blood are surely from the bone marrow; the real origin and 
function of blood telocytes is an urgent problem to be solved in the future (Figs.  24.5  
and  24.6 ).

24.5         The Telocytes Within the Arterial Wall 

 After the blood telocytes were found, we have been thinking whether the telocytes 
are present within the arterial wall. Usually, leukocytes in the blood could migrate 
into the vascular wall or tissues through the endothelial space and become the 
macrophage. Whether the telocytes in the blood also infi ltrate the endothelial space 
into the vascular wall is still unclear. In order to explore this question, the aorta of 
mice is investigated under transmission electron microscope according to the spec-
imen routine treatment. 
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24.5.1     Distinctive Features of Telocytes in Tunica Adventitia 

 Under transmission electron microscope, a novel type of interstitial cell with dis-
tinctive ultrastructural features defi ned as telocyte was observed in loose connective 
tissue of tunica adventitia of the mice aortic arch. TCs in the innermost layer of 
tunica adventitia, located at the juncture between tunica media and tunica adventi-
tia, with their long axes are oriented parallel to the outer elastic membrane 
(Fig.  24.7 ). And no direct contacts between TCs and elastic membrane and no inter-
cellular junctions between TCs and vascular SMCs (VSMCs) were observed 
(Fig.  24.7 ). TCs in the outer layer of tunica adventitia were intertwined with sur-
rounding stromal CFs, which were organized into a highly complex three- 
dimensional meshwork among transverse-oriented fi ber bundle and longitudinal 
array-oriented fi ber bundle (Figs.  24.8  and  24.9 ). TCs in tunica adventitia were 
morphologically consistent with those previously reported in other tissues and 
organs. The characteristics of TCs in tunica adventitia demonstrated that the cell 
bodies were relatively small (range from 6.06 to 13.02 μm in length, from 1.05 to 

  Fig. 24.5    Scanning electron microscope images of mice bone marrow. ( a ) It shows a telocyte ( TC ) 
with one visible telopode ( Tp ). The cellular body of TC is round ( inset ), having the measured sizes 
of 3.55/4.5 μm. Tp has the measured length of 66.5 μm, with the distal end partially covered. The 
 inset  shows the abrupt emerging on the Tp from the cellular body of TC; bar = 30 μm. ( b ) TC with 
two long and very thin Tps: Tp1 – 14.12 μm andTp2 – 6.48 μm. The measured size of the cellular 
body of TC is 2.65/4.55 μm. The uneven caliber (alternation of podoms and podomers) of the Tps 
is obvious; bar = 10 μm       
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  Fig. 24.6    Scanning electron microscope images of mice bone marrow. ( a ) Telocyte ( TC ) and its 
telopode ( Tp ) are located on the surface of an arteriole. TC cellular body size: 4.44/5.93 μm; Tp 
dimensions: length – 12.5 μm; diameter – 0.44 μm; bar = 5 μm. ( b ) TC with its Tp in close spatial 
relationship with surrounding interstitial cells. The moniliform aspect of the Tp is obvious: the 
alternation of dilated segments ( a ) with thin segments ( b ). TC cellular body size: 4.5 μm in diam-
eter; Tp length – 15.12 μm (being which was partially sheltered by one cell); bar = 5 μm       

  Fig. 24.7    Transmission electron microscope image of mouse aortic arch (merged image). Telocyte 
( TC ) with a characteristic telopode ( Tp ) borders the outer elastic membrane of the aortic arch. The 
body of TC is 6.06 in length and 4.25 μm in width. The cytoplasm is scare and contains a moderate 
amount of mitochondria ( M ) and rough endoplasmic reticulum ( rER ). The visible Tp is 14.98 μm 
in length, presenting moniliform respect due to the alternation of podoms and podomers (average 
caliber 0.09 μm). Note the shed vesicles ( arrowheads ) in close proximity to the distal part of Tp. 
 CF  Collagen fi bers,  SMC  Smooth muscle cell; Bar = 5 μm       
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4.25 μm in width), with a high nuclear/cytoplasmic ratio (Figs.  24.7 ,  24.8 ,  24.9 , 
 24.10 ,  24.11 , and  24.12 ); the perinuclear cytoplasm contained some rER and mito-
chondria (Fig.  24.7 ); the thin and long (range from 7.74 to 39.05 μm) Tps were 
projecting from the cell body (Figs.  24.7 ,  24.8 ,  24.9 ,  24.10 ,  24.11 , and  24.12 ), 
whose number per TC was variable, with one to three visible Tps in a single section, 
generally (Figs.  24.7 ,  24.8 ,  24.9 ,  24.10 ,  24.11 , and  24.12 ); and the typical morpho-
logical features of convoluted and moniliform Tps (Fig.  24.4 ) occurred due to the 
alternation of podomers and podoms. The podomer was the thin segment whose 
caliber was about 0.09 μm (Fig.  24.7 ), and the podom was the dilated segment, 
which accommodated abundant organelles: rER, Golgi apparatus, lysosomes, and 

  Fig. 24.8    Telocyte ( TC ) in adventitia of mouse aortic arch (merged image). TC with two telopo-
des ( Tps ) exists in tunica adventitia, embedded among collagen fi bers ( CF ). The body of TC takes 
on the shape of irregular thin and long ellipse with 8.15 μm in length and the average width being 
1.05 μm. The length of circuitous Tp1 and Tp2 is 12.90 μm and 13.07 μm, respectively. Note a 
dichotomous branch ( black arrow ) emerging from the end of Tp1. Bar = 5 μm       
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caveolae (Fig.  24.11 ). In addition, the dichotomous branch emerged at various seg-
ments of Tps of TCs (Figs.  24.8  and  24.11 ), and vesicles shedding from TCs were 
present in the adjacent extracellular matrix (Figs.  24.7  and  24.10 ).

24.5.2             Cell Communication Between Telocytes and Other Cells 
in Tunica Adventitia 

 Homocellular junctions between TCs themselves were observed under TEM. The 
desmosomes (Fig.  24.12 ) were visible between Tps of different TCs, forming an 
intricate three-dimensional network in tunica adventitia. Moreover, macrophages 

  Fig. 24.9    Telocytes ( TCs ) and collagen fi bers ( CFs ) in adventitia of mouse aortic arch (merged 
image). A TC (length: 7.17 μm, the average width: 2.18 μm) with two characteristic telopodes 
( Tps ) ( Tp1  and  Tp2  are 22.31 μm and 17.37 μm in length, respectively) is intertwined with sur-
rounding collagen fi bers, which are organized into a highly complex three-dimensional meshwork 
among transverse-oriented fi ber bundle ( arrowheads ) and longitudinal array-oriented fi ber bundle 
( black arrows ). Bar = 10 μm       

  Fig. 24.10    Distinctive feature of telopode (Tp) of telocyte (TC) in adventitia of the mouse aortic 
arch (merged image). The Tp of a TC displays very thin, special long and convoluted aspect. The 
length of Tp is up to 39.05 μm, more than three times of the macro-axis length (13.01 μm in length) 
of the body of TC. The moniliform aspect of Tp consists of an alternation of podomers and podoms 
( black arrows ). Plenteous shed vesicles ( arrowheads ) can be seen in the neighborhood of various 
regions of the Tp.  CF  Collagen fi ber; Bar = 2 μm       
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and FB coexisted with TCs in the same region of loose connective tissue of tunica 
adventitia (Fig.  24.13 ), where a large amount of CFs survived, whereas no direct 
connections appeared among them.

   Generally speaking, the tunica adventitia of the large artery is relatively a thin 
connective tissue layer containing cells (fi broblasts and macrophages mainly) and 
collagen fi bers and a few elastic fi bers. The morphological features of telocytes in 
the aorta are also in accord with previous research that TCs are located on the con-
nective tissue of rat duodenal blood vessels including arterioles, venules, and capil-
laries [ 18 ,  24 ]. Although TEM alone allowed identifi cation of TCs, caution should 
be taken to differentiate TCs from other interstitial cells in tunica adventitia. 
Macrophages should not give rise to diagnostic problems due to their appearance of 
a large Golgi apparatus, abundant lysosomes, and irregular cytoplasmic projections. 
But attentions should be taken when in the face of fi broblasts and TCs, which could 
be confused by their similar structural features. According to the results of this 
study, TCs were different from other interstitial cells, including fi broblasts, by 
 presence of Tps, which are extremely long, thin, and moniliform prolongations. The 
main function of fi broblast is to synthesize collagen fi bers, elastic fi bers, and some 
extracellular constituents. The fi broblast body is large and pleomorphic; the Golgi 
apparatus is prominent; the rough endoplasmic reticulum is well developed; and the 
cell processes are few, short, and of large caliber, thus being easily appreciable 
under a light microscope [ 19 ,  20 ,  25 ,  26 ]. Based on these, these cells are markedly 
different from TCs, which present an irregular cell body, a large nucleus, and a 
scarce cytoplasm, with a small quantity of Golgi apparatus, some mitochondria, few 
endoplasmic reticula, and, the most striking feature of special long, thin Tps [ 19 , 
 25 ]. Numerous studies have documented the possibility of present interstitial Cajal- 
like cells (ICLCs) in the blood vessels. 

