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identification of telocytes in adult
yak epididymis
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Juanjuan Song?

Telocytes (TCs) are a newly discovered type of mesenchymal cell that are closely related to the tissue’s
internal environment. The study aimed to investigate the morphological identification of TCs in the
epididymis of adult yak and their role in the local microenvironment. In this study, transmission
electron microscopy (TEM), scanning electron microscopy, immunofluorescence, qRT-PCR, and
western blotting were used to analyze the cell morphology of TCs. The results showed that there are
two types of TCs in the epididymal stroma of yak by TEM; one type is distributed around the capillaries
with full cell bodies, longer TPs, and a large number of secretory vesicles; the other is distributed
outside the basement membrane with irregularly long, striped, large nuclei and short telopodes

(TPs). In addition, these TCs formed complex TC cell networks through TPs with epididymal interstitial
capillaries and basal fibroblasts. TCs often appear near the capillaries and basement membrane by
special staining. The surface markers of TCs (CD34, vimentin, and CD117) were positively expressed

in the epididymal stroma and epithelium by immunohistochemistry, and immunofluorescence
co-expression of vimentin + CD34 and CD117 + CD34 was observed on the surface of TCs. The trends in
the mRNA and protein expression of TCs surface markers revealed expression was highest in the caput
epididymis. In summary, this is first report of TCs in the epididymis of yak, and two phenotypes of TCs
were observed. The existence and distribution characteristics of TCs in the epididymis of plateau yaks
provide important clues for further study of the adaptation to reproductive function in the plateau.

Telocytes (TCs) are a newly discovered type of mesenchymal cells with unique morphological characteristics
that have a long cytoplasmic extensions called telopodes (TPs). TPs are slender, long, and varied in number.
Their shapes are mainly irregular ellipsoid, pear, and spindle; they are rich in mitochondria, the endoplasmic
reticulum, and have a secretory function!=. The unique morphological characteristics of TCs make them dif-
ferent from other mesenchymal cells. The TPs are in close contact with blood vessels, nerve bundles, and local
immune system cells through organ matrix distribution, forming a network between tissues; this network was
considered to be the structural basis for cell communication*®. Furthermore, TCs may also establish unique
spatial relationships with a variety of cells, including adjacent parenchymal cells and other cells in the interstitial
compartment, and are considered to regulate the dynamic balance of the local microenvironment by contacting
or releasing secretory vesicles between cells®®. These secretory vesicles are considered to be “messengers” of
substance exchange and signal transduction between TCs and other cells”!, and are also an important reason
why TCs are thought to be secretory cells. As early as a century ago, a special cell group in the muscular layer of
the human intestinal tract was discovered by Cajal and named as “interstitial neurons”'!. Telocytes were named
by Popescu and Faussone-Pellegrini at the beginning of this century'. For many years, research on telocytes
was based on imaging their ultrastructure under a transmission electron microscope, so transmission electron
microscopy is considered the “gold standard” for research into TC morphology.

TCs have been found in the human myocardium and gallbladder; CD34, c-kit (CD117), and vimentin were
co-expression in TCs, and involved in stem cell differentiation, the coordination of new angiogenesis, and the
regulation of paracrine function in the interstitial tissue'>!*. Furthermore, TCs were abundant in the mouse
lung and rat kidney'*'®. TCs were found in the fish brain'® and in poultry skin'”. TCs have been discovered to
be involved in many functional aspects in recent years, including cell regeneration'®, inhibition of apoptosis'?,
inflammation repair®, cell communication®!, angiogenesis*>*, and stem cell function’. In previous studies,
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CD34, CD117, and vimentin were widely considered effective markers of TCs?*-?¢. The proteins are also widely
used to locate and screen TCs. CD34 is a marker receptor found on the surface of mesenchymal stem cells; it is
also a highly glycosylated type I transmembrane glycoprotein expressed on the surface of hematopoietic stem/
progenitor cells of humans and other mammals?=%°.

CD117 (C-kit) is a marker of stem cells/progenitor cells in the heart™ and is considered one of the effective
markers of TCs>!. Vimentin, a conserved type III intermediate filament protein, is often found in fibroblasts,
vascular endothelial cells, neutrophils, and macrophages, and is abundantly expressed in glomeruli, tubules, and
renal interstitial cells*?. Vimentin is a marker of mesenchymal phenotype and an important cytoskeletal protein.
It is generally expressed only in mesenchymal cells and is closely related to the growth, invasion, and metastasis
of tumor cells*. For a long time, studies of TCs have been based on some stem cell characteristics, with the stem
cell surface markers such as CD34 and CD117 generally considered the marker proteins of TCs. Vimentin is a
phenotypic marker of interstitial tissue, which is often used to locate TCs in the interstitial tissue.

Yak has a reputation as a ‘plateau boat’ and ‘omnipotent livestock’ in the Plateau pastoral area®?*. The internal
environment and functions of epididymis affected by high altitude hypoxia environment, while the epididymis
is an important place for sperm maturation, processing, and storage®>"’. For example, the activity of the enzyme
acrosome and its change in reactivity in hypoxic conditions damages sperm fertilization ability**-*°. Therefore,
our study aimed to determine the distribution location of TCs in the epididymis of yak and analyzed the ultras-
tructure of TCs, to provide new clues or information as to the function of TCs in plateau animals.

