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ABSTRACT 
 
Extracellular ATP and its metabolites, as part of the purinergic signalling system, act 

via membrane receptors and fulfil important roles in the body. However, in the testis 

this signalling system is still poorly examined, but evidence for paracrine 

communication is increasing. Spermatogenesis takes place in the seminiferous tubules, 

which are surrounded by smooth-muscle like peritubular cells. The physiologic 

principles of luminal transport through the testis were so far unknown. The present 

study, now, indicates that extracellular ATP, acting through P2 receptor-dependent 

pathways, is a physiological trigger of contractile forces in peritubular cells, resulting 

in sperm transport. 

 

Adenosine is the final metabolite of ATP, can act via adenosine receptors, and was 

found to be a pro-inflammatory molecule in the human testis. In human testicular 

peritubular cells (HTPCs), adenosine receptors as well as the ectonucleotidases CD39 

and CD73, which can generate adenosine, are present in situ and in vitro. A malachite 

green assay, measuring free phosphate, identified both ectonucleotidases as being able 

to dephosphorylate extracellular ATP into its metabolites. Pharmacological inhibition 

of CD39 reduced not only the formation of extracellular phosphate, but also decreased 

pro-inflammatory cytokine levels, which were evoked after ATP exposure. Indeed, 

adenosine and its analogues elevated pro-inflammatory cytokines. Further studies, 

including a siRNA-mediated knock-down, identified the adenosine receptor A2B as 

the main mediator for adenosine-evoked production of pro-inflammatory cytokines in 

peritubular cells.  

 

HTPCs are primary cells and their use is limited due to availability, heterogeneity and 

replicative senescence in vitro. Therefore, peritubular cells from the common marmoset 

monkey, callithrix jacchus, (MKTPCs) were immortalized with a piggyBac transposon 

containing the human telomerase gene hTERT. The generated iMTKPCs retained their 

phenotype after immortalization and grew continuously in cell culture without 

discernible changes. The cells revealed the typical gene expression pattern of MKTPCs 

and HTPCs. Like HTPCs, iMKTPCs express purinergic receptors and ATP exposure 

resulted in a comparable increase of pro-inflammatory cytokines. They are therefore a 



 XI 

promising tool for future in-depth studies concerning purinergic signalling and a 

translational model for human peritubular cells.  

The results indicated that different parts of the testicular purinergic system are 

involved in the regulation of various testicular functions. One is coordinating 

contraction of peritubular cells in the context of sperm transport, another one is 

involved in the regulation of inflammatory events. If transferable to the in vivo 

situation, pharmacological interference with receptors and ectonucleotidases of this 

system might represent new approaches in the treatment of male infertility. 
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ZUSAMMENFASSUNG 
 

Die Reaktion von extrazellulärem ATP und zugehörigen Metaboliten ist Teil der 

purinergen Signalmechanismen und wird über membranständige Rezeptoren 

vermittelt. Dieses Signalweg-System ist im Hoden noch immer unzureichend 

untersucht, es gibt aber zunehmend Anzeichen dafür, dass es in die parakrine 

Kommunikation von Zellen involviert ist. Die Spermatogenese findet in den 

Hodenkanälchen statt, welche von glattmuskelzellähnlichen peritubulären Zellen 

umgeben sind. Bisher ist es aber noch weitestgehend unbekannt, wie Spermien durch 

das Lumen der Hodenkanälchen transportiert werden. Die vorliegende Studie 

beschreibt Hinweise auf eine Beteiligung von extrazellulärem ATP, vermittelt durch 

P2-Rezeptor Signalwege, als physiologischer Auslöser von kontraktilen Kräften in 

peritubulären Zellen, und einem daraus resultierenden Spermientransport.  

 

Adenosin ist der finale Metabolit von ATP, wirkt über Adenosin-Rezeptoren, und es 

wurde festgestellt, dass es als ein pro-inflammatorisches Molekül im humanen Hoden 

agiert. In humanen testikulären peritubulären Zellen (HTPC) sind sowohl die 

Adenosin-Rezeptoren als auch die Ektonukleotidasen CD39 und CD73, welche 

Adenosin generieren, in situ und in vitro vorhanden. Anhand des Malachite Green 

Assays, welcher freie Phosphate nachweist, wurde gezeigt, dass beide 

Ektonukleotidasen dazu fähig sind, extrazelluläres ATP zu ATP-Metaboliten zu 

dephosphorylieren. Eine pharmakologische Blockierung von CD39 reduzierte nicht 

nur die Entstehung von extrazellulärem Phosphat, es verringerte auch pro-

inflammatorische Zytokinlevel, welche nach ATP-Stimulation erhöht waren. 

Tatsächlich erhöhten sich auch durch Adenosin und analoge Moleküle pro-

inflammatorische Zytokinlevel. Weitere Untersuchungen, wie eine 

Herunterregulierung mithilfe von siRNA, identifizierten den Rezeptor A2B als 

hauptverantwortlichen Mediator für Adenosin-abhängige pro-inflammatorische 

Zytokinproduktion in peritubulären Zellen.  

 

HTPCs sind primäre Zellen und in vitro in ihrem Nutzen aufgrund von Verfügbarkeit, 

Heterogenität und replikativer Seneszenz eingeschränkt. Daher wurden peritubuläre 

Zellen des Weißbüschelaffen Callithrix jacchus (MKTPC) mit Hilfe des PiggyBac-



 XIII 

Transposons und einem darin enthaltenen Gen der humanen Telomerase (hTERT), 

immortalisiert. Diese erzeugten iMKTPCs behielten ihren Phänotypen nach 

Immortalisierung bei und konnten in der Zellkultur kontinuierlich und ohne 

erkennbare Veränderungen kultiviert werden. Die Zellen zeigten typische 

Expressionsmuster wie sie von MKTPCs und HTPCs bekannt sind. Verglichen mit 

HTPCs exprimieren iMKTPCs purinerge Rezeptoren, und Stimulation mit ATP 

erzeugte vergleichbare Erhöhungen von pro-inflammatorischen Zytokinleveln. Sie 

stellen daher ein vielversprechendes Mittel für tiefgreifendere Studien am purinergen 

System dar und sind ein translationales Modell für humane peritubuläre Zellen.  

 

Die Ergebnisse der vorliegenden Arbeiten zeigen, dass unterschiedliche Teile des 

purinergen Systems im Hoden an verschiedenen Regulationsmechanismen der 

Hodenfunktion beteiligt sind. Ein Teil koordiniert Kontraktionsmechanismen von 

peritubulären Zellen im Rahmen des Spermientransports, ein anderer ist involviert in 

die Regulation von inflammatorischen Vorgängen. Sofern dies auf die in vivo Situation 

übertragbar ist, könnte eine pharmakologische Beeinflussung von Rezeptoren und 

Ektonukleotidasen dieses Systems neue Herangehensweisen bei der Behandlung von 

männlicher Unfruchtbarkeit repräsentieren.  
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1. INTRODUCTION 
 

“Individuals and couples have the right to decide the number,  

timing and spacing of their children.” (WHO 2020) 

 

Sustaining a species requires successful reproduction. As testicular disorders and 

impaired fertility in men are constantly increasing, there is a growing need for basic 

research in the human testis. The wish for a child is an individual decision whereby 

fertility disorders can cause extreme misery. 

 

The number of reproductive disorders in Western countries is rising steadily and the 

total fertility rate has significantly decreased in the last decades (Skakkebaek et al. 

2016). Fertility in humans describes the ability to induce pregnancy, infertility occurs 

if vulnerable intercourse within one year does not result in a pregnancy (Nieschlag 

2009). Worldwide, 48 million couples are affected by infertility (WHO 2020), in 

Germany, fertility problems concern one in eight couples. Men contribute to roughly 

half of the cases (Statistisches Bundesamt, 2021). About 30 - 45% of male infertility is 

due to not identified causes of abnormal semen quality, and described as ‘idiopathic 

male infertility’. Likely environmental and genetic factors are involved (Pierik et al. 

2000; Jungwirth et al. 2012). 

 

The testis, as the site of sperm production, is one of the least investigated organs in the 

human body. Understanding molecular processes in the testicular tissue is the main 

basis of a better comprehension of male reproduction, to both recover and circumvent 

testicular disorders and therefore to eventually improve male fertility. 

 

The reproductive performance of men can be impaired by a wide variety of factors. 

Abnormal semen quality, inadequate number of sperm, erectile disfunction and 

malfunction of the ductal system mirror only a small proportion of potential issues. 

There is an increasing evidence for a decline in sperm counts (Levine et al. 2017) and 

testosterone levels (Travison et al. 2007; Travison et al. 2009) of Western men, while 

the amount of testicular cancer (McGlynn et al. 2003; Skakkebaek et al. 2016) and 

prevalence of erectile disfunctions are rising (Capogrosso et al. 2019).  
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1.1 Normal and impaired testicular function 

 

The typical healthy human testis is of solid consistency with a volume of 12 – 30 ml 

(on average 18 ml) (Nieschlag and Behre 2009). To be classified as normozoospermic 

according to recently updated decision limits, the ejaculate of men should have a 

volume of at least 1.5 ml with more than 48 million sperm cells per ml, a sperm motility 

over 63% and more than 12% of a normal sperm morphology (Kandil et al. 2021; WHO 

2021). 

 

Azoospermia is the absence of sperm in the ejaculate, involving 15% of infertile men 

and can be divided into two subgroups, obstructive azoospermia (OA) or non-

obstructive azoospermia (NOA). About 40% of the cases are due to OA, as a 

consequence of physical blockades in the ductal system, from the rete testis to the 

ejaculatory ducts, but of normal spermatogenesis (Jow et al. 1993; Wosnitzer et al. 

2014). NOA comprises 60% of azoospermia cases including testicular failures, 

resulting in disturbed spermatogenesis. Made accountable for this can be, for instance, 

hypogonadism, genetic abnormalities, toxin exposure, cryptorchidism, Sertoli cell 

only syndrome and germ cell arrest. However, the reasons in the majority of cases are 

still unknown (Wosnitzer et al. 2014; Chiba et al. 2016).  

As 2 – 9% of all boys at birth suffer from cryptorchidism, this is one of the most 

common birth defects (Boisen et al. 2004) and the risk for cryptorchidism is increasing 

(Le Moal et al. 2021). The failure of the testis to descend to the bottom of the scrotum 

is associated with decreased fertility later in life, as well as increased risks for germ 

cell tumours and testicular torsion. If not surgically corrected within the first six 

months of life, about 10% of the patients will become infertile (Leslie et al. 2021). Sertoli 

cell only syndrome or germ cell aplasia concerns about 30% of infertile patients, due 

to low or absent spermatogenesis. It is an idiopathic condition of men, typically 

without sexual abnormality (Nieschlag et al. 2009; Ramphul and Mejias 2021). Germ 

cell arrest or spermatogenesis arrest interrupts the differentiation of germ cells at 

several steps of spermatogenesis, due to genetic or hormonal factors, impaired cell-cell 

interactions, or secondary external factors (Martin-du Pan and Campana 1993; Tsai et 

al. 2012).  
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1.2 Testicular physiology & infertility associated changes 

 

Understanding testicular anatomy and physiology is the foundation to both maintain 

and recover male fertility. The main functions of the testis are the production of germ 

cells, as well as synthesis and secretion of male steroid hormones. The testis is enclosed 

by the tunica albuginea (Figure 1A) and divided into two major compartments, the 

tubular and the interstitial one, as well as a small peritubular one in between.  

 

 
Figure 1. Schematic overview of the whole testis, seminiferous tubules and spermatogenesis 

in the human. 

(A) Encased into the tunica albuginea, the testis contains sperm producing seminiferous tubules, and 

the tubules ends merge into the rete testis. Sperm cells in the rete testis migrate to the epididymis and 

leave the testis through the vas deferens. (B) Cross section of a seminiferous tubule. (C) Schematic 

representation of the cellular structure and germ cell differentiation of a seminiferous tubule. 

Surrounded by several layers of peritubular cells and a basal lamina, Sertoli cells build the scaffold of 

the tubules and the location of spermatogenesis. Different states of germ cells differentiate into 

spermatozoa, surrounded by Sertoli cells. Modified on the basis of Premanandan and Jennings (2017). 

 
One main actor of the interstitial compartment is the testosterone producing Leydig 

cell, next to immune cells, blood vessels, nerve fibres, lymphatic vessels and loose 

connective tissue. Spermatogenesis takes place in the tubular compartment 

(Figure 1B). The shape of the seminiferous tubules is defined by Sertoli cells, enclosing 

SpermatogenesisTestis Seminiferous tubules

Peritubular Cells

Sertoli Cell

Basal lamina

Spermatogonium

Primary
Spermatocyte

Secondary
Spermatocyte

Spermatozoa

Epididymis

Seminiferous
Tubules

Tunica
Albuginea

A B C

Vas Deferens

Rete Testis
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germ cell development (Figure 1C), and the tubules in men are surrounded by 

multiple layers of peritubular cells (Weinbauer et al. 2009). 

 

1.2.1 The tubular, interstitial and peritubular compartments 

 

Composed of germ cells and Sertoli cells, the tubular compartment forms 60 - 80% of 

the total testis volume. In total, one healthy human testis contains approximately 600 

seminiferous tubules (Weinbauer et al. 2009). Elongated, thin and spindle-shaped 

peritubular cells build several layers of the wall of the seminiferous tubules, next to 

extracellular matrix (ECM) proteins (Anthony and Skinner 1989; Mayerhofer 2013). 

The ECM is composed of collagens, fibronectin, laminin, decorin and others (Albrecht 

et al. 2006; Adam et al. 2011; Adam et al. 2012), stabilizing the wall of the seminiferous 

tubules (Skinner et al. 1985). The inner part of the peritubular layer displays a smooth-

muscle like phenotype, the outer layer the phenotype of connective tissue (Davidoff et 

al. 1990).  

 

There is a huge variation in the anatomy and physiology of reproductive tracts and 

gonads between different species (Wildt et al. 2010). For example, in contrast to several 

layers in humans, the peritubular wall of rodents consists of a single layer of 

peritubular cells (Tung and Fritz 1990; Mayerhofer 2013). Further variations are the 

missing ECM in rodents in contrast to the peritubular wall of humans (Adam et al. 

2011; Flenkenthaler et al. 2014). 

 

In the orchestra of testicular cells, peritubular cells play an essential role. They are in 

direct contact to both germ cells and Sertoli cells on one side, and on the other side to 

interstitial cells, such as Leydig cells and immune cells (Spinnler et al. 2010; Oatley and 

Brinster 2012). Their strategic position and paracrine role in the testis indicate their 

impact on the whole testicular function (Welsh et al. 2012). They contribute to the stem 

cell niche, a special environment along the basement membrane, protecting 

spermatogonial stem cells and maintaining the stem cell pool by self-renewal and 

differentiation. Adjacent somatic cells supply required signalling molecules and 

growth factors (Spinnler et al. 2010; Goossens and Tournaye 2013). 
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A remodelling of this compartment is often seen in an infertile phenotype and defined 

as fibrosis. As a response to stress and injury, pathophysiological repair mechanisms 

induce an increased amount of ECM, a thickening of the basal lamina and abnormal 

arranged collagen fibers, leading to an overall thickening of the peritubular wall 

(Soderstrom 1986; Kisseleva and Brenner 2008). The major contribution to excessive 

production of ECM during fibrosis is described by collagens, fibronectin, decorin and 

biglycan (Adam et al. 2012; Bonnans et al. 2014; Mayer et al. 2016). 

 

1.2.2 Sperm development / spermatogenesis 

 

Spermatogenesis is the basis of male fertility. It takes place in the thin and coiled 

seminiferous tubules, bordered by the Sertoli cells, which stretch their highly polarized 

cellular bodies along the seminiferous tubule epithelium to nourish adjacent germ 

cells. Seminiferous tubules are arranged in lobules and surrounded by a basement 

membrane, extracellular matrix, and peritubular cells (Bustos-Obregon 1976). Sertoli 

cells have an enormous surface area, reaching from the basal lamina to the lumen, and 

each one is closely associated with about 30 germ cells in different stages (Weber et al. 

1983; Mruk and Cheng 2004). Spermatogenesis consists of highly organized cycles, 

which are essential for continuous sperm production and depends on both intrinsic 

and extrinsic factors (Hess and Renato de Franca 2008). 

A special peritubular environment, supporting germ cell development and movement 

and separating germ cells from the immune system, is created by the blood-testis 

barrier and formed by Sertoli cells, connected via tight junctions (Wong and Cheng 

2005). During spermatogenesis, initially diploid spermatogonial stem cells (SSC) can 

be either self-renewed to restore the stem cell pool or divided into spermatogonia by 

mitosis. SSCs are imbedded in the cytoplasmic niches of Sertoli cells to get nourished 

by them. Starting with mitosis, spermatogonia are transformed and differentiated into 

spermatocytes, prior to a meiotic generation of haploid spermatids. The last step is the 

so called spermiogenesis, the maturation of spherical, haploid spermatids into highly 

condensed, elongated and mature spermatozoa (Hess and Renato de Franca 2008; 

Weinbauer et al. 2009; O'Donnell et al. 2011). The number of cell divisions during the 

expansion of spermatogonia into spermatocytes is characteristic for each species 

(Clermont 1972; Ehmcke et al. 2006; Hess and Renato de Franca 2008). Apoptosis of 

germ cells occurs in all mammals. This type of cell death controls the amount of sperm 
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output and is mediated among others by the tumour suppressor protein p53 (Russell 

et al. 2002). 

 

1.2.3 Hormonal regulation of spermatogenesis 

 

The main regulators of steroid synthesis and gametogenesis are the gonadotropins 

GnRH (gonadotropin releasing hormone), LH (luteinizing hormone) and FSH (follicle-

stimulating hormone). In a neuro-endocrine network, GnRH is released from the 

hypothalamus and stimulates the pituitary to synthesize and secrete FSH and LH. Both 

hormones bind to G-protein coupled receptors. LH stimulates the secretion of 

testosterone and other androgens by Leydig cells. FSH targets Sertoli cells to promote 

the maturation of spermatogonia (Weinbauer et al. 2009; Schlatt and Ehmcke 2014; 

Yoon et al. 2019).  

 

1.2.4 Contractile cells and sperm transport 

 

Spermatogenesis is completed with the release of immature and immotile 

spermatozoa from the Sertoli cell environment into the tubular lumen. For the final 

maturation, cells have to reach the rete testis and epididymis, but how they are 

transported is still unclear (Hargrove et al. 1977; Romano et al. 2005). As human 

testicular peritubular cells in the wall of seminiferous tubules are able to contract and 

relax, they are thought to drive transport of immotile spermatozoa (Ross and Long 

1966; Romano et al. 2005; Schell et al. 2010). They express the smooth muscle proteins 

SMA (smooth muscle actin, ACTA2), CNN1 (calponin), and MYH11 (myosin-heavy 

chain 11) (Mayerhofer 2013). MYH11 is one of the main actors of contractile 

mechanisms (Fernandez et al. 2008). Potent stimuli of smooth muscle contraction are 

TGF-b (transforming growth factor b), endothelin-1, oxytocin and angiotensin II (Tung 

and Fritz 1991; Harris and Nicholson 1998; Rossi et al. 2002). Endothelin can be 

secreted by Sertoli cells, acting on specific receptors on peritubular cells (Filippini et 

al. 1993; Maggi et al. 1995; Tripiciano et al. 1996; Romano et al. 2005). The hormone 

Angiotensin II causes contraction via binding to the AT1R receptor (Rossi et al. 2002; 

Welter et al. 2014).  
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Despite some evidence, a direct link between (impaired) contractility and male 

(in)fertility was still missing. In testes of infertile men, mast cells and macrophages 

multiply in a fibrotically remodelled peritubular wall and imply sterile inflammation 

events, which are linked to a reduction or even a loss of the contractile markers SMA 

and CNN1 (Schell et al. 2010; Welter et al. 2013). Structural changes and depositions 

of ECM proteins are indicators for fibrotic processes and can also be linked to 

inflammation in the peritubular wall. This might lead to a phenotypic switch of the 

peritubular wall and its cells, impaired sperm transport, and consequently infertility 

may result (Adam et al. 2011; Welter et al. 2013). 

 

1.3 Cellular models of testicular peritubular cells 

 

1.3.1 Patient-derived HTPCs 

 

Human testicular peritubular cells are a unique human testicular cell culture model, 

which allows mechanistic studies. They can be isolated by a tissue explant culture of 

small patient-derived tissue fragments and are usable for up to twelve passages 

(Albrecht et al. 2006; Walenta et al. 2018). These smooth-muscle like cells express the 

androgen receptor (AR) (Mayer et al. 2018), produce two stem cell niche regulatory 

factors, the glial cell line-derived neutrophic factor (GDNF) (Spinnler et al. 2010) and 

C-X-C motif chemokine ligand 12 (CXCL12) (Flenkenthaler et al. 2014), extracellular 

matrix components like collagen, decorin and biglycan (Adam et al. 2012), and toll-

like receptors (TLRs) (Mayer et al. 2016). Also, a plethora of pro-inflammatory 

cytokines was found to be released by HTPCs (Mayerhofer 2013; Welter et al. 2014; 

Walenta et al. 2018). 

 

1.3.2 Differences in spermatogenesis among species  

 

Species-dependent differences include both testicular structure and the 

spermatogonial stem cell system. The peritubular wall of rodents differs from the one 

of humans, as rodents have only a single layer of peritubular cells (Tung and Fritz 

1990; Mayerhofer 2013). Consequently, mice have no ECM in the peritubular layer in 

contrast to humans (Adam et al. 2011; Flenkenthaler et al. 2014). Further, rodents have 
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an increased amount of germ cells linked to one Sertoli cell and therefore a higher 

density of germ cells compared to humans (Weinbauer et al. 2009). Also, 

spermatogonial stem cells differs in between species, as they can vary regarding their 

type, number and efficiency. While one spermatogonial stem cell of mice generates 

1024 spermatocytes in theory, there are 32 spermatocytes in rhesus monkeys and more 

similar to the monkey, 4 generated spermatocytes in humans (Ehmcke et al. 2006).  

 

1.3.3 A translational model for testicular peritubular cells 

 

More similar to the human, and therefore suitable as translational model organisms, 

are non-human primates. One of those is the new world monkey common marmoset 

(Callithrix jacchus), a small monkey (200 – 600 g) with a high reproductive efficiency, 

originating from the South American rainforest (Orsi et al. 2011). A vast number of 

studies using the common marmoset monkey are known, including neuroscience 

(Okano et al. 2012; Shimogori et al. 2018; Schaeffer et al. 2019), multiple sclerosis (t Hart 

et al. 2000) or pharmacology and toxicology (Zuhlke and Weinbauer 2003). These 

monkeys are well established in reproductive research as they have similar testicular 

structures to the human regarding germ cell development and architecture of the 

tubular wall (Hearn et al. 1978; Holt and Moore 1984; Millar et al. 2000; Li et al. 2005; 

Albert et al. 2010).  

A recent study investigated isolated peritubular cells from adult common marmosets 

and compared them to HTPCs. Isolated monkey testicular peritubular cells (MKTPCs) 

showed expression of all relevant peritubular markers and high similarities to HTPCs 

on the proteome level (Schmid et al. 2018).  

 

1.4 Inflammatory processes in the testis 

 

Inflammatory events in the genital tract of men can account for male infertility by 

several reasons, deceptively often without any physical discomfort. Inflammation in 

the testis can be either sterile or induced by viral or bacterial infections (Schuppe et al. 

2010). Accountable reasons for sterile inflammation are mechanical traumas, testicular 

torsion or autoimmune disorders (Sarkar et al. 2011). Other possible consequences of 
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testicular inflammation are decreasing testosterone and LH levels, spermatogenic 

arrest, and perturbed sperm motility (Cutolo et al. 1991; O'Bryan et al. 2000). 

 

Inflammation in the human testis can be both acute and chronic and caused by several 

reasons including oxidative stress or an imbalance of cytokines (Reddy et al. 2006). For 

instance, increased cytokine levels in the seminal plasma of men are associated with 

abnormal semen quality (Maegawa et al. 2002). Despite their potential danger, the 

availability of pro-inflammatory cytokines is crucial for most physiological functions 

in the testis, albeit dependent on their concentration levels.  

 

1.4.1 Pro-inflammatory cytokines 

 

Cytokines are a group of signalling molecules, secreted by various cells, affecting 

cellular interaction and communication. They mediate immunity and inflammation 

and can be on the one side soluble messenger factors, and on the other side integral 

membrane proteins (Dinarello 2007). Cytokines are classified by their functionality, 

and not by structural features, into molecule families. Three classes are known, tumour 

necrosis factors (TNFs), interleukins (IL) and chemokines (Holtmann and Resch 1995). 

Cells use cytokines as regulators against pathogens, as they can cause powerful 

paracrine or autocrine amplification mechanisms. Failures of this well-orchestrated 

system can result in dramatic consequences (Holtmann and Resch 1995).  

 

1.4.2 Inflammatory cytokines in the testis 

 

Cytokines have a direct regulatory effect on functionality and development of the 

testis. There are pro- and anti-inflammatory ones, based on their spectrum of actions. 