  Fig. 24.11    Ultrastructure of podom of telopode ( Tp ) in adventitia of the mouse aortic arch (merged 
image). ( a ) A telocyte ( TC ) (length: 9.31 μm, the average width: 2.79 μm) with three Tps coexists 
with collagen fi bers in adventitia of the aortic arch. Tp2 is the longest one of the three, reaching 
16.43 μm, presenting the typical morphological feature of alternating podomer and podom and 
forming bifurcation. The length of Tp1 is 7.74 μm and Tp3 is only partially shown. ( b ) The higher 
magnifi cation of dotted line rectangle area of ( a ) indicates that the dilated segment of Tp-podom 
has an irregular shape and accommodates rough endoplasmic reticulum ( rER ), Golgi apparatus 
( G ), lysosomes ( L ), and caveolae ( black arrow ). Bar = 5 μm       
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 The studies by Pucovský et al. [ 21 ,  27 ] and Harhun et al. [ 22 ,  28 ] described a 
novel cell type, which had similar morphological features of ICC in mesenteric 
arteries of the guinea pig and rabbit portal vein, respectively. It seemed that there 
were some differences in both morphology and physiological roles of ICCs of rab-
bit portal veins and mesenteric arteries of guinea pig. Harhun et al. [ 23 ,  29 ] utilized 
ICs (interstitial cells) for all subtypes of interstitial cells found in blood vessels. A 
study performed by Bobryshev [ 2 ,  30 ] fi rstly showed the presence of arterial cells 

  Fig. 24.12    Cell communication between different telopodes ( Tps ). ( a ) Direct contacts come into 
existence between Tps of different telocytes (TCs) in adventitia of the aortic arch. ( b ) Local higher 
magnifi cation of the line rectangular area of ( a ) shows that the end of Tp1 forms desmosome 
( black arrow ) with Tp2 of another TC. ( c ) Local higher magnifi cation of dotted line rectangular 
area of ( a ) demonstrates that Tp3 inserts into a cupped space formed by Tp4 of another TC, and 
desmosomes ( black arrows ) connecting Tp3 and Tp4 are visible.  SMC  Smooth muscle cell. 
Bar = 5 μm       
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  Fig. 24.13    Relationship between telocytes (TCs) and other cells (merged image). In adventitia of 
mouse aortic arch, three TCs are observed to be present with fi broblast and macrophage in the 
same region of extracellular matrix of adventitia where a large amount of collagen fi bers (CF) 
exist, but no direct contact among them appears. Bar = 10 μm       

with typical structural characteristics of ICC in situ, which was known as arterial 
ICC, and perhaps represents a distinct subtype within the ICC family. These cells 
were in direct contact with both SMCs and nerve endings at the juncture of media 
and adventitia of human large arteries. According to the review of interstitial cells 
of blood vessels, [ 24 ,  31 ] a new cell type termed interstitial cell was indicated in the 
tunica media of both veins and arteries. These cells possessed the characteristic of 
irregularly shaped, thin processes and noncontractile, which were totally different 
from VSMCs. The main role of portal vein ICs may tend to be a pacemaker in the 
wall of blood vessels, while the physiological role of interstitial cells in arteries is 
still unclear, and according to their phenotypes, the arterial interstitial cells may 
belong to the SMC lineage. From the research so far, ICCs or ICs of blood vessels 
are more likely a subset of SMC subpopulation, which shares most of the features 
with the ICCs of the gastrointestinal tract [ 25 ,  32 ]. In the present study, a subset of 
interstitial cells with ultrastructure characteristics enabling these cells to be regarded 
as TCs (see in detail:   http://www.telocytes.com/    ) was usually located in tunica 
adventitia of the aorta, not in tunica media, and no direct intercellular junctions 
were found between them and SMCs. It seems to be clear that there are plenty of 
differences between ICCs and TCs in blood vessels, such as ultrastructure and func-
tion. Previous study by Corselli et al. [ 26 ,  33 ] demonstrated that cells expressed 
mesenchymal stem cells markers resided in the outmost layer of blood vessels. 
Besides pericytes, which encircle capillaries and microvessels, the tunica adventitia 
might be another source of mesenchymal stem cells. The new fi nding in our current 
study showed the presence of TCs in the tunica adventitia of the mice aorta. Since 
TCs had been reported in close relationship with several stem cells, such as cardiac 
progenitors [ 27 ,  34 ] subepithelial lung stem cells [ 5 ], skeletal muscle stem cells 
[ 28 ,  35 ], skin stem cell clusters [ 7 ,  21 ]. There are grounds for believing that TCs 
play an important role in increasing the effi ciency and effi cacy of resident local 
stem cells in the process of repair/regeneration through cell-to-cell communication 
or shed vesicles. In conclusion, our study provided TEM evidence for the presence 
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of TCs with representative features in tunica adventitia of the mice aortic arch. And 
their biologically functional signifi cance in vasculature is needed to be further 
explored.   

24.6     Telocytes Within the Wall of the Inferior Vena Cava 

 Telocytes (TCs), distinctive population of stromal cells extending special long pro-
longations with thin segments (podomers) and dilations (podoms), have been identi-
fi ed in various organs and tissues including the blood, the large-sized artery, and the 
connective tissue around the venule, arteriole, and capillaries [ 36 ]. However, 
whether TCs exist in the large-sized vein is still not clear. 

 Three male beagles (aged 3 months weighted 23–26 g) were anesthetized 
with diazepam and ketamine hydrochloride by intramuscular injection. Then, 
their thoracic cavities were opened, through a puncture into the left ventricle; 
2500 ml of heparin physiological saline and 1000 ml 4 % formaldehyde solution 
for each animal were perfused at physiological pressure, respectively. After the 
perfusion, the inferior vena cava was removed and prepared according to routine 
treatment and observed under transmission electron microscope (FEI TECAI 
SPIRITTEM) [ 34 ]. 

 A new type of interstitial cell with typical ultrastructural features defi ned as TC 
was observed in the canine inferior vena cava under TEM. TCs in the inferior 
vena cava were morphologically consistent with those previously reported in 
other tissues and organs. TCs with high nuclear/cytoplasmic ratio had relatively 
small cell bodies (range from 4.49 to 7.44 μm in length, from 1.12 to 1.78 μm in 
width) (Figs.  24.14 ,  24.15 , and  24.16 ). Their thin and long Tps (range from 5.71 
to 31.75 μm) were projecting from the cell body (Figs.  24.14 ,  24.15 , and  24.16 ). 
The morphological features of TPs were identifi ed: very long and thin cellular 
prolongations, with uneven caliber (moniliform aspect) (Fig.  24.14 ). Inferior vena 
cava TCs were surrounded by a great deal of collagen fi bers and adjacent to the 
capillary (Figs.  24.15  and  24.16 ). Figure  24.3  displayed the typical morphology 
of cells with very long, thin, and moniliform Tps.

     Conventionally, the inferior vena cava is formed by the joining of the left and 
right common iliac veins and carries deoxygenated blood from the lower half of the 
body into the right atrium. The inferior vena cava belongs to the large-sized vein, in 
which the tunica media is relatively thin and the tunica adventitia relatively thick. 
The tunica intima of the large vein consists of an endothelial lining with its basal  
lamina, a small amount of subendothelial connective tissue and some smooth mus-
cle  cells. The tunica media is relatively thin and contains circumferentially arranged 
smooth muscle cells, collagen fi bers. The tunica adventitia of large veins is the 
thickest layer of the vessel wall, along with the usual collagen and elastic fi ber and 
fi broblasts. The tunica adventitia also contains longitudinally disposed smooth mus-
cle cells. Our research indicated that telocyte located in subendothelial layer is 
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regarded as a kind of new cell element. The morphology of telocytes in the aorta is 
similar to that of the inferior vena cava, venule, arteriole, and capillary. But the loca-
tion of telocytes in both the aorta and inferior vena cava is apparently different. The 
telocytes in the aorta are in the tunica adventitia and close to the external elastic 
lamina; nevertheless, the telocyte in the inferior vena cava is located in the subendo-
thelial layer in tunica intima. In conclusion, inferior vena cava TCs, as a population 
of presumed accessory cells for stem cells [ 13 ,  34 ] and capillaries, might play an 
important role in maintaining the homeostasis including angiogenesis, regeneration, 
and reparation programming during inferior vena cava injury. Although the accurate 
functional association of inferior vena cava TCs needs further exploration, when all 
these would be confi rmed, the corresponding clinical application prospect would be 
fully broad.  