Results

Ultrastructural characteristics of yak epididymis TCs under TEM. TEM is the most effective
method to identify TCs. TEM observation showed that the TCs in the epididymis of yak contained a large
nucleus of indefinite shape; the most typical were ellipsoid, serrated, and pear-shaped. The nucleus, with obvi-
ous chromatin, was surrounded by a small amount of cytoplasm, rich in secretory vesicles and mitochondria.
There were a large number of TPs composed of long cytoplasmic fragments (Fig. 1A,B). Most of the TCs in the

Figure 1. The localization of telocytes in the caput epididymis of yak by TEM. (A) Ultrastructure of TPs. The
TPs have a long strip- or bead-like structure, which is characterized by the alternating appearance of thick
protrusions and slender podomers. There are abundant secretory vesicles and mitochondria in TPs (Scale
bar=2 um). (B) The TCs consist of a large spindle nuclei and a number of secretory vesicles, mitochondria, and
lysosomes (Scale bar=2 pm). (C, D) The outline of TCs was clearly visible and distributed around the interstitial
capillaries of yak caput, which was composed of spindle-shaped nuclei and long TPs (C: Scale bar=5 pm, D:
Scale bar=2 pm). (E, F) The TCs located outside the peritubular connective tissue and the TPs connected to the
capillary wall to form a special network (E: Scale bar=5 um, F: Scale bar=5 pm). (G, H) The TCs distributed in
the intertubular stroma, had slender and coiled TPs that contacted with peritubular myoid cells and fibroblasts
(G: Scale bar=5 um, H: Scale bar=2 um). BV: blood vessel, nu: nucleus, SV: secretory vesicles, m: mitochondria.
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epididymis of yak are distributed around the blood vessels and can be clearly observed to contact the blood
vessels through TPs and may form special cell connections (Fig. 1C,D,E, and H). In addition, some of the TCs
distributed in the interstitium of the epididymis were in contact with peritubular myoid cells and fibroblasts
(Fig. IEG). The morphology of TCs in the corpus epididymis was similar to that in caput epididymis, which is
characterized by a large body, thick cytoplasm, full nucleus, clear nucleolus, and with abundant secretory vesicles
distributed around the nucleus of TCs (Fig. 2A-F). The nucleoli of TCs were clearly visible at high magnification
and were also rich in extranuclear secretory vesicles and rough endoplasmic reticulum in Fig. 2G. Furthermore,
there was also a slight difference in morphology between TCs distributed near the basal membrane and stroma
in the cauda (Fig. 3A-G). TCs in the stroma had more plump cells, longer TPs, and numerous secretory vesicles,
while the TCs outside the basement membrane had smaller bodies, larger nuclei, irregular strip shapes, and
shorter TPs, they were also closely connected with many epithelial cells (Fig. 3A, B, and F). TPs as a signal com-
munication tool extend to a variety of cells, forming a special network structure (Fig. 3B and F).

Morphological structure of yak epididymis TCs under SEM. The SEM photographs were colored
using Adobe Photoshop 2020 software. It was found that TCs had complete cell morphology with the presence
of obvious cytoplasmic processes on TPs. TCs usually attached to the epithelium or connected to other cells
through TPs, but exist alone in the epididymis stroma. Moreover, the vast interactions can be used to make a
complex TPs network between adjacent epithelial cells, and cell secretions are attached to TPs (Fig. 4A-I).

Morphological model of telocytes. The morphological structure and the morphological model diagram
of TCs in yak epididymis were proposed based on the results of TEM and SEM (Figs. 5 and 6).

TCs special staining results. The toluidine blue staining results showed that a few TCs were distributed
in the interstitium and more were distributed near the microvascular of the epididymis. However, they had
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Figure 2. The localization of telocytes in the corpus epididymis of yak by TEM. (A) The slender TPs were
similar to the TCs of the caput epididymis, which alternated between thick processes and slender podomers.
Secretory vesicles and mitochondria were distributed around the TPs (Scale bar =5 pm). (B, C) Telocytes

are distributed in the interstitium of the corpus, with a large body and slender TPs (Scale bar=2 pm). (D,

E) The TCs are clearly visible in the interstitium of the corpus with ellipsoidal nuclei and slender TPs. A

large number of secretory vesicles were distributed throughout the cells (Scale bar =5 pum). (F) The secretory
vesicles and mitochondria in TPs under high magnification. (G) The nucleoli of TCs were clearly visible under
high magnification and were rich in extranuclear secretory vesicles and rough endoplasmic reticulum (Scale
bar=>5 pm). nu: nucleus, SV: secretory vesicles, m: mitochondria, Rer: rough endoplasmic reticulum.
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Figure 3. The localization of telocytes in the cauda epididymis of yak by TEM. (A, B) pear-shaped TCs
occupied by a large nucleus around with secretory vesicles, mitochondria, lysosomes (Scale bar=5 pm). (C,

D) The TCs distributed outside the peritubular connective tissue had TPs closely associated with peritubular
myoid cells and fibroblasts (Scale bar=2 pm). (E) The TCs were composed of serrated nuclei and long TPs with
secretory vesicles in the cells (Scale bar=2 um). (F) The TCs were close to the basement membrane and tightly
connected to multiple epithelial cells by TPs forming a network (Scale bar=5 um). (G) TCs with long and curled
TPs, irregular nuclei, and secretory vesicles (Scale bar=2 pm). BV: blood vessel, nu: nucleus, SV: secretory
vesicles.

different structures, adopting ellipsoid, spindle, pear, or other forms (Fig. 7A-C). Mercury-bromophenol blue
staining showed that TPs were more obvious and the cytoplasmic processes on TPs were stained dark blue
(Fig. 7D-F).

Immunohistochemical and immunofluorescence analysis of TC surface markers. The immuno-
histochemical results showed that thick epithelial cells, mesenchymal cells, and capillaries were observed in the
epididymis of yak. CD34 was strongly expressed in the interstitium and distributed mainly in the interstitium
and near the epithelium (Fig. 8A-C). Compared with the caput and cauda, the CD34-positive intensity in the
epididymis corpus was higher (Fig. 8B). Vimentin staining was strong positive in the caput, corpus, and cauda of
yak epididymis. It is worth noting that vimentin has intensely positive expression in the stroma, epithelium, and
microvascular wall of the epididymis (Fig. 8D-F). CD117 had strong positive expression in the caput, corpus,
and cauda of yak epididymis, and the specificity was stronger than that of CD34 and vimentin. CD117 immuno-
positive cells were mainly distributed in the epithelial cytoplasm and mesenchymal cells (Fig. 8G-I).