Especially an imbalance of pro-inflammatory cytokine levels can result in impaired 

male fertility (Naz and Evans 1998). One major and the prototypical pro-inflammatory 

cytokine is IL-1B. In the testis, it is essential to regulate spermatogenesis, but higher 

amounts can be cytotoxic to germ cells and can decrease the quality of semen, the 

amount of sperm and their motility (Gruschwitz et al. 1996; Kocak et al. 2002; Fraczek 

and Kurpisz 2007). Several testicular cells are described to produce the interleukin IL-6 

(Boockfor et al. 1994; Syed et al. 1995). For instance, Sertoli cells release IL-6 to regulate 
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spermatogonial proliferation (Stephan et al. 1997; Okuma et al. 2005). However, 

increased levels of both IL-6 and IL-8 are correlated with disturbed fertility (Naz and 

Evans 1998; Seshadri et al. 2009).  

TNF-α mediates cell-death signals (Hedger and Meinhardt 2003). In the testis this 

cytokine is involved in apoptosis of germ cells, binding of germ cells to Sertoli cells, 

steroidogenesis of Leydig cells and the production of testosterone (Hong et al. 2004; 

Xia et al. 2005). Increased levels were found in the semen of men with impaired fertility 

(Seshadri et al. 2009; Martinez-Prado and Camejo Bermudez 2010).  

 

Previous publications described HTPCs as sources of pro-inflammatory cytokines 

including IL-1B, IL-6, IL-8, TNF-α and the monocyte chemotactic proteins (MCPs) 

MCP1 and MCP3 (Schell et al. 2008; Eubler et al. 2018; Walenta et al. 2018). The 

activation of the cation channel TRPV2 increased levels of IL-6, MCP1 and IL8 in 

HTPCs (Eubler et al. 2018), treatment of HTPCs with ATP led to an increase of IL-1B, 

IL-6, MCP1 and MCP3 levels (Walenta et al. 2018).  

 

1.5 ATP is a key mediator in purinergic signalling 

 

A wide range of biological events is mediated by extracellular nucleosides and 

nucleotides. ATP (Adenosine 5’triphosphate) is best known as the energy supplier for 

cellular processes. However, if released into the extracellular space it can also provoke 

inflammation (Allard et al. 2017). ATP and its metabolite adenosine were already 

described in 1929 as essential signalling actors in heart and coronary blood vessels 

(Drury and Szent-Gyorgyi). Later, ATP was detected as a co-transmitter of 

noradrenaline and acetylcholine in sympathetic and cholinergic nerves, the first time 

as an extracellular messenger molecule (Burnstock 1972, 2009).  

Intracellular levels of ATP range from 1 – 10 mM, much higher than those in 

extracellular spaces (~10 nM) (Trautmann 2009; Zhao et al. 2017). In the testis, sources 

of extracellular ATP are thought to be Sertoli cells, mast cells, nerve fibers and 

continuously dying germ cells (Mayerhofer et al. 1999; Gelain et al. 2003; Xiong et al. 

2009; Mayerhofer et al. 2018). As impaired spermatogenesis can cause higher 

innervation density and increased mast cell numbers, this can raise ATP levels in all 

testicular compartments (Mayerhofer et al. 1999; Meineke et al. 2000). However, even 
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though the testis contains multiple possible sources of ATP, insights in the roles of 

extracellular ATP regarding the testis are still rare (Burnstock 2014).  

 

Extracellular ATP can be a local regulator of adjacent cells by the activation of 

purinergic receptors. Two types of purinergic receptors are known, one group is called 

P1 or adenosine receptors and is selective to adenosine, the other family is called P2 

receptors and is activated by ATP and/or ADP (Adenosine 5’diphosphate) (Figure 2). 

P2 receptors are distinguished into two subgroups, defined as the ligand-gated ion 

channels P2X receptors and G protein-coupled P2Y receptors (Burnstock and Kennedy 

1985; Abbracchio and Burnstock 1994). A recent publication demonstrated the 

expression of P2X4 and P2X7 in peritubular cells of the human testis, in situ and in 

vitro, and identified ATP as a contributor in the regulation of these cells (Walenta et al. 

2018).  

 

 
Figure 2. P receptors of the purinergic system. 

(A) P2 receptors bind di- and triphosphate nucleotides and can be subdivided into the cation channels 

P2X and P2Y receptors. P2X receptors consist of three protein subunits and get activated by binding of 

ATP. (B) Both ATP and ADP bind to the seven transmembrane-spanning G protein-coupled P2Y 

receptors. (C) P1 receptors or adenosine receptors (also called ADORA receptors) are of similar 

structure as P2Y receptors, but selective for adenosine. Modified on the basis of Menzies et al. (2017). 
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1.5.1 The ATP-CD39-CD73-adenosine cascade 

 

Ectonucleotidases are enzymes which hydrolyse phosphate groups, and thereby 

control the levels of different extracellular nucleotides. In the ATP-CD39-CD73-

adenosine cascade, the ectonucleotidases CD39 (ectonucleoside triphosphate 

diphosphohydrolase-1; also called ENTPD1) and CD73 (ecto-5’-nucleotidase; also 

called NT5E) are responsible for the generation of adenosine out of extracellular ATP 

(Figure 3). CD39 is part of the E-NTPDase-family and the converter of ATP to both 

ADP and AMP (Adenosine 5’monophosphate), after ATP is released into the 

extracellular space (Zimmermann et al. 2012; Antonioli et al. 2013; Burnstock 2014). 

CD39 has an extracellular catalytic site and two transmembrane domains, serving as 

an anchor to the cell membrane. These domains interact with each other and are 

essential for the catalytic activity and specificity to the substrate (Grinthal and Guidotti 

2006). CD73 can either exist as a cytosolic membrane-bound or in an extracellular 

membrane-bound form. Glycosyl phosphatidylinositol links the glycoprotein CD73 to 

the membrane. The extracellular one is part of the ATP cascade, hydrolysing AMP to 

adenosine (DePierre and Karnovsky 1974; Zimmermann 1992; Schetinger et al. 2007). 

Different from ENTPD-ases, 5’-nucleotidases solely dephosphorylate nucleoside 

mono-phosphates (Hunsucker et al. 2005).  

 

In contrast to missing data in the human testis, expression of CD39 and CD73 was 

described in rodents. In mouse and rat testis, CD39 was found in blood vessels, 

peritubular cells, Sertoli cells and the interstitium (Martin-Satue et al. 2009). CD73 is 

expressed in peritubular cells, Sertoli cells and interstitial cells, but also in all germ cell 

stages, except spermatozoa (Martin-Satue et al. 2010). The first evidence for their 

functionality was an accumulation of extracellular adenosine when isolated 

peritubular cells of immature rats were exposed to ATP (Gelain et al. 2003).  

 

Ectonucleotidases can be inhibited by pharmacological tools, to modulate the 

concentration of extracellular cytokines. The NTPDase inhibitors Polyoxometalates 

(POM) are negatively charged, composed of stable anionic complexes with the metal 

ions tungsten, molybdenum or vanadium and therefore simulate the nucleotides 

(Müller et al. 2006). They bind to the substrate-binding loop structure in an 

electrostatically way, inducing conformational changes in the enzymes and then 
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reduce their functionality (Zebisch et al. 2012). In addition, they are very stable at 

physiological pH levels (Lee et al. 2015). The family member POM-1 

(Polyoxotungstate-1) is an effective blocker of the ATP breakdown by CD39. POM-1 

was, for instance, a useful tool to detect specific roles of CD39 in renal and myocardial 

diseases, as it inhibited ischemic precondition in situ (Grenz et al. 2007; Kohler et al. 

2007).  

 

 

Levels of extracellular adenosine are between 20 and 300 nM in normal physiological 

conditions and can rise due to extreme physiological conditions or pathological states 

up to 30 µM (Newby 1984). Like many other molecules, the location and local 

concentration of adenosine decides between boon or bane. On the one hand, adenosine 

has organ- and cytoprotective functions. It can inhibit inflammatory processes and 

support angiogenesis. On the other hand, adenosine can also accumulate in solid 

ATP

ADP

AMP

Adenosine

The ATP-CD39-CD73-Adenosine cascade

CD39

CD39

CD73

Figure 3. ATP and its metabolites. 

Adenosine can be generated by the ectonucleotidases CD39 and CD73 in the 

extracellular space. CD39 hydrolyses ATP/ADP resulting in ADP/AMP, 

respectively. CD73 is responsible for the dephosphorylation step of AMP to 

adenosine. Modified on the basis of Li and Liu (2020). 
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tumours, stimulating tumour growth and angiogenesis and inhibiting cytokine 

production (Spychala 2000). 

 

1.5.2 The adenosine receptors ADORA 

 

Adenosine can bind with different affinities to adenosine receptors (gene name: 

ADORA (Fredholm et al. 2019)), a superfamily of (rhodopsin-like) G protein-coupled 

receptors, comprising A1, A2A, A2B and A3 (Fredholm et al. 1994; Hasko et al. 2008; 

Jacobson et al. 2012; Borea et al. 2018). Their distribution is described in a wide range 

of tissues and organs, concerning among others to vasodilation, neuromodulation, and 

inflammation (Ballesteros-Yanez et al. 2017). Due to their wide spectrum of expression, 

they are of great interest and an attractive target for potential drugs. Next to adenosine 

itself, an agonist of A2A is, for example, used to image coronary arteries or an 

antagonist to treat Parkinson’s disease. A3 agonists are applied in autoimmune 

diseases and cancer (Borea et al. 2016). 

 

All four adenosine receptors share homologue sequences of 80 - 95% and their core 

domains consist of seven transmembrane domains, which are linked by three intra- 

and three extracellular loops (Ramkumar et al. 1993; Fredholm et al. 2000). Adenosine 

receptors are able to act as homo- and heteromers (Ferre et al. 2008; Moriyama and 

Sitkovsky 2010; Smith and Milligan 2010) which enhance the complexity to address 

their specific roles in certain tissues. All four subtypes share their variety of 

functionality in inflammatory responses, dependent on the specific tissue. Both pro- 

and anti-inflammatory actions are described for all adenosine receptors. For example, 

A2A has pro-inflammatory actions in the central nervous system, but also anti-

inflammatory ones in the peripheral system and is a strong inhibitor of cytokine 

production (Borea et al. 2016). A3 affects a wide range of inflammatory diseases and is 

expressed in almost all immune cells, however, potentially both pro- and anti-

inflammatory (Borea et al. 2018).  

 

To date, knowledge about expression and functionality of adenosine receptors in the 

testis is still very rare and missing in humans. Earlier studies in testis of 15-day old 

rats identified expression of A1 dominantly in Sertoli cells (Murphy and Snyder 1981; 
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Monaco and Conti 1986). Another study using adult rats identified A3 in germ cells, 

A1 in Sertoli cells and failed to detect A2 receptors (Rivkees 1994). 

 

1.5.3 Further adenosine metabolism enzymes and nucleoside transporters  

 

In resting conditions, there is a good balance of extra- and intracellular levels of 

adenosine (Figure 4). In certain circumstances, including inflammation, ischemia or 

hypoxia, adenosine can pass the cell membrane by transport through ENTs 

(equilibrative nucleoside transporters) and/or CNTs (cation-linked concentrative 

nucleoside transporters). Intracellular adenosine can be rapidly deaminated to inosine 

by the adenosine deaminase (ADA) or converted to AMP by the adenosine kinase 

(ADK) (Borea et al. 2018). In addition to the intracellular ADA, this deaminase is also 

present on the extracellular site, bound to the dipeptidyl peptidase CD26. Similar to 

ectonucleotidases and adenosine receptors, this part of the adenosine metabolism is 

largely unclear in the human testis. However, rat studies of Gelain et al. (2003) gave 

clear pharmacological evidence for ADA functionality in Sertoli cells, germ cells and 

peritubular cells.  

 

 
Figure 4. Components of the purinergic system.  

The ectonucleotidases CD39 and CD73 hydrolyse extracellular ATP to its metabolites ADP, AMP and 

adenosine. Extracellular adenosine can activate the adenosine receptors ADORA, pass the membrane 

through the transporters ENT or CNT or can be converted by ADA to inosine. Modified on the basis of 

Junger (2011) and Zimmermann (2021).  
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1.6 Aims of the thesis  

 

Purinergic signalling is a rather well described mechanism throughout the human 

body. However, it is poorly understood in the testis, especially in the human one. The 

goal of this work was to gain insights into this complex signalling system in the testis, 

with a focus on inflammatory events, contractile forces, and the impact on male 

(in)fertility. Three, closely related main topics are the basis of the present work. 

 

 

 

A) Contractions of the seminiferous tubules in the testis are the only way to 

transport immotile spermatozoa to the rete testis and therefore to the 

epididymis. Still unclear are the mechanisms and potential trigger events of 

tubular contractions. A possible involvement of extracellular ATP was therefore 

investigated, employing the cellular model HTPC (Figure 5A). Contraction 

measurements in response to ATP were realized, both in a live-cell-imaging 

setting and with the use of collagen-gel lattices. Moreover, the results obtained 

in HTPCs were compared to an in vivo mouse model and in vitro mouse 

testicular peritubular cells (MTPCs).  

 

B) ATP is a main player of the purinergic system, and was found to be a danger 

signal in HTPCs (Walenta et al. 2018). Still unclear was the role of ATP 

metabolites, the question whether adenosine is generated in the human 

testicular compartment by ectonucleotidases, and how adenosine interacts with 

other receptors of the purinergic system. The expression of ectonucleotidases 

and adenosine receptors and their roles in ATP and adenosine signalling was 

therefore assessed (Figure 5B). Beside HTPCs and MTPCs, an organotypic 

MKTPC

TPC

ATP and
contraction of TPCs

A translational cell lineAdenosine and
testicular inflammation

CD39
CD73

ADORA

ATP Adenosine

G

ATP

A B C

P2X

Figure 5. Schematic overview of the main projects. 
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mouse whole testis culture was exploited for better insights into intratesticular 

actions.  

 

C) While HTPCs are the only human in vitro model for mechanistic studies in the 

human testis, their usability is limited due to their availability and patient 

origin. MKTPCs bypass most of the limitations. Nevertheless, in vitro in-depth 

mechanistic studies are restricted, because they exhibit replicative senescence. 

Therefore, MKTPCs were immortalized to receive a functional, stable and 

translational model for a better understanding of the role of peritubular cells. 

The newly generated cell line was characterized, compared to MKTPCs and 

tested for expression of the ATP-mediators P2X4 and P2X7 (Figure 5C).  
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2 RESULTS 

2.1 Publication I (Fleck et al. 2021) 

 

ATP activation of peritubular cells drives testicular sperm transport 

 

David Fleck, Lina Kenzler, Nadine Mundt, Martin Strauch, Naofumi Uesaka, Robert 

Moosmann, Felicitas Bruentgens, Annika Missel, Artur Mayerhofer, Dorit Merhof, 

Jennifer Spehr & Marc Spehr 

Elife, 10. doi:10.7554/eLife.62885 
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Figure 6. Graphical abstract of Fleck et al. (2021). 

Extracellular ATP triggers contraction of peritubular cells, acting 

through P2 receptor-dependent pathways. The purinergic system is 

therefore involved in the regulation of contractile forces in the testis.  
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testicular sperm transport
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Abstract Spermatogenesis, the complex process of male germ cell proliferation, differentiation,
and maturation, is the basis of male fertility. In the seminiferous tubules of the testes, spermatozoa
are constantly generated from spermatogonial stem cells through a stereotyped sequence of
mitotic and meiotic divisions. The basic physiological principles, however, that control both
maturation and luminal transport of the still immotile spermatozoa within the seminiferous tubules
remain poorly, if at all, defined. Here, we show that coordinated contractions of smooth muscle-like
testicular peritubular cells provide the propulsive force for luminal sperm transport toward the rete
testis. Using a mouse model for in vivo imaging, we describe and quantify spontaneous tubular
contractions and show a causal relationship between peritubular Ca2+ waves and peristaltic
transport. Moreover, we identify P2 receptor-dependent purinergic signaling pathways as
physiological triggers of tubular contractions both in vitro and in vivo. When challenged with
extracellular ATP, transport of luminal content inside the seminiferous tubules displays stage-
dependent directionality. We thus suggest that paracrine purinergic signaling coordinates
peristaltic recurrent contractions of the mouse seminiferous tubules to propel immotile
spermatozoa to the rete testis.

Introduction
Spermatogenesis ranks among the most complex, yet least understood developmental processes in
postnatal life. Inside the seminiferous tubules, which represent the functional units of the testis, this
intricate course of mass cell proliferation and transformation events generates haploid spermatozoa
from diploid spermatogonial stem cells. The seminiferous epithelium is composed of Sertoli cells,
each intimately associated with !30 germ cells at different developmental stages (Mruk and Cheng,
2004). Sertoli cells provide the microenvironment critical for spermatogenesis by establishing the
blood-testis barrier (Cheng and Mruk, 2010), forming the spermatogonial stem cell niche
(Oatley and Brinster, 2012), and controlling epithelial cyclicity via auto-, para-, and endocrine feed-
back (Heindel and Treinen, 1989). Different types of spermatogonia (type A, intermediate, type B)
are localized along the seminiferous tubule basement membrane (Chiarini-Garcia and Russell,
2001). Upon detachment, type B spermatogonia enter meiosis as preleptotene spermatocytes. Dur-
ing meiotic divisions and subsequent maturation steps, germ cells progress from primary to second-
ary spermatocytes and round to elongated spermatids.

Fleck, Kenzler, et al. eLife 2021;10:e62885. DOI: https://doi.org/10.7554/eLife.62885 1 of 30
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Accumulating evidence implicates purinergic signaling in testicular paracrine communication.
While the general picture is still incomplete, cell- and stage-specific testicular expression of different

purinoceptor isoforms has been reported in Leydig cells (Antonio et al., 2009; Foresta et al.,

1996), Sertoli cells (Veitinger et al., 2011), both pre- and postmeiotic germ cells (Fleck et al.,

2016; Glass et al., 2001), testicular peritubular cells (TPCs) (Walenta et al., 2018), as well as mature

spermatozoa (Navarro et al., 2011), albeit with contradictory results. Functionally, several studies

have suggested purinergic paracrine control of gonadotropin effects on Leydig and Sertoli cells

(Filippini et al., 1994; Gelain et al., 2005; Gelain et al., 2003; Lalevée et al., 1999; Meroni et al.,

1998; Poletto Chaves et al., 2006), including steroidogenesis and testosterone/17b-estradiol secre-

tion (Foresta et al., 1996; Rossato et al., 2001).
Members of the P2 purinoceptor family are activated by extracellular ATP (Burnstock, 1990). P2

receptors subdivide into ionotropic P2X (Bean, 1992; Bean and Friel, 1990) and metabotropic P2Y

(Barnard et al., 1994) receptors, comprising seven (P2X) and eight (P2Y) isoforms, respectively

(Müller et al., 2020). All P2X channels display substantial Ca2+ permeability and show distinct phar-

macological profiles, ligand affinities, and desensitization kinetics (Khakh and North, 2012). G-pro-

tein-coupled P2Y receptors are sensitive to both ATP and UTP and they form two subgroups that

either activate phospholipase C via Gaq/Ga11 (P2Y1, 2, 4, 6, and 11) or couple to Gai/o (P2Y12, 13,

and 14) (Müller et al., 2020). Notably, several P2 receptor isoforms affect smooth muscle cell physi-

ology, with P2X1, P2X2, P2X4, P2X7, P2Y1, and P2Y2 acting as the principle subunits (Burn-

stock, 2014). So far, the most prominent role for a specific subunit in reproductive physiology has

been attributed to P2X1, which is critical for vas deferens smooth muscle contraction and male fertil-

ity (Mulryan et al., 2000).
In mice, stimulation-dependent ATP secretion from both Sertoli and germ cells was reported

(Gelain et al., 2005; Gelain et al., 2003) and may itself be under endocrine control (Gelain et al.,

2005; Lalevée et al., 1999). The mechanism(s) of cellular ATP release, however, remain subject to

debate. ATP secretion via exocytotic release (Bodin and Burnstock, 2001; Zhang et al., 2007) has

been proposed. Alternative ATP release pathways include connexin/pannexin hemichannels

(Bao et al., 2004; Cotrina et al., 1998), transporters (Lohman et al., 2012), voltage-gated

(Taruno et al., 2013) or large-conductance anion (Bell et al., 2003) channels, or even P2X7 recep-

tors (Pellegatti et al., 2005; Suadicani et al., 2006).
Along the seminiferous epithelium, spermatogenesis has been conceptualized by attribution of

sequential cellular ‘stages’ (Figure 1A), which progress through coordinated cycles (Hess and De

Franca, 2008; Russell, 1990). First initiated in mice about 7 days postpartum (Kolasa et al., 2012),

each spermatogenic cycle comprises 12 stages and lasts 8.7 days (Hermo et al., 2010). After

approximately 39 days (4.5 cycle repetitions), spermatogenesis completes with the release of immo-

tile spermatozoa from the seminiferous epithelium into the lumen of the tubule (spermiation). Once

detached from the Sertoli cells, sperm must be transported to the rete testis and epididymis for final

maturation. Precisely regulated tubular transport mechanisms are, thus, imperative for reproduction.

eLife digest As sperm develop in the testis, the immature cells must make their way through a
maze of small tubes known as seminiferous tubules. However, at this stage, the cells do not yet
move the long tails that normally allow them to ‘swim’; it is therefore unclear how they are able to
move through the tubules.

Now, Fleck, Kenzler et al. have showed that, in mice, muscle-like cells within the walls of
seminiferous tubules can create waves of contractions that push sperm along. Further experiments
were then conducted on cells grown in the laboratory. This revealed that a signaling molecule called
ATP orchestrates the moving process by activating a cascade of molecular events that result in
contractions. Fleck, Kenzler et al. then harnessed an advanced microscopy technique to
demonstrate that this mechanism occurs in living mice. Together, these results provide a better
understanding of how sperm mature, which could potentially be relevant for both male infertility and
birth control.
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Figure 1. ATP is a potent TPC stimulus. (A) Schematic sketch of the mouse seminiferous tubule (ST) highlighting 12 stages (I – XII) of the spermatogenic

cycle (Hess and De Franca, 2008; Russell, 1990), which are arranged in consecutive order along the length of the tubule. A single layer of flat

testicular peritubular cells (TPC; green) lines the tubular wall. Sertoli cells (SC) span the tubule from the basal lamina to the lumen. Developing germ

cells (GC) are distributed between Sertoli cells. Spermatogonia are located near the basal membrane. Prophase spermatocytes move across the blood-

testis barrier (BTB) to the adluminal compartment where they complete meiosis. The resulting haploid spherical cells (round spermatids) differentiate

into elongated spermatids and, eventually, into highly condensed and compartmentalized spermatozoa (spermiogenesis). These mature, yet still

immotile germ cells are then released into the lumen (spermiation). E, epididymis; TA, tunica albuginea; inspired by Hess and De Franca, 2008. (B)
Immunostaining against a-smooth muscle actin (a-SMA, green) marks TPCs in vitro (Tung and Fritz, 1989). Cell count is determined by nuclear

staining (DAPI, blue). Cultures retain high TPC purity for at least two passages (92 ± 2%, n = 1102 (#1); 86 ± 3%, n = 542 (#2)). Dashed line delimits one

of the few a-SMA-negative cells. (C) RT-PCR profiling of purinoceptor isoforms in TPC cultures reveals P2rx2, P2rx4, P2rx7, P2ry2, and P2ry6 transcripts.

Dashed gray vertical lines indicate cuts in a given gel. (D–H) ATP exposure triggers TPC transmembrane currents. (DI) Phase-contrast micrograph

Figure 1 continued on next page
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While bulk movement of luminal content has been anecdotally reported (Cross, 1958;
Setchell et al., 1978; Worley et al., 1985), no quantitative data on sperm transport within the semi-
niferous tubules is available. Early in vitro observations of apparent minute undulating motions of
seminiferous tubule segments (Roosen-Runge, 1951; Suvanto and Kormano, 1970) suggested that
smooth muscle-like TPCs (Clermont, 1958; Ross, 1967) could mediate contractile tubule move-
ments. This concept has gained widespread support from several, mostly indirect, in vitro studies
(Ailenberg et al., 1990; Filippini et al., 1993; Miyake et al., 1986; Tripiciano et al., 1996). How-
ever, quantitative direct (i.e. live cell) measurements of seminiferous tubule contractions are rare and
controversial (Ellis et al., 1978; Harris and Nicholson, 1998; Losinno et al., 2012; Worley and
Leendertz, 1988). Moreover, mechanistic in vivo evidence is lacking. Here, we demonstrate that, by
acting on ionotropic and metabotropic P2 receptors, extracellular ATP activates TPC contractions
that trigger directional sperm movement within the mouse seminiferous tubules both in vitro and in
vivo.