  Fig. 24.14    TEM image shows the spatial relationship between telocytes (TCs) and collagen fi bers 
of the inferior vena cava. ( a ) The strategic position of TCs, adjacent to the capillary, is visible; 
bar = 5 μm. ( b ) The higher magnifi cation of Fig.  a  shows that TCs coexisted with collagen fi bers in 
the inferior vena cava and were in close vicinity with capillary  EC  endothelial cell; bar = 1 μm       
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24.7     Summary 

 Telocytes are a distinct type of interstitial cells characterized by a small cell body 
and extremely long and thin telopodes (Tps). They have been discovered to be pres-
ent in many tissues and organs (  http://www.telocytes.com    ). In the cardiovascular 
system, they have been found in the epicardium, myocardium, endocardium, 

  Fig. 24.16    TEM image shows the topographic localization between TC and the capillary of the 
inferior vena cava. ( a ) Telocytes (TCs) are located in the inferior vena cava, surrounded by colla-
gen fi bers, adjacent to the capillary; bar = 5 μm. ( b ) The morphological feature of the Tps with thin 
segments (podomers) and dilations (podoms) is shown. Tps, characteristic cellular prolongations 
of inferior vena cava TCs, were special long (about 31.75 nm) and moniliform forms, accommo-
dating mitochondria, endoplasmic reticulum, and vesicles in podoms.  CF  collagen fi ber, bar = 1 μm       

  Fig. 24.15    Transmission electron microscope (TEM) images of the canine inferior vena cava. ( a ) 
One typical telocyte ( TC ) in the inferior vena cava is visible; bar = 5 μm. ( b ) It is the image of high 
power of fi gure ( a ). The TC with small spindly body extended specially long and thin telopodes 
( Tps ). The TC body was 6.71 μm in length and 1.29 μm in the average width in size. And the 
measured length of Tp1 and Tp2 is 5.71 μm and 19.71 μm, respectively.  CF  collagen fi ber, 
bar = 1 μm       
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large- sized artery (aorta), large-sized vein (inferior vena cava), and connective tis-
sue around the venule, arteriole, and capillaries. We are sure that it will be found in 
more and more organs and tissues in the coming time. Functionally, telocytes form 
a three-dimensional (3D) interstitial network by homocellular and heterocellular 
communication (between telocytes and capillaries, between telocytes and telocytes, 
between telocytes and nerve endings, and between telocytes and host cells) and are 
involved in the maintenance of tissue homeostasis. As important interstitial cells to 
guide or nurse putative stem and progenitor cells in stem cell niches in a spectrum 
of tissues and organs, TCs contribute to tissue repair and regeneration. The coming 
research should focus on searching for the specifi c markers of telocytes of different 
tissues and organs, exploring the method to isolate or separate telocytes from car-
diovascular tissue or organs such as the heart, artery, or vein, through culturing 
telocytes independently and clarifying their biological features.     
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    Chapter 25   
 Juxtacerebral Tissue Regeneration Potential: 
Telocytes Contribution                     

     Laura     Cristina     Ceafalan     and     Bogdan     Ovidiu     Popescu    

    Abstract     It is well proved already that neurogenesis does take place in mammals’ 
brain, including human brain. However, neurogenesis by itself is not able to com-
pensate for brain tissue loss in serious neurological diseases, such as stroke, brain 
trauma or neurodegenerative disorders. Recent evidences show that neural stem cell 
niches are present not only in classical locations, such as subventricular  or sub-
granular zones, but in other areas as well, including tissues contiguous to the brain 
(meninges and choroid plexus).  In this chapter we revise the relationship of neural 
stem cells with interstitial cells (mainly telocytes), which we think is signifi cant, and 
we describe what is known about the juxtacerebral tissue neurogenesis potential. 

25.1        Adult Neurogenesis: Biological and Therapeutical 
Perspectives 

 Discovered by Joseph Altman more than half a century ago [ 1 ], adult neurogenesis 
represents the formation of new neurons and glial cells from stem cells (SCs) in 
brains of mature mammals. Basic features of stem cells are their capacity to both 
self-renew and differentiate [ 2 ]. The classical neural stem cell (NCS) populations 
seem to be embedded in the walls of cerebral ventricles (in the so-called 
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subventricular zone (SVZ) and subgranular zone (SGZ)), and in small brains, these 
cells are able to proliferate and migrate through considerable distances [ 3 ]. Recently, 
a different neurogenic zone in the dorsal hippocampus was described – the subhip-
pocampal zone (SHZ) [ 4 ]. A variety of experimental studies, performed mainly in 
rodents, suggested that different types of injuries, such as trauma or stroke, are able 
to trigger the proliferation of NCS progenitors [ 5 ]. However, whether secondary 
differentiation to specialized nervous cells occurs and how all this process is able to 
compensate for cell loss in brains are still to be answered [ 6 ]. Instead of literally 
replacing the lost cells in the central nervous system, it seems that NCS might favor 
neurological recovery by synthesis and release of trophic factors [ 7 ]. The brain 
exerts an important endogenous defense activity (EDA), and generation of new 
brain cells is part of EDA [ 8 ]. Nonetheless, neurogenesis is not effi cacious in neu-
rodegenerative diseases, such as Alzheimer’s disease [ 9 ] or amyotrophic lateral 
sclerosis [ 10 ], apparently due to an alteration of cell cycle reentry and failure of cell 
differentiation [ 11 ,  12 ]. 

 Starting from the considerations above, NCS could be interesting from at least 
two angles, namely, stimulation of endogenous neurogenesis and transplantation of 
autologous/allogeneic stem cells [ 13 ]. In order either to stimulate NCS or to facili-
tate integration of transplanted stem cells in the peculiar brain environment, under-
standing of regulation of stem cell niche activation and of maturation and migration 
of newly born neurons is essential. The NCS niches are governed by cell-cell inter-
actions between NCS (A, B, and C types), ependymal cells (in SVZ), endothelial 
cells, microglial cells, and extracellular matrix molecules [ 14 – 16 ]. Growth factors, 
cytokines, neurotransmitters, and other signaling molecules such as NO regulate the 
niche activation or inhibition in SVZ, SGZ, and SHZ [ 4 ,  17 – 19 ].  

25.2     Juxtacerebral Tissue as Neural Stem Cell Host 

 Besides classical location of NSC in mammalian adult brain ventricular walls, 
recently, progenitor cells were identifi ed in meninges [ 20 ] and choroid plexus [ 21 ], 
which we called here and elsewhere  juxtacerebral tissues , since they are nonneuronal 
structures contiguous to brain tissue. According to different experimental paradigms, 
mainly models of stroke and traumatic brain injury (TBI) in rodents, the stem cell 
niches hosted by these juxtacerebral tissues respond to brain injuries by intense acti-
vation, with cell multiplication, differentiation, and migration to the location of lesion 
[ 20 ]. Interestingly, similar NSC niches were identifi ed in spinal cord meninges as 
well, even though its embryonic origin is different from telencephalic meninges, and 
these niches also react to injury [ 22 ]. Markers of NCS used usually in immunofl uo-
rescence or immunohistochemical methods are nestin [ 20 ], doublecortin [ 22 ], or 
PAX 3/7 [ 23 ,  24 ]. Moreover, cell explants from meningeal biopsies gave rise in cul-
ture to neurospheres [ 25 ]. Interestingly enough, pia mater folds within the brain, 
going along with every penetrating artery and creating the perivascular space. 
Therefore, the pial NSC niches are spread out in cerebral tissue much more than the 
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ones from SVZ, SGZ, and SHZ. Further on, to be noted is the proximity of the cho-
roid plexus to the SVZ, actually a subependymal zone. Signaling through CSF might 
modulate the activity of stem cell niches from choroid plexus and meninges.  

25.3     Telocytes: Peculiar Interstitial Cells in Juxtacerebral 
Stem Cell Niches 

 Telocytes (TCs) are peculiar interstitial cells which are found in virtually all mam-
malian tissues, characterized by a small cell body and a few very long, moniliform 
cell processes, called telopodes [ 26 ]. We demonstrated in previous reports that in 
different tissues, telocytes are in contact with many other cell partners, at the level 
of stem cell niches [ 27 – 29 ]. We also showed, for the fi rst time, that telocytes are 
present both in meninges and choroid plexus in rat and mouse brain [ 23 ]. By elec-
tron microscopy (EM) and immunofl uorescence, we demonstrated that telocytes are 
in close contact with putative stem cells [ 23 ]. In Fig.  25.1  we show such an example 
of telocytes at the junction between arachnoid and pia mater, in the proximity of 

Adult rat - arachnoid/pia mater

Tp

Cortex

Artery

Arachnoid 
reticular cells

Arachnoid 
barrier cells

  Fig. 25.1    Adult rat meninges – transmission electron microscopy. A telocyte with a long telopode 
(Tp) is identifi ed at the arachnoid/pia mater border, in the vicinity of an artery. Arachnoid cells and 
the cortex are marked as well (Courtesy of Dr. Mihaela Gherghiceanu, Laboratory of Ultrastructural 
Pathology, ‘Victor Babeș’ National institute of Pathology)       
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cortex and cortical penetrating vessels (EM). In Fig.  25.2a  please note a telocyte in 
contact with a resident stem cell and in Fig.  25.2b  a circulating stem cell in a capil-
lary, at the level of adult rat choroid plexus. In this light, telocytes might participate 
in regulation of NSC niche activation in juxtacerebral reservoirs.