The immunofluorescence results showed that vimentin was widely expressed in the epididymis of yak, includ-
ing fibroblasts, perivascular muscle-like cells and vascular endothelial cells, with strong positive expression
(Fig. 9). These cells are present in the loose connective tissue around the tubulointerstitium. CD34 was positively
distributed in the stroma and epithelium (Fig. 9). The CD34-positive oval cells near the epithelium were of a short
shape, with cytoplasmic processes, which may be dendritic cells or TCs, and the positive expression was stronger
in the caput. The co-expression of vimentin/CD34 was observed in the interstitium, capillary, and epithelium
of yak epididymis (Fig. 9). There was strong positive expression of CD117 in the stroma and epithelium, with a
large number of CD117-positive cells around the blood vessels of mesenchymal hair cells, and relatively few in
the epithelium (Fig. 9). The cells with strong positive CD34 expression and weakly positive CD117 expression
appeared in the yak epididymis corpus; they may be phagocytes or lymphocytes (Fig. 9). CD117/CD34 co-
expression was observed in the interstitial epididymis, as shown by yellow fluorescence (Fig. 9). The common
features were proved by the co-expression of vimentin/CD34 and CD117/CD34 and showed that the cells had
along cytoplasmic extension and a large nucleus, and that most of them were distributed around the interstitial

Scientific Reports |

(2023) 13:5295 | https://doi.org/10.1038/s41598-023-32220-4 nature portfolio



www.nature.com/scientificreports/

30.0um J S3400N 5.00kV 12.1mm x1.10k SE

Figure 4. The localization of telocytes in the epididymis of yak by SEM. (A) The TCs were found in the
epididymis of yak. There is a cytoplasmic projection structure in TPs, which has the typical characteristics of
TCs cells. (B) TCs near the epididymis epithelium. (C) TCs in the interstitium of the epididymis. (D, E) TCs
found in the stroma of the corpus epididymis. (F) TCs attached to the epididymis epithelium. (G) TCs form a
network between the adjacent epitheliums. (H) The TCs in the interstitium of the epididymis cauda, with cell
secretions were seen around them. (I) The cell population of TCs was found in the epididymis cauda.

capillaries of yak epididymis and outside the epididymal epithelium. The obtained morphology conformed to
the basic characteristics expected for TCs.

The mRNA and protein expression of effective markers of telocytes in yak epididymis. The
expression of CD34, Vimentin, and CD117 mRNA in yak epididymis was detected by qRT-PCR. The expression
of CD34 mRNA in caput epididymis tissues of yaks compared to corpus and cauda showed an elevated trend (p
< 0.01). Although there was no significant difference in the expression trend in vimentin mRNA in caput and
corpus, it was significantly higher than that in the cauda epididymis (p < 0.01). Similarly, CD117 mRNA expres-
sion in yak caput epididymis was also significantly higher than that in the corpus and cauda (p < 0.01) (Fig. 10).
Western blotting results showed that the expression levels of the proteins of CD34, vimentin, and CD117 in
the caput epididymis of yak were significantly higher than those in the corpus and cauda (Fig. 10); moreover,
protein expression trends patterns were consistent with mRNA expression. In summary, the relatively high gene
transcription and protein translation levels of TC surface markers in the caput epididymis of yaks were probably
closely related to its physiological function.

Discussion

Homeostasis of the epididymal microenvironment guarantees male animal reproductive ability. As a type of
interstitial cell, TCs play an important role in the epididymis immune microenvironment homeostasis and
blood-epididymis barrier function. TCs have been found in many animal tissues, such as the human colon*}, fish
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Figure 5. The distribution pattern of TCs in the yak epididymis based on the TCs found in this study. The
green image shows that TCs are distributed between the epithelial cells (EE) and peritubular myoid cells (PMC),
or between the fibroblasts (Fb) and vascular endothelial cells (VEC), and also attached to stem cells (SC) and
macrophages (Mp).

Figure 6. The morphology of TCs in the yak epididymis. (A) The TCs in the epididymis stroma. The round cell,
obvious nucleolus, and slim and varied number of telopodes are the main characteristics of TCs. A large number
of secretory vesicles, as well as mitochondria, and occasionally rough endoplasmic reticula are abundant in the
cytoplasm. The exocytosis secretions are communicated by TPs. (B) The morphology of TCs close to the basal
membrane of the epididymis tube. The small nucleus, irregularly long striped telopodes are the main feature

of this type of TCs, but few secretory vesicles were distributed in the TPs. These cells may establish special
connections with different cells of the epididymis epithelium.
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Figure 7. The toluidine blue and mercury-bromophenol blue staining of yak epididymis. Toluidine blue
staining results of yak caput epididymis (A), corpus epididymis (B), and cauda epididymis (C). The distribution
of TCs in the interstitium of epididymis surrounds the capillaries. The red arrow refers to telocytes, which

are clearly visible. The photographs of mercury-Bromophenol blue staining in yak caput epididymis (D),
corpus epididymis (E), and cauda epididymis (F). The cytoskeleton and TPs of TCs were stained dark blue by
bromomercury phenol blue, and the green arrow indicates TCs. The morphology was clearly visible.

brain’®, and poultry skin, and TCs have common features: slender cytoplasmic extensions and a large nucleus.
In addition, TCs were also found in the testis of rats*?, rabbits*’, and camels**. TCs found in our study have
common morphological characteristics with previous studies. The large nucleus is one of the features of TCs,
and serrated nuclei of TCs have so far been described only in camel testes, whereas the same was present in the
serrated nuclei of the TCs in yak cauda.

TEM has been considered to be the most effective way to differentiate TCs from other mesenchymal and
epithelial cells*. In this study, the TEM ultrastructure of TCs in different locations of the yak epididymis were
identified. The TCs distributed around the capillaries or near the basement membrane had differences in mor-
phology. The former has more full cell bodies and TPs are relatively long, whereas the latter had contrasting
features. Some scholars have confirmed that TCs around the capillaries may be associated with angiogenesis and
material exchange®®. TCs near the epididymis basement membrane were closely connected with the peritubular
myoid cells, which provide structural support for the epididymal duct, and may participate in the contraction
of the epididymal duct, providing an impetus for the transport of sperm. The TEM analysis of the ultrastructure
revealed that there were multitudinous secretory vesicles in the TPs of yak epididymis TCs; these were released
to the surrounding environment of TCs in the form of exocytosis and were easily observed by TEM.