Results

ATP is a potent TPC stimulus
Accumulating data suggests that purinergic signaling constitutes a critical component of testicular
paracrine communication (Fleck et al., 2016; Foresta et al., 1995; Gelain et al., 2003;
Poletto Chaves et al., 2006; Veitinger et al., 2011; Walenta et al., 2018), with Sertoli cells acting
as a primary source of ATP secretion (Gelain et al., 2005). Therefore, we asked if mouse TPCs are
sensitive to extracellular ATP. Primary TPC cultures retain high purity for !14 days in vitro
(Figure 1B, and Figure 1—figure supplement 1A&B) and cells express transcripts for several iono-
tropic (P2X2, P2X4, P2X7) and metabotropic (P2Y2, P2Y6) purinoceptors (Figure 1C). The specific
biophysical and pharmacological profile of ATP-dependent transmembrane currents (Figure 1D–H)
strongly suggests functional expression of P2X2 and/or P2X4, but not P2X7 receptors. As reported
for both P2X2 and P2X4 (North, 2002), TPC currents are saturated at "100 mM ATP (Figure 1D&E),

Figure 1 continued

depicting a TPC (dashed line) targeted by a patch pipette (pp). (DII-DIV) Original whole-cell recordings illustrate representative currents in response to

ATP stimulation (100 mM (DII) vs. 1000 mM (DIII) and 10 s (DIII) vs. 30 s (DIV), respectively). Vhold = #80 mV. (E, F) Quantification (bar charts; mean ± SEM; n

as indicated) reveals saturation of peak current density at "100 mM ATP (E) and modest desensitization at a concentration-dependent rate (F). (G)

Whole-cell voltage-clamp recordings show ATP-induced currents (100 mM; 10 s) that are potentiated by ivermectin (3 mM) and partially inhibited by

suramin (100 mM), respectively (!60 s preincubation). Vhold = #80 mV. (H) Quantification (bar charts; mean ± SEM; data normalized to initial control

response) demonstrates dichotomy in drug sensitivity. Treatment was categorized as effective (eff) if current amplitudes deviate by ± SD from average

control recordings (85 ± 24%, 2nd ATP stimulation). Note that each drug proved ineffective (no eff) in some cells. Gray circles depict data from individual

cells. (I–L) ATP-dependent Ca2+ mobilization in cultured TPCs. Ca2+ transients in response to repetitive stimulation (10 mM, 10 s) are monitored by

ratiometric (fura-2) fluorescence imaging. (I) Phase contrast (I) and merged fluorescence (f380; II) images of a TPC in vitro. Bottom pseudocolor frames

(rainbow 256 color map) illustrate relative cytosolic Ca2+ concentration ([Ca2+]c) before (III) and during (IV) ATP stimulation. (J, K) Representative original

traces from time-lapse fluorescence ratio (f340/f380) recordings depict repetitive [Ca2+]c elevations upon ATP exposure under control conditions ((J) blue
traces correspond to the TPC in (I)) and during reduced extracellular Ca2+ concentration ((K) [Ca2+]e = 100 nM; 60 s preincubation). (L) Bar chart
depicting Ca2+ signal amplitudes (mean ± SEM; n as indicated) – normalized to the initial ATP response – under control conditions (gray) vs. low [Ca2+]e
(green). Asterisks denote statistically significant differences (*1p=0.001; *2p=0.002; *3p=5.5e#5; *4p=0.0006; *5p=0.02; *6p=0.02; Student t-test (F, L),
one-way ANOVA (H)). (M) Representative whole-cell voltage-clamp recordings (Vhold = #80 mV) of ATP-induced inward currents in cultured mouse

TPCs. Two components – a fast relatively small current (arrow head) and a delayed lasting current (asterisk) – are triggered repeatedly by successive

ATP exposure (100 mM; 90 s inter-stimulus interval). Notably, we never observed a delayed slow current without a fast response. (N) Bar chart

quantifying peak densities (mean ± SEM, circles show individual values) of the fast (Ifast; black) and the delayed (Islow; gray) ATP-induced current

components (1st stimulation: Ifast 0.37 ± 0.2 pA/pF; Islow 1.58 ± 0.5 pA/pF; 2nd stimulation Ifast 0.27 ± 0.1 pA/pF; Islow 1.37 ± 0.4 pA/pF). (O) Bar graph

illustrating the frequency of Ifast (black) and Islow (gray) occurrence upon ATP (100 mM) stimulation in absence (w/o) and presence (w) of GTP (500 mM) in

the pipette solution, respectively. Asterisks denote statistically significant differences (*7p=0.008, *8p=0.0003; Fisher‘s exact test); n as indicated in bars.

(P) Representative whole-cell voltage-clamp recordings (Vhold = #80 mV) of inward currents induced by ATP (100 mM) and UTP (100 mM), respectively.

Whenever ATP triggers both Ifast and Islow (left), Islow is also induced by UTP (right). UTP-dependent currents develop significantly slower than ATP-

evoked Ifast (inset; *
9p=0.03; paired t-test).

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Mouse TPCs in primary culture.

Figure supplement 2. ATP/UTP-dependent Islow in cultured mouse TPCs is largely carried by Cl–.
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Figure 2. ATP triggers TPC Ca2+ signals in acute seminiferous tubule sections. (A) 3D reconstruction of an intact 6 $ 3 $ 1.5 mm testis sample from a

SMMHC-CreERT2 x Ai14D mouse after tissue clearing (CLARITY Chung and Deisseroth, 2013) reveals tdTomato expression (red) restricted to TPCs

and vascular endothelial cells (asterisk in (AII)). Nuclear staining (DRAQ5; blue) is most prominent in post-meiotic germ cells because of their high

degree of DNA condensation. (B) SMMHC-CreERT2-expressing cells in the tubule wall are TPCs. In testis cryosections from adult SMMHC-CreERT2 x

Ai14D mice, Cre-driven tdTomato signals (BI) and a-SMA immunostaining (BII) colocalize at tubular margins (BIII). Nuclei are stained with DRAQ5 (blue

(BIV)). Note that endothelial vasculature in interstitial regions (asterisks) is a-SMA-negative (merged image (BV)). (C–H) Both TPC-specific expression of a

genetically encoded Ca2+ indicator (GCaMP6f) and bulk loading with a synthetic Ca2+ sensor (fura-2) allow for TPC-selective live cell Ca2+ imaging in

acute seminiferous tubule sections. (C) Merged fluorescence and reflected light micrographs show the location of SMMHC-expressing TPCs (red) within

the wall of an intact tubule. (D–E) Cre-dependent GCaMP6f expression in SMMHC-CreERT2 x Ai95D mice reveals Ca2+ transients in TPCs in response to

ATP. Representative fluorescence images ((D) rainbow 256 color map) before and during ATP exposure (100 mM; 10 s), and corresponding traces (E)
showing changes in GCaMP6f intensity (DF/F) over time. Traces from ROIs outlined in (D) (white solid lines). (F) Merged fluorescence image of an acute

seminiferous tubule section from an AMH-Cre x Ai14D mouse after bulk loading with fura-2/AM (green). Anti-Müllerian hormone (AMH) dependent

expression of tdTomato (red) specifically labels Sertoli cells that build the seminiferous epithelium. Note the narrow green band of marginal TPCs that

are preferentially labeled by the Ca2+-sensitive dye. (G–H) Ratiometric Ca2+ imaging in fura-2-loaded tubules enables semi-quantitative live-cell

Figure 2 continued on next page
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whereas P2X7 receptors display strongly reduced ATP sensitivity (Donnelly-Roberts et al., 2009).
Moreover, currents recorded from TPCs showed modest but persistent desensitization
(Figure 1D&F), which is similarly observed for recombinant P2X2 and P2X4, but not P2X7 receptors
(Coddou et al., 2011). TPCs also displayed reduced BzATP sensitivity (data not shown), which is a
potent activator of P2X7 receptors (Donnelly-Roberts et al., 2009). Ivermectin (Figure 1G&H), an
agent selectively potentiating P2X4 receptor currents (Khakh et al., 1999; Silberberg et al., 2007),
increased ATP-induced currents in a subpopulation of TPCs (n = 7/12), whereas suramin
(Figure 1G&H), a drug inhibiting P2X2, but not P2X4 receptors (Evans et al., 1995), inhibited a TPC
subset (n = 10/18).

Notably, live-cell ratiometric Ca2+ imaging in cultured TPCs revealed robust and repetitive cyto-
solic Ca2+ transients upon ATP exposure (Figure 1I&J). We next reduced the extracellular Ca2+ con-
centration ([Ca2+]e) to 100 nM, a concentration approximately equimolar to cytosolic levels, by
adding an appropriate chelator/ion concentration ratio (1 mM EGTA/0.5 mM CaCl2). This treatment,
which drastically diminishes the driving force for Ca2+ influx, did substantially reduce, but not abolish
ATP response amplitudes (Figure 1K&L). The selective P2Y receptor agonist UTP (Alexander et al.,
2019b) also triggered Ca2+ signals (data not shown), indicating a role for G protein-dependent Ca2+

release from internal storage organelles (Müller et al., 2020). Notably, ~46% of all ATP-sensitive
TPCs additionally displayed a delayed, but long-lasting inward current that gradually developed
over tens of seconds after ATP stimulation ended (Figure 1M&N). We hypothesized that this slower
current could result from P2Y receptor-/G protein-dependent Ca2+ release, likely mediated by the
P2Y2 isoform since P2Y6 receptors lack substantial ATP sensitivity (Alexander et al., 2019a;
Jacobson et al., 2015). Indeed, occurrence of the delayed current depends on presence of intracel-
lular GTP (Figure 1O). Moreover, selective recruitment of G protein-coupled P2Y receptors with
UTP (Figure 1P) exclusively triggered such slowly developing currents. Largely carried by Cl– (Fig-
ure 1—figure supplement 2), this current likely results from P2Y receptor-mediated phosphoinosi-
tide turnover, Ca2+ release, and activation of Ca2+-gated Cl– channels. Together, these data suggest
that mouse TPCs functionally express both ionotropic and metabotropic purinoceptors.

Next, we asked if TPCs also exhibit ATP sensitivity in their physiological setting. Therefore, we
examined purinergic Ca2+ signals from mouse TPCs in acute seminiferous tubule sections
(Fleck et al., 2016). In parallel approaches, we
employed two different fluorescent Ca2+ report-
ers, a synthetic ratiometric Ca2+ sensor (fura-2) as
well as a genetically encoded Ca2+ indicator
(GCaMP6f). The dual excitation ratiometric indi-
cator fura-2 allows semi-quantitative Ca2+ meas-
urements (Bootman et al., 2013), but lacks cell
type specificity as tubules are bulk-loaded with a
membrane-permeable acetoxymethyl ester conju-
gate. By contrast, conditional gene targeting via
the Cre/Lox system (Smith, 2011) allows TPC-
specific expression of the single-wavelength indi-
cator GCaMP6f. First, we confirmed inducible
TPC-targeted testicular expression of fluorescent
reporter proteins in SMMHC-CreERT2 x Ai14D
mice (Figure 2A–C, Video 1). Tamoxifen-induced
transgenic expression of CreERT2 under control
of the mouse smooth muscle myosin, heavy poly-
peptide 11 (a.k.a. SMMHC) promoter drives Cre-
mediated recombination of loxP-flanked report-
ers (tdTomato (Ai14D mice) or GCaMP6f (Ai95D))

Figure 2 continued

monitoring of TPC activity. Representative fluorescence images ((G) rainbow 256 color map) before and during ATP exposure (100 mM; 10 s).

Corresponding traces (H) show the fluorescence intensity ratio (f340/f380) from four ROIs (in (G); white solid lines) over time. Inset (G) shows a putative

TPC and an adjacent putative spermatogonium (asterisk) at higher magnification.

Video 1. SMMHC-CreERT2 mice allow inducible TPC-

specific expression of genetically encoded fluorescent

reporter proteins. After tamoxifen injections, SMMHC-

CreERT2 x Ai14D male offspring express tdTomato (red)

in both TPCs and vascular smooth muscle cells. Video

shows the 3D reconstruction of an intact and cleared

(CLARITY, Chung and Deisseroth, 2013) 6 $ 3 $ 1.5

mm testis sample with nuclei labeled by DRAQ5 (blue).

https://elifesciences.org/articles/62885#video1
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in smooth muscle cells and TPCs (Wirth et al., 2008). Second, TPC-specific GCaMP6f expression in

SMMHC-CreERT2 x Ai95D mice revealed robust Ca2+ transients in cells of the tubular wall upon ATP

exposure (Figure 2D&E). Third, fura-2/AM loading of acute seminiferous tubule sections preferen-

tially labeled the outermost cell layer (Figure 2F), allowing semi-quantitative in situ imaging of ATP-

dependent Ca2+ signals in mouse TPCs (Figure 2G&H). So far, our results thus demonstrate that

challenging TPCs with extracellular ATP triggers robust Ca2+ signals both in vitro and in situ.

ATP triggers seminiferous tubule contractions
We hypothesized that ATP-induced Ca2+ signals in TPCs could mediate contractile motion of the

seminiferous tubule. To address this, we established a fast, quasi-simultaneous image acquisition

method that enables parallel recording of both peritubular Ca2+ responses and seminiferous tubule

movement (methods). Brief ATP exposure resulted in a peripheral band of Ca2+ activity at the edge

of the tubule. Such signals usually coincided with a pronounced contractile motion of the seminifer-

ous tubule (Figure 3A, Video 2). When movement is quantified as the time-lapse image flow field

Figure 3. ATP triggers seminiferous tubule contractions. (A) Quasi-simultaneous imaging of [Ca2+]c-dependent fluorescence (top; f340/f380; rainbow 256

color map) and tubular position (bottom; reflected light microscopy). Focus adjusted to provide sharp images of the seminiferous tubule’s edges.

Individual frames correspond to the time points indicated, i.e. before, during, and after ATP exposure (see (B)). Dashed white lines (top) and

corresponding solid black/red lines (bottom) depict the outline of the tubule in each image, respectively. Dotted black lines (bottom) show the contour

at t = 1 s for comparison. Pink shades (bottom) accentuate areas that moved. (B) Fluorescence ratio (top; black traces correspond to regions-of-interest

delimited by solid white lines in (A)) and integrated flow strength si – a measure of strength and direction of pixel displacement (bottom; red trace) –

over time. ATP (100 mM) stimulation as indicated (horizontal bar). With the t = 0 s image as reference, flow strength si is calculated by custom code as

the average whole tubule pixel shift vector (methods). Dashed vertical line marks the Ca2+ signal onset. (C–E) Ca2+ responses and tubular movement

are dose-dependent. (C) Original traces depict [Ca2+]c (black) and tubule movement (red) from a representative experiment. Data calculated as in (B).
Brief (10 s) stimulations with increasing ATP concentrations (1–1000 mM) trigger dose-dependent Ca2+ transients and corresponding contractions. (D, E)
Data quantification. Dose-response curves illustrate peak signals (D) and the percentage of responding putative TPCs (black)/tubules (red) (E). Data are

normalized to responses to 100 mM ATP (n as indicated in (E)).
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Figure 4. Both intra- and extracellular Ca2+ sources contribute to ATP-dependent TPC contractions. (A) In situ imaging identifies spontaneous low-

amplitude ‘vibratory’ movements in acute seminiferous tubule slices. Representative trace illustrating flow field strength analysis of tubular motion

under control conditions and upon ATP exposure (10 mM; 10 s). Note that spontaneous indentations share small amplitudes and are restricted to the

tubule edge (inset). Black/red lines (inset) depict the outline of the tubule in each image, respectively. Dotted black lines show the contour at t = 1 for

comparison. Pink shades accentuate areas that moved. (B) Repeated purinergic stimulation triggers robust Ca2+ elevations and concurring seminiferous

Figure 4 continued on next page
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strength (methods) tubular contraction follows the Ca2+ signal onset with minimal delay, outlasts the

Ca2+ signal peak, and recovers slowly (Figure 3B). Both Ca2+ responses and tubular movement are

dose-dependent and share an ATP threshold concentration of approximately 1 mM (Figure 3C–E,

Video 3). Contractile smooth muscle plasticity (Tuna et al., 2012) likely underlies the apparent dif-

ference in signal saturation (Figure 3D). Notably, in some tubules, we observed spontaneous low-

Video 2. Quasi-simultaneous recording of peritubular

Ca2+ signals and seminiferous tubule movement. A

representative seminiferous tubule section (250 mm) is

stimulated with ATP (100 mM, 10 s). After fura-2 bulk

loading, ratiometric fluorescence imaging (f340/f380)

reveals relative changes in Ca2+ concentration (rainbow

color map; blue, low Ca2+; red, high Ca2+) in a

peripheral band of putative TPCs at the tubule’s edge.

Since each image acquisition cycle (1 Hz) captures two

fluorescence (Exl340; Exl380) and one reflective light

image (brightfield), time-lapse recordings allow parallel

physiological phenotyping of both seminiferous tubule

Ca2+ responses and movement (shown sequentially for

clarity).

https://elifesciences.org/articles/62885#video2

Video 3. Both ATP-induced seminiferous tubule Ca2+

responses and contractions are dose-dependent. A

representative seminiferous tubule section (250 mm;

fura-2 bulk loading) is stimulated with increasing ATP

concentrations (1–1000 mM, 10 s). Ratiometric

fluorescence imaging (f340/f380) reveals relative changes

in Ca2+ concentration (rainbow color map; blue, low

Ca2+; red, high Ca2+) in putative TPCs. Quasi-

simultaneous time-lapse recording of fluorescence

(Exl340; Exl380) and brightfield (reflective light) images

illustrates that both seminiferous tubule Ca2+ signals

and contractions (shown sequentially for clarity) are

dose-dependent and share an ATP threshold

concentration of approximately 1 mM.

https://elifesciences.org/articles/62885#video3

Figure 4 continued

tubule contractions with only minor response adaptation. Traces depict changes in fura-2 intensity ratio (f340/f380; black) or tubular movement (red) upon

brief ATP exposure (10 s; 10 mM; 5 min intervals) under control conditions. (C) Reducing [Ca2+]e (100 nM; 5 min incubation) strongly diminishes

responses to ATP (10 s; 10 mM). (D) Depletion of internal Ca2+ stores (CPA Seidler et al., 1989; 90 mM; 18.8 ± 9.3 min incubation) essentially abolishes

both Ca2+ signals and tubule contractions. (E–G) Quantification of data exemplified in (B–D). (E) Bar chart depicting ATP sensitivity (response rate; %),

independent of signal strength. Occurrence of Ca2+ elevations (black) and tubule contractions (red) are plotted for different experimental conditions

[i.e. stimulation with ATP or UTP, regular or reduced [Ca2+]e (1 mM or 100 nM, respectively), and Ca2+ indicator (fura-2 or GCaMP6f, respectively)].

Numbers of experiments are indicated in each bar. (F) Signal amplitudes (Ca2+, black; contractions, red) of responding TPCs/tubules, quantified as a

function of stimulus, treatment, and Ca2+ sensor. Data (mean ± SEM) are normalized to the respective initial responses to ATP (10 mM) under control

conditions (dotted horizontal line; see first stimulations in B and C). Experimental conditions and numbers of experiments as in (E). Asterisks denote
statistical significance (*1p=2.2e#19 and *2p=5.6e#8; t-test; note: tests only performed when n > 5 and only one variable was changed). (G) Pie charts

illustrating the profoundly reduced ATP sensitivity of TPCs/tubules after depletion of Ca2+ storage organelles (CPA; 90 mM). Numbers within pies

correspond the total count of cells/tubules that responded to ATP before treatment. (H) Effects of lowering [Ca2+]e are comparable over both

incubation periods and concentrations in the nanomolar range. Significantly reduced, though not abolished TPC Ca2+ signals (left) and seminiferous

tubule contractions (right) are observed in presence of both 100 nM and 12 nM [Ca2+]e as well as for variable incubation periods lasting between 1 and

10 min, respectively. Asterisks denote statistical significance (*3p=2.8e#10, *4p=7.8e#14, *5p=3.8e#9, *6p=1.0e#6; one-way ANOVA with post-hoc Tukey

HSD test; note: tests only performed when n ! 5).

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Purinergic stimulation mediates contractions in cultured human TPCs.
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amplitude ‘vibratory’ movements and local indentations (Figure 4A), reminiscent of the relatively

high frequency rippling previously described (Ellis et al., 1981; Worley et al., 1985).
We next investigated the Ca2+ signaling mechanism(s) underlying ATP-dependent TPC contrac-

tions. First, we asked whether influx of external Ca2+ is involved in TPC force generation. Similar to

in vitro observations (Figure 1K&L), diminishing or even reversing the driving force for transmem-

brane Ca2+ flux by reducing [Ca2+]e to 100 nM or 12 nM, respectively, for variable durations, signifi-

cantly decreased both TPC Ca2+ signals and tubular contractions (Figure 4B–H). While, upon [Ca2+]e
reduction, ATP-dependent responses (both Ca2+ signals and contractions) were still detected in the

vast majority of cells/experiments (Figure 4E), response strength was strongly diminished

(Figure 4F). These effects were independent of both the extent (12 nM or 100 nM) and the duration

(1–10 min) of [Ca2+]e reduction and were fully reversible (Figure 4H). Second, we examined a poten-

tial role of ATP-induced Ca2+ release from internal storage organelles. Ca2+ depletion of the

Figure 5. ATP drives directional luminal transport. (A) Schematic drawing (top) and original low-magnification image (bottom) of the experimental

setup. Intact seminiferous tubules are placed on transparent foil in a custom-built macroscopic imaging chamber. The tubule is kept stationary by

gentle suction through tiny holes punched in the foil and vacuum underneath. As previously suggested (Hess and De Franca, 2008), tubules are

coarsely categorized into three stages (I–III; color code) according to luminal sperm content. Precise mapping of stimulated regions is feasible by

positioning both tubule and perfusion pencil within an area delimited by several holes that outline a stimulation zone (methods). The tubule region

directly exposed to ATP is designated as ROI 0, with adjacent equidistant sections numbered consecutively (up to ROI ±6; schematic). In the original

image shown, only ROIs ± 3 are outlined for clarity. (B) Analysis of luminal content movement by calculation of flow change ci relative to each previous

image (methods) within a representative luminal ROI. Motion is quantified by measuring the area under curve (AUC; solid red) within 60 s after

stimulation onset. Note that mechanical control stimulation (extracellular solution) does not affect basal luminal motion. (C) Bar charts depicting luminal

content movement (means ± SEM) upon ATP stimulation (100 mM; 10 s) in either directly exposed regions (CI; n = 17) or adjacent areas (CII; n = 3–17).

Green/blue (groups I and III) and red (group II) bars depict stages with a low vs. a high luminal sperm count, respectively. Horizontal gray lines mark the

average basal luminal motion prior to stimulation. ATP induces significantly increased content movement in directly stimulated areas (ROI 0)

independent of luminal sperm count/stage group (CI). Note that in adjacent regions (CII) unidirectional movement occurs exclusively in tubule sections

with high luminal sperm density. Asterisks denote statistically significant differences (*1p=8.7e#5; *2p=6.7e#7; *3p=0.005; *4p=0.002; *5p=0.03; unpaired

two-tailed t-test).
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sarcoplasmic reticulum via pharmacological inhi-
bition of the sarco/endoplasmic reticulum Ca2+-
ATPase by cyclopiazonic-acid (CPA) essentially
abolished both ATP-dependent Ca2+ signals and
contractions (Figure 4D), with very few cells/
tubules retaining some residual ATP sensitivity
during CPA treatment (Figure 4G). Importantly,
all results from ratiometric fura-2 imaging were
qualitatively indistinguishable from those
obtained with genetically targeted GCaMP6f
(Figure 4E–G), showing that both approaches to
TPC Ca2+ measurement provide comparable
results. Third, given the pronounced effect of
pharmacological store depletion, we aimed to
quantify the specific contribution of metabotropic
purinoceptors to the overall ATP-mediated
effect. The P2Y receptor-selective agonist UTP
(Coddou et al., 2011) evoked both TPC Ca2+ sig-
nals and tubular contractions (Figure 4E&F).
However, under control [Ca2+]e conditions, UTP-
evoked responses were substantially reduced
compared to control ATP stimulations
(Figure 4F). Notably, these UTP responses were
statistically indistinguishable from the diminished
ATP-dependent signals we observed under low

[Ca2+]e conditions (Figure 4F).
Together, these data strongly suggest that (i) extracellular ATP acts as a potent TPC stimulus that

triggers seminiferous tubule contractions in situ, that (ii) P2X and P2Y receptors act in concert to
mediate TPC responses to ATP exposure, that (iii), while P2X receptor-dependent external Ca2+

influx apparently boosts responses to ATP, P2Y receptor-mediated Ca2+ mobilization from the sarco-
plasmic reticulum is necessary to evoke TPC responses, and consequently – since store depletion
essentially abolishes ATP-dependent signals – that (iv) influx of external Ca2+ via ionotropic P2X
receptors is not sufficient to drive TPC signals and evoke contractions. Notably, our general finding
of ATP-induced mouse TPC contractions is likely transferable to human peritubular cells. When pri-
mary human TPC cultures (Walenta et al., 2018) were exposed to extracellular ATP, morphological
changes were observed within seconds-to-minutes (Figure 4—figure supplement 1A&B). Moreover,
embedding cells in collagen gel lattices revealed considerable contractile force in response to ATP
(Figure 4—figure supplement 1C&D).