25.4         Future Perspectives 

 The recent identifi cation of NSC niches in juxtacerebral structures opens an interest-
ing new treatment target both for acute conditions (such as stroke and TBI) and neu-
rodegenerative disorders (such as Alzheimer’s and Parkinson’s diseases). Both 
choroid plexus and meninges are in contact with cerebrospinal fl uid, so one therapeu-
tic possibility would be to deliver endogenous neurogenesis stimulants, such as 
growth factors, intrathecally. A different approach could base on meningeal biopsy, 
multiplication of stem cells and interstitial cells in cell cultures, and injection at the 
affected sites.     

  Acknowledgments   We do thank Dr. Mihaela Gherghiceanu for providing us the EM fi gures and 
for the fruitful discussions and advice.  
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  Fig. 25.2    Adult rat choroid plexus – transmission electron microscopy. ( a ) A telocyte (TC) is in 
contact proximity to a resident stem cell (SC), in a niche. ( b ) A circulating stem cell (SC) is identi-
fi ed at the level of a capillary (Courtesy of Dr. Mihaela Gherghiceanu, Laboratory of Ultrastructural 
Pathology, ‘Victor Babeș’ National institute of Pathology)       
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    Chapter 26   
 Telocytes of Fascial Structures                     

     Joanna     Dawidowicz     ,     Natalia     Matysiak     ,     Sylwia     Szotek     , 
and     Krzysztof     Maksymowicz    

    Abstract     Currently, the exact role of telocytes within fascial structures is unknown. 
The morphology, distribution and behaviour of fascial telocytes as well as the 
mutual relationship between telocytes and other cellular fascia constituents should 
be defi nitely a subject of further studies. It will contribute to better understanding of 
the role of the fascial system in health and diseases, may shed light on the regenera-
tion potential of these tissues and may help to fi nd targets for future treatments for 
locomotor disorders, including fascial diseases. Last but not least, confi rmation of 
the presence of telocytes within fascia may contribute to optimise the use of fascia 
as a graft material.  
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26.1        Introduction 

 It has only been several months since the presence of telocytes was described 
in fascial structures (human fascia lata of the thigh) [ 14 ]. Let us take a closer 
look at the fascial system of the body to try to understand the potential role 
telocytes might play in the physiology and pathology of these interesting and 
ubiquitous tissues. 

26.1.1     Fascial Structures: What They Are and What They Do 

 The term “fascia” comes from Latin and means “band of material” [ 28 ]. However, 
it should be emphasised that fasciae are not just simple bands connecting joints and 
muscles. As a matter of fact, these structures form a sophisticated, anatomical and 
functional three-dimensional network surrounding all structures of the body, pro-
tecting them and enhancing their function [ 5 ,  18 ,  29 ,  64 ]. One might even be tempted 
to conclude that normal movement of the body is only possible because of fascial 
tissues. It would not be too much of an exaggeration to say that fascial tissues are 
omnipresent, extending literally “from head to toe” [ 31 ], and serial anatomical con-
tinuity of different fasciae was demonstrated (for instance, gluteal fascia continues 
with the fascia lata, the crural fascia and fi nally the plantar fascia). This continuity 
provides not only anatomical but also functional integration of all fascial structures 
in the body [ 62 ]. 

 Under pathological conditions, fasciae undergo both functional and structural 
changes that manifest themselves as any of a wide range of fascial diseases. This 
group of diseases is often diffi cult to diagnose and treat. The main reason of diag-
nostic diffi culties is the fact that clinical symptoms of these disorders are to a great 
extent nonspecifi c and subjectively experienced by the patient, with persistent pain 
of varying severity and a marked reduction in the normal range of movement usu-
ally being the main complaints. 

 Some fascial structures are commonly used as valuable graft material. They are 
used in many different fi elds of reconstructive and plastic surgery [ 16 ,  72 ]. Fascial 
grafts, for instance, are applied in tracheal reconstruction, surgical treatment of aor-
tic aneurysm, glaucoma surgery [ 36 ], urological reconstructive surgery [ 68 ] and 
repair of different kinds of hernia. 

 Despite the crucial role of fasciae, these structures are relatively poorly investi-
gated, especially compared with other elements of the broadly defi ned locomotor 
system. This might be a consequence of a general misconception that fasciae are 
just uncomplicated and non-specialised structures, whose only role is to passively 
assist muscle and bone activity [ 55 ]. Fortunately, recently fascial structures have 
become an increasingly important subject of investigation among scientists and cli-
nicians [ 69 ].  
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26.1.2     Fascial Terminology and Heterogeneity 

 Despite a rise in the number of studies concerning fascial structures, their offi cial 
defi ning terminology, and especially the general classifi cation system, is still being 
debated [ 9 ,  30 ,  32 ,  57 ]. According to the Federative Committee on Anatomical 
Terminology (FCAT), fasciae can be classifi ed based on their location. Following 
this classifi cation, one can distinguish fascia of the head and neck, fascia of the 
trunk and fascia of limbs. Another slightly different approach is to classify fasciae 
based on their relation to the surrounding structures into subcutaneous fascia, fas-
cia of muscles, visceral fascia, parietal fascia and fascia extraserosalis [ 1 ]. Fasciae 
are also named based on their given topographic location (thoracolumbar fascia, 
crural fascia and plantar fascia) and sometimes even on their morphological char-
acter (fascia lata). 

 The aforementioned approaches, despite being wildly used in practice, do not 
take into account microscopic fascial features or the diversity of its functional char-
acteristics [ 31 ]. As an answer to this problem, Kumka proposed a functional clas-
sifi cation system, which distinguishes four main categories of fascial structures: 
linking, fascicular, compression and separating fasciae. Compression fasciae are 
represented, e.g. by fascia lata, crural fascia, brachial fascia and antebrachial fascia, 
while thoracolumbar fascia belongs to the group of linking fasciae and plantar fas-
cia belongs to passive fasciae [ 31 ]. Each region of the body has a complex mixture 
of these different fascial types. 

 Standard anatomical approach distinguishes superfi cial, deep and visceral fas-
ciae. The superfi cial fascia ( tela subcutanea ) is located directly beneath the skin. 
The deep fascia ( fascia profunda ) typically envelops muscles, adhering to them 
more or less tightly. However, it should be stressed that superfi cial or deep fascia 
may be locally absent. From the histological point of view, fascial structure consti-
tutes loose connective tissue and dense connective tissue. Most often, however, they 
are a combination of these two tissue types (Fig.  26.1 ).

   The superfi cial fascia is generally considered loose connective tissue while the 
deep fascia is classifi ed as mostly dense, irregular connective tissue. The histologi-
cal distinction between the superfi cial and deep fascia is not always possible and 
clear because the superfi cial fascia can occasionally contain sheets of dense connec-
tive tissue (and even muscle tissue, e.g. muscles of facial expression). Also, the deep 
fascia is not always synonymous with dense connective tissue because it may con-
tain varying (sometimes signifi cant) amounts of loose connective tissue [ 33 ]. 
Moreover, under some conditions, when the deep fascia (e.g. plantar fascia) becomes 
a subject of marked compression, its cells can undergo chondrocytic differentiation 
(fi brocartilaginous tissue). 

 It could be concluded that, at present, no unifi ed and clear fascia classifi cation 
systems exist. Below we have described the telocyte populations of four examples 
of fascial structures: fascia lata, thoracolumbar fascia, crural fascia and plantar fas-
cia. The above choice was dictated by the fact that selected fasciae are often affected 
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in the course of painful, troublesome and sometimes severe fascial disorders. 
Moreover, the fascia lata, due to its durability, elasticity and relative ease of harvest-
ing, is most often used as a comprehensive graft material.  

26.1.3     Common Fascial Disorders 

 Fascial disorders are a heterogeneous group of diseases, whose pathogenesis 
remains largely unknown. Overuse, infl ammation, autoimmune processes as well 
as genetic factors are listed among possible etiologies. As was mentioned before, 
the most common features of fascial diseases are pain and a reduction of the 
range of motion. Many patients may also report localised or generalised stiffness 
and discomfort. It should be stressed that no specifi c diagnostic markers of fas-
cial disorders exist and that most often they are “diagnoses of exclusion”. The 
best known examples of fascial disorders are plantar fasciitis and fi bromatosis 
( Morbus Ledderhose ), proximal iliotibial band (ITB) syndrome, Dupuytren’s 
contracture, congenital fascial dystrophy, compartment syndromes and fi bromy-
algia [ 4 ,  57 ].   

  Fig. 26.1    Histological images showing layered organisation of collagen bundles of human fas-
ciae: ( a ) fascia lata, ( b ) plantar fascia, ( c ) thoracolumbar fascia and ( d ) crural fascia; note the 
alternating arrangement of dense and loose connective tissue layers. H&E staining. Scale bars: ( a ) 
100 μm; ( b – d ) 200 μm       
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26.2     Morphology and Characterisation of Fascial Telocytes: 
Are Fascial Telocytes Somehow Different? 