Our findings show that secretory vesicles also exist in TCs found in the human testis, myocardium, ovary,
and other tissues. Considered the “messengers” of TCs that communicate with the outside world?, this feature
is regarded as one of the most important conditions for distinguishing TCs from other interstitial cells in ultra-
structure. We found TCs in the interstitium of the yak caput epididymis by SEM were mainly distributed in the
interstitium and around the blood vessels. The differently sized TPs from TC cell bodies, as well as the network
structure composed of dense TPs, can be observed by SEM, which is also one of the important characteristics
of TCs.

In this study, we explored multiple special staining methods and found that mercury-bromophenol blue
stained TPs and the cytoplasmic processes dark blue. The cytoplasmic processes of TCs have the function of
secreted proteins, and TCs in the yak epididymis of during the estrous season may be involved in the reproduc-
tive regulation of the epididymis through the secretion of related proteins by the cytoplasmic processes of TPs;
thus, this suggests the need for further study of the seasonal variation characteristics of TCs.

Studies have shown that immunohistochemistry can be used as a basic method to localize TCs*. Because there
was strong expression of vimentin in the stroma and epithelium of epididymis, the immunohistochemistry and
double immunofluorescence co-localization were designed to determine the location of TCs. We found that the
cells with double-positive expression of vimentin/CD34 and CD117/CD34 were similar to the TCs phenotype in
the stroma and capillary of yak epididymis. These cells had a long cytoplasmic extension and oval nuclei, which
were consistent with the basic characteristics of TCs. Similar results were found in testis of humans*’, dove?,
and Pelodiscus sinensis®. We found that the mRNA and protein expression of CD34, vimentin, and CD117 were
relatively high in the yak caput epididymis. The caput epididymis plays an important role in sperm maturation
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Figure 8. Immunohistochemical results of yak epididymis (Scale bar =50 pm). (A-C) The
immunohistochemical staining results of CD34 in caput, corpus and cauda of epididymis. (D-F) The
immunohistochemical staining results of Vimentin in caput, corpus and cauda of epididymis. (G-I) The
immunohistochemical staining results of CD117 in caput, corpus and cauda of epididymis. There were strong
positive expressions of CD34, vimentin, and CD117 in the epididymal epithelium and epididymal stroma. Red
arrows indicate TCs. BV: Blood vessel.

and processing, especially in sperm concentration, maturation, and transport®>*%. Compared with the corpus and
cauda, the caput is more like a sperm “processing workshop’, suggesting that high expression of TCs markers in
the epididymis caput may be related to sperm processing.

Via double immunofluorescence staining, we also found that TCs were associated with dendritic cells, peri-
tubular myoid cells, and lymphocytes through TPs. We believe that there is a specific network structure between
TCs and the epithelium and stroma in the epididymis of yak, namely the TCs network. Following a previous
discovery that the network structure of TCs in human testis may be related to the blood-testicular barrier*,
the TCs network of yak epididymis TCs may play an important role in the formation of yak blood-testicular
barrier. Studies have found that TCs present in the epididymis of camels are positive for vascular endothelial
growth factors®®, indicating that TCs are probably involved in angiogenesis in the epididymis of the camel. TCs
promote angiogenesis by secreting extracellular vesicles containing microRNA***. Angiogenesis is a process
by which monolayer endothelial cells (ECs) control the permeability of blood cells through material exchange,
and maintain homeostasis of the vascular environment and a series of physiological phenomena leading to
the formation of new blood vessels®®. Microvessels in the epididymis are considered to be the prerequisite for
sperm maturation and transport™. Interestingly, we found that TPs of TCs were always extremely close to the
blood vessel and extended to the vascular wall. Combined with TEM evidence, we speculated that TCs may be
a material exchange pump that play an important role in the process of material and energy exchange between
interstitial and nutrient vessels in the epididymis.

At present, more function of TCs are emerging®>’, such as injury repair®*®!, vascular regeneration®?, and cell
communication®. However, there are few studies of TCs in animal reproduction. Studies have found that the
secretory vesicles of TCs in camel testis are affected by seasonal changes, with more secretion in spring and less
secretion in summer*:. There is some relationship between TCs secretion vesicles and camel estrus. However,
there is insufficient evidence to prove TCs are involved with the regulation of animal estrus. Some research-
ers believe that TCs may indirectly affect the secretion and release of androgen by establishing intercellular
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Figure 9. Double immunofluorescence results of yak epididymis staining for vimentin + CD34 and
CD117+CD34 (Scale bar =20 pm). (A-L) Strong fluorescence expression of vimentin and CD34 in the
epididymal epithelium and stroma. The co-expression of vimentin + CD34 was found around the capillary of the
epididymal stroma. (M-X) Strong fluorescence expression of CD117 and CD34 in the epididymal epithelium
and stroma. The co-expression of CD117 + CD34 was found around the capillary of the epididymal stroma. The
co-expression position, shown by white arrows, denotes TCs. EE: Epididymal epithelium, BV: Blood vessel.
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Figure 10. mRNA and protein expression of effective telocyte markers (CD34, vimentin, CD117) in the
epididymis of yak. Each sample was tested three times. Results are expressed as the mean + standard deviation,
with B-actin gene and protein expression used as an internal control. ** p<0.01; * p<0.05; NS (not significant),
p>0.05.

connections with other interstitial cells to regulate the reproductive activities of male animals*®. Furthermore,
studies reported that TCs express progesterone and estrogen receptors in the female gonadal axis®*-¢. The
emergence of such studies is constantly drawing TCs into the field of reproductive study. Our study revealed the
morphological structure and distribution location of TCs in yak reproductive organs and provided a reference
for the study of TCs in animal reproduction in a hypoxic plateau environment.