ATP drives directional luminal transport
We hypothesized that ATP-induced tubular contractions could impact the transport of luminal fluid
and spermatozoa. To test this, we custom-built a whole-mount macroscopic imaging platform,
designed to allow both widefield and fluorescence time-lapse imaging of intact seminiferous tubules
(Figure 5A). In addition, this setup enables visual categorization of the spermatogenic cycle into
three distinct stage groups following published protocols (Hess and De Franca, 2008) and allows
precisely timed focal perfusion (methods). First, we asked if brief focal purinergic stimulation triggers
seminiferous tubule contractions and, consequently, luminal content movement. Flow field change
analysis reveals some basal luminal motion independent of mechanical stimulation (Figure 5B). How-
ever, ATP exposure triggered a strong increase in luminal flow that outlasted the presence of ATP
for several tens of seconds (Figure 5B, Video 4). Second, we analyzed if luminal movement depends
on the tubule’s cycle stage and, consequently, luminal sperm count. When we analyzed ATP-induced
movement in directly stimulated luminal regions (each designated as region-of-interest (ROI) 0) and
compared stage groups with a high (group II) vs. a relatively low (groups I and III) amount of luminal
sperm, we observed no difference in stimulation-dependent motion (Figure 5CI). Thus, direct ATP
exposure triggers tubular contractions independent of cycle stage and luminal sperm count. Third,
we investigated if luminal movement is restricted to the area of stimulation or, by contrast, if fluid

Video 4. ATP stimulation triggers movement of luminal

content in intact seminiferous tubules. Brightfield time-

lapse recording of an intact isolated seminiferous

tubule (field of view shows cycle stages II and III)

challenged by brief focal ATP perfusion (100 mM, 10 s).

The spatial extent of the stimulation zone had been

defined by prior perfusion with a dye solution (fast

green).

https://elifesciences.org/articles/62885#video4
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flow propagates beyond the directly stimulated tubule section. When we analyzed luminal motion in

equidistant tubule sections adjacent to the directly stimulated area ROI 0 (Figure 5A), we found a

significant, though relatively small bidirectional wave of propagating movement in stage groups I

and III, which exhibit a low luminal sperm count (Figure 5CII). Strikingly, we observed strong unidi-

rectional luminal movement upon ATP stimulation of stage group II tubule sections which show high

luminal sperm density associated with spermiation (Figure 5CII). In this stage group, luminal content

is predominantly propelled toward areas of ascending spermatogenic cycle stages. These findings

demonstrate directionality of sperm transport upon focal purinergic TPC stimulation in isolated semi-

niferous tubules.
As expected, ATP-induced tubule contractions also manifest as Ca2+ signals in TPCs

(Figure 6A&B, Video 5). However, these Ca2+ elevations appear to be limited to those areas

directly exposed to ATP (ROI 0). We observed no such signals in adjacent tubule sections indepen-

dent of the stimulated stage group or an ascending or descending stage direction (Figure 6C&D).

This finding indicates that, in the isolated seminiferous tubule, ATP acts as a local messenger that,

by itself, is not sufficient to trigger a signal that propagates in a regenerative wave-like fashion along

a tubule’s longitudinal axis. However, local contractions generate sufficient force to move luminal

content beyond the directly stimulated area and, in turn, directionality of flow along short-to-

medium distances ("600 mm; Figure 5CII) is not critically dependent on peristaltic contractility.

Figure 6. ATP causes Ca2+ elevations within a restricted paracrine radius. (A) Low-magnification brightfield image of an intact seminiferous tubule

segment dissected from SMMHC-CreERT2 x Ai95D mice and positioned directly in front of the tip of a 250 mm diameter perfusion pencil. ROIs (black

lines) are drawn to encompass the area that is directly exposed to fluid flow (ROI 0) as well as adjacent regions (ROIs 1 and #1), respectively. Suction

produced by negative pressure (applied through holes in the elastic foil pad beneath the tubule) limits the area of perfusion. (B) Pseudocolor GCaMP6f

fluorescence intensity images of the tubule shown in (A) reveals Ca2+ transients in TPCs in response to ATP. Representative images (rainbow 256 color

map) correspond to time points before, during, and after focal ATP exposure (100 mM; 10 s). The area directly challenged with ATP is denoted by the

white dotted lines. For clarity, autofluorescence of the perfusion pencil was removed. Note that Ca2+ elevations are limited to ROI 0. (C) Representative
original recordings of changes in GCaMP6f intensity (DF/F) over time from tubule segments of the three different stage groups (I–III). Traces exemplify

Ca2+ signals (or the lack thereof) in ROIs 0, –1, and 1, respectively. Independent of the epithelial cycle stage investigated, ATP-induced [Ca2+]c
elevations are restricted to directly exposed tissue segments. (D) Quantification of ATP sensitivity among tubule segments of different cycle stage. Bar

charts illustrate that purinergic stimulation causes Ca2+ signals irrespective of stage and, thus, luminal sperm count. Numbers of experiments as

indicated in bars.
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ATP induces tubular contractions in
vivo
To ultimately attribute a physiological role to
ATP-dependent Ca2+ signals in TPCs, tubular
contractions, and corresponding transport of
luminal content, these phenomena must (i) occur
spontaneously in living animals, and must (ii) be
triggered experimentally by ATP exposure in
vivo. Thus, to investigate any in vivo relevance of
our findings, we designed a custom-built 3D
printed in vivo imaging stage (Figure 7—figure
supplement 1) that allows both widefield epi-
fluorescence and multiphoton microscopy of the
mouse testis.

Initially, we monitored spontaneous seminifer-
ous tubule activity in SMMHC-CreERT2 x Ai95D
mice. Multiphoton time-lapse imaging revealed
spontaneous TPC Ca2+ signals that typically
accompanied strong tubule contractions
(Figure 7A&B, Video 6). Several characteristics
emerged from quantitative analysis of these
observations. First, during sufficiently long
recording periods ("30 min), contractions occur
in essentially all seminiferous tubules (Figure 7—
figure supplement 2A). Second, contractions of
individual tubules within the 2D confocal plane
are not synchronized (Figure 7B). Third, periods
of enhanced activity (!2 contractions within 90 s)

are interrupted by long episodes of quiescence (Figure 7B, Figure 7—figure supplement 2B).
Fourth, the durations of TPC Ca2+ signals and corresponding contractions are positively correlated
(Figure 7—figure supplement 2C), confirming a causal relationship.

Next, we asked whether spontaneous in vivo contractions are coordinated along the longitudinal
tubular axis. Low magnification incident light microscopy enabled simultaneous observation of sev-
eral superficial seminiferous tubule segments (Figure 7C). Movement analysis along the length of
digitally straightened tubules demonstrates wave-like unidirectional motions that propagate with
high velocities (Figure 7C&D). These movements coincide with ‘macroscopic’ Ca2+ waves that travel
at comparable speed and direction (Figure 7—figure supplement 2D). Notably, the observed coor-
dinated contractile movements provide sufficient force to ensure luminal sperm transport (Video 7).

Finally, we examined if brief focal ATP stimulation also triggers peritubular Ca2+ signals and semi-
niferous tubule contractions in vivo. Therefore, we filled low resistance patch pipettes with fluores-
cently labeled ATP solution, penetrated the tunica albuginea, and targeted the interstitial space
close to neighboring tubules (Figure 7E, Video 8). Nanoliter puffs of ATP-containing test solution
induced both Ca2+ transients in genetically labeled TPCs and strong tubule contractions in the
majority of experiments (Figure 7F&G). By contrast, puffs of extracellular saline rarely stimulated
any such response (Figure 7—figure supplement 2E). Taken together, in vivo recordings demon-
strate that robust recurrent seminiferous tubule contractions (i) occur spontaneously, (ii) are driven
by cytosolic Ca2+ elevations in TPCs that propagate in a wave-like fashion, and (iii) can be triggered
experimentally by ATP exposure. Consequently, paracrine purinergic signaling in the mouse testis is
a mediator of luminal sperm transport within the seminiferous tubule network.

Discussion
The molecular and cellular mechanisms that control paracrine testicular communication have to a
large extent remained controversial, if not elusive (Schlatt and Ehmcke, 2014). For TPCs in particu-
lar, a contractile function under paracrine control and, consequently, a critical role in male infertility
have long been proposed (Albrecht et al., 2006; Romano et al., 2005), but direct experimental

Video 5. ATP stimulation triggers transient Ca2+

signals in TPCs of intact seminiferous tubules.

Fluorescence time-lapse recording of an intact

seminiferous tubule (field of view shows cycle stage II)

isolated from a mouse selectively expressing GCaMP6f

in TPCs (SMMHC-CreERT2 x Ai95D male offspring).

Fluorescence imaging (DF/F) during brief focal ATP

perfusion (100 mM, 10 s) – the spatial extent of the

stimulation zone had been defined by prior perfusion

with a dye solution (food color) – reveals relative

changes in TPC Ca2+ concentration (rainbow color

map; blue, low Ca2+; red, high Ca2+).

https://elifesciences.org/articles/62885#video5
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Figure 7. ATP induces tubular contractions in vivo. (A) Multiphoton in vivo fluorescence microscopy in SMMHC-CreERT2 x Ai95D mice enables time-

lapse imaging of TPC activity. Maximum gray scale projection outlines segments from four seminiferous tubules (red dotted lines (AI)). Pseudocolor

images of GCaMP6f intensity indicate [Ca2+]c changes in TPCs of tubule three during phases of low (AII) vs. high (AIII) spontaneous activity (rainbow

color map; white arrows in (AIII)). (B) Original traces depict simultaneous TPC Ca2+ signals (black; DF/F) and tubular contractions (red; calculated as flow

change ci relative to each previous image (methods) over time in tubules 1–3) (A). Red triangles mark passive movements, which occur upon

contractions of adjacent tubules. Note the lack of a corresponding Ca2+ signal. (C) Analysis of spontaneous tubular motion in vivo. Low magnification

incident light image of the mouse testis (CI) shows several superficial seminiferous tubule segments, testicular blood vessels (white asterisk; note that

unobstructed blood supply (i.e. visualizing erythrocyte flow) is checked routinely), and a specific segment outlined by red dotted lines. After time-lapse

imaging, this segment is digitally straightened (CII) and subjected to motion analysis. For different time points (i–v), pixel movement and its

propagation are reflected by merged pseudocolor images. Directionality is indicated by the black arrow in (CI). From a kymograph (CIII), the time–space

relationship of tubular motion becomes apparent (time points i–v as indicated by dashed vertical lines). (D) Violin plot depicting the velocity of

contractile movement in individual tubule segments (blue dots). (E–G) ATP-induced Ca2+ signals and contractions in vivo. (E) Low magnification epi-

fluorescence image of several superficial seminiferous tubule segments and blood vessels (white asterisks). The boxed area includes three tubule

segments (dotted black lines), which are targeted by a low resistance pipette filled with fluorescently labeled ATP solution. (F) Enlarged view of the area

outlined in (E). Merged (red/green) multiphoton fluorescence images taken before and during/after brief stimulation with ATP. The middle and right

frames correspond to the point of maximum Ca2+ signal (green) and contraction (double arrows) of tubule 1, respectively. (G) Bar chart quantification of

contractions induced by nanoliter puffs of saline with or without ATP (1 mM). Asterisk denotes statistical significance (p=0.036; Fisher’s Exact test).

The online version of this article includes the following figure supplement(s) for figure 7:

Figure supplement 1. A custom-built 3D printed microscope stage enables simultaneous in vivo multiphoton imaging of Ca2+ signals and contractions

in mouse seminiferous tubules.

Figure supplement 2. In vivo imaging of tubular activity in SMMHC-CreERT2 x Ai95D mice.

Fleck, Kenzler, et al. eLife 2021;10:e62885. DOI: https://doi.org/10.7554/eLife.62885 14 of 30

Research article Cell Biology

https://doi.org/10.7554/eLife.62885


evidence has been lacking (Mayerhofer, 2013).

While several signaling molecules, including vaso-

pressin (Pickering et al., 1989), oxytocin

(Worley et al., 1985), prostaglandins

(Hargrove et al., 1975), endothelin

(Filippini et al., 1993), and others

(Albrecht et al., 2006; Mayerhofer, 2013), have

been proposed to act on TPCs, a role of ATP in

seminiferous tubule contractility has been explic-

itly ruled out early on (Hovatta, 1972). By con-

trast, our data reveal ATP is a strong stimulus

that activates TPCs via both P2X and P2Y recep-

tors, mediating coordinated tubule contractions

and luminal sperm transport in situ and in vivo.

Both spontaneous and ATP-dependent contrac-

tions trigger fast, stage-dependent, and direc-

tional transport of luminal content. It is thus

tempting to speculate that seminiferous tubule

contractility in general, and purinergic TPC sig-

naling in particular, are promising targets for

male infertility treatment and/or contraceptive

development.
The site(s)/cellular origin of testicular ATP

release as well as the mechanism(s) that trigger

ATP secretion in vivo currently remain elusive.

The apparent absence of efferent nerve endings

in the seminiferous tubules and interstitial tissue

(Tripiciano et al., 1996) suggests that tubule

contractility is under endo-/paracrine control. By

Video 6. In vivo multiphoton microscopy demonstrates

spontaneous Ca2+ signals in mouse TPCs. Spontaneous

seminiferous tubule in vivo activity monitored in

SMMHC-CreERT2 x Ai95D mice. Intravital multiphoton

fluorescence time-lapse imaging (DF/F, 2 Hz) reveals

coordinated changes in TPC Ca2+ concentration

(rainbow color map; blue, low Ca2+; red, high Ca2+)

among one of three seminiferous tubules in the field of

view (591 mm x 591 mm).

https://elifesciences.org/articles/62885#video6

Video 7. Coordinated contractile movements ensure

luminal sperm transport in vivo. Intravital en-face

brightfield imaging illustrates spontaneous contractions

and luminal movement in seminiferous tubules of adult

mice. Low (1.5 x 1.4 mm field of view) and high-

magnification time-lapse recordings reveal that

contractions and luminal content propulsion are

routinely observed in vivo. Note the unobstructed

blood flow within testicular vessels.

https://elifesciences.org/articles/62885#video7

Video 8. Focal ATP stimulation triggers peritubular

Ca2+ signals and seminiferous tubule contractions in

vivo. Intravital multiphoton fluorescence time-lapse

imaging in SMMHC-CreERT2 x Ai95D mice. Overlay of

two detection channels (DF/F, GCaMP6f, green; Alexa

Fluor 555, red). Stimulus solution (containing Alexa

Fluor 555 (4 mM) and ATP (1 mM)) is puffed from a glass

micropipette, which penetrated the tunica albuginea to

target the interstitial space. Changes in TPC Ca2+

concentration are color-coded (black, low Ca2+; green,

high Ca2+). Note that typically such contractions / Ca2+

signals do not occur when ATP is omitted from the

‘puff’ solution (data not shown).

https://elifesciences.org/articles/62885#video8
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contrast, autonomic innervation of the testicular capsule mediates smooth muscle cell contraction of
the tunica albuginea, using ATP as a (co)transmitter (Banks et al., 2006). Regulated ATP release has
been reported for both Sertoli and germ cells (Gelain et al., 2005; Gelain et al., 2003). Moreover,
TPCs express P2Y6 receptors (Figure 1C), which were reported to mediate ATP release upon activa-
tion (Carneiro et al., 2014). Thus, TPCs could themselves participate in regenerative nucleotide
release.

During spermatogenesis, apoptosis is a vital process (Print and Loveland, 2000). In fact, up to
75% of germ cells undergo apoptosis under physiological conditions (Huckins, 1978). This substan-
tial germ cell loss is called ‘density-dependent regulation’ (Hess and De Franca, 2008). Since ATP
release from apoptotic cells is well documented (Elliott et al., 2009) it is likely that cell density-
dependent waves of apoptosis could regularly generate local ATP surges. We have previously shown
that one result of seminiferous extracellular ATP elevation is signal amplification by increased ATP
release (Fleck et al., 2016), although the mechanistic basis of this positive feedback pathway is yet
unknown. Given (i) the robust cytosolic Ca2+ transients observed in response to ATP exposure in var-
ious testicular cell types (Fleck et al., 2016; Gelain et al., 2005; Liévano et al., 1996;
Veitinger et al., 2011; Walenta et al., 2018) and (ii) the usually millimolar ATP content in secretory
vesicles (Bodin and Burnstock, 2001; Zhang et al., 2007), the most parsimonious explanation for
ATP-induced ATP release would be an inevitable ATP ‘co-secretion’ upon any Ca2+-dependent exo-
cytosis event. In addition, ATP release has been observed in several cell types as a result of mechani-
cal deformation, shear stress, stretch, or osmotic swelling (Button et al., 2013) adding another
putative mechanism of regenerative signaling in purinergic contraction control.

Notably, extracellular ATP is rapidly degraded by ecto-nucleotidases (Zimmermann et al., 2012),
rendering its interstitial half-life relatively short and, thus, narrowing its paracrine radius to a few hun-
dred micrometers (Fitz, 2007). Combined with its fast diffusion – approximately 1 mm in less than 10
ms (Khakh, 2001) – extracellular ATP bears all characteristics of a fast paracrine agent in testicular
communication (Praetorius and Leipziger, 2009).

Excitation–contraction coupling in TPCs is poorly described. Our results strongly suggest that a
combination of P2X (isoforms 2 and/or 4) receptor-dependent Ca2+ influx and P2Y (likely isoform 2)
receptor-activated phospholipase Cb-dependent Ca2+ release from the sarcoplasmic reticulum – the
latter being critical and resembling the recently reported mechanism of vascular smooth muscle cell
contraction in small pulmonary veins (Henriquez et al., 2018) – provides the [Ca2+]c elevation
required for force generation (Berridge, 2008). P2X and P2Y receptors act on different time scales
and display different ligand sensitivity, with EC50 values in the nanomolar (P2Y) vs. micromolar (P2X)
range (North, 2002). It is possible that the co-activation of an ionotropic (P2X) and a metabotropic
(P2Y) signaling pathway serves functions analogous to the concomitant exposure to both ATP and
noradrenaline in mesenteric artery smooth muscle. Here, activation of P2X1 receptors generates a
small initial contraction that is followed by larger noradrenaline-induced contraction (Lamont et al.,

2006; Lamont et al., 2003). Regarding TPC [Ca2+]c elevation, our data suggest that P2X receptor
activation also targets Ca2+ release from internal stores, as their depletion inhibits excitation–con-
traction coupling entirely. Therefore, it is likely that P2X receptors act as signal boosters that medi-
ate Ca2+-induced Ca2+ release, possibly via activation of ryanodine receptors (Berridge, 2008). This
way, the combined action of P2X and P2Y receptors might equip TPCs with a broader ‘two-step’
stimulus integration range.

Whole-mount imaging of isolated seminiferous tubules reveals propagation of luminal content
that extends beyond the confines of the stimulated/contracted area and displays stage-dependent
directionality. While peristaltic contractions are driven by propagating wave-like Ca2+ signals in vivo,
focal ATP stimulation appears insufficient to trigger a regenerative Ca2+ wave in isolated tubules.
We, thus, conclude that the observed directionality results from other, likely structural characteris-
tics, for example anatomical features of stage group II and III tubules that favor a specific flow direc-
tion (increased tubule diameter and reduced luminal resistance along the stage II-to-III transition
zone). We cannot, however, rule out that the use of large field-of-view/low numerical aperture objec-
tives for ‘macroscopic’ imaging simply prevents the detection of low-amplitude Ca2+ signal spread.

Translation of our findings from the mouse model to humans awaits further in-depth investigation.
We have recently reported that ATP activates Ca2+ signals in human TPCs in vitro (Walenta et al.,

2018). Moreover, our present findings reveal ATP-induced contractions in cultured human TPCs.
There are, however, notable differences between the human and the mouse tubular walls. While a
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single layer of TPCs surrounds the mouse seminiferous tubules, the human tubular wall architecture
is more complex, containing several TPC layers, substantial amounts of extracellular matrix proteins,
and immune cells (Mayerhofer, 2013). Impaired spermatogenesis in sub-/infertile men typically coin-
cides with tubular wall remodeling and a partial loss of TPC contractility proteins has been reported
in infertile men (Welter et al., 2013). Accordingly, interference with TPC contractility had been pro-
posed as a promising strategy for human male contraception (Romano et al., 2005). However, a
causal relationship between contractility (or the lack thereof) and male (in)fertility has never been
established. In fact, seminiferous tubule contractions had, so far, never been observed in vivo and
most in vitro reports were based on indirect and non-quantitative evidence, for example from post-
hoc fluorescence or scanning electron microscopy (Barone et al., 2002; Fernández et al., 2008;
Losinno et al., 2016; Losinno et al., 2012; Tripiciano et al., 1999; Tripiciano et al., 1997;
Tripiciano et al., 1996), morphometry of single cells in culture (Rossi et al., 2002;
Santiemma et al., 2001; Santiemma et al., 1996; Tripiciano et al., 1996), or intraluminal pressure
analysis (Miyake et al., 1986; Yamamoto et al., 1989). The fact that expression of TPC contractility
proteins initiates with puberty under androgen control and that selective androgen receptor knock-
out in TPCs renders mice infertile (Welsh et al., 2009) underscores a potential role of TPC contrac-
tions in male fertility. Accordingly, pharmacological targeting of purinergic signaling pathways to (re)
gain control of TPC contractility represents an attractive approach for male infertility treatment or
contraceptive development.

Among several remaining questions, future experimental efforts will have to address (i) whether
TPCs are coupled by gap junctions to display coordinated activity; (ii) whether and, if so, how the
final ATP metabolite adenosine affects seminiferous tubule physiology; (iii) whether Rho/Rho kinase
signaling pathways modulate TPC contractility as frequently observed in other smooth muscle cells
(Somlyo and Somlyo, 2003); (iv) what, if any, role is played by P2X receptor-dependent changes in
membrane potential; (v) which function is served by the sustained Ca2+-gated Cl– current (Figure 1—
figure supplement 2); (vi) why periods of enhanced contractile activity are interrupted by longer qui-
escent episodes (Figure 7—figure supplement 2B); (vii) which additional or complementary roles in
TPC physiology are played by previously proposed activators, including vasopressin, oxytocin, pros-
taglandins, and endothelin (Albrecht et al., 2006; Mayerhofer, 2013); (viii) whether an additional
cytosolic and/or membrane Ca2+ oscillator (Berridge, 2008) provides an endogenous pacemaker
mechanism that acts independent of purinergic stimulation; and (ix) whether, similar to vascular
smooth muscle cells, some specific tone is maintained between contractions by spatial averaging of
asynchronous oscillations (Berridge, 2008), a mechanism that could explain the occurrence of spon-
taneous low-amplitude ‘vibratory’ movements and local indentations that we (Figure 4A) and others
(Ellis et al., 1981; Worley et al., 1985) have observed.

Materials and methods

Key resources table

Reagent type
(species) or resource Designation Source or reference Identifiers Additional information

Strain, strain
background
(M. musculus)

C57BL/6J Charles River
Laboratories

Jax # 000664,
RRID:IMSR_JAX:000664

Strain, strain
background
(M. musculus)

SMMHC-CreERT2 Jackson Laboratories Jax # 019079,
RRID:IMSR_JAX:019079

Strain, strain
background
(M. musculus)

129S.FVB-Tg(Amh-cre)
8815Reb/J

Jackson Laboratories Jax # 007915,
RRID:IMSR_JAX:007915

Strain, strain
background
(M. musculus)

Ai95D Jackson Laboratories Jax # 028865,
RRID:IMSR_JAX:028865

Cre-dependent
GCaMP6f expression

Strain, strain
background
(M. musculus)

Ai14D Jackson Laboratories Jax # 007914,
RRID:IMSR_JAX:007914

Cre-dependent
tdTomato expression

Continued on next page
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Continued

Reagent type
(species) or resource Designation Source or reference Identifiers Additional information

primary cells
(M. musculus)

testicular
peritubular cells (TPC)

this paper early passage number, Spehr
laboratory (see: TPC culture)

primary cells
(Homo sapiens)

testicular
peritubular cells (TPC)

this paper early passage number
Albrecht et al., 2006,
Mayerhofer laboratory

Biological sample
(M. musculus)

seminiferous tubules this paper freshly isolated from
Mus musculus, Spehr
laboratory
(see: Slice preparation)

Antibody anti-actin, a-smooth
muscle - FITC antibody
(a-SMA-FITC);
mouse, monoclonal

Millipore Sigma cat # F3777,
RRID:AB_476977

(1:500)

Sequence-
based reagent

P2 receptors this paper PCR primers table in methods section
(see: Gene expression analysis),
Spehr laboratory

Commercial
assay, kit

RevertAid H Minus kit Thermo Fisher cat # K1632

Chemical
compound, drug

soybean trypsin
inhibitor (SBTI)

Sigma Aldrich cat # T6522 (100 mg/ml)

Chemical
compound, drug

fura-2/AM Thermo Fisher Scientific cat # F-1201 (cell culture: 5 mM,
tissue slices: 30 mM)

Chemical
compound, drug

ivermectin Sigma Aldrich cat # I8898 (3 mM)

Chemical
compound, drug

suramin Sigma Aldrich cat # S2671 (100 mM)

Chemical
compound, drug

cyclopiazonic-acid (CPA) Tocris Bioscience cat # 1235 (90 mM)

Software, algorithm Imaris 8 Bitplane RRID:SCR_007370 microscopy image
analysis software

Software, algorithm custom-written
MATLAB code

this paper https://github.com/rwth-lfb/
Fleck_Kenzler_et_al;
Fleck, 2021; copy archived at
swh:1:rev:88c8792860ddf09fd
7da969fef6bf86c40441135

contraction and Ca2+

signal analysis, Merhof
laboratory
(see: Data analysis)

Other DAPI stain Thermo Fisher Scientific cat # D1306,
RRID:AB_2629482

(5 mg/ml)

Other DRAQ5 stain Thermo Fisher Scientific cat # 65-0880-96,
RRID:AB_2869620

(IH: 1:500
CLARITY: 1:1000)

Animals
All animal procedures were approved by local authorities and in compliance with both European

Union legislation (Directive 2010/63/EU) and recommendations by the Federation of European Labo-

ratory Animal Science Associations (FELASA). When possible, mice were housed in littermate groups

of both sexes (room temperature (RT); 12:12 hr light-dark cycle; food and water available ad libitum).