 Telocytes are recently discovered cells involved in a number of essential biological 
processes [ 13 ,  19 ,  45 ]. So far, the presence of telocytes has been confi rmed within 
different organs and tissues [ 13 ]. However, it has only been several months since the 
presence of telocytes was described in human fascial structures [ 14 ]. As it was men-
tioned above, fascial structures are forming a ubiquitous, anatomical and functional 
network within the body. Taking into consideration that at the same time telocytes 
are forming a unique, three-dimensional network in the stromal compartment of 
many different tissues [ 19 ,  45 ,  70 ], it may be assumed that these two networks must 
be strictly interwoven and interdependent, creating a complex, sophisticated and 
integrative “network in network” system (Fig.  26.2 ).

  Fig. 26.2    Fascia–telocytes 
“network in network” 
system (Photo courtesy of 
Cedron M. Sterling, L.M.P. 
  http://www.
CedronSterling.com    , 
modifi ed by the authors)       
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   Even though telocyte presence within a given tissue could be confi rmed using 
several techniques, such as immunofl uorescence, immunostaining or proteomics 
and genetic methods, transmission electron microscopy (TEM) remains a valuable 
diagnostic tool in identifying this distinct cell population [ 7 ,  10 ,  12 ,  74 ]. 
Characteristic morphological features of telocytes are clearly visible under a trans-
mission electron microscope, which allows them to be distinguished from other 
kinds of cells, especially fascial fi broblasts and fascial nerve cells [ 47 ]. In general, 
fascial telocytes morphologically resemble telocytes of other tissues (Fig.  26.3 ). As 
observed in TEM images, fascial telocytes exhibit a small, oval-shaped or some-
times triangular cellular body of an average size 2.4 ± 0.5 μm/5 ± 1.7 μm, with the 
nucleus occupying about 25-35 % of the cellular volume.

   The cytoplasm is generally sparse and the perinuclear region is usually rich in 
mitochondria. The cytoplasm also contains a Golgi complex, elements of rough and 
smooth endoplasmic reticulum and cytoskeletal elements. However, obviously the 
most characteristic morphological feature of these cells is the presence of a different 
number (up to four) of very long processes – telopodes (Fig.  26.3 ). It is interesting 
to note that, except for the axons of some types of neurons, telopodes are probably 
the longest cellular prolongations in the human body. The observed fascial telopo-
des achieved a maximum length of 22 μm. Fascial telocytes exhibit typical telopo-
des – with the presence of dilated podoms harbouring the mitochondria, endoplasmic 
reticulum as well as caveolae and thin podomers [ 45 ]. Most often, telopodes of 
fascial tissues form a complex network due to their branching and overlapping. 

  Fig. 26.3    Overview of a 
fascia lata telocyte; note 
the relatively small cell 
body and 4 long 
characteristic processes – 
telopodes (TP 1−4 ); a 
digitally coloured ( blue ) 
transmission electron 
microscope image. Scale 
bar: 5 μm (Reproduced 
with permission from 
Dawidowicz et al. [ 14 ])       
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26.2.1     Telocytes of the Fascia Lata 

 The fascia lata is an integral part of the fascial system of the body. It envelops the 
entire thigh and hip area and its main tasks are to reduce tissue friction, protect 
underlying structures from injury, encourage venous return and, most importantly, 
transmit mechanical forces generated by the musculoskeletal system of the lower 
extremity [ 5 ,  18 ,  29 ,  64 ]. The fascia lata is also important because this structure 
relatively often becomes a target for pathological processes resulting from repetitive 
traumas or overuse. The best known example of a disease affecting the fascia lata is 
the ITB syndrome [ 5 ,  27 ,  60 ]. It is most common in athletes or older overweight 
females and its main clinical symptoms are pain and tenderness at the iliac tubercle 
area [ 60 ]. The proximal ITB syndrome is often underdiagnosed and, consequently, 
diffi cult to treat. 

 From the histological perspective, the fascia lata is a poorly cellular structure 
(Fig.  26.1a ) with the cellular components represented mainly by fi broblasts, fi bro-
cytes and lower numbers of mast cells, adipocytes, single cells showing features of 
myofi broblastic differentiation and, as recently observed, telocytes. Telocytes 
 populating the fascia lata (compared to telocytes of other fascial structures) have 
been examined most intensively. Fascia lata telocytes are rather scarce (0–2 cells per 
FOV) when the number of cells is expressed as cells per fi eld of view – FOV 
(FOV = 7.065 mm 2  – the surface of the TEM grid of 3 mm diameter). As far as mor-
phological features are concerned, they exhibit the presence of typical telopodes 
with podomers alternating with much thicker podoms (Figs.  26.4  and  26.5 ).

    Each fascia lata telocyte had several (up to four) telopodes (Fig.  26.3 ) of the 
maximum length of about 22 μm in the place of the section (Fig.  26.6 ).

   The size of the podomers was slightly thicker compared to the thickness of adja-
cent collagen fi bres (Fig.  26.6 ). Within some of the podoms, signifi cant accumula-
tions of mitochondria were present (Figs.  26.4  and  26.5 ). Telopodes form a kind of 
semi-circular arrangement (Fig.  26.7 ), dichotomous branching (Fig. 26.5a ) or 
strongly convoluted three-dimensional structures (Fig.  26.4 ).

   Within the fascia lata, both homocellular (telocyte-to-telocyte) junctions 
(Fig.  26.4 ) and heterocellular (telocyte to other cells) junctions were observed 
(Fig.  26.8 ).

   This fi nding is consistent with previous studies concerning other tissues and 
organs, showing that telocytes frequently establish close contacts not only with each 
other but also with other kinds of cells [ 11 ,  26 ,  42 ,  43 ,  47 ,  48 ,  52 ,  53 ,  65 ].  

26.2.2     Telocytes of the Plantar Fascia 

 The plantar fascia originates on the bottom surface of the calcaneus and extends 
along the sole of the foot towards the toes. Its main roles are to transmit forces from 
the hind to the forefoot and maintain the medial longitudinal arch. The presence of 
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  Fig. 26.4    Transmission 
electron microscopy 
images of telocytes of the 
fascia lata; note the large 
telopode extending from 
the cell body of a telocyte 
with podomers alternating 
with much thicker podoms 
containing abundant 
mitochondria ( m ); the inset 
shows a part of the telocyte 
with a fragment of the 
telopode forming a 
circular, convoluted 
appearance. Scale bars: 
2 μm; 0.5 μm ( inset ) 
(Reproduced with 
permission from 
Dawidowicz et al. [ 14 ])       

  Fig. 26.5    ( a ) Electron micrographs of a telocyte in the fascia lata with the presence of typical 
telopodes (TP), forming dichotomous branching ( db ) and consisting of podomers ( pd ) alternating 
with podoms ( pd ); ( b – c ) the insets show the podom at higher magnifi cation, with clearly visible 
focal accumulation of mitochondria ( m ). Scale bars: ( a ) 2 μm; ( b ) 1 μm; ( c ) 0.5 μm (Reproduced 
with permission from Dawidowicz et al. [ 14 ])       
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Pacinian and Ruffi ni corpuscles suggests that plantar fascia has a role in propriocep-
tion, stability and control of foot movement. It carries 14 % of the total load of the 
foot [ 62 ]. The plantar fascia is investigated more frequently than the other fascial 
structures not only because it plays a crucial role in foot biomechanics but mainly 
because it is involved in several severe and diffi cult-to-treat pathologies. One of the 
main diseases affecting the plantar fascia is plantar fasciitis. This disorder is particu-
larly common in runners and is considered an overuse syndrome caused by repeti-
tive stress and excessive pronation of the foot. An especially interesting plantar 
fascia disease is plantar fi bromatosis, also known as Ledderhose’s disease. Similarly 
to palmar fi bromatosis (Dupuytren’s disease) and penile fi bromatosis (Peyronie’s 
disease), it belongs to superfi cial fi bromatoses. It is characterised by local prolifera-
tion of abnormal fi brotic tissue in the plantar fascia. Clinically, in patients suffering 
from Ledderhose’s disease, one can observe slow-growing nodules most often 
found in the central and medial portions of the plantar fascia. 

  Fig. 26.6    Telocyte of the fascia lata with a small part of the cell body ( cb ) and the very long telo-
pode ( TP ) situated between collagen fi bres ( CF ); the inset shows higher magnifi cation of a frag-
ment of a telopode that is slightly thicker compared to the thickness of neighbouring collagen 
fi bres (longitudinal sections); digitally coloured ( blue ) electron micrographs. Scale bars: 5 μm; 
0.5 μm (inset) (Reproduced with permission from Dawidowicz et al. [ 14 ])       
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 The plantar fascia is composed mainly of dense connective tissue (Fig.  26.1b ). 
Telocytes populating the plantar fascia morphologically resemble those of the fascia 
lata (Fig.  26.9 ) except they exhibit abundant glycogen granule (Fig.  26.10 ).

    It could explain at least to some extent the fact why the plantar fascia is very 
susceptible to glycation and oxidation, which results in its changes and thickening 
in the course of diabetes mellitus. 