Methods

Animals and sample acquisition. The epididymal tissue of adult healthy yak (n = 10; > 3 years) was
collected from designated slaughterhouses from July to August in Xining City, Qinghai Province (at an aver-
age altitude of 3100 m) China. Based on their anatomical characteristics, epididymis samples were divided into
three parts: caput, corpus, and cauda. A portion of each sample was quickly frozen in liquid nitrogen, trans-
ported to the laboratory and then stored at —80°C for RNA and protein extraction; the remaining samples were
stored in 4% paraformaldehyde and 2.5% glutaraldehyde separately for histological and ultrastructural study. All
experimental animals were approved by the Animal Care and Use Committee of the Veterinary College of Gansu
Agricultural University (Ratification number: GSAU-Eth-VMC-2021-010), and all methods were performed in
accordance with the relevant guidelines and regulations.

Drugs and reagents. All experimental antibodies were purchased from commercial suppliers. Rabbit poly-
clonal antibody CD34 (bs-8996R), vimentin (bs-8533R), and CD117 (bs-1005R) were purchased from Beijing
BIOSS Antibodies Co., Ltd, China. Goat anti-rabbit IgG H&L (ab150077, Alexa Fluor® 488; ab150079, Alexa
Fluor® 647; ab150080, Alexa Fluor® 594) were provided by Abcam,Cambridge, UK. The DAB color reagent kit
(PA110) was provided by Beijing TIANGEN Biotechnology Co., Ltd. The immunohistochemical staining kit
(SP-0023) used was produced by ZYMED USA, Beijing BIOSS Biotechnology Co., Ltd. ECL Plus ultrasensitive
luminescent solution (PE0010) was purchased from Solebao Biotechnology Co., Ltd.

Sample preparation and observation. Preparation of ordinary samples: Epididymal tissue samples
(0.5%0.5x0.5 cm) were fixed with 4% paraformaldehyde solution and rinsed in running water for 24 h before
gradient ethanol dehydration. Subsequently, samples were made transparent with xylene, embedded using an
Epon 812 paraffin embedding machine, and 4-pm-thick serial sections were cut. Adjacent slices were used for
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toluidine blue staining, mercury-bromophenol blue staining, immunohistochemistry and immunofluorescence
staining, respectively.

SEM sample preparation: The epididymal tissue of yak was cut into 0.2 cm x 0.2 cm x 0.2 cm pieces and
fixed with 2.5% glutaraldehyde for 2 days. The tissue was washed four times with 0.1 mol/L phosphate buffer;
each wash was 15 min. The samples were treated with 1% OsO4 for 1 h and washed with double-distilled water
six times (10 min each wash). Then, the tissue was treated with 2% tannic acid for 30 min and washed with
double-distilled water six times (each wash 10 min), and then subjected to gradient ethanol dehydration (30%,
50%, 70%, 80%, 90%, 95%, and 100%; each stage 30 min) and then soaked in isoamyl acetate for 30 min. Tissues
were dried by critical point drying, and then the samples were sprayed with gold and observed using a scanning
electron microscope.

TEM sample preparation: The epididymal tissue of yak fixed in 2.5% glutaraldehyde was cut into small pieces
(0.2 cm x 0.2 cm x 0.2 cm) and fixed in 2% osmium tetraoxide at 4°C for 3 h. The pieces were dehydrated with a
gradient acetone series (30%, 50%, 70%, 80%, 90%, 95%, and 100%) and then embedded in epoxy resin. Ultrathin
sections were prepared and affixed to the copper mesh, stained with uranium acetate and lead citrate, and then
examined using a JEM-100CX electron microscope (Japan NEC).

Immunohistochemistry and immunofluorescence. The epididymal tissues were embedded in paraf-
fin and cut into 4-pm-thick sections. Paraffin sections were dewaxed and dehydrated, repaired with microwave
oven antigen retrieval, blocked with 3% H2O2 solution for 10 min, and incubated with goat serum albumin
for 15 min. Subsequently, 50 pL rabbit polyclonal antibody (CD34, Vimentin, and CD117) diluted to 1:300 was
added to each slide; the negative control consisted of 0.01 mol/L PBS instead of the first antibody. The slides
were incubated at 37 °C for 4 h, washed three times with phosphate buffer solution (PBS) (each wash 5 min) and
then 50 uL of biotin-labeled goat anti-rabbit IgG working solution was added and the sections were incubated at
37 °C for 15 min and washed three times with PBS (each wash 5 min). Horseradish enzyme-labeled streptavidin
solution was added and washed with PBS three times (each wash, 5 min). The DAB color developing solution
was added for 5-20 min. Hematoxylin counterstaining was performed for 5 min; then, sections were dehydrated
by an alcohol gradient, made transparent with xylene, and sealed with neutral gum. The sections were observed
under a microscope.

Immunofluorescence staining was performed with the primary antibody; sections were incubated at 37°C for
4 h and rinsed with PBS three times. Subsequent steps were completed in a dark room. Anti-Rabbit IgG H&L
AF488 or AF594 (dilution ratio 1:1000) was added, incubated at 37°C for 1 h, and washed five times with PBS
(each wash 5 min). Then, the second antibody was added and the sections were incubated at 37°C for 4 h, washed
five times in PBS (each wash 5 min). Rabbit Anti-PHD2/AF647 (dilution ratio 1:1000) was added dropwise and
incubated at 37°C for 1.5 h. After washing with PBS, DAPI was added dropwise and incubated in a dark room
for 10 min. After further washing with PBS, the patch was sealed with a capping agent and the sections were
observed under a laser confocal microscope. The negative control consisted of 0.01 mol/L PBS instead of the
first antibody. The remaining conditions and steps were the same.

gRT-PCR analysis. The caput, corpus, and cauda tissues of yak epididymis stored at—80 °C were removed
from storage, and 0.1 g was weighed and placed into a mortar. Liquid nitrogen was added to the grind, and 1 mL
Transzol was added to the shock treatment. Then 0.2 mL of chloroform was used to extract RNA and confirm
its purity. cDNA was synthesized by RNA reverse transcription, and stored in a refrigerator at — 80 °C for further
use. Primer Premier 5.0 software was used (Primer Biosoft International, Palo Alto, USA) was used to design
primers; the primer sequence was obtained with reference to the NCBI database (www.ncbi.nlm.nih.gov), and
the primer information is shown in Table 1. The B-actin gene was used as the internal reference. qRT-PCR was
performed using a Light Cycler 480 thermocycler (Roche, Mannheim, Germany) in a final reaction volume of
20 pL, comprising 1 uL of cDNA, 1 pL of forward primer, 1 uL of reverse primer, 10 uL of 2x SYBR Green II
PCR mix (TaKaRa, Dalian, China), 0.4 pL of ROX reference dye, and 6.6 pL of nuclease-free H2O. The cycling
reaction conditions were 95 °C for 30 s; followed by 95 °C, for 5 s, and 60 °C for 30 s each, for a total of 45 cycles.
Three replicates were performed for each sample to ensure relative expression accuracy of the target genes.