If not stated otherwise, experiments used adult (>12 weeks) males. Mice were killed by CO2 asphyxi-

ation and decapitation using sharp surgical scissors. We used C57BL/6J mice (Charles River Labora-

tories, Sulzfeld, Germany) as well as offspring from crossing either SMMHC-CreERT2 (JAX #019079)

(Wirth et al., 2008) or 129S.FVB-Tg(Amh-cre)8815Reb/J (JAX #007915) (Holdcraft and Braun,

2004) mice with either Ai95D (JAX #028865) (Madisen et al., 2015) or Ai14D (JAX #007914)

(Madisen et al., 2010) mice, respectively.

Chemicals and solutions
The following solutions were used:
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(S1) 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) buffered extracellular solution
containing (in mM) 145 NaCl, 5 KCl, 1 CaCl2, 0.5 MgCl2, 10 HEPES; pH = 7.3 (adjusted with NaOH);

osmolarity = 300 mOsm (adjusted with glucose).
(S2) Oxygenated (95% O2, 5% CO2) extracellular solution containing (in mM) 120 NaCl, 25

NaHCO3, 5 KCl, 1 CaCl2, 0.5 MgCl2, 5 N,N-bis(2-hydroxyethyl)#2-aminoethanesulfonic acid (BES);

pH = 7.3; 300 mOsm (glucose).
(S3) Extracellular low Ca2+ solution containing (in mM) 145 NaCl, 5 KCl, 0.5 MgCl2, 10 HEPES;

pH = 7.3 (NaOH); osmolarity = 300 mOsm (glucose); [Ca2+]free = ~110 nM (1 mM EGTA, 0.5 mM

CaCl2) or ~12 nM (1 mM EGTA, 0.1 mM CaCl2).
(S4) Oxygenated (95% O2, 5% CO2) extracellular solution containing (in mM) 120 NaCl, 25

NaHCO3, 5 KCl, 0.5 MgCl2, 5 BES; pH = 7.3; 300 mOsm (glucose); [Ca2+]free = ~110 nM (1 mM

EGTA, 0.5 mM CaCl2) or ~12 nM (1 mM EGTA, 0.1 mM CaCl2).
(S5) Gluconate-based extracellular solution containing (in mM) 122.4 Na gluconate, 22.6 NaCl, 5

KCl, 1 CaCl2, 0.5 MgCl2, 10 HEPES; pH = 7.3 (adjusted with NaOH); osmolarity = 300 mOsm

(glucose).
(S6) Standard pipette solution containing (in mM) 143 KCl, 2 KOH, 1 EGTA, 0.3 CaCl2, 10 HEPES

([Ca2+]free = ~110 nM); pH = 7.1 (adjusted with KOH); osmolarity = 290 mOsm (glucose).
(S7) Gluconate-based pipette solution containing (in mM) 110 Cs gluconate, 30 CsCl, 2 CsOH, 1

EGTA, 0.3 CaCl2, 10 HEPES ([Ca2+]free = ~110 nM); pH = 7.1 (adjusted with CsOH); osmolarity = 290

mOsm (glucose).
In some experiments Na-GTP (0.5 mM) was added to the pipette solution. Free Ca2+ concentra-

tions were calculated using WEBMAXCLITE v1.15 (RRID:SCR_000459). If not stated otherwise, chem-

icals were purchased from Sigma (Schnelldorf, Germany). Cyclopiazonic-acid (CPA) and 2’(3’)-O-(4-

Benzoylbenzoyl)adenosine-5’-triphosphate (BzATP) triethylammonium salt was purchased from Toc-

ris Bioscience (Bristol, UK). Fura-2/AM was purchased from Thermo Fisher Scientific (Waltham, MA).

Final solvent concentrations were "0.1%. When high ATP concentrations (!1 mM) were used, pH

was readjusted.

Stimulation
For focal stimulation, solutions and agents were applied from air pressure-driven reservoirs via an 8-

in-1 multi-barrel ‘perfusion pencil’ (AutoMate Scientific; Berkeley, CA). Changes in focal superfusion

(Veitinger et al., 2011) were software-controlled and, if required, synchronized with data acquisition

by TTL input to 12V DC solenoid valves using a TIB 14S digital output trigger interface (HEKA Elek-

tronik, Lambrecht/Pfalz, Germany). For focal stimulation during in vivo recordings, ATP was puffed

from pulled glass pipettes using a microinjection dispense system (Picospritzer III; Parker Hannifin,

Hollis, NH).
Low [Ca2+]e solutions (S3 and S4) were applied via both the bath and perfusion pencil. To ensure

depletion of Ca2+ stores by CPA we monitored intracellular Ca2+ levels during drug treatment (0.05

Hz frame rate). Transient CPA-dependent Ca2+ elevations lasted 10–40 min. After baseline Ca2+ lev-

els were restored, cells/slices were again challenged with ATP. Control recordings, omitting CPA,

were performed under the same conditions.

Slice preparation
Acute seminiferous tubule slices were prepared as previously described (Fleck et al., 2016) with

minor modifications. Briefly, seminiferous tubules from young adults were isolated after tunica albu-

ginea removal, embedded in 4% low-gelling temperature agarose (VWR, Erlangen, Germany), and

250 mm slices were cut with a VT1000S vibratome (RRID:SCR_016495; Leica Biosystems, Nussloch,

Germany). Acute slices were stored in a submerged, oxygenated storage container (S2; RT). When

using testicular tissue from Ai95D mice, slices were protected from light during storage to avoid

GCaMP6f bleaching.

TPC culture
After mouse testis isolation and removal of the tunica albuginea, the seminiferous tubules were

placed in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12; Invitrogen) con-

taining 1 mg ml#1 collagenase A and 6 mg ml#1 DNase (10 min; 34˚C; shaking water bath (60 cycles
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min#1)). Three times, the samples were washed (DMEM/F-12; 5 ml), allowed to settle for 5 min, and
the supernatant was discarded. Next, tubules were incubated DMEM/F-12 containing 1 mg ml#1

trypsin and 20 mg ml#1 DNase (20 min; 34˚C; shaking water bath (60 cycles min#1)). Digestion was
stopped by addition of 100 mg ml#1 soybean trypsin inhibitor (SBTI) and 20 mg ml#1 DNase in phos-
phate-buffered saline (D-PBS). Then, samples were allowed to settle for 5 min and the supernatant
was collected. After two more cycles of washing (DMEM/F-12), settling (5 min), and supernatant col-
lection, the collected cell suspension was centrifuged (10 min; 400 g) and the supernatant discarded.
The pellet was resuspended in DMEM containing FBS (10%) and penicillin G/streptomycin (1%), fil-
tered (cell strainer (100 mm)), and cells were plated in 75 cm2 cell culture flask (T75; Invitrogen) and
placed in a humidified incubator (37˚C; 5% CO2). Approximately 1/3 of medium volume was replaced
every 3 days. Cells usually reached 100% confluence after 7 days in vitro (DIV). Then, cells were
washed twice (DPBS-/-; 5 min; 37˚C) and incubated in 0.05% trypsin/EDTA (5 min; 37˚C). Detachment
of cells was checked visually and, if necessary, facilitated mechanically. The cell suspension was cen-
trifuged (3 min; 800 g) and the supernatant discarded. The pellet was resuspended in DMEM at cell
densities of ~105 cells ml#1 and plated again either in culture flasks or on glass coverslips in 35 mm
dishes for experimental use. Again, 1/3 of medium volume was replaced every 3 days. Experiments
were performed for "5 days after passage.

Human TPCs were isolated from small testicular tissue fragments derived from consenting donors
with obstructive azoospermia and normal spermatogenesis as described (Albrecht et al., 2006;
Walenta et al., 2018). The study was approved by the local ethical committee (Ethikkommission,
School of Medicine, TU Munich, project 169/18S).

Gene expression analysis
Total RNA was isolated and purified from cultured mouse TPCs (passage 1) with Trizol followed by
complementary DNA synthesis with RevertAid H Minus kit (#K1632 Thermo Fisher) according to the
manufacturer’s instructions. Controls in which the reverse transcriptase was omitted were routinely
performed. PCR amplification was performed during 30 thermal cycles (95˚C, 20 s; 58˚C, 20 s; 72˚C,
20 s). The following specific primer pairs were used for PCR amplification:

Target Forward primer 5´#3´ Reverse primer 5´#3´

P2X1 CCGAAGCCTTGCTGAGAA GGTTTGCAGTGCCGTACAT

P2X2 GACCTCCATCGGGGTGGGCT TGGGGTCCGTGGATGTGGAGT

P2X3 CTGCCTAACCTCACCGACAAG AATACCCAGAACGCCACCC

P2X4 CCCTTTGCCTGCCCAGATAT CCGTACGCCTTGGTGAGTGT

P2X5 GCTGCCTCCCACTGCAACCC AAGCCCCAGCACCCATGAGC

P2X6 CCCAGAGCATCCTTCTGTTCC GGCACCAGCTCCAGATCTCA

P2X7 CCCAGATGGACTTCTCCGAC GGACTTAGGGGCCACCTCTT

P2Y1 CGACAGGGTTTATGCCACTT TCGTGTCTCCATTCTGCTTG

P2Y2 CGTGCTCTACTTCGTCACCA GACCTCCTGTGGTCCCATAA

P2Y4 ACTGGCTTCTGCAAGTTCGT AGGCAGCCAGCTACTACCAA

P2Y6 CATTAGCTTCCAGCGCTACC GCTCAGGTCGTAGCACACAG

P2Y12 CATTGCTGTACACCGTCCTG AACTTGGCACACCAAGGTTC

GAPDH CAAGGTCATCCATGACAACTTTG GTCCACCACCCTGTTGCTGTAG

Immunochemistry and tissue clearing
For immunochemistry of testicular cryosections, testes were fixed with 4% (w/v) paraformaldehyde
(PFA) in PBS-/- (10 mM, pH 7.4; !12 hr; 4˚C) and subsequently cryoprotected in PBS-/- containing
30% sucrose (!24 hr; 4˚C). Samples were then embedded in Tissue Freezing Medium (Leica Biosys-
tems), sectioned at 20 mm on a Leica CM1950 cryostat (RRID:SCR_018061; Leica Biosystems), and
mounted on Superfrost Plus slides (Menzel, Braunschweig, Germany). For immunostaining of cul-
tured mouse TPCs, cells were washed (3x; PBS-/-), fixed with ice-cold 4% PFA in PBS-/- (20 min; RT),
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and washed again (3x; PBS-/-). For blocking, sections/cells were incubated in PBS-/- containing

Tween-20 (0.1%)/BSA (3%) solution (1 hr; RT). After washing (PBS-/-; 2 $ 5 min), sections/cells were

incubated FITC-conjugated monoclonal anti-actin, a-smooth muscle (a-SMA-FITC, cat # F3777, Milli-

poreSigma) antibody (1:500 in 3% BSA; 1 hr; RT). Excess antibodies were removed by washing (2 $

5 min PBS-/-). For nuclear counterstaining, sections/cells were then incubated in PBS-/- containing

either DAPI (5 mg ml#1; 10 min; RT; Thermo Fisher Scientific) or DRAQ5 (1:500; 5 min; RT; Thermo

Fisher Scientific).
Fluorescent images were taken using either an inverted microscope (Leica DMI4000B, Leica

Microsystems) or an upright fixed stage scanning confocal microscope (TCS SP5 DM6000 CFS; Leica

Microsystems) equipped with a 20 $ 1.0 NA water immersion objective (HCX APO L; Leica Microsys-

tems). To control for non-specific staining, experiments in which the primary antibody was omitted

were performed in parallel with each procedure. Digital images were uniformly adjusted for bright-

ness and contrast using Adobe Photoshop CS6 (Adobe Systems, San Jose, CA, USA).
For testicular tissue clearing we adopted the CLARITY method (Chung et al., 2013) with minor

modifications (Gretenkord et al., 2019). Briefly, testes from adult mice were fixed overnight at 4˚C

in hydrogel fixation solution containing 4% acrylamide, 0.05% bis-acrylamide, 0.25% VA-044 Initiator,

4% PFA in PBS-/- to maintain structural integrity. After hydrogel polymerization, lipids were removed

by incubation in 4% sodium dodecyl phosphate (SDS) solution with 200 mM boric acid (pH 8.5) over

periods of two months. Solutions were changed bi-weekly. During the final incubation period, the

nuclear marker DRAQ5 (1:1000) was added. After washing (2 d) with PBST (0.1% TritonX), samples

were incubated for 24 hr in RIMS80 containing 80 g Nycodenz, 20 mM PS, 0.1% Tween 20, and

0.01% sodium acid. Cleared samples were imaged using a Leica TCS SP8 DLS confocal microscope,

equipped with a digital light-sheet module, 552 nm and 633 nm diode lasers, a HC PL FLUOTAR 5x/

0.15 IMM DLS objective (observation), a L 1.6x/0.05 DLS objective (illumination), a DLS TwinFlect 7.8

mm Gly mirror cap, and a DFC9000 sCMOS camera. Rendering and three-dimensional reconstruc-

tion of fluorescence images was performed using Imaris 8 microscopy image analysis software (Bit-

plane, Zurich, Switzerland).

Electrophysiology
Whole-cell patch-clamp recordings were performed as described (Fleck et al., 2016;

Veitinger et al., 2011). Briefly, mouse TPCs were transferred to the stage of an inverse microscope

(DMI 4000B, Leica Microsystems), equipped with phase contrast objectives and a cooled

CCD camera (DFC365FX, Leica Microsystems). Cells were continuously superfused with solution S1
(~3 ml min#1; gravity flow;~23˚C). Patch pipettes (~5 MW) were pulled from borosilicate glass

capillaries with filament (1.50 mm OD/0.86 mm ID; Science Products) on a PC-10 vertical two-step

micropipette puller (Narishige Instruments, Tokyo, Japan), fire-polished (MF-830 Microforge; Narish-

ige Instruments) and filled with S6. An agar bridge (150 mM KCl) connected reference electrode and

bath solution. An EPC-10 amplifier (RRID:SCR_018399) controlled by Patchmaster 2.9 software

(RRID:SCR_000034; HEKA Elektronik) was used for data acquisition. We monitored and compen-

sated pipette and membrane capacitance (Cmem) as well as series resistance (Rseries). Cmem values

served as a proxy for the cell surface area and, thus, for normalization of current amplitudes (i.e. cur-

rent density). Cells displaying unstable Rseries values were not considered for further analysis. Liquid

junction potentials were calculated using JPCalcW software (Barry, 1994) and corrected online. Sig-

nals were low-pass filtered [analog 3- and 4-pole Bessel filters (–3 dB); adjusted to 1/3 - 1/5 of the

sampling rate (10 kHz)]. If not stated otherwise, holding potential (Vhold) was –60 mV.

Fluorescence Ca2+ imaging
Cultured mouse TPCs were imaged as described (Veitinger et al., 2011). Briefly, cells were loaded

with fura-2/AM in the dark (5 mM; 30 min; RT; S1) and imaged with an upright microscope (Leica

DMI6000FS, Leica Microsystems) equipped for ratiometric live-cell imaging with a 150 W xenon arc

lamp, a motorized fast-change filter wheel illumination system for multi-wavelength excitation, a

CCD camera (DFC365 FX, Leica), and Leica LAS X imaging software. Ten to thirty cells in randomly

selected fields of view were viewed at 20x magnification and illuminated sequentially at 340 nm and

380 nm (cycle time 2 s). The average pixel intensity at 510 nm emission within user-selected ROIs

was digitized and calculated as the f340/f380 intensity ratio.
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For parallel recordings of intracellular Ca2+ signals and tubular contractions, acute seminiferous
tubule slices were bulk-loaded with fura-2/AM in the dark (30 mM; 30 min; RT). After washing (3x;

S1), slices were transferred to a recording chamber and imaged with an upright microscope (Leica

DMI6000FS, see above). We installed a custom-built reflective shield beneath the recording chamber

for parallel monitoring of fluorescence and reflected light. At 1 Hz imaging cycles, we thus recorded

two 510 nm fluorescence images (340/380 nm excitation) and a ‘pseudo-brightfield’ reflected light

image that allowed quasi simultaneous analysis of intracellular Ca2+ and tubular movement.
To ensure effective store depletion by CPA treatment, we recorded intracellular Ca2+ levels dur-

ing CPA incubation at low frequency to monitor Ca2+ release from the ER, but also prevent photo-

toxicity. Experiments were only conducted if (i) we detected a substantial gradual rise in intracellular

Ca2+ upon CPA treatment, and if (ii) functional Ca2+ extrusion mechanisms ensured that Ca2+-

dependent fluorescence signals returned to base level. The time-course of this Ca2+ release – Ca2+

extrusion process varied between samples and ranged between 5.3 and 44.0 min (18.8 ± 9.3 min;

mean ± SD).

Whole-mount seminiferous tubule imaging
Isolated tubules (>1 cm length) were placed onto a membrane within a custom-built 3D printed two-

compartment recording chamber that was constantly superfused with S1. Small membrane holes

under the tubules and around a defined stimulation area allowed for (i) gentle fixation of the tubules

and (ii) focal ATP perfusion of selected tubular regions by vacuum-generated negative pressure (80–

180 mmHg) in the submembraneous chamber compartment and continuous suction of S1 from the

top compartment. After visual determination of tubular stages (I – III) (Parvinen, 1982), the perfu-

sion pencil was positioned to selectively stimulate an area of known and homogeneous stage. Focal

stimulation in the desired area was routinely confirmed by transient dye perfusion (Fast Green) prior

to ATP exposure. ATP stimulations (100 mM; 10 s) and corresponding negative controls were com-

pared to determine ATP-dependent Ca2+ signals (offspring from crossing SMMHC-CreERT2 and

Ai95D mice) or tubular contractions and sperm transport. For low-magnification brightfield or fluo-

rescence imaging, we used a MacroFluo Z16 APO A system (Leica Microsystems) equipped with

either a DFC450C camera and a PLANAPO 1.0x/WD 97 mm objective (brightfield) or with a mono-

chrome DFC365FX camera and a 5.0x/0.50 LWD PLANAPO objective (fluorescence). Images were

acquired at 1 Hz.

In vivo imaging
We administered tamoxifen (75 mg tamoxifen kg#1 body weight) to double-positive adult male off-

spring (SMMHC-CreERT2 x Ai95D) via daily intraperitoneal injections for five consecutive days. Mice

were closely monitored for any adverse reactions to the treatment. Experiments were performed 2–

5 weeks after the first injection. For surgery, mice were anesthetized with ketamine-xylazine-bupre-

norphine (100, 10, 0.05–0.1 mg kg#1, respectively; Reckitt Benckiser Healthcare, UK). First, we made

an incision next to the linea alba in the hypogastric region, followed by a 5 mm incision into the peri-

toneum. One testis was gently lifted from the abdominal cavity. Its gubernaculum was cut and the

testis – with the spermatic cord, its blood vessels and vas deferens still intact – was transferred to a

temperature-controlled imaging chamber filled with extracellular solution (S1; 35˚C), mounted on

a custom-designed 3D printed in vivo stage (Figure 7—figure supplement 1). Throughout each

experiment, vital signs (heartbeat, blood oxygen level, breathing rhythm) were constantly monitored

and recorded (breathing). Moreover, we routinely checked unobstructed blood flow within testicular

vessels during experiments. To avoid movement artifacts, the tunica was glued to two holding

strings using Histoacryl tissue adhesive. After surgery, anesthesia was maintained by constant isoflur-

ane inhalation (1–1.5% in air). Time-lapse intravital imaging was performed using a Leica TCS SP8

MP microscope. For incident light illumination/reflected light widefield recordings (5–10 Hz), we

used N PLAN 5x/0.12 or HC APO L10x/0.30 W DLS objectives with large fields of view. Multiphoton

time-lapse images were acquired at ~2 Hz frame rates using external hybrid detectors and the HCX

IRAPO L25x/0.95 W objective at 930 nm excitation wavelength. Individual recording duration varied

between 13 and 30 min (mean = 25 min). For in vivo stimulation experiments, we used a Picospritzer

III (Parker Hannifin, Pine Brook, NJ) to puff nanoliter volumes of control saline (S1; containing Alexa
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Fluor 555 (4 mM)) or stimulus solution (S1; containing Alexa Fluor 555 (4 mM) and ATP (1 mM)),

respectively, from beveled glass micropipettes onto the surface of seminiferous tubules.

Data analysis
All data were obtained from independent experiments performed on at least three days. Individual

numbers of cells/tubules/experiments (n) are denoted in the respective figures and/or legends. If not

stated otherwise, results are presented as means ± SEM. Statistical analyses were performed using

paired or unpaired t-tests, one-way ANOVA with Tukey’s HSD post hoc test or the Fisher Exact test

(as dictated by data distribution and experimental design). Tests and corresponding p-values that

report statistical significance ("0.05) are individually specified in the legends. Data were analyzed

offline using FitMaster 2.9 (HEKA Elektronik), IGOR Pro 8 (RRID:SCR_000325; WaveMetrics), Excel

2016 (Microsoft, Seattle, WA), and Leica LAS X (RRID:SCR_013673; Leica Microsystems) software.

Dose-response curves were fitted by the Hill-equation. Time-lapse live-cell imaging data displaying

both Ca2+ signals and tubular contractions were analyzed using custom-written code in MATLAB

(RRID:SCR_001622; The MathWorks, Natick, MA).
For quantitative image analysis, images from both reflected light and fluorescence time-lapse

recordings were registered to their respective first image frame at time point t0, using the registra-

tion algorithm from Liu et al., 2015 (implementation in Evangelidis, 2013), resulting in stabilized

recordings without movement. For fura-2 fluorescence recordings, we first performed a single regis-

tration on the combined image (f340 + f380) and then applied the displacement vector field, com-

puted by the registration algorithm, to both images (f340 and f380) separately. ROIs were defined

manually at t0 and superimposed onto all subsequent images of the stabilized recording. At each

time point ti, the fluorescence signal F was computed as the mean f340/f380 ratio of all pixels within a

given ROI. When measuring Ca2+-dependent changes in GCaMP6f intensity, the fluorescence signal

F was normalized with respect to a baseline before stimulation, computing the intensity change for

the ith time point as Fi # Fbaseline

Fi
. For clarity, linear baseline shifts were corrected in some example

traces.
Seminiferous tubule contractions and transport of luminal content were visualized by reflected

light microscopy of acute slices or whole-mount macroscopic tubule imaging, respectively. Data

from both types of time-lapse recordings were analyzed and quantified as either flow strength or

flow change (see below). For each frame at a given time point ti, the registration algorithm com-

puted a flow or displacement vector field Vi ¼

v1;1 & & & v1;n

..

. . .
. ..

.

vm;1 & & & vm;n

0

B

@

1
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A
, where v1;1 ¼ x; yð Þ is a vector indi-

cating strength and direction of the displacement of pixel 1; 1ð Þ between time points t0 and ti. The

average norm jVij = 1

mn
p;q

X

kvp;q k is a measure for the effort that is necessary to register the image at

t0 to the image at ti. The flow field strength quantified by this measure is interpreted as the amount

of visible changes that, dependent on the experiment, result from tubule contraction and / or lumi-

nal content movement. For analysis of contractions in acute seminiferous tubule slices (Figures 3, 4,

7), we quantified the flow strength si within an ROI as the average norm jVi| computed only for the

vp;q corresponding to pixels within the ROI defined at t0. For whole-mount macroscopic imaging of

luminal content movement in intact tubule segments (Figure 5), we quantified the flow change

ci ¼ si # si#1 as the change of flow strength between two consecutive time points / frames. Here,

si values were preprocessed by smoothing with a moving average filter. Results are reported as the

AUC, that is, the area under the ci curve.
For analysis of in vivo data, we employed a custom set of ImageJ macros utilizing build-in func-

tions of Fiji-ImageJ (RRID:SCR_002285) (Rueden et al., 2017; Schindelin et al., 2012). Widefield

imaging data was first corrected for brightness fluctuation caused by a 50 Hz AC power supply.