 Moreover, telocytes of the plantar fascia form clearly visible homocellular junc-
tions more frequently compared to telocytes populating other fascia types 
(Figs.  26.10  and  26.11 ). These cells junctions exhibited mainly the morphology of 
 macula adherens  (spot desmosomes) and sometimes they were present in a close 
proximity to each other.

   Telocytes communicate with other cells not only by forming junctions (e.g. 
spot desmosomes, atypical junctions or nano-contacts) but also through extracel-
lular vesicles. Extracellular vesicles are membrane-covered spheres that transport 
 various biomolecules and proteins. They are comparable to intercellular cargos 
allowing telocytes to fulfi l their roles in many crucial processes such as intercel-
lular signalling, immune response and angiogenesis [ 23 ]. These distinct structures 
were observed in the close vicinity of some plantar fascia telocytes (Figs.  26.11  
and  26.12 ).

  Fig. 26.7    Electron 
micrograph of a section of 
a fascia lata telocyte; note 
the telopode forming a 
semi-circular arrangement 
with focal accumulations 
of mitochondria ( m ) and 
endoplasmic reticulum 
elements ( ER ). Scale bar: 
1 μm (Reproduced with 
permission from 
Dawidowicz et al. [ 14 ])       
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26.2.3        Telocytes of the Thoracolumbar Fascia 

 The thoracolumbar fascia (TLF) plays a very important role in sustaining the pos-
tural stability of the body and stabilises the lumbar vertebrae on the sacral base. The 
TLF also takes part in respiration [ 22 ,  58 ]. The TLF envelops the back muscles from 
the sacral region through the thoracic region and could be described as a complex 
arrangement of multilayered fascial planes and aponeurotic sheets [ 3 ]. There are 
several anatomical models for the TLF, with the two-layer model and the three-layer 
model being the most common [ 58 ]. Abnormalities affecting the thoracolumbar fas-
cia can be one of the reasons of progressive spinal instability and chronic low back 
pain (LBP) [ 35 ]. In humans suffering from chronic or recurrent LBP, increased 
thickness and disorganisation of collagen layers of the thoracolumbar fascia were 
observed and could be considered important factors in pathophysiology of this 
entity [ 34 ]. Long-term consequences of the abnormalities affecting the TLF include 
its degeneration and degeneration of the surrounding anatomical structures. The 
thoracolumbar fascia, as other deep fasciae, consists mainly of dense irregular con-
nective tissue (Fig.  26.1c ), so by defi nition it contains a low number of cells. Among 
those cells, telocytes deserve special attention. The TLF telocytes are distributed 
among tightly packed collagen bundles and elastic fi bres. Their long telopods (the 
longest observed telopod measured about 6.5 μm) are often interdigitated among 
numerous collagen fi bres, being oriented both horizontally and longitudinally 
towards them (Fig.  26.13 ).

  Fig. 26.8    Digitally coloured electronogram of a fragment of telopode ( blue ) ( a ) in close proximity 
with a fascia lata macrophage ( yellow ) and ( b ) a fragments of the telopode ( blue ) in close proxim-
ity with cells of the vascular wall. Scale bars: ( a ) 2 μm; ( b ) 5 μm       
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26.2.4        Telocytes of the Crural Fascia 

 The crural fascia ensheathes the muscles of the leg forming an anatomical and func-
tional continuum with the fascia lata and the deep fascia of the foot. The crural 
fascia is known to be involved in etiopathogenesis of the medial tibial stress syn-
drome (MTSS), commonly known as “shin splints”. It is a frequent and often dis-
abling disorder in athletes such as runners and jumpers. The patients suffering from 
MTSS feel exertional pain (usually vague and diffuse, rather than focal) of the lower 
extremity centred on the posteromedial tibial border [ 21 ]. Reported incidence rate 
of MTSS varies from 4 % to 35 % in military and athletic populations [ 2 ]. Because 
the pathogenesis of this disorder is not fully understood, MTSS is not always easy 
to treat in everyday practice. It was indicated that the crural fascia, similarly to the 
fascia lata, has a layered structure (Fig.  26.1d ) consisting of three, or at some points 
two, layers of parallelly aligned main collagen bundles separated by a thin layer of 
loose connective tissue [ 3 ]. Among those abundant fi brous structural proteins, telo-
cytes are present together with fi broblasts, fi brocytes and some mast cells. Relatively 
often telopodes of the crural fascia telocytes were forming convoluted forms and 
running in close proximity to nerves and vessels. The higher observed length of the 
crural fascia telopode was about 13.5 μm in the place of the section (Fig.  26.14 ).

  Fig. 26.9    Electron 
micrograph showing low 
magnifi cation of a cross 
section of a plantar fascia 
telocyte with a podomer 
( pr ) and a podom ( pm ). 
Scale bar: 5 μm       
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26.3         Potential Telocyte Crosstalks with Other Cell 
Constituents of Fascial Tissues 

 As has already been mentioned, telocytes of different tissues are known to form 
homo- and heterocellular junctions with, respectively, each other and with other 
cells (e.g. with endothelial cells, pericytes, Schwann cells, immune cells and fi bro-
blasts) [ 6 ,  13 ,  23 ,  39 ,  46 ,  71 ]. These junctions allow cell–cell interactions that are 
essential to maintain tissue architecture, for cell growth, renewal and repair [ 8 ,  24 , 
 37 ,  38 ,  44 ,  49 ,  59 ]. As it was shown by other researchers, different homocellular 
junction types between telocytes may exist (e.g.  puncta adhaerentia minima, pro-
cessus adhaerentes  and  manubria adhaerentia) . As far as heterocellular contacts are 
concerned, they generally form minute junctions ( point contacts ,  nano - contacts  and 
 planar contacts ) [ 23 ]. The close relationship of telocytes with other cells, especially 
with immune cells, indicates that they may play a potentially important role in phys-
iological immunoregulation as well as in the pathogenesis of many different dis-
eases. The presence of telocytes, recently confi rmed within the fascial tissue, makes 
us look at fascia from a new perspective. It also encouraged us to seek possible 
relationships between telocytes and the remaining cells populating fascial 

  Fig. 26.10    Electron 
microscopy image of 
portions of plantar fascia 
telocytes with multiple 
homocellular junctions 
( circle ) between adjutant 
fragments of telopodes; 
note the presence of 
abundant glycogen 
granules and abundant 
cytoskeletal elements 
within those cells. Scale 
bar: 0.5 μm       
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structures, such as fi broblasts and fi brocytes, cells showing myofi broblastic differ-
entiation or mast cells [ 14 ,  63 ] (Fig.  26.15 ).

26.3.1       Telocytes and Fibroblasts 

 Fibroblasts and fi brocytes constitute the highest number of cells populating fas-
cial structures. Fibroblasts are known for their high adaptability to their environ-
mental conditions and the capacity to remodel in response to the direction of 
various mechanical stimuli [ 17 ]. Fibroblasts play a crucial role in the formation 
and maintenance of the fascial structure because they produce main fi brous pro-
teins (collagens, elastin) and ground substance components. It is important to note 
that a considerable part of fascial disorders is accompanied by excessive prolifera-
tion of cells of fi broblastic differentiation. From this perspective, it is interesting 
that the number of telocytes turned out to be reduced in fi brotic areas of different 
organs, such as the heart muscle, intestinal wall, skin as well as other organs in 
patients suffering from systemic sclerosis [ 20 ,  40 ]. This suggested a potential role 
of those cells in the process of fi brotic remodelling and fi brosis. In examined fas-
cia samples, telocytes were often surrounded by abundant and tightly packed col-
lagen bundles (Fig.  26.13 ). Both the telocytes cell body as well as their telopodes 

  Fig. 26.11    Electron microscopy images of fragments of plantar fascia telocytes: ( a ) homocellular 
junctions ( circle ) evident between telopodes; note the extracellular vesicles released by telocyte 
( arrows ) in close proximity with its plasma membrane; ( b ) the presence of homocellular junctions 
( circles ) between telopodes. Scale bars: 0.5 μm       
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were often closely associated with, or even in contact with, fascia fi broblasts 
(Fig.  26.16 ).

   These telocytes–fi broblasts junctions may be of special interest with regard to 
research into fi brotic fascial diseases, such as Dupuytren’s contracture or plantar 
fi bromatosis, and should be defi nitely a subject of future investigations.  