Gene Sequence (5'— 3) Product length (bp) | Tm (°C) | Reaction efficiency (%) | Accession No
CTGCTGAGTCTGCTGCCTTCT

CD34 189 59 101 AB021662.1
GCTGTGGTCCCATTGCTGT
GGATGTTTCCAAGCCTGAC

Vimentin 139 58 98 NM_173969.3
GGCATCATTGTTGCGGTTA
ACAATGGGACGGTGGAGTG

CD117 122 60 94 D16680.1
GTTGCCGCACTTGTCCCAC
ACGGTGCCCATCTACGAGG

B-Actin 153 60 104 DQ838049.1
CTTGATGTCACGGACGATTT

Table 1. Primer information.
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Western blotting analysis. From the epididymal tissue of yak stored at—80 °C, 0.1 g was collected and
placed into a mortar. Liquid nitrogen was added and the tissue was ground into a fine powder with a pestle.
Then, protein cracking liquid was added and samples were cracked on ice for 3 h after eddy shock. Tissue and
cell lysates were centrifuged at 12,000 rpm at 4 °C for 15 min and the supernatant was stored at—80 °C. Deter-
mination of protein concentration by BCA protein assay kit (PC0020, Solarbio Biotechnology Co., Ltd., Beijing,
China), and all proteins were diluted to the same concentration. Protein samples (25 pg) were separated by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using a 5% stacking gel and 12% separating gel. After
electrophoresis, the separation gel was cut according to the size of the target protein and referred to the Marker,
and the cut target bands were then wet-transferred to the support membrane, and the membrane was incubated
with primary antibodies (1:800) at 4 °C overnight and washed with Tris-buffered saline + Tween 20 (TBST).
Horseradish peroxidase-labeled goat anti-rabbit IgG was used as the secondary antibody and the incubation was
performed for 2 h at 37 °C in TBST buffer for 10 min. The polyvinylidene fluoride membrane was then subjected
to chemiluminescence detection. Chemiluminescent substrate solutions A and B were mixed at a ratio of 1:1,
and the reaction proceeded at 25 °C. The transfer membrane was photographed for analysis, with p-actin used
as the internal reference.

Statistical analysis. Western blotting data were quantified by Image] software (National Institutes of
Health, Maryland, USA). The gRT-PCR data were analyzed by the 2 - AACT method; the obtained results were
subjected to the dominance test by SPSS 17.0 statistical software, and the histogram was plotted by GraphPad
9.0 software.

Institutional review board statement. The study is reported in accordance with ARRIVE guidelines.
And all experimental animals were approved by the Animal Care and Use Committee of the Veterinary College
of Gansu Agricultural University (Ratification number: GSAU-Eth-VMC-2020-016w).
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Received: 16 October 2022; Accepted: 24 March 2023
Published online: 31 March 2023

References
1. Popescu, L. M. & Faussone-Pellegrini, M.-S. TELOCYTES—A case of serendipity: The winding way from Interstitial cells of cajal
(ICC), via interstitial cajal-like cells (ICLC) to TELOCYTES. J. Cell. Mpol. Med. 14, 729-740 (2010).
2. Roatesi, L. et al. Uterine telocytes: A review of current knowledge. Biol. Rreprod. 93, 10-10 (2015).
3. Rosa, L. et al. Morphological evidence of telocytes in human synovium. Sci. Rep. UK. 8, 3581 (2018).
4. Varga, L et al. The functional morphology and role of cardiac telocytes in myocardium regeneration. Can. J. Physiol. Pharm. 94,
1117-1121 (2016).
5. Zheng, Y. et al. Genetic comparison of mouse lung telocytes with mesenchymal stem cells and fibroblasts. J. Cell. Mol. Med. 17,
567-577 (2013).
6. Faussone Pellegrini, M.-S. & Popescu, L. M. Telocytes. BioMol. Concepts 2, 481-489 (2011).
7. Kondo, A. & Kaestner, K. H. Emerging diverse roles of telocytes. Development 146, 175018 (2019).
8. Romano, E. et al. A two-step immunomagnetic microbead-based method for the isolation of human primary skin telocytes/
CD34+stromal cells. Int. J. Mol. Sci. 21, 5877 (2020).
9. Manole, C. G. et al. Experimental acute myocardial infarction: Telocytes involvement in neo-angiogenesis. J. Cell. Mpol. Med. 15,
2284-2296 (2011).
10. Nicolescu, M. I. & Popescu, L. M. Telocytes in the interstitium of human exocrine pancreas ultrastructural evidence. Pancreas 41,
949-956 (2012).
11. Haycock, J. W. & Bro, S. Corpus striatum (Translation of S. Ramon y Cajal). translated from Corps Strie, chapter 23, in “Histologie
du systeme nerveux de ’homme et des vertebres” 1911. Behav. Biol. 14, 387-402 (1975).
12. Pasternak, A. et al. Biliary polyunsaturated fatty acids and telocytes in gallstone disease. Cell Transplant. 26, 125-133 (2017).
13. Sukhacheva, T. V. et al. Telocytes in the myocardium of children with congenital heart disease tetralogy of fallot. Bull. Exp. Biol.
Med 169, 137-146 (2020).
14. Gil, A. & Aleksandrovych, V. Telocytes in rat lungs: An essential pool of cells or not?. Fol. Med Crac. 61, 53-63 (2021).
15. Zheng, L. et al. Transplantation of telocytes attenuates unilateral ureter obstruction-induced renal fibrosis in rats. Cell Physiol.
Biochem. 46, 2056-2071 (2018).
16. Gandahi, N. S. et al. Identification of telocytes in the pancreas of turtles—A role in cellular communication. Int. J. Mol. Sci. 21,
2057 (2020).
17. Chen, X. S. et al. Telocytes and their structural relationships with surrounding cell types in the skin of silky fowl by immunohis-
tochemistrical, transmission electron microscopical and morphometric analysis. Poultry Sci. 100, 10 (2021).
18. Rosa, I et al. Telocytes: An emerging component of stem cell niche microenvironment. J. Histochem. Cytochem. 69, 795-818 (2021).
19. Liao, Z. F. et al. Cardiac telocytes inhibit cardiac microvascular endothelial cell apoptosis through exosomal miRNA-21-5p-targeted
cdipl1 silencing to improve angiogenesis following myocardial infarction. Theranostics 11, 268-291 (2021).
20. Zhang, D. et al. Mechanisms of interactions between lung-origin telocytes and mesenchymal stem cells to treat experimental acute
lung injury. Clin. Transl. Med. 10, €231 (2020).
21. Cretoiu, D. et al. Simulation and modeling of telocytes behavior in signaling and intercellular communication processes. Int. J.
Mol. Sci. 21, 2615 (2020).
22. Sanches, B. D. A. et al. Telocytes are associated with tissue remodeling and angiogenesis during the postlactational involution of
the mammary gland in gerbils. Cell. Biol. Int. 44, 2512-2523 (2020).
23. Soliman, S. A. Telocytes are major constituents of the angiogenic apparatus. Sci. Rep. UK. 11, 5775 (2021).
24. Richter, M. & Kostin, S. The failing human heart is characterized by decreased numbers of telocytes as result of apoptosis and
altered extracellular matrix composition. J. Cell. Mol. Med. 19, 2597-2606 (2015).
25. Selviler-Sizer, S. et al. Telocytes in the hearts of Saanengoats. Microsc. Res. Tech. 84, 548-554 (2021).