Here, we used the bleach correction plugin in histogram matching mode (Miura et al., 2014). Next,

we applied Gaussian filter functions (GausBlur (five px radius) and Gaussian Blur3D (x = 0, y = 0,

z = 5)). We calculated flow change via the Gaussian Window MSE function (sigma = 1; max dis-

tance = 3). Tubule selection used the polyline tool (line width adjusted to tubule diameter). Selected

tubules ranged from 200 mm to 3.4 mm length. Next, flow fields of individual tubules were straight-

ened. Average movement intensity was calculated from transversal line profiles (perpendicular to the
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straightened longitudinal axis of each tubule) and plotted as kymographs (space-time plots) to mea-

sure movement progression speed from linear regressions.
Multiphoton time-lapse imaging data was recorded in dual-channel mode, with (i) a target chan-

nel recording GCaMP6f fluorescence and some background signal (525\50 nm), and (ii) a back-

ground channel mainly recording autofluorescence (585\40 nm), allowing for background correction

of the GCaMP6f signal using a dye separation routine. Slow constant movement in both channels

was registered and removed to correct for steady drift. After Gaussian filtering (GausBlur (five px

radius); Gaussian Blur3D (x = 0, y = 0, z = 5)), flow fields were calculated from the background signal.

Again, flow change was calculated via the Gaussian Window MSE function (sigma = 1; max dis-

tance = 3). Time-lapse epifluorescence in vivo recordings were processed to isolate transient fluores-

cence signals from static background noise using custom ImageJ code with Fiji’s build-in functions

(see Data and materials availability).
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2.1.1 Supplementary information of publication I 
 

Figure 1—figure supplement 1 

 

 
 

Mouse TPCs in primary culture. 

(A) Representative phase contrast (AI) and epi-fluorescence images of TPCs in vitro. 

The vast majority of cultured cells are immunopositive for the TPC marker α-smooth 

muscle actin (α-SMA; green (AII)). The dotted white line delimits one of the few 

α-SMA-negative cells. Cell count was based on nuclear staining (DAPI, blue (AIII)). 

Merged images (AIV-V) allow categorization. (B) Corresponding control images taken 

after the primary α-SMA antibody was omitted. 
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Figure 4 – figure supplement 1 

 

 
 
Purinergic stimulation mediates contractions in cultured human TPCs. 

(A) Phase contrast micrographs of human TPC in primary culture (Walenta et al. 2018) 

that were monitored (50 min) under either control conditions (left) or during treatment 

with ATP (right; 1 mM). White arrow heads denote regions where a substantial 

reduction in cell surface area upon ATP exposure becomes readily apparent. (B) Some 

TPCs already ‘shrink’ within 30 s of treatment. Cell contour is indicated before (dashed 

white line) and during (solid red line) ATP exposure (red ‘shadow’ illustrates the 

putative contraction). (C, D) 24 hr collagen gel contraction assays (Tung and Fritz 1987; 

Ailenberg et al. 1990) allow quantification of human TPC contractility in vitro. As 

exemplified in (C) and quantified in (D) ATP (1 mM) incubation of human TPCs that 

are embedded in collagen lattices mediates a massive reduction in gel area (ATP; 25.5 

± 7.0%, mean ± SEM; human TPCs from n = 3 patients, measured in duplicates). By 

contrast, gel size remains essentially unchanged under control conditions (basal). 

Asterisk denotes statistical significance (p=0.003; unpaired t-test). 
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Figure 7—figure supplement 1 
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A custom-built 3D printed microscope stage enables simultaneous in vivo 

multiphoton imaging of Ca2+ signals and contractions in mouse seminiferous 

tubules. 

(A) Schematic drawing that illustrates the custom-built intravital imaging stage 

designed for in vivo recordings testicular activity. Three different views depict design 

details from different perspectives. A top view of the apparatus (AI) shows that several 

adjustable clamps allow exact positioning of the anesthetized animal on a heated plate 

equipped for online vital sign monitoring. After centering one testicle in a heated 

(35°C) and saline-filled recording chamber (AII) within the microscope’s optical axis, a 

large working distance (~3 mm) infrared-optimized water-immersion objective (25x; 

0.95 NA) enables multiphoton deep tissue imaging. A close-up cartoon of the 

recording chamber (AIII) illustrates that two micromanipulator-based moveable organ 

clamps enable precise (re)positioning of the testis as well as effective movement 

cancellation. Note that the vas deferens and internal spermatic arteries are kept intact to 

assure blood supply and fluid transport. 

 

 

Figure 7—figure supplement 2 

 

 

 

In vivo imaging of tubular activity in SMMHC-CreERT2 x Ai95D mice. 

(A–C) Quantitative analysis of spontaneous seminiferous tubule contractions in vivo. 

Dot plots depict (A) the number of contractions observed in a given tubule segment 

per 10 min during variable windows of observation (13–30 min; mean = 25 min; n = 28; 
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four mice), and (B) the intervals between two consecutive contractions. Note that two 

distinct types of either relatively short (<80 s; red; 38 ± 21 s; mean ± SD) and long 

(>2 min; magenta; 403 ± 250 s; mean ± SD) intervals become apparent. Moreover, we 

never observed tubules that lacked contractions. (C) 2D dot plot shows positive 

correlation (Pearson correlation coefficient r = 0.71) between TPC Ca2+ signal durations 

(full duration at half-maximum; FDHM) and corresponding tubule contractions. (D) 

Representative epifluorescence in vivo recording of a Ca2+ wave propagating along the 

longitudinal axis of a seminiferous tubule in a SMMHC-CreERT2 x Ai95D mouse 

(n = 3 animals). Individual consecutive frames indicate fluorescence intensity in 

pseudocolor (green; time as indicated; frames merged with corresponding brightfield 

image). Dashed white line denotes tubule dimensions. Inset (right) shows the color-

coded Ca2+ signal onset (min/max normalization) in six adjacent tubule regions of 

comparable size (left). (E) Example experiment that controls for pressure-dependent 

signal artifacts when seminiferous tubules are exposed to ‘puffs’ of solution. Three 

fluorescence images show outlines of three seminiferous tubule segments (white 

dotted lines) at different time points (t0 – t2). Aside the addition of a red fluorescent 

dye to the solution in the pipette, compositions of bath and pipette solution match. 

Note that puffs of stained solution (t1 and t2) cause neither contractions, nor Ca2+ 

signals. 
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2.2 Publication II (Missel et al. 2021) 

 

Testicular adenosine acts as a pro-inflammatory molecule:  

role of testicular peritubular cells 
 

Annika Missel, Lena Walenta, Katja Eubler, Nadine Mundt, Hanna Heikelä, Ulrich 

Pickl, Matthias Trottmann, Bastian Popper, Matti Poutanen, Leena Strauss, Frank-

Michael Köhn, Lars Kunz, Marc Spehr & Artur Mayerhofer 

Mol Hum Reprod. doi:10.1093/molehr/gaab037 

 

 
Figure 7. Graphical abstract of Missel et al. (2021). 

Adenosine is the final metabolite of ATP, generated by the ectonucleotidases CD39 and CD73. Both are 

present in peritubular cells in situ and in vitro, and their functionality was indicated by malachite green 

assay and pharmacological inhibition of CD39. The inhibitor POM-1 reduced the formation of 

extracellular phosphate and pro-inflammatory cytokine levels, which were evoked upon ATP. Adenosine 

exposure resulted in elevated pro-inflammatory cytokines and A2B was identified as the main mediator.  
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ABSTRACT: Extracellular ATP has been described to be involved in inflammatory cytokine production by human testicular peritubular
cells (HTPCs). The ectonucleotidases ENTPD1 and NT5E degrade ATP and have been reported in rodent testicular peritubular cells. We
hypothesized that if a similar situation exists in human testis, ATP metabolites may contribute to cytokine production. Indeed, ENTPD1
and NT5E were found in situ and in vitro in HTPCs. Malachite green assays confirmed enzyme activities in HTPCs. Pharmacological inhibi-
tion of ENTPD1 (by POM-1) significantly reduced pro-inflammatory cytokines evoked by ATP treatment, suggesting that metabolites of
ATP, including adenosine, are likely involved. We focused on adenosine and detected three of the four known adenosine receptors in
HTPCs. One, A2B, was also found in situ in peritubular cells of human testicular sections. The A2B agonist BAY60-6583 significantly ele-
vated levels of IL6 and CXCL8, a result also obtained with adenosine and its analogue NECA. Results of siRNA-mediated A2B down-regu-
lation support a role of this receptor. In mouse peritubular cells, in contrast to HTPCs, all four of the known adenosine receptors were
detected; when challenged with adenosine, cytokine expression levels significantly increased. Organotypic short-term testis cultures yielded
comparable results and indicate an overall pro-inflammatory action of adenosine in the mouse testis. If transferable to the in vivo situation,
our results may implicate that interference with the generation of ATP metabolites or interference with adenosine receptors could reduce
inflammatory events in the testis. These novel insights may provide new avenues for treatment of sterile inflammation in male subfertility
and infertility.

Key words: adenosine / testis / peritubular cells / ADORA / A2B / inflammation / ENTPD1 / NT5E / CD39 / CD73

Introduction
It is now well accepted that extracellular ATP can act as a signaling
molecule and has a variety of roles in different tissues of the body
(Corriden and Insel, 2010; Venereau et al., 2015; Le et al., 2019;
Linden et al., 2019). However, with regard to the testis, in particular

human testis, insights in such roles are scarce (Burnstock, 2014).
There is an obvious lack of knowledge about the components of the
purinergic system in the male gonad and its specific roles in the testis.

Extracellular ATP can be released from dying cells including germ
cells (Baum et al., 2005; Xiong et al., 2009), from Sertoli cells of the
tubular compartment, as well as from nerve fibers and mast cells,

VC The Author(s) 2021. Published by Oxford University Press on behalf of European Society of Human Reproduction and Embryology. All rights reserved.
For permissions, please email: journals.permissions@oup.com
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which exist in the interstitial and peritubular areas of the testis
(Mayerhofer et al., 1999; Gelain et al., 2003; Xiong et al., 2009;
Mayerhofer et al., 2018). Hence, extracellular ATP is likely available in
all testicular compartments. Innervation density and mast cell numbers
increase specifically in the peritubular compartment in men with im-
paired spermatogenesis (Mayerhofer et al., 1999; Meineke et al.,
2000), implying that, consequently, the levels of extracellular ATP also
increase in these cases specifically within this testicular compartment.

The human testis is not readily accessible for investigation, yet the
cells composing the peritubular compartment can be isolated and
examined in vitro (Albrecht et al., 2006). These HTPCs are smooth
muscle-like cells (myoid cells), which together with extracellular matrix
form a small compartment surrounding the seminiferous tubule. They
are thought to transport sperm due to their contractile activity
(Hargrove et al., 1977; Romano et al., 2005) and a recent study
confirmed this important function (Fleck et al., 2021). Furthermore,
recent studies showed that isolated HTPCs produce extracellular
matrix components, some of which (such as decorin and biglycan)
interfere with growth factor signaling (Adam et al., 2012). Importantly,
they also produce glial cell line-derived neutrophic factor (GDNF)
(Spinnler et al., 2010), which is required for spermatogonial stem cell
renewal. HTPCs also have immunological roles and produce cytokines
(Mayerhofer, 2013; Welter et al., 2014; Walenta et al., 2018). Hence,
they likely contribute in various ways to testis function and conse-
quently to male fertility/infertility.

How peritubular cells are regulated is not well known. Yet, they
express receptors for hormones, namely androgen receptors
(Mayer et al., 2018) and glucocorticoid receptors (Welter et al.,
2020), and their smooth muscle-like cellular phenotype has been
shown to be regulated by these hormones. In addition to systemic
regulation, there is evidence for local regulation of peritubular
cells. For example, a recent study described that HTPCs possess
P2X receptors, in situ and in vitro, and, thus, ATP was implicated
in the regulation of HTPC functions (Walenta et al., 2018).
Application of ATP to HTPCs increased pro-inflammatory cyto-
kine expression and secretion within 24 h (Walenta et al., 2018).
The study concluded that ATP may promote a pro-inflammatory
environment, which likely contributes to sterile inflammation
associated with male infertility. Of note, a follow-up study showed
that ATP acutely induced contraction of HTPCs. This, together
with parallel studies performed in rodent models, indicated a role
in sperm transport (Fleck et al., 2021).

Actions of extracellular ATP are locally confined because of its rapid
degradation. ATP is dephosphorylated by two specific hydrolyzing
enzymes (Fig. 2d), named ENTPD1 (ectonucleoside triphosphate
diphosphohydrolase; CD39) and NT5E (ecto-5’-nucleotidase; CD73)
(Zimmermann, 1992; Colgan et al., 2006; Grinthal and Guidotti, 2006;
Allard et al., 2017). In mice, ENTPD1, which generates ADP and
AMP, and NT5E, the generator of adenosine, are expressed by testic-
ular peritubular cells (Zimmermann, 1992; Grinthal and Guidotti,
2006). Whether ENTPD1 or NT5E are also present in the human tes-
tis was not known. We reasoned that if expressed and active, extra-
cellular ATP could give rise to its metabolites, which then may act via
their respective receptors and may further influence testicular func-
tions. This view is based on growing insights that for example extracel-
lular adenosine can act as a ubiquitous endogenous signaling mediator
in numerous physiological and pathophysiological processes (Gelain

et al., 2003). It binds, with different affinities, to four ADORA recep-
tors, A1, A2A, A2B and A3. They are linked to modulatory effects of
adenosine in inflammatory environments and belong to the class A
(rhodopsin-like) G-protein-coupled receptor superfamily (Fredholm
et al., 1994; Hasko et al., 2008; Jacobson et al., 2012; Borea et al.,
2018). Interactions and dimerization between the receptors can occur
(Moriyama and Sitkovsky, 2010; Smith and Milligan, 2010), which make
it difficult to assess their specific impact. Little is known about the roles
of the ADORAs in the human testis, but previous studies already
identified A1 receptors in the rat testis (Murphy and Snyder, 1981).
Monaco and Conti (1986) detected binding of radioactive
cyclohexyladenosine, indicative of the presence of ADORA receptors,
mainly in rat Sertoli cells. Of note, the scope of this study was limited
to immature 15-day old animals.

In the present study, we examined whether the ectonucleotidases
ENTPD1 and NT5E are present and functional in HTPCs. Moreover,
we investigated whether ATP-metabolites, especially adenosine, are
involved in cytokine production in the testis.

Materials and methods

Ethical approval
For isolation of human testicular peritubular cells (HTPCs) and
immunohistochemical staining small fragments of patient-derived
human testicular biopsies were used. Tissues were either derived from
patients (age range 28–56) undergoing reconstructive surgery of the
vas deferens or (mainly) from patients undergoing testicular sperm
extraction (TESE) (Albrecht et al., 2006; Schell et al., 2008). Patients
granted written informed consent and the ethical committee
(Technical University of Munich, Department of Medicine, project
number 169/18S) approved the scientific use of the cells.

Peritubular cell isolation, culture and
treatment
HTPCs were obtained by explant culture from testicular donor tissues.
Identity and purity of cells was assessed as described previously
(Walenta et al., 2018). Cells were cultured in DMEM High Glucose
(Gibco, Paisley, UK) including 10% fetal bovine serum (FBS, Capricorn
Scientific, Ebsdorfergrund, Germany) and 1% penicillin/streptomycin
(Biochrom, Berlin, Germany) at standard conditions (37"C, 5% CO2).
Cells (Passages 4–12) were deprived of FBS supplementation 24 h
prior to treatment. Cells were treated in serum-free media for 24 h
(unless indicated otherwise) before using following reagents:
Adenosine, AMP, ADP, ATP, inosine (all 1 mM; all from Sigma,
Steinheim, Germany), NECA (10 mM), CCPA (0.5 nM–1mM), CGS
21680 (100 nM–10mM), BAY60-6583 (10mM) and POM-1 (5mM; all
from Tocris, Bristol, UK). In the case of NECA, CCPA, BAY60-6583
and CGS, DMSO (# 1:1000, Sigma) was used as a solvent and added
to all controls.

qPCR
Total RNA from cells was isolated using the RNeasy Plus Micro Kit
(Qiagen, Hilden, Germany), and RNA from testes with normal
spermatogenesis was isolated using the RNeasy Plus Universal Kit

2 Missel et al.
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.(Qiagen), according to the manufacturer’s instructions. SuperScriptII
(Invitrogen, Darmstadt, Germany) and random 15mer primers were
used for reverse transcription. For qPCR studies the QuantiFast SYBR
Green PCR Kit (Qiagen) was applied using the following protocol in a
LightCyclerVR 96 System (Roche Diagnostics, Penzberg, Germany): pre-

incubation (95"C, 5 min), 40–43 cycles denaturation (95"C, 10 s) and
annealing/extension (annealing temperature, 30 s) followed by melting
(65–97"C) and cooling (37"C, 30 s). Oligonucleotide primers for am-
plification and corresponding annealing temperatures can be found in
Table I. Samples were analyzed in duplicates and amplicon identity was

Table I Information about oligonucleotide primers used for PCR.

Gene Species Nucleotide sequence Amplicon
size

Annealing
temperature

ACTA2 Human 5’-ACA ATG AGC TTC GTG TTG CC-3’ 90 bp 59"C
5’-GAG TCA TTT TCT CCC GGT TGG-3’

ADORA1 Human 5’-AGA CCT ACT TCC ACA CCT GC-3’ 234 bp 60"C
5’-CCG CAC TCAG ATT GTT CCA G-3’

Adora1 Mouse 5’-GCG ATG CTA CCT TCT GCT TC-3’ 183 bp 60"C
5’-CAA TAG CAA GCA GAG CCA GG-3’

ADORA2A Human 5’-CGC CAT TGA CCG CTA CAT TG-3’ 171 bp 60"C
5’-TGG TTC TTG CCC TCC TTT GG-3’

Adora2a Mouse 5’-CCA TTC GCC ATC ACC ATC AG-3’ 165 bp 59"C
5’-CAA GCC ATT GTA CCG GAG TG-3’

ADORA2B Human 5’-CTT CTA CGG CTG CCT CTT CC-3’ 197 bp 60"C
5’-GAG TCA ATC CGA TGC CAA AGG-3’

Adora2b Mouse 5’-GTG AAA GAC AGC TGC ACC TC-3’ 170 bp 60"C
5’-TCA ATT CAA GCT GCC ACC AC-3’

ADORA3 Human 5’-TTT ACC CAC GCC TCC ATC AT-3’ 140 bp 60"C
5’-AAT GAC ACC AGC CAG CAA AG-3’

Adora3 Mouse 5’-ATC TGG GTG GTC AAG CTG AA-3’ 172 bp 60"C
5’-GCA GCA CAC AGG ACA TGA AA-3’

AR Human 5’-AGC CTC AAT GAA CTG GGA GA-3’ 175 bp 62"C
5’-TCC TGG AGT TGA CAT TGG TG-3’

CCL2 Human 5’-CAG CCA GAT GCA ATC AAT GCC-3’ 190 bp 58"C
5’-TGG AAT CCT GAA CCC ACT TCT-3’

Ccl2 Mouse 5’-GGC TCA GCC AGA TGC AGT TAA-3’ 80 bp 60"C
5’-CCA GCC TAC TCA TTG GGA TCA-3’

CCL7 Human 5’-TGG AGA GCT ACA GAA GGA CCA-3’ 94 bp 58"C
5’-GTG GGG TCA GCA CAG ATC TC-3’

Ccl7 Mouse 5’-ATC TCT GCC ACG CTT CTG T-3’ 249 bp 60"C
5’-TAT AGC CTC CTC GAC CCA CT-3’

COL1A1 Human 5’-CAC ACG TCT CGG TCA TGG TA-3’ 91 bp 58"C
5’-AAG AGG AAG GCC AAG TCG AG-3’

Cxcl1 Mouse 5’-AGT TCC AGC ACT CCA GAC TC-3’ 246 bp 60"C
5’-AGT GTG GCT ATG ACT TCG GT-3’

CXCL8 Human 5’-TCT TGG CAG CCT TCC TGA-3’ 190 bp 58"C
5’-GAA TTC TCA GCC CTC TTC-3’

Cyp11a1 Mouse 5’-GCA CAC AAC TTG AAG GTA CAG GAG-3’ 344 bp 60"C
5’-CAG CCA AAG CCC AAG TAC CGG AAG-3’

DCN Human 5’-GGA ATT GAA AAT GGG GCT TT-3’ 221 bp 59"C
5’-GCC ATT GTC AAC AGC AGA GA-3’

ENTPD1 Human 5’-GGT TCT GGA TGT GGT GGA GA-3’ 159 bp 60"C
5’-GGG ACT ATG CTG AAC CAC CT-3’

Entpd1 Mouse 5’-AAA CCT TTG GCG CTT TGG AT-3’ 209 bp 60"C
5’-GCC ACC ACT TGA AAC CTG AA-3’

Fshr Mouse 5’-TCG TCT GCC TTT TAG AGC CA-3’ 159 bp 59"C
5’-TTC CTC AGC CAG CTT CAT CA-3’

GDNF Human 5’-GCA GAC CCA TCG CCT TTG AT-3’ 93 bp 60"C

5’-ATC CAC ACC TTT TAG CGG AAT G-3’

(continued)
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..confirmed by agarose gel electrophoresis and sequence analysis
(GATC, Konstanz, Germany). Quantitative results were calculated
according to the 2$DDCq method and normalized to RPL19 and HPRT
as reference genes.

Malachite green assay
A total of 100000 cells per well were grown on 6-well plates in
DMEM High Glucose (10% FBS; 1% penicillin/streptomycin; 37"C, 5%
CO2). Cells were washed with standard extracellular solution compris-
ing 140 mM NaCl, 3 mM KCl, 10 mM HEPES and 10 mM glucose (pH
7.4 adjusted by using NaOH) as described previously (Eubler et al.,
2018), to get rid of FBS and the same solution was added to the
dishes 2 h prior to stimulation. Treatment was performed for 24 h and
supernatant was collected for extracellular phosphate detection using
the malachite green assay (MAK307, Sigma ) according to manufac-
turer’s instructions. Absorbance was detected at 612 nm in a fluorom-
eter (FLUOstar Omega, BMG LABTECH, Ortenberg, Germany).

ELISA
The commercially available ELISA Kits Human CCL7/MCP-3
Quantikine ELISA Kit (R&D systems, Minneapolis, MN, USA), Human
IL-6 Platinum ELISA (eBioscience/Bender MedSystems, Vienna,
Austria) and Human IL-8 ELISA Kit (Invitrogen/Bender MedSystems,
Vienna, Austria) were used according to the manufacturer’s instruc-
tions. Cell culture supernatants after 24 h of treatment were mea-
sured, normalized to sample protein content and compared to
untreated control levels.

Immunohistochemistry
Samples of human testicular tissues were fixed in Bouin’s solution, em-
bedded in paraffin and sectioned. Immunohistochemical staining was
performed as previously described (Walenta et al., 2018) using primary
antibodies ENTPD1 (1:100, #223843, Abcam, Cambridge, UK),
NT5E (1:1000, #HPA917357, Sigma) and A2B (1:1000, #222901,
Abcam). Negative controls consisted of omission of the primary anti-
body and incubation with non-immune serum. Sections were counter-
stained with hematoxylin. Pictures were taken using a Zeiss Axioplan
microscope with a Plan-Neofluar 20% or 40%/0.75 objective (Carl
Zeiss Microscopy, Jena, Germany) and a Jenoptik camera (Progres
Gryphax Arktur; Jenoptik, Jena, Germany).

siRNA
HTPCs were seeded into P60 plates and transfected at a confluency
of &50%. Cells were serum starved for 30 min in DMEM including 1%
FBS, prior to transfection with siRNA A2B (18 h, 10mM, Santa Cruz
Biotechnology, DAL, TX, USA) using RNAiMAX (#13778075,
Thermo Fisher Scientific, Darmstadt, Germany), diluted in OPTI-MEM
(#31985070, Thermo Fisher Scientific) according to the manufacturer’s
protocol. A scrambled non-targeting siRNA (5 nM, Silencer Select
Negative Control #1, Thermo Fisher Scientific) was used as a control.
After transfection, medium was replaced for additional 30 h. At 48 h
after transfection initiation, cells were treated with 1 mM adenosine
for 24 h. Silencing efficiency was verified by western blot, as described
previously (Walenta et al., 2018), using the A2B antibody (1:1000,
#222901, Abcam) and b-actin (1:10,000, #A5441, Sigma) as
references.