26.3.2     Telocytes and Myofi broblasts 

 Well-defi ned myofi broblasts are known to play an important role in establishing 
tension during wound healing and pathological contracture [ 66 ]. Even at rest, 
healthy connective tissues seem to be under the infl uence of a kind of mechanical 
tension [ 15 ,  66 ] and myofi broblasts are suspected of being involved in this tensional 
homeostasis. Moreover, it has been shown that myofi broblasts play a role in the 
synthesis and reorganisation of the connective tissue extracellular matrix, which, in 
the case of fascial structures, might signifi cantly infl uence biomechanical properties 
of those tissues [ 55 ,  66 ]. Increased concentration of myofi broblasts in pathologi-
cally changed fascia is suspected of creating tissue contractures in clinical 

  Fig. 26.12    Electron 
microscopy image of 
fragments of plantar fascia 
telocytes with visible 
homocellular junctions 
( circles ) and abundant 
extracellular vesicles 
( arrows ) in close proximity 
with the plasma 
membrane. Scale bar: 
0.5 μm       
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  Fig. 26.13    Digitally coloured electron micrographs of thoracolumbar fascia ( a – b ); long telopodes 
( blue ) penetrating tightly packed collagen fi bres. Scale bars:1 μm       

  Fig. 26.14    Electron 
microscopy of a telocyte 
coming from the crural 
fascia demonstrates one 
long telopode and other, 
much shorter, 
prolongations; the longest 
telopode exhibits 
characteristic thinner 
(podomers) and thicker 
(podoms) fragments. Scale 
bar: 2 μm       
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conditions like palmar fascial fi bromatosis (Dupuytren’s disease), plantar fascial 
fi bromatosis (Ledderhose’s disease) and adhesive capsulitis (frozen shoulder) [ 25 ]. 
As far as possible telocyte–myofi broblast crosstalk is concerned, a hypothesis exists 
that telocytes might be involved in controlling fi broblast activation and that, conse-
quently, a loss of telocytes (confi rmed in fi brotic tissues) might promote the differ-
entiation of fi broblasts into profi brotic myofi broblasts [ 40 ].  

26.3.3     Telocytes: Mast Cells 

 Mast cells are bone marrow-derived cells found in many different tissues of the 
body. These cells are best known as potent effector cells mediating allergic diseases. 
They are also involved in a number of other important processes, such as fi brogen-
esis and wound healing [ 50 ]. Mast cells fulfi l their biological roles thanks to the 
presence of their active mediators, some of which are currently being investigated 
as potential targets for therapeutic interventions [ 41 ]. Mast cell mediators are able 
to alter signifi cantly the behaviour of various cell types they have contact with. Most 
probably it is also true in the case of mast cell–telocytes interaction. Telocytes are 
known to form heterocellular junctions with mast cells. They were found, among 
others, in close vicinity of mast cells in human pregnant and nonpregnant uteri [ 51 ]. 

  Fig. 26.15    Diagram showing the possible crosstalks between telocytes and other fascial cell popu-
lations (cells of the nervous system, fi broblasts, myofi broblasts, cells of the vessel structures, telo-
cytes and mast cells)       
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Mast cell–telocyte tandems were also observed in mouse trachea, where they were 
suspected to be involved in the tracheal functional regulation (e.g. secretion, con-
tractility) [ 52 ]. It was also indicated that telocytes established stromal synapses with 
mast cells (and eosinophils) in the course of acute salpingitis in rats and so play a 
role in local immunoregulation [ 71 ]. The presence of mast cells neighbouring fas-
cial telopodes was especially pronounced in case of fascia lata samples (Fig.  26.17 ).

   Consequently, it could be speculated that not only mast cell–fi broblast interac-
tions but also mast cell–telocyte interactions might be of crucial importance for the 
mechanical properties of fascial tissues as well as fascial fi brotic diseases. Mast cell–
telocyte tandem presence within fascial structure may also be taken to indicate that 
fasciae are immunologically active tissues with protective and regulatory potential.  

26.3.4     Elements of the Nervous System 

 Our understanding of fascial innervation still remains incomplete. So far, the pres-
ence of abundant free and encapsulated nerve endings (including Ruffi ni and 
Pacinian corpuscles) has been described in some types of fascial tissues [ 4 ,  54 ]. In 

  Fig. 26.16    Digitally 
coloured electronogram of 
the fascia lata; note the 
telopodes ( blue ) 
surrounding the fi broblast 
( green ). Scale bar: 1 μm       
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the fascia lata, the presence of mainly nonmyelinated nerve fi bres and only single 
nerve endings has been confi rmed. Observed fascial nerve endings were closely 
connected to the surrounding collagen fi bres, suggesting that they may be easily 
stretched, and consequently activated, every time the surrounding fascia is stretched. 
In this way, the neural supply of fascia may infl uence its contractility both in health 
and disease. At the cellular level, the telocyte network running through the body 
sometimes is considered a very primitive nervous system [ 61 ]. Moreover telocytes 
of other (then fasciae) tissues are known to create links with cell of nervous system 
[ 6 ]. It was found that in the human heart, telocytes make contact with Schwann 
cells. In the urinary system and the uterus, they establish numerous contacts with 
nerve endings. Also, in the small intestine they come into contact with nerve struc-
tures [ 23 ,  67 ,  73 ]. Likewise, telocytes of fascial tissues may also create heterocel-
lular junctions with neural cells and might be involved in the integration of the 
neural processes.      
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  Fig. 26.17    Electron 
microscopy image of a 
fascia lata telocyte ( blue ) 
with a telopode in close 
proximity with a fragment 
of a mast cell ( red ). Scale 
bar: 0.5 μm       
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    Chapter 27   
 Hepatic Telocytes                     

     Yingying     Zhao    ,     Xiaoyu     Chen    ,     Fei     Wang    , and     Changqing     Yang    

    Abstract     Telocytes (TCs), a novel peculiar interstitial cell found in many tissues 
and organs, play pivotal roles in maintaining tissue homeostasis and regulating tis-
sue and organ development and immune surveillance. In recent years, the existence 
of TCs in liver has been confi rmed. In this chapter, we evaluate the role of TCs on 
promoting liver regeneration and the therapeutic effects on liver fi brosis.  

27.1        Introduction 

 A century ago, a Spanish histologist, Ramon y Cajal, pioneered a microscopy-based 
study of neuroanatomy and fi rst discovered the existence of a peculiar interstitial 
cell in the intestines with similar morphological characters to neurons [ 1 ]. Based on 
the specifi c staining profi le (methylene blue and argentaffi n) and its location in the 
intercellular space between smooth muscle cells (SMCs) and nerve endings, they 
named cells  interstitial neurons  and hypothesized its function in neural activity. 
Through the development of transmission electron microscopes, Faussone-Pellegrini 
et al. revealed the ultrastructure of this cell type in the human esophagus and stom-
ach [ 2 ,  3 ]. Subsequently, Thuneberg et al. verifi ed the function of the cells as a 
pacemaker and conductor of intestinal impulse [ 4 ]. As there was consistent and suf-
fi cient evidence that these cells were not neurons, the name interstitial cells of Cajal 
(ICC) was adopted. In 1992, Christensen J summarized the general features of the 
ultrastructure of ICC: a round or oval nucleus, scattering chromatins, scant cyto-
plasm with marked smooth endoplasmic reticula (SER), mitochondria, and well- 
developed Golgi apparatus and several vacuoles in the membrane; incomplete 
basement membranes; and closer-to-nerve fi ber and gap junctions between the pro-
cesses and SMCs [ 5 ]. Over the following decades, researchers found similar ICC- 
like cells in many organs, with a fundamental morphological difference in the 
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extending antennae. As such, these cells were named interstitial Cajal-like cells 
(ICLC). In 2010, Popescu LM et al. demonstrated that the ICLC phenotype was 
quite different from ICC. To distinguish the two types of cells, they offi cially named 
ICLC as telocytes (TCs) and extending antennae telopodes (TPs) [ 6 ].  

27.2     Ultrastructure and Immunophenotype of TCs 

 To date, TCs have been found widely in numerous human organs, such as the pan-
creas [ 7 ], mammary gland [ 8 – 10 ], urinary tract [ 11 ], reproductive organs [ 12 – 14 ], 
placenta [ 15 ,  16 ], skeletal muscle [ 17 ], myocardium [ 18 – 24 ], and lung [ 25 ,  26 ], 
among others. The general morphology of TCs is described as relatively small cell 
body compared with other interstitial cells, with a nucleus that accounts for one 
quarter of the total cell volume, surrounded by the mitochondria, Golgi apparatus, 
and rough and smooth endoplasmic reticula. There are 1–5 triangular or spindly TPs 
in a TC, of which the length ranges from tens to hundreds of micrometers, with 
inhomogeneous thickness of less than 0.2 μm. There are narrow segments 
(podomers) on the TPs alternating with dilations (podoms). TPs could form a com-
plex set of network through three-dimensional crimps and overlaps. Due to the 
nearly invisible structure under light microscopy, TCs were only offi cially discov-
ered in recent decades. In addition, TCs can make connections with other cells by 
hetero- and homocellular junctions or extracellular secretion of vesicles [ 6 ,  27 ]. 

 Notably, TCs display different immunophenotypes according to the organ and/or 
the animal species, and while they share the same ultrastructural features, the iden-
tifi cation of TC can be made only by transmission electron microscope (TEM) [ 28 ]. 
TCs have been reportedly positive for c-kit [ 29 ], CD34 [ 15 ,  26 ,  30 ,  31 ], S-100 [ 30 ], 
α-smooth muscle actin (α-SMA) [ 26 ], VEGF [ 15 ,  17 ,  32 ,  33 ], vimentin [ 29 ], 
PDGFR-α [ 28 ], and PDGFR-β [ 34 ].  