Scientific Reports |

(2023) 13:5295 | https://doi.org/10.1038/s41598-023-32220-4 nature portfolio



www.nature.com/scientificreports/

26.
27.

28.

29.
30.

Vannucchi, M.-G. et al. Telocytes express PDGFR alpha in the human gastrointestinal tract. J. Cell. Mol. Med. 17, 1099-1108 (2013).
Hua, P. et al. Single-cell analysis of bone marrow-derived CD34(+) cells from children with sickle cell disease and thalassemia.
Blood 134, 2111-2115 (2019).

Mata, M. E. et al. A modified CD34+ hematopoietic stem and progenitor cell isolation strategy from cryopreserved human umbili-
cal cord blood. Transfusion 59, 3560-3569 (2019).

Yin, T. & Li, L. The stem cell niches in bone. J. Clin. Invest. 116, 1195-1201 (2006).

Janicki, J. S. et al. The emerging prominence of the cardiac mast cell as a potent mediator of adverse myocardial remodeling. Met.
Mol. Biol. (Clifton, N.J.) 1220, 121-139 (2015).

31. Ravalli, S. et al. Morphological evidence of telocytes in skeletal muscle interstitium of exercised and sedentary rodents. Biomedicines
9,807 (2021).

32. Boufhi, C. et al. IL-33 markedly activates murine eosinophils by an NF-kappa B-dependent mechanism differentially dependent
upon an IL-4-driven autoinflammatory loop. J. Immunol. 191, 4317-4325 (2013).

33. Tadokoro, A. et al. Vimentin regulates invasiveness and is a poor prognostic marker in non-small cell lung cancer. Anticancer Res.
36, 1545-1551 (2016).

34. Hu, Q. et al. The Yak genome database: an integrative database for studying yak biology and high-altitude adaption. BMC Genom.
13, 600 (2012).

35. Zhang, X. et al. Genome-wide patterns of copy number variation in the Chinese yak genome. BMC Genom. 17, 379 (2016).

36. Abd-Elhafeez, H. H. et al. Effect of melatonin on telocytes in the seminal vesicle of the Soay Ram: An immunohistochemical,
ultrastructural and morphometrical study. Cells Tissues Organs 203, 29-54 (2017).

37. Krutskikh, A. et al. Epididymal protein Rnasel0 is required for post-testicular sperm maturation and male fertility. FASEB J. 26,
4198-4209 (2012).

38. Chang, D.-H. et al. Establishment of a model of reproductive system injury in male Wistar rats in high-altitude hypoxia environ-
ment. Nat. J. Androl. 26, 1068-1073 (2020).

39. Guo, Y.]. et al. Morphological and scanning electron microscopic study of the gonadal arterioles in the Tibetan sheep. Anat. Histol.
Embryol. 50, 694-700 (2021).

40. Liu, X. Y. et al. Effects of leptin on HPG axis and reproductive function in male rat in simulated altitude of 5500 m hypoxia envi-
ronment. Biochem. Biophys. Res. Commun. 529, 104-111 (2020).

41. Zurzu, M. et al. Telocytes and lymphatics of the human colon. Life Basel 11, 1001 (2021).

42. Liu, Y. et al. Identification and characterization of telocytes in rat testis. Aging (Albany NY) 11, 5757-5768 (2019).

43. Awad, M. & Ghanem, M. E. Localization of telocytes in rabbits testis: Histological and immunohistochemical approach. Microsc.
Res. Tech. 81, 1268-1274 (2018).

44. Abdel-Maksoud, E. M. et al. Morphological changes of telocytes in camel efferent ductules in response to seasonal variations during
the reproductive cycle. Sci. Rep. UK. 9, 4507 (2019).

45. Cantarero, I. et al. Transmission electron microscopy as key technique for the characterization of telocytes. Curr. Stem. Cell. Res.
Ther. 11, 410-414 (2016).