HPRT Human 5’-CCT GGC GTC GTG ATT AGT GA-3’ 163 bp 60"C

5’-GGC CTC CCA TCT CCT TCA TC-3’

Hprt Mouse 5’-TGG ATA CAG GCC AGA CTT TGT T-3’ 163 bp 60"C
5’-CAG ATT CAA CTT GCG CTC ATC-3’

IL1B Human 5’-CTT GGT GAT GTC TGG TCC ATA TG-3’ 127 bp 60"C

5’-GGC CAC AGG TAT TTT GTC ATT AC-3’

Il1b Mouse 5’-TGA AGT TGA CGG ACC CCA AA-3’ 101 bp 59"C
5’-TGA TGT GCT GCT GCG AGA TT-3’

IL6 Human 5’-AAC CTG AAC CTT CCA AAG ATG G-3’ 159 bp 62"C
5’-TCT GGC TTG TTC CTC ACT ACT-3’

Il6 Mouse 5’-TTG GGA CTG ATG CTG GTG AC-3’ 91 bp 59"C
5’-CAG GTC TGT TGG GAG TGG TAT-3’

Lhr Mouse 5’-ATG CAT TCA ATG GGA CGA CG-3’ 133 bp 61"C
5’-GCC TGC AAT TTG GTG GAA GA-3’

NT5E Human 5’-CTC CTC TCA ATC ATG CCG CT-3’ 174 bp 60"C
5’-TGG ATT CCA TTG TTG CGT TCA-3’

Nt5e Mouse 5’-AGG TTG TGG GGA TTG TTG GA-3’ 152 bp 59"C
5’-CCC CAG GGC GAT GAT CTT AT-3’

RPL19 Human 5’-AGG CAC ATG GGC ATA GGT AA-3’ 199 bp 60"C
5’-CCA TGA GAA TCC GCT TGT TT-3’

Rpl19 Mouse 5’-AGG CAT ATG GGC ATA GGG AA-3’ 199 bp 60"C
5’-CCA TGA GGA TGC GCT TGT TT-3’

Star Mouse 5’-CAG GGA GAG GTG GCT ATG CA-3’ 262 bp 62"C
5’-CCG TGT CTT TTC CAA TCC TCT G-3’
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.Animals
All animals had free access to soy-free food pellets (FVB/N mice:
SDS, Witham, Essex, England; C57BL/6J mice: 1314 P, Altromin,
Netherlands) and tap water. Room temperature and relative humidity
ranged from 20 to 22"C and 45–55%, respectively. The light cycle was
adjusted to 12 h light:12 h dark period. Mice used in the present study
were killed by CO2 asphyxiation and cervical dislocation before tissue
removal. FVB/N mice: The animals were handled in accordance with
the institutional animal care policies of the University of Turku (Turku,
Finland). The number of the animal license is KEK/2018-0608-Strauss.
C57BL/6J mice: Housing of laboratory mice was in accordance with
European and German animal welfare legislations (5.1-231 5682/
LMU/BMC/CAM 2019-0007). The mice were housed in individually
ventilated cages (TypII long, Tecniplast, Germany) under specified-
pathogen-free conditions. Hygiene monitoring was performed every
three months based on the recommendations of the FELASA-14
working group.

Mouse testicular peritubular cell isolation
Mouse testicular peritubular cells were isolated from the testes of five
adult wildtype C57BL/6J mice, as described (Fleck et al., 2021). In
brief, the tunica albuginea was removed and testes were placed in col-
lagenase A-DNase solution Sigma; 1 mg/ml collagenase A; 6mg/ml
DNase; in DMEM/F12) for 10 min (34"C; shaking at 60 cycles/min).
The supernatant was then removed, the suspension resuspended in
DMEM/F12, incubated for 5 min and this procedure was repeated
three times. Remaining tubules were dissolved in trypsin-DNase solu-
tion (1 mg/ml trypsin; 0.02 mg/ml DNase; in DMEM/F12; 20 min;
34"C; shaking at 60 cycles/min) and the reaction was stopped in soy-
bean trypsin inhibitor (SBTI; Sigma)-DNase solution (0.1 mg/ml SBTI;
0.02 mg/ml DNase; in PBS). After 5 min of settling down, the superna-
tant was collected and the tissue was washed two times with DMEM/
F12 (5 min each). Each time, the supernatant was collected. Collected
cells were centrifuged (400 g; 10 min; RT), then the supernatant was
discarded, the cell pellet was resuspended in DMEM containing 10%
FBS and 1% penicillin/streptomycin, filtered in a 100mm cell strainer,
plated in 75 cm2 cell culture flask (T75; Invitrogen) and incubated in
standard conditions (5% CO2; 37"C). When cells reached 90–100%
cell confluence, they were passaged and seeded onto P35 dishes. Cells
were serum starved 24 h prior to stimulation with ATP and adenosine
(both 1 mM, 24 h). For each condition, five dishes were used and
pooled after RNA isolation. RNA was isolated as described above.
RevertAid H Minus Kit (Thermo Fisher Scientific) was used for cDNA
synthesis.

Organotypic tissue culture of mouse testes
This method was used to preserve cellular interactions and tissue
structure of the mouse testis sample during stimulation. Whole testes
of 11 wildtype FVB/N mice (2–7 months old) were decapsulated, cut
in four equal pieces and each piece was placed in a 24-well plate con-
taining DMEM/F12.

Testes of wildtype C57BL/6J mice (Charles River, Germany) were
used for the establishment of the method. Samples were treated

with ATP, ADP, AMP, adenosine (6 h; all 1 mM) and POM-1
(1 hþ 6 h; 5mM) and incubated on a plate shaker at cell culture
standard conditions (37"C, 5% CO2). After treatment, sample pieces
were shock frozen in liquid nitrogen and RNA was isolated using
the RNeasy Plus Universal Kit (Qiagen) according to manufacturer’s
instructions.

Statistical analyses
Raw data of qPCR, ELISA and malachite green assays were analyzed
using Microsoft Excel (2018, Microsoft, Redmond, WA, USA), statisti-
cal analyses were obtained using Prism 6.0 (GraphPad Software Inc.,
San Diego, CA, USA). qPCR ($DDCq values) and ELISA (unnormal-
ized values) data were analyzed using one-sample t-tests or by one-
way ANOVA followed by Tukey’s post-test. Malachite green assay val-
ues were analyzed by one-way ANOVA and Tukey’s post-test.
Individual numbers (n) of experiments are stated in the figure legends.
All results are depicted in means þ SEM. P< 0.05 was considered sta-
tistically significant.

Results

HTPCs express the ectonucleotidases
ENTPD1 and NT5E, which degrade ATP
Immunohistochemical staining of human testis samples showed
ENTPD1 in peritubular cells, surrounding the seminiferous tubules,
and in interstitial blood vessel. In contrast, NT5E expression was asso-
ciated with a number of testicular cells. It was located in peritubular
cells, in cells of the seminiferous epithelium and Sertoli cells, as well as
in some interstitial cells (Fig. 1a). A comparable, ubiquitous staining
pattern is also depicted by the images provided in the Human Protein
Atlas (HPA; https://www.proteinatlas.org). All controls were negative.

ENTPD1 and NT5E were readily detected in whole human testis of
patients with normal spermatogenesis and in cultured HTPCs (Fig. 1b).
When cultured HTPCs, derived from nine individual patients, were ex-
amined by qPCR (Fig. 1c), we found a strong, robust NT5E expression
in all samples and a somewhat more variable expression profile of
ENTPD1.

Ectonucleotidase activity in HTPCs was indicated by the results of
malachite green assays. Significantly increased extracellular phosphate
levels, indicative of enzymatic activity, were detected after 24 h in the
supernatant when ATP or ADP (both at 1 mM) were added, com-
pared to unchanged levels after adenosine treatment (1 mM) and un-
der control conditions. The strongest elevation was recorded upon
addition of AMP (1 mM; Fig. 1d). Hence, the results indicate that while
both ectonucleotidase are active, NT5E (degrading AMP and generat-
ing adenosine) may be the more active one.

Purines regulate cytokines in HTPCs
As expected (Walenta et al., 2018), transcript levels of several pro-in-
flammatory cytokines were consistently upregulated in HTPCs after
treatment with ATP (1 mM) within 24 h. They were, however, also el-
evated upon addition of adenosine (1 mM, 24 h; Fig. 2a). Levels of
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..interleukins IL1B, IL6 and CXCL8 were comparably elevated by both
stimulants. There was also a trend to increased CCL7 and IL1B levels
after the addition of adenosine as compared to ATP (Fig. 2a). The
actions of adenosine were concentration-dependent (Fig. 2b). Addition
of the structurally related adenosine metabolite inosine (at different
concentrations) did not result in changes of pro-inflammatory cyto-
kines (Fig. 2c and Supplementary Fig. S1a). When exposed to the non-
selective adenosine receptor agonist NECA (10mM, 24 h), results
were comparable to that evoked by adenosine (1 mM, 24 h; Fig. 2c
and Supplementary Fig. S1c).

The specific ENTPD1 inhibitor POM-1 was employed next and its
ability to block ectonucleotidase activity was examined by malachite
green assay. When POM-1 (5mM) was added 1 h prior to ATP or
ADP (both 1 mM), the results (monitored after 24 h) showed signifi-
cantly reduced levels of extracellular phosphate for POM-1/ADP ver-
sus ADP and a trend to reduced levels for POM-1/ATP versus ATP
(Fig. 2e). Additionally, we observed decreased expression levels of
some of pro-inflammatory cytokines in HTPCs (POM-1, 1 h; ATP,

24 h), as compared to ATP alone. Specifically, IL1B and CCL7 were sig-
nificantly reduced by POM-1, whereas IL6, CCL2 and CXCL8 showed
no significant reduction (Fig. 2f).

Pro-inflammatory actions of HTPCs
mediated by ADORA2B
Expression of the ADORA receptors A1, A2A and A2B was demon-
strated at the transcript level in nine individual donor-derived HTPC
samples (Fig. 3a) and whole human testes (Fig. 3b). Attempts to
immunostain human testicular sections, employing several commercial
antibodies directed against the receptors A1 and A2A, yielded only
non-specific staining (not shown). When we used an antibody against
A2B, three of the six different histological samples, which we exam-
ined, showed specific signals, while in the others non-specific staining
prevailed. Expression of A2B was detected in peritubular cells and
blood vessels, as well as in cells of the tubular compartment.

Figure 1. Expression and functionality of ENTPD1 and NT5E in HTPCs. (a) Immunohistochemical staining of human testis samples indi-
cates expression of ENTPD1 in peritubular cells and blood vessels in the interstitial areas, while NT5E is expressed not only in peritubular cells, but
also cells of the tubular compartment and interstitial cells. Insets: negative controls (omission of first antibody); scale bars ¼ 50 mm. (b) Expression of
ENTPD1 and NT5E in pooled cDNA of three individual patient-derived HTPCs and human whole testis samples (þ). Negative controls: -RT, non-re-
verse transcription control; $ ¼ non-template control. (c) Comparison of mRNA expression levels of nine individual patient-derived HTPCs normal-
ized to RPL19 mRNA expression. ENTPD1 expression is lower and more variable compared to consistently high levels of NT5E. (d) Increasing
extracellular phosphate concentration (indicated by a green color change) was detected 24 h after treatment with ATP (n¼ 9), ADP (n¼ 9) and
AMP (each at 1 mM; n¼ 6). Control conditions and adenosine treatment (1 mM; n¼ 7) of HTPCs did not result in release of extracellular phosphate
levels, as expected. Bars with different letters indicate that results are significantly different from each other according to Tukey’s multiple comparison
test (P< 0.05) and one-way ANOVA.
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.Peritubular cell staining appeared most distinct in thickened walls of
tubules with signs of impaired spermatogenesis (Fig. 3c).

Employing the partial A2B agonist BAY60-6583 (10mM, 24 h), we
attempted to activate A2B receptors in HTPCs. This resulted in ele-
vated transcript and protein levels of IL6 and CXCL8, i.e. results simi-
lar to the ones evoked by adenosine and NECA. However, levels of
CCL7 were not elevated after treatment with BAY60-6583, when
used at this concentration (10mM), a result contrasting with the ele-
vated CCL7 levels following adenosine and NECA stimulation in
HTPCs (Fig. 3d). Of note, lower concentrations of BAY60-6583 (e.g.
1mM) resulted in a small (2-fold) increase (Supplementary Fig. S1e),
which, however, did not reach statistical significance. HTPCs were also
treated with an A1 agonist (CCPA) and an A2A agonist (CGS 21680;
both for 24 h) at different concentrations, and this resulted in no, or
minimal, increases (2-fold) of pro-inflammatory cytokines
(Supplementary Fig. S1b and d).

To obtain further insights in the assumed involvement of A2B in
HTPC adenosine signaling, cells were transfected with siRNA targeting

A2B. A scrambled non-targeting siRNA was used as a control. As
expected, pro-inflammatory cytokines were increased by adenosine in
non-targeting siRNA controls. In contrast, elevations were reduced
upon siRNA treatment (Fig. 3e). The reduction level reflects the effec-
tiveness of siRNA-knockdown, which led to a 45% reduction in A2B
protein (Fig. 3f).

Adenosine has no influence on
characteristic markers of HTPCs
HTPC treatment with 1 mM adenosine (24 h) did not change the
mRNA levels of smooth muscle marker ACTA2, extracellular matrix
factors (COL1A1, DCN) or the spermatogonial stem-cell regulatory fac-
tor GDNF. Only a slight increase of androgen receptor (AR) was de-
tectable (Supplementary Fig. S2a). Moreover, adenosine treatment
(1 mM; 24 h) did not influence total protein concentration
(Supplementary Fig. S2b).

Figure 2. Regulation of pro-inflammatory cytokines in HTPCs. (a) Treatment of HTPCs with ATP (n¼ 7) and adenosine (both 1 mM,
24 h; n¼ 10) caused a weak to moderate increase of the inflammation-associated markers IL1B, IL6, CCL2 and CXCL8 and a strong increase of CCL7
levels. (b) Adenosine increased inflammatory cytokines in a dose-dependent manner (n¼ 3). (c) Non-selective adenosine receptor agonist NECA
(10 mM; n¼ 4) increased pro-inflammatory cytokine levels similar to adenosine (1 mM; n¼ 4), in contrast to inosine treatment (1 mM; n¼ 3) after
24 h. (d) Scheme of the ectonucleotidases ENTPD1 and NT5E, their role in the generation of ATP metabolites, and the action of POM-1. (e)
Release of extracellular phosphates can be reduced by treatment with ENTPD1 inhibitor POM-1 (5 mM) 1 h before stimulation of HTPCs with ATP
or ADP (both 1 mM, 24 h; n¼ 6). (f) HTPCs were pre-treated with the specific ENTPD1 inhibitor POM-1 (5mM) 1 h prior to ATP exposure (1 mM,
24 h; n¼ 5). As a result, mRNA levels of IL1B and CCL7 were significantly lowered. Data are means þ SEM normalized to control conditions. (a, b, c
and f) asterisks denote statistical significance (P< 0.05) of one-sample t-test. (e) Bars with different letters indicate that results are significantly differ-
ent from each other according to Tukey’s multiple comparison test (P< 0.05) and one-way ANOVA.
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.Ectonucleotidases, adenosine receptors and
pro-inflammatory actions of adenosine in
both mouse TPCs and organotypic testis
cultures
Both mouse whole testes and isolated mouse testicular peritubular
cells (MTPCs) express the ectonucleotidases Entpd1 and Nt5e, as well
as the four Adora receptors A1, A2a, A2b and A3 (Fig. 4a and b). To
explore intratesticular actions of adenosine, we employed organotypic,
short-term cultures, lasting for 6 h, of mouse testis fragments.
Treatment with adenosine (1 mM) resulted in consistent and

significantly upregulated pro-inflammatory cytokine expression levels
(Il1b, Il6, Cxcl1, Ccl2, Ccl7). Of note, ATP (1 mM, 6 h) did not elevate
any of the pro-inflammatory cytokines, but rather slightly, yet statisti-
cally significantly decreased the mRNA levels of Ccl2 and Ccl7 (Fig. 4d).
Leydig cell markers (Star, Cyp11a1, Lhr) and a Sertoli cell marker (Fshr)
remained unchanged (Fig. 4e). Based on our pilot studies, the culture
periods for organotypic testes cultures cannot readily be extended be-
yond 6 h due to onset of cell death.

When isolated MTPCs were exposed to adenosine (1 mM) for 24 h,
to mirror experiments performed with HTPCs, pro-inflammatory
actions became evident, similar to that in HTPCs. They are indicated

Figure 3. Adenosine receptor A2B is involved in pro-inflammatory signaling of adenosine in HTPCs. (a) Consistent expression of
the ADORA receptors A1, A2A and A2B was revealed by PCR of 9 individual patient-derived HTPCs, normalized to RPL19 mRNA expression. (b) A3
expression was only detectable in the human whole testis lysate (þ). Negative controls: -RT, non-reverse transcription control; $ ¼ non-template
control. (c) Immunohistochemical staining of human testis samples shows A2B in the tubular compartment, comprising Sertoli cells and germ cells,
the peritubular wall of the tubules (arrows) and in endothelial cells of the interstitial area. Peritubular staining was most obvious in thickened walls
(arrowheads). Scale bars ¼ 50 mm. (d) Treatment of HTPCs with partial A2B agonist BAY60-6583 (10mM, 24 h) resulted in a similar significant upre-
gulation of IL6 and CXCL8 transcript (qPCR; n¼ 6) and protein (ELISA; n¼ 4) levels. No change of CCL7 was detectable upon BAY60-6583 treat-
ment, contrary to a severe significant increase after adenosine treatment (1 mM, 24 h). (e) Transfection of HTPCs with a A2B-siRNA (48 h) prior to
adenosine treatment (1 mM, 24 h; n¼ 4) reduced inflammatory effects. The pro-inflammatory cytokines IL1B, IL6, CXCL8 and CCL2 were decreased
notably but not significantly after adenosine treatment compared to transfection with a scrambled non-targeting control siRNA. CCL7 levels were de-
creased significantly after adenosine and si-A2B treatment compared to control conditions. (f) Transfection reduced A2B protein level (western blot)
72 h after siRNA treatment. Uncropped blots are provided in the Supplementary Fig. S3. Data are means þ SEM normalized to control conditions.
(d) Bars with different letters indicate that results are significantly different from each other according to Tukey’s multiple comparison test (P< 0.05)
and one-way ANOVA. (e) Asterisks denote statistical significance (P< 0.05) of unpaired t-test.
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by strongly increased levels of Il1b, Il6, Cxcl1, Ccl2 and Ccl7. ATP treat-
ment (1 mM, 24 h) caused a moderate increase in most cytokines, but
also a reduction of Ccl2 (Fig. 4c).

Discussion
This study provides new insights into still poorly examined purinergic
signaling mechanisms in the testis. We focused on the human testis by
using a unique cellular model, HTPCs, and complemented our investi-
gation with studies in mouse peritubular cells and in organotypic testes
cultures.

Purinergic signaling is dependent on extracellular ATP and sources
of this molecule in the testis are physically close to peritubular cells.
They include dying germ cells, Sertoli cells, mast cells and nerve fibers

(Mayerhofer et al., 1999; Meineke et al., 2000; Baum et al., 2005;
Gelain et al., 2005; Xiong et al., 2009). We found that HTPCs, like ro-
dent peritubular cells (Martin-Satue et al., 2009; Martin-Satue et al.,
2010), express the ectonucleotidases ENTPD1 and NT5E. This implies
that breakdown of extracellular ATP can occur in vitro and in situ, spe-
cifically, but not exclusively, in the peritubular compartment. The peri-
tubular compartment possesses a unique localization, possessing
borders with both the tubular and the interstitial areas. Thus, it is con-
ceivable that purines affect cells in both compartments. Despite some
evidence for ATP actions in Sertoli, Leydig and germ cells (Casali et al.,
2001; Zamoner et al., 2006; Veitinger et al., 2011; Fleck et al., 2016),
actions within the peritubular compartment have, to the best of our
knowledge, not been reported before. Indeed, an older study in rat
(Monaco and Conti, 1986) did not find binding of a labelled adeno-
sine-derivative in cultured rodent peritubular cells, and, hence,

Figure 4. Purinergic signaling in mouse whole testis samples and MTPCs. (a) Comparison of mRNA expression levels of the ectonucleo-
tidases Entpd1 and Nt5e as well as all four Adora receptors in mouse whole testis samples, relative to Rpl19 mRNA expression (n¼ 6). (b) MTPCs
also express both ectonucleotidases Entpd1, Nt5e and the four Adora receptors. Positive control: whole testis (þ); negative controls: -RT, non-re-
verse transcription control; $ ¼ non template control. (c) Treatment of MTPCs with ATP (1 mM, 24 h; n¼ 3) induced significant increases in mRNA
levels of the pro-inflammatory cytokines Il6, Cxcl1 and Ccl7, a significant decrease in Ccl2 and a distinct increase in Il1b. Adenosine exposure (1 mM,
24 h; n¼ 3) of MTPCs caused strong significant increase of the cytokines Il6, Cxcl1, Ccl2, Ccl7 and was most intensive in Il1b mRNA levels. (d)
Organotypic tissue culture of mouse whole testis samples (n¼ 11) treated with ATP (1 mM) for 6 h led to stable mRNA levels of Il1b, Il6 and Cxcl1.
Ccl2 and Ccl7 mRNA levels were significantly down-regulated after ATP treatment. In contrast, adenosine treatment (1 mM, 6 h) caused significantly
up-regulated levels of the pro-inflammatory cytokines Il1b, Il6, Cxcl1, Ccl2 and Ccl7. (e) Sertoli (Fshr) and Leydig (Star, Cyp11a1, Lhr) cell markers
remained unchanged after treatment with ATP or adenosine (n¼ 5). Data are means þ SEM normalized to control conditions (c, d and e), asterisks
denote statistical significance (P< 0.05) of one-sample t-test.
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concluded that they may not express associated receptors. However,
the cells examined were from immature animals and, thus, most likely
do not reflect the situation in the adult testis.

In contrast to the mentioned rat study, we identified adenosine
receptors in both human and mouse adult testes and derived HTPCs
and MTPCs, respectively. In HTPCs, we found A1, A2A and A2B, but
not A3, whereas all four receptors were detected in MTPCs. We
attempted to localize them in situ using commercial antibodies and par-
affin-embedded human testes samples. We succeeded, however, only
in case of A2B, while all other tested commercial antibodies yielded
non-specific results. A2B staining appeared most striking in cells of
thickened, remodeled peritubular walls of those seminiferous tubules,
in which spermatogenesis was impaired. This may indicate a role for
A2B in such cases, but this issue requires additional studies. Such a
role would, however, be in line with previous observations. In testes
of men with impaired spermatogenesis, signs of sterile inflammatory
events are observed, including increased numbers of immune cells,
namely mast cells and macrophages (Meineke et al., 2000; Welter
et al., 2011; Abdel-Hamid et al., 2018; Mayerhofer et al., 2018).
Previous studies showed that increased numbers of mast cells and
macrophages accumulate specifically in the peritubular wall compart-
ment. The mentioned studies also identified HTPCs as a cytokine
source, which may be directly involved in sterile inflammatory events
but also in attracting immune cells to this region (Welter et al., 2011;
Fraczek and Kurpisz, 2015; Syriou et al., 2018).

Furthermore, previous cellular studies indicated that ATP raises cy-
tokine production in HTPCs and suggested that P2X receptors are, at
least in part, involved in this action (Walenta et al., 2018). Here, the
authors observed elevated cytokines 24 h after the addition of ATP. In
the present study, results of the malachite green assay indicate that
breakdown of ATP in HTPCs clearly occurs during that time period.
Therefore, effects of other purines are to be considered, as well.
When we tested ATP and its metabolites in parallel, we found indeed
that ADP, AMP (data not shown), and specifically adenosine (but not
the adenosine metabolite inosine) increased cytokine levels. Hence,
actions of purine metabolites appear to be involved in inflammatory
events.

The use of NECA, an analogue of adenosine (Bruns et al., 1986),
and the use of BAY60-6583, a partial agonist of the A2B receptor
(Hinz et al., 2014), allowed us to narrow down the main receptor in-
volved in adenosine signaling and pinpointed A2B as a main player.
Studies with siRNA supported involvement of A2B and showed a
down-regulation of pro-inflammatory signaling after A2B silencing.

In general, consequences of A2B activation appear to depend on
the cellular context. For example, receptor activation was reported to
mediate inflammatory responses in the lung (Feoktistov and Biaggioni,
1995; Zhong et al., 2004) or to coordinate mucosal inflammation in
the gut (Aherne et al., 2018). While our functional data identified A2B
as the main mediator of peritubular cell adenosine signaling, we are
aware that other receptors and/or receptor heterodimers may also
be involved. Other receptors may include A1 and A2A, as activators
of A1 (CCPA) and A2A (CGS 21680) had a weak effect on some
pro-inflammatory cytokines.