27.3     Discovery of TCs in Liver 

 In the study by Xiao et al., the authors provide the fi rst verifi cation of the existence 
of TCs in the liver of mice using TEM (Fig.  27.1 ) [ 35 ]. In addition, they extracted 
liver tissues from frozen sections and identifi ed immunofl uorescence markers for 
TC based on double labeling for CD34 combined with c-kit, vimentin, PDGFR-α, 
or PDGFR-β.

   The isolation and primary culture of hepatic TCs could be potentially modifi ed 
according to the cardiac TCs isolation procedures [ 36 ]. Ten- to 12-week-old C57/BL6 
male mice were anesthetized using 1 % pentobarbital sodium, and liver tissues were 
subsequently obtained. The tissues were washed with Hank’s balanced salt solution 
(HBSS), minced, and then washed again. Afterward, the proper amount of 0.25 % 
trypsin in DMEM was added at 37 °C for digestion. The tissues were oscillated with 
a shaker for 5 min, and equal volumes of pre-chilled Dulbecco’s modifi ed eagle 
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medium (DMEM)/F12 were added to terminate digestion. The tissues were fi ltered 
through a 40 μm pore membrane and centrifuged at 1,500 rpm for 5 min. The cells 
were then washed again and resuspended with DMEM/F12 containing 10 % fetal 
bovine serum (FBS). The above procedures (including digestion, termination of diges-
tion, and cell isolation) were repeated fi ve times. The collected cell suspension was 
mixed, resuspended, and centrifuged at 1,000 rpm for 5 min and cultured with 10 ml 
DMEM/F12 containing 10 % FBS in a constant temperature incubator. After that, we 
would suggest using fl ow cytometric sorting with antibodies to CD34 and PDGFR-α. 
After that, immunofl uorescence staining could be used to identify hepatic TCs.  

27.4     TCs and Liver Regeneration 

 The liver has tremendous capacity for regeneration following various injuries. By 
example, it can restore to its original weight in 2 weeks following partial hepatec-
tomy (PH) [ 37 ,  38 ]. Hepatocyte proliferation represents a vital role during the 

  Fig. 27.1    Electron microscopy images of the ultrastructure of the liver (from mice). ( a ) TCs with 
a TP located in the Disse space ( D ) between hepatocytes ( H ) and endothelial cells ( E ). ( b ) A higher 
magnifi cation of the fi eld inside the rectangle in A. A putative stem cell ( pSC ) is located between 
the hepatocytes ( H ) and TC;  N  nucleus.  ER  endoplasmic reticulum. ( c ) A TC with three Tps;  H  
hepatocyte,  m  mitochondria. ( d ) A higher magnifi cation of a TC with a nucleus ( N );  RBC  red blood 
cell,  H  hepatocyte,  E  endothelial cell,  m  mitochondria; scale bar = 5 μm (Reproduced with permis-
sion from [ 35 ])       
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regeneration process [ 37 ,  39 ]. In the study by Wang et al., a murine model of liver 
regeneration was induced by PH [ 40 ]. They calculated the residual liver lobes/body 
weight of mice at 0, 12, 24, 48, 72, 96, 120, and 168 h following PH to evaluate the 
regeneration of liver mass. The regenerated liver tissues were made into frozen sec-
tions for immunofl uorescence double labeling (CD34/PDGFR-α, CD34/PDGFR-β, 
or CD34/vimentin) and EdU (5-ethynyl-20-deoxyuridine) staining. The remaining 
tissues were collected for Western blotting analysis of proliferating cell nuclear 
antigen (PCNA). The results of EdU staining and Western blotting demonstrated 
that cell proliferation reached its peak at 48 and 72 h following PH. The results of 
immunofl uorescence staining demonstrated that the number of double-labeled TCs 
signifi cantly increased at 72 h, consistent with the point of maximum cell prolifera-
tion post-PH. In addition, Wang et al. also demonstrated that the number of CK-19- 
positive hepatic stem cells most signifi cantly increased 72 h post-PH. Taken 
together, this study proposed a potential role for TCs in liver regeneration and a 
close relationship between TCs and hepatocytes or hepatic stem cells. There were 
three possibilities regarding the relationship between TCs and liver regeneration: (i) 
it was merely coincidental that the numbers of TCs and proliferating cells during 
liver regeneration had concurrently increased, (ii) the increased TCs were associ-
ated with increased hepatocytes and hepatic stem cells in liver regeneration, and (iii) 
the increased TCs induced the increased hepatocytes and hepatic stem cells in liver 
regeneration. Considering that the increase in TCs following PH occurs concur-
rently with an increase in hepatocytes and hepatic stem cells suggests that TCs 
participate in liver regeneration through intercellular junctions or a paracrine effect 
via ectovesicles. Improved understanding of the impact of TCs on hepatocytes and/
or hepatic stem cells and liver regeneration is crucial and will aid in the develop-
ment of novel therapeutics.  

27.5     TCs and Liver Fibrosis 

 Liver fi brosis is a pathophysiologic process characterized by intrahepatic extracel-
lular matrix (ECM) dysplasia, following chronic damages, which can progress to 
cirrhosis [ 41 ,  42 ]. As the ECM is mainly secreted by hepatic stellate cell (HSC), it 
is widely believed that activation of HSC is central to the pathobiology of liver fi bro-
sis. In recent decades, the reversible nature of liver fi brosis or even early-stage cir-
rhosis has been demonstrated. Unfortunately, no effective or specifi c medication is 
currently available [ 43 ]. As it has been reported that the number of TCs was signifi -
cantly decreased in fi brotic areas of myocardial infarction [ 44 ], Fu et al. collected 
human liver fi brosis samples obtained upon liver biopsy to determine the relation 
between TCs and liver fi brosis [ 45 ]. Paraffi n sections from liver tissues of fi brosis or 
healthy controls were prepared for hematoxylin-eosin and Masson’s trichrome 
staining and frozen sections for immunofl uorescence studies (CD34/PDGFR-α, 
CD34/PDGFR-β, CD34/vimentin, or CD34/c-kit). In the fi brosis group, there were 
an obvious infl ammatory response, collagen deposition, and cell necrosis. While 
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TEM examination is the golden standard for TC identifi cations, the authors used 
four double immunolabeling methods to identify and semiquantitatively analyze 
these cell populations. Double labeling of CD34 and PDGFR-α noted a signifi cant 
reduction of TCs in the fi brosis samples. This study highlighted a role for TCs in 
liver fi brosis. As the number of HSCs is increased in the context of liver fi brosis, the 
study also supports the conclusion that TCs are distinct entities from HSCs. 
However, it remains to be determined whether TCs reduction is a cause or conse-
quence of this pathological process. Taken together, this study proposed a potential 
role of TCs in liver fi brosis: (i) TCs reduction in liver fi brosis may impact ECM 
deposition [ 46 ] and regulate HSCs activation and (ii) as the numbers of TCs is 
increased in liver regeneration [ 40 ], the disappearance of TCs may impair the regen-
erative actions mediated by hepatocytes and stem cells in liver fi brosis. In addition, 
it has been reported that intramyocardial transplantation of cardiac TCs ameliorated 
MI and improved postinfarcted cardiac function [ 47 ]. As such, TCs transplantation 
may provide a new treatment strategy for liver fi brosis.  

27.6     Conclusion 

 The existence of TCs has been well established in many hollow and solid viscera 
and even in skin dermis [ 6 ]. Unfortunately, studies on the physiological functions 
and impact of TCs remain very superfi cial; thus the mechanisms by which TCs 
affect their function remain largely uncharacterized. As a type of interstitial cell, 
connection between TCs and vessels, nerve fi ber tracts, and immune cells is estab-
lished via its hetero- and homocellular junctions with other cell types, which indi-
cates a mechanical support effect of TCs [ 48 ]. It is notable that some microRNAs 
(miRNAs, miRs) display proangiogenic potential, including let-7 family [ 49 ,  50 ], 
miR-10 [ 51 ], miR-126 [ 52 ], miR-155 [ 53 ], and miR-503 [ 54 ], while other miRNAs, 
such as miR-130a, may downregulate the expression of antiangiogenic factors [ 55 ]. 
Studies on the role of miRNAs in TCs will enhance our understanding of the func-
tions of TCs. Meanwhile, studies on the pathological effects of TCs in various dis-
ease states have only just begun. By example, reduction of TCs was observed in the 
ileum of patients with systemic sclerosis and Crohn’s disease, when compared with 
healthy controls [ 56 ]. Specifi cally, Manole et al. noted that numerous TCs were 
found in the marginal area of infarcted myocardium [ 32 ]. In addition, TCs have an 
inhibitory effect on cell apoptosis when co-cultured with breast cancer EMT-6 cells 
[ 57 ]. As studies have increasingly demonstrated the pathological effects of TCs, this 
improved understanding will help usher in new prospect for liver diseases 
treatment.     
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