46. Hussein, M. M. & Mokhtar, D. M. The roles of telocytes in lung development and angiogenesis: An immunohistochemical, ultra-
structural, scanning electron microscopy and morphometrical study. Dev. Biol. 443, 137-152 (2018).

47. Sanches, B. D. A. et al. Telocytes of the male urogenital system: Interrelationships, possible functions, and pathological implica-
tions. Cell Biol. Int. 45, 1613-1623 (2021).

48. Marini, M. et al. Reappraising the microscopic anatomy of human testis: Identification of telocyte networks in the peritubular and
intertubular stromal space. Sci. Rep. UK. 8, 14780 (2018).

49. Mustafa, EE.-Z.A. & Elhanbaly, R. Histological, histochemical, immunohistochemical and ultrastructural characterization of the
testes of the dove. Zygote 29, 33-41 (2021).

50. Yang, P. et al. Telocytes: Novel interstitial cells present in the testis parenchyma of the Chinese soft-shelled turtle Pelodiscus sinensis.
J. Cell. Mol. Med. 19, 2888-2899 (2015).

51. Breton, S. et al. Epithelial dynamics in the epididymis: Role in the maturation, protection, and storage of spermatozoa. Andrology
7,631-643 (2019).

52. Zhao, W. et al. Region-specific gene expression in the epididymis of Yak. Theriogenology 139, 132-146 (2019).

53. Hussein, M. T. & Abdel-Maksoud, F. M. Structural investigation of epididymal microvasculature and its relation to telocytes and
immune cells in camel. Microsc. Microanal. 26, 1024-1034 (2020).

54. Cismasiu, V. B. & Popescu, L. M. Telocytes transfer extracellular vesicles loaded with microRNAs to stem cells. J. Cell. Mol. Med.
19, 351-358 (2015).

55. Diaz-Flores, L. et al. Human resident CD34+stromal cells/telocytes have progenitor capacity and are a source of alpha SMA plus
cells during repair. Histol. Histopathol. 30, 615-627 (2015).

56. Ratfii, S. et al. Angiocrine functions of organ-specific endothelial cells. Nature 529, 316-325 (2016).

57. Sullivan, R. & Mieusset, R. The human epididymis: its function in sperm maturation. Hum. Reprod. Update 22, 574-587 (2016).

58. Bei, Y., Wang, F, Yang, C. & Xiao, J. Telocytes in regenerative medicine. J. Cell Mol. Med. 19, 1441-1454 (2015).

59. Popescu, B. O. et al. Telocytes in meninges and choroid plexus. Neurosci. Lett. 516, 265-269 (2012).

60. Diaz-Flores, L. et al. Telocyte behaviour during inflammation, repair and tumour stroma formation. Telocytes Connect. Cells 913,
177-191 (2016).

61. Li, L. et al. Renal telocytes contribute to the repair of ischemically injured renal tubules. J. Cell Mol. Med. 18, 1144-1156 (2014).

62. Zheng, Y. et al. Human lung telocytes could promote the proliferation and angiogenesis of human pulmonary microvascular
endothelial cells in vitro. Mol. Cell Ther. 2, 3-3 (2014).

63. Ratajczak, M. Z. et al. Extracellular microvesicles (ExMVs) in cell to cell communication: A role of telocytes. Adv. Exp. Med. Biol.
913, 41-49 (2016).

64. Aleksandrovych, V. et al. Telocytes in female reproductive system (human and animal). J. Cell. Mol. Med. 20, 994-1000 (2016).

65. Banciu, A. et al. Beta-estradiol regulates voltage-gated calcium channels and estrogen receptors in telocytes from human myome-
trium. Int. J. Mol. Sci. 19, 1413 (2018).

66. Cretoiu, D. & Cretoiu, S. M. Telocytes in the reproductive organs: Current understanding and future challenges. Semin. Cell. Dev.
Biol. 55, 40-49 (2016).

Acknowledgements

We thank Institute of Animal Husbandry and Veterinary Medicine, Chinese Academy of Agricultural Sciences
for helping TEM measurements. We thank all the colleagues who assisted in this study. We would like to thank
The Charlesworth Group (www.cwauthors.com.cn/frontiers) Editing Services for English language editing.

Author contributions
D.Y. put forward the concept and design studies, data analysis and drafting articles. D.Y. and S.C. collected
samples through surgery. L.Y. modified the format and translation of the article. Y.Z. corrected the experimental

Scientific Reports|  (2023) 13:5295 | https://doi.org/10.1038/s41598-023-32220-4 nature portfolio


http://www.cwauthors.com.cn/frontiers

www.nature.com/scientificreports/

scheme. X.M., Y.X.ing, and Juanjuan Song conducted some experiments and provided some test results for the
manuscript.

Fundin

This stud?r was supported by The Fund of the National Natural Science Foundation Project, grant num-
ber: 31160488, The Fund of the College of Veterinary Medicine, Gansu Agricultural University, grant number:
GAU-XK]JS-2018-056, The Project of “Innovation Star” for Excellent Graduate Students in Gansu Province, grant
numbers: 2021CXZX-357 and The Gansu Agricultural University College Students Scientific Research Training
Program, grant numbers: 20180335.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-32220-4.

Correspondence and requests for materials should be addressed to L.Y.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:5295 | https://doi.org/10.1038/s41598-023-32220-4 nature portfolio


https://doi.org/10.1038/s41598-023-32220-4
https://doi.org/10.1038/s41598-023-32220-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Morphological and histochemical identification of telocytes in adult yak epididymis
	Results
	Ultrastructural characteristics of yak epididymis TCs under TEM. 
	Morphological structure of yak epididymis TCs under SEM. 
	Morphological model of telocytes. 
	TCs special staining results. 
	Immunohistochemical and immunofluorescence analysis of TC surface markers. 
	The mRNA and protein expression of effective markers of telocytes in yak epididymis. 

	Discussion
	Methods
	Animals and sample acquisition. 
	Drugs and reagents. 
	Sample preparation and observation. 
	Immunohistochemistry and immunofluorescence. 
	qRT-PCR analysis. 
	Western blotting analysis. 
	Statistical analysis. 
	Institutional review board statement. 

	References
	Acknowledgements