The actions of BAY60-6583, a partial agonist at A2B, are of note.
Like adenosine and NECA, it strongly elevated IL6 and CXCL8 but, as
we found, the identical concentration of BAY60-6583 had no effect
with respect to CCL7. Yet, a trend to weak actions became visible,

when used at lower concentrations. While it is possible that the signal-
ing cascades required for induction of IL6 and CXCL8 differ from the
one of CCL7, this result may also be related to the specific properties
of BAY60-6583 and/or possible formation of receptor heterodimers.
BAY60-6583 is described as a partial agonist at A2B (Hinz et al.,
2014). Partial activity is documented by studies, in which cAMP accu-
mulation and calcium mobilization assays were employed and in which
BAY60-6583 was significantly less efficacious than adenosine or NECA
(Hinz et al., 2014). Furthermore, the mentioned study showed that at
higher concentrations, BAY60-6583 acts rather as an antagonist at
A2B receptors. This may explain, in part, our observation that BAY60-
6583 failed to increase CCL7 at a concentration of 10mM, while when
used at lower concentrations a small effect became visible. In addition,
it is known that G-protein coupled receptors and ADORAs can form
dimers/heterodimers (Moriyama and Sitkovsky, 2010; Smith and
Milligan, 2010). Such a possibility may play a role, as well, but remains
to be examined in HTPCs. The sum of our results, obtained with
adenosine, NECA, siRNA downregulation of A2B and a set of phar-
macological tools, implicate A2B in the induction of the majority of in-
flammatory factors.

We also explored whether adenosine may influence characteristic
functions of HTPCs and focused on typical markers (Ungefroren et al.,
1995; Maekawa et al., 1996; Mayerhofer, 2013). We found that levels
of GDNF, the extracellular matrix factors COL1A1 and DCN, as well as
ACTA2 were unchanged. It remains to be shown, whether the minimal
(<1.5-fold) elevation of AR is of biological relevance. Whether adeno-
sine may be able to influence other aspects of HTPCs also awaits addi-
tional studies.

Given the strategic position of TPCs, diffusion of locally generated
adenosine should influence both the interstitial and tubular compart-
ment. Indeed, in rodents, receptors and actions were described in
Sertoli and Leydig cells (Monaco and Conti, 1986; Bjelobaba et al.,
2015). For further insights into intratesticular actions, we turned to the
mouse testis and employed organotypic short-term cultures of mouse
testis fragments. Results of qPCR indicated that adenosine did not af-
fect Leydig or Sertoli cell markers, but clearly elevated cytokine levels
after 6 h. This supports the notion that adenosine is not only active in
HTPCs but is a pro-inflammatory molecule in the whole testis.

Of note, in these organotypic short-term cultures of mouse testis
fragments, parallel ATP treatment, which was also performed for 6 h,
resulted in unchanged or lower cytokine levels. Organotypic testis
short-term cultures were performed for 6 h only to ensure viability of
testes fragments. This time period may have been too short for effec-
tive conversion of ATP to adenosine by the testicular ectonucleoti-
dases. In line with this assumption, a previous cell culture study
performed in HTPCs, showed a time-dependency of ATP actions.
ATP induced weak actions after 6 h but strong pro-inflammatory
actions after 24 h (Walenta et al., 2018). Furthermore, temporarily
high levels of ATP most likely exert actions primarily via other recep-
tors (e.g. P2X4/7 in HTPCs; Walenta et al., 2018; Fleck et al., 2021).
Whether such actions may include anti-inflammatory effects (suggested
by somewhat lower mRNA levels of Ccl2) awaits further studies.
Indeed, to decipher the complex purinergic signaling system of multiple
receptors in the testis requires a series of additional studies.

Here we only attempted to explore the possible contribution of
peritubular cells to cytokines also in the mouse, and hence we studied
isolated MTPCs. In this set of experiments performed, like in HTPCs

10 Missel et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/m

olehr/article/27/7/gaab037/6276438 by U
niversitaetsbibliothek M

uenchen user on 28 O
ctober 2021



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
for 24 h, we found strong pro-inflammatory actions of adenosine. A
lower, yet in general, with one exception, comparable activity after ad-
dition of ATP also became apparent and suggests that ATP-metabo-
lites including adenosine were generated during 24 h and may be
responsible. Taken together, although multiple cells, including immune
cells, present in the testis may be involved in cytokine production, and
despite species differences (e.g. A3 was found only in MTPCs), we
conclude from these studies that adenosine is a pro-inflammatory mol-
ecule in the testis and that TPCs are involved in the production of a
pro-inflammatory environment via adenosine action.

The results of this study, if transferable to the in vivo situation in
humans, may be of relevance for male (in)fertility. Sterile inflammation
is by now being recognized as a part of idiopathic infertility (Pelliccione
et al., 2011; Milardi et al., 2017; Pilatz et al., 2019). Hence, targeted
pharmacological inhibition of processes, which fuel inflammatory events
may be novel treatment approaches. Inhibition of ENTPD1 by POM-1
may represent such an approach. Indeed POM-1 is being tested for
other conditions (Reutershan et al., 2009; d’Almeida et al., 2016;
Pimenta-Dos-Reis et al., 2017; Yang et al., 2020). Further, A2B
appears to be the major receptor involved and therefore receptor
blockers and/or therapeutic antibodies directed against A2B (Wendell
et al., 2020) might also be suitable to impair the pro-inflammatory
environment.

Supplementary data
Supplementary data are available at Molecular Human Reproduction
online.
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Supplementary Figure 1 
Dose-response studies of inosine and ADORA receptor agonists. mRNA levels of the inflammatory 
cytokines IL1B, IL6, CXCL8, CCL2 and CCL7 after (a) inosine (10, 100, 1000 µM; 24 h; n = 3), (b) 
ADORA agonist CCPA (0.1, 1, 10 µM; 24 h; n = 3), (c) A1 agonist NECA (0.5 nM, 1 nM, n = 2; 10 nM, 
n = 5; 100 nM, 1000 nM, n = 3; 24 h), (d) A2A agonist CGS 2680 (100, 500 nM, 10 µM; 24 h; n = 2) 
and (e) A2B agonist BAY60-6583 (0.1, 1, 10 µM; 24 h; n = 3) treatment of HTPCs. Data are means + 
SEM normalised to control conditions. Asterisks denote statistical significance (p < 0.05) of one-sample 
t-test.  
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Supplementary Figure 2 
Typical HTPC markers are not affected by adenosine. (a) Adenosine treatment (1 mM, 24 h; n = 7) 
of HTPCs did not affect mRNA levels of typical extracellular matrix markers, COL1A1 and DCN, GDNF 
or ACTA2. A minimal increase of AR was statistically significant. (b) Furthermore, adenosine treatment 
(1 mM, 24 h) did not alter protein concentrations in stimulated HTPCs (n = 5) indicating no effect of cell 
proliferation or cell death. (c) mRNA expression levels of ENTPD1, NT5E and ADORA2B, normalised 
to RPL19 mRNA expression, remain constant between young (1-3) and advanced (8-18) passages of 
HTPCs (n = 3).  
a,b: Data are means + SEM normalised to control conditions. Asterisks denote statistical significance 
(p < 0.05) of one-sample t-test.  
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Supplementary Figure 3 
Uncropped Western blots and Agarose gels of the Figures 1b, 3b, 3f, 4b. 
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Figure 8. Graphical abstract of Schmid et al. (2020).  

MKTPCs were immortalized with a piggyBac transposon containing the human 

telomerase hTERT. After immortalization, iMKTPCs retained their phenotype and 

grew continuously without discernable changes in cell culture. They express receptors 

of the purinergic system and revealed similar upregulation of pro-inflammatory 

cytokines after ATP exposure, as HTPCs did. Therefore, iMKTPCs are a translational 

model for human peritubular cells and promising for in-depth studies, as they have 

the ability for efficient transfection.  
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Abstract

Testicular peritubular cells (TPCs) are smooth muscle-like cells, which form a compartment surrounding the seminiferous tubules. 
Previous studies employing isolated human testicular peritubular cells (HTPCs) indicated that their roles in the testis go beyond 
sperm transport and include paracrine and immunological contributions. Peritubular cells from a non-human primate (MKTPCs), the 
common marmoset monkey, Callithrix jacchus, share a high degree of homology with HTPCs. However, like their human counterparts 
these cells age in vitro and replicative senescence limits in-depth functional or mechanistic studies. Therefore, a stable cellular model 
was established. MKTPCs of a young adult animal were immortalized by piggyBac transposition of human telomerase (hTERT), that is, 
without the expression of viral oncogenes. Immortalized MKTPCs (iMKTPCs) grew without discernable changes for more than 50 
passages. An initial characterization revealed typical genes expressed by peritubular cells (androgen receptor (AR), smooth-muscle 
actin (ACTA2), calponin (CNN1)). A proteome analysis of the primary MKTPCs and the derived immortalized cell line confirmed that 
the cells almost completely retained their phenotype. To test whether they respond in a similar way as HTPCs, iMKTPCs were 
challenged with forskolin (FSK) and ATP. As HTPCs, they showed increased expression level of the StAR protein (StAR) after FSK 
stimulation, indicating steroidogenic capacity. ATP increased the expression of pro-inflammatory factors (e.g. IL1B; CCL7), as it is the 
case in HTPCs. Finally, we confirmed that iMKTPCs can efficiently be transfected. Therefore, they represent a highly relevant 
translational model, which allows mechanistic studies for further exploration of the roles of testicular peritubular cells.
Reproduction (2020) 160 259–268

Introduction

The seminiferous tubules of the mammalian testis are 
surrounded by smooth muscle-like peritubular, myoid 
cells (Maekawa et al. 1996, Zhou et al. 2019), which in 
man form several layers, in contrast to rodents, which 
possess only a single layer (Mayerhofer 2013). The 
transport of sperm is an established function of these 
cells, they can contract and relax and thereby move 
sperm to the rete testis.

Further insights into the functional roles of peritubular 
cells have emerged from studies employing a cellular 
model, human testicular peritubular cells (HTPCs), as 
well as from mouse models (Chen et al. 2014, 2016). 
According to these results, peritubular cells secrete a 
great number of factors, by which they can affect the 
functioning of the testis (Spinnler et al. 2010, Mayer et al. 
2016, 2018).

There are, however, differences between mouse 
testicular peritubular cells and HTPCs. For example, 
unlike in mouse (Chen et al. 2014), in which testosterone 
stimulated glial cell line-derived neurotrophic factor 
(GNDF), this was not found in HTPCs. Instead in men, 
prostaglandin E2 (PGE2) stimulated GDNF production 
(Mayerhofer  et  al. 2018, Rey-Ares  et  al. 2018). 
Furthermore, HTPCs, but not their mouse counterparts, 
secrete vast amounts of extracellular matrix (ECM) 
proteins, which are deposited between the layers in the 
peritubular wall (Adam et al. 2011, Flenkenthaler et al. 
2014). Some of these, namely decorin (DCN) and 
biglycan (BGN), are not or only barely detectable in 
rodent testes. Besides structural functions, DCN and BGN 
have additional roles and interfere with growth factor-
signaling and Toll-like receptor-signaling (Adam  et  al. 
2011, Mayer et al. 2016). In men, enhanced deposits of 
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ECM components, containing DCN and BGN, can be 
observed in most cases of male infertility due to impaired 
spermatogenesis. In these fibrotic-remodeled peritubular 
walls also mast cells are abundant (Meineke et al. 2000). 
As mast cells are almost absent in rodent testes, this is 
rather specific for man. Further, testicular mast cells, 
via tryptase, stimulate the production of decorin, which 
may be involved in fibrotic events within the testis 
(Adam et al. 2011). An increased number of mast cells 
in human testes may be related to the fact that HTPCs 
are immunologically active and produce a plethora of 
growth factors and cytokines (Mayerhofer 2013).

The few examples outlined show that the situation 
in mouse testes does not completely reflect the human 
situation and consequently, studies in mice cannot 
elucidate the full spectrum of peritubular cell functions 
in human testicular biology. Indeed, a recent gene 
expression study revealed that testis and liver showed the 
largest differences of individual genes between mouse 
and human compared to all other organs (Cardoso-
Moreira  et  al. 2019). Therefore, studies employing 
adequate models for the human situation are required.

HTPCs can be generated by tissue explant culture from 
individual patients (Albrecht et al. 2006) and passaged 
up to approximately 12 times without substantial 
noticeable changes. However, as shown recently 
(Schmid et al. 2019), they eventually stop proliferating 
and show a number of typical senescence-associated 
changes, like increased cell size, elevated expression 
of senescence-associated β-galactosidase and telomere 
shortening. While this may provide insights into aspects 
of human testicular ageing, this fact limits the use  
of HTPCs.

Patient-derived cells are heterogenous in several 
aspects, including levels of secreted products, for 
example, steroids and cytokines (Landreh  et  al. 2014, 
Welter  et  al. 2014, Mayer  et  al. 2016). The observed 
heterogeneity of HTPCs, presumably due to age and 
patient history, was the primary reason to search for 
a suitable model organism for in-depth studies of 
testicular peritubular cells. We characterized testicular 
peritubular cells from a non-human primate species, 
Callithrix jacchus (Schmid et al. 2018). The comparison 
of HTPCs with these monkey testicular peritubular cells 
(MKTPCs) clearly indicated that they are an apt model 
for the human. However, both MKTPCs and HTPCs can 
only be studied for a limited number of passages, as 
both age and stop proliferation.

To circumvent the need for constant generation and 
characterization of MKTPCs, we attempted to generate a 
cellular model by immortalization of MKTPCs, using the 
human telomerase transcriptase (hTERT) (Masutomi et al. 
2003, Bocker et al. 2008). This approach recently yielded 
immortalized Callithrix jacchus fibroblasts (Petkov et al. 
2018). Here we describe successful immortalization of 
primary MKTPCs with a piggyBac transposon containing 
hTERT, provide a characterization of the modified 

cells and document that they are suitable for in-depth 
mechanistic studies.

Materials and methods

Animal

In the framework of a previous study (Schmid  et  al. 2018), 
MKTPCs were isolated from the testis of a young adult, 
sexually mature, three year old, healthy marmoset monkey 
(Callithrix jacchus) (Li et al. 2005). Early passages of these cells 
were examined and characterized previously (Schmid  et  al. 
2018). Furthermore, cells from early passages were used 
for immortalization and subsequent characterization. As 
described (Schmid  et  al. 2018), the animal mentioned was 
obtained from the self-sustaining colony of the German 
Primate Center (Deutsches Primatenzentrum; DPZ, Göttingen). 
The animal was killed for scientific purposes unrelated to the 
study. Experienced veterinarians performed the killing. Organ 
retrieval from Callithrix jacchus was carried out in accordance 
with relevant institutional guidelines and legal regulations, 
namely the German Animal Protection Act. The collection 
of tissue samples after killing of non-treated animals requires 
only documentation and a retrospective report, and a separate 
permission for organ collection after killing, as well as an 
ethics statement are not required according to the German 
Animal Protection Act (§ 7 Abs. 2 Nr. 3, Tierschutzgesetz). Parts 
of the testis were fixed in Bouin’s fixative and embedded in 
paraffin, sectioned and stained (HE).

Culture of MKTPCs

MKTPCs isolated in the previous study (Schmid et al. 2018) 
were cultured on 0.1% gelatin-coated cell-culture dishes and 
incubated at 37°C/5% CO2 in Dulbecco’s modified Eagle’s 
medium (DMEM) high glucose (Gibco) with supplementary 
10% fetal calf serum (Capricom Scientific GmbH, 
Ebersdorfergrund, Germany) and 1% penicillin/streptomycin 
(Life Technologies). Cells grew and were passaged until growth 
slowed and ceased (around passage (P) 16).

Immortalization of MKTPCs with hTERT-expressing 
piggyBac transposon vector and culture of iMKTPCs

The generation of the piggyBac transposon plasmid for 
overexpression of hTERT (pTT-PB-hTERT-Puro) was published 
recently (Petkov et al. 2018). The construction of the piggyBac 
transposase expression vector (pcA3-PBase-Tomato) was 
described earlier (Debowski  et  al. 2015). It encodes for a 
hyperactive, codon-optimized piggyBac transposase that 
efficiently catalyzes the genomic integration of the hTERT 
expression cassette (present in the co-transfected plasmid 
pTT-PB-hTERT-Puro), which is flanked by the 5′- and the 
3′-terminal repeats of the transposon. The PBase open reading 
frame (ORF) is followed by an internal ribosomal entry site 
(IRES) and the ORF for the fluorescent protein tdTomato. In 
preparation for nucleofection, the MKTPCs (P6–P7) were 
split twice on gelatin-coated tissue culture dishes to improve 
attachment and proliferation. MKTPCs (termed DPZ_cjTPC 
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for archival purpose at the DPZ) at P9–P10 were nucleofected 
using Amaxa™ 4D-Nucleofector™ (Lonza, Basel, Switzerland) 
according to the manufacturer’s instructions. Briefly, 3.5 µg pTT-
PB-hTERT-Puro and 2.8 µg pcA3-PBase-Tomato plasmids were 
added to 1 × 106 cells suspended in 100 µL P2 buffer (Lonza). 
The suspension was mixed, transferred to an electroporation 
cuvette (Lonza), and nucleofected using program CA-137. 
The cells with stable integration of the piggyBac transposon 
were selected for 2 weeks with 1 µg/mL puromycin (Sigma) 
starting at 48 h post nucleofection. Thereafter, the puromycin 
concentration was reduced to 0.3 µg/mL and maintained 
during long-term culture (>P50). All other culture conditions 
were otherwise identical to the ones of primary MKTPCs. For 
all experiments iMKTPCs from P21 up to P50 were used, as 
indicated in the following.

Functional studies

Treatment of iMKTPCs (P23–P50) was performed with FSK  
(10 µM, #F6886) or ATP (1 mM, #A6419). Both chemicals 
were purchased from Sigma-Aldrich. Defined cell numbers 
were seeded in DMEM containing 10% FCS. The medium was 
changed to serum-free medium 24 h before the treatment. The 
substances and respective solvents (FSK: ethanol; ATP: serum 
free DMEM) were added to the cells and transcript levels were 
evaluated after 24 h of stimulation. Results are normalized to 
control conditions.

Immunofluorescence

Prior to fixation with 3.7% formaldehyde (Sigma) for 10 min,  
iMKTPCs (P26) were seeded onto cover slips overnight. 

Washing, permeabilization, staining and mounting steps, as 
well as controls, were performed as described previously 
(Schmid et al. 2018). Antibodies were diluted in 0.1% Triton 
X-100/PBS + 5% goat normal serum (CNN1 1:100, Epitomics, 
Cambridge, UK; ACTA2 1:200, Sigma).

RNA isolation and qPCR

Cultured iMKTPCs (P23–P50) and MKTPCs (P4) were washed 
with PBS and total RNA was isolated according to the 
manufacturer’s instructions of the Qiagen RNeasy Plus Micro 
Kit (Qiagen). Next, 1 µg of the isolated RNA was transcribed to 
cDNA using random 15-mer primers and reverse transcriptase 
(SuperScript II, 200 U/µL, Invitrogen GmbH). Real-time qPCR 
was performed in duplicates using the Roche LightCycler 96 
System (Roche Diagnostics) and the Quantifast SYBR Green 
PCR Kit (Qiagen). After a 95°C preincubation step (300 s), 
40 cycles of PCR amplification were performed using intron-
spanning primer pairs (synthesized by Metabion, Munich, 
Germany). The protocol included the following: 95°C for 10 s, 
annealing and extension (60–72°C) for 15 s and a melting step 
(65–97°C) for 60 s. Detailed primer information is available 
in Table 1. Products were also visualized with Midori Green 
staining in agarose gels (ACTA2, AR, CNN1, hTERT, P2RX4, 
P2RX7). Cq values of treated cells were calculated using RPL19 
as an endogenous reference (CCL2, CCL7, CXCL8, IL1B, IL6, 
StAR). RPL19 was used because of stable expression in both, 
MKTPCs and iMKTPCs, indicated by constant Cq values. The 
proof of amplicon identity was performed by sequence analysis 
(GATC, Konstanz, Germany). Data analysis was carried out 
using the one-sample t-test of −∆∆Cq values.

Table 1 Oligonucleotide primer for qPCR studies.

Gene Gene name Reference ID Nucleotide sequence Amplicon size, bp

ACTA2 Actin alpha 2, smooth muscle NM_001613.2 5′-ACCCAGTGTGGAGCAGCCC-3′
5′-TTGTCACACACCAAGGCAGT-3′

100

AR Androgen receptor XM_008989422.2 5′-GCCCCTGATCTGGTTTTCAA-3′
5′-CCACTGGAATAATGCTGAAGAGT-3′

163

CCL2 C-C motif chemokine ligand 2 XM_002748333.4 5′-GCAGCAAGTGTCCCAAAGAA-3′
5′-TGGGGTTATGGAGTGAGTGT-3′

154

CCL7 C-C motif chemokine ligand 7 XM_002748371 5′-AGAAGAATCACCACCAGCCA-3′
5′-GGCTTGGTTTCAGTTCAGTCA-3′

175

CNN1 Calponin 1 XM_017026289.1 5′-CGAAGACGAAAGGAAACAAGGT-3′
5′-GCTTGGGGTCGTAGAGGTG-3′

183

CXCL8 C-X-C motif chemokine ligand 8 XM_002745733.3 5′-ACAAGAGCCAGCAAGAAACG-3′
5′-CAGTGTGGTCCCCTCTCAAT-3′

233

hTERT Human telomerase reverse transcriptase NM_198253.3 5′-CTGGACGATATCCACAGG-3′
5′-AAGTTCACCACGCAGCCATA-3′

653

IL1B Interleukin 1 beta XM_002757505.4 5'-GGTTGTCGTGGCTATGGAGA-3′
5'-TTTTGTTGTGCATCCCGGAG-3′

189

IL6 Interleukin 6 XM_017975106.1 5′-AAGAGGTAGCTGCCCCAAAT-3′
5′-AGTGCCTCTTTGCTGCTTTC-3′ 

145

P2RX4 Purinergic receptor P2X 4 NM_001256796.2 5′-GATCCCTTCTGCCCCATATT-3′
5′-AGGTTGCAGTCCCAGTTGAC-3′

119

P2RX7 Purinergic receptor P2X 7 NM_002562.6 5′-CCACGAGAAACATCTTGACA-3′
5′-CTGTATTTGGGACGGCAGTG-3′

211

RPL19 Ribosomal protein L19 NM_001330200.1 5′-AGGCACATGGGCATAGGTAA-3′
5′-CCATGAGAATCCGCTTGTTT-3′

199

StAR Steroidogenic acute regulatory protein NM_000349 5′-ACGTGGATTAACCAGGTTCG-3′
5′-CAGCCCTCTTGGTTGCTAAG-3′

149
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β-Galactosidase staining

As previously described, cells from both early and advanced 
passages of MKTPCs (P8; P16) and iMKTPCs (P28; P38; P48) 
were seeded onto coverslips in a 24-well plate (Schmid et al. 
2018). Staining with β-galactosidase was carried out 
according to manufacturer’s instructions using a commercial 
kit (Senescence β-Galactosidase Staining Kit, Cell Signaling 
Technology #9860, Danvers, MA, USA). Pictures were taken 
using the Zeiss Axiovert microscope (Zeiss GmbH).

Transfection studies

iMKTPCs (1.4 × 106 cells per reaction) from advanced 
passage (P23−P50) were mixed with pmaxGFP™ vector 
(Lonza, 2 µg/reaction) and transfected via electroporation 
using the Amaxa™ Nucleofector™ Technology (Lonza). After 
electroporation, iMKTPCs were immediately transferred 
to cell culture media (37°C), plated on cell culture dishes 
and incubated for 24 h at 37°C/5% CO2. Transfection 
efficiency was evaluated by counting GFP-positive cells 
in all viable, adherent growing cells. Cell size and cell 
viability were measured using the CASY® Cell Counter on 
the principle of variations in electrical resistance (Schärfe  
Systems, Reutlingen, Germany), as described before 
(Schell et al. 2010).

Proteome analysis of MKTPCs and iMKTPCs

Cell pellets (primary MKTPCs: P2; iMKTPCs: P 21−25) were 
lysed in 8 M urea and 50 mM ammonium bicarbonate, protein 
content was quantified with a Pierce 660 nm protein assay 
(Thermo Fisher Scientific). Proteins were reduced (4 mM 
dithiothreitol/2mM + Tris(2-carboxyethyl)phosphine final 
concentrations) and alkylated (8 mM iodoacetamide final 
concentration), followed by digestion with Lys-C (enzyme/
total protein: 1/100, Wako) for 4 h and trypsin (enzyme/total 
protein: 1/50, Promega) overnight at 37°C. LC-MS/MS was 
performed with an Ultimate 3000 RSLC instrument coupled 
to an Q Exactive HF-X mass spectrometer. About 2.5 µg 
peptides were separated on an EASY-Spray column (50 cm, 2 
µm, C18, Thermo Fisher Scientific) with a two-step gradient 
from 3% B (0.1% formic acid in acetonitrile) to 25% in 
160 min followed by a ramp to 40% in 10 min. Samples 
were acquired in three technical replicates. The data was 
processed using MaxQuant (v. 1.6.1.0) (Tyanova et al. 2016) 
with the UniProt subset for Callithrix jacchus (retrieval date: 
04/29/2019) supplemented by the built-in contaminant 
database of MaxQuant. For protein quantification the 
MaxQuant label-free quantification (LFQ) strategy was 
used. The LFQ values are based on mass spectrometry 
intensity values of peptides and reflect the amounts of 
the proteins within a sample. For more details please 
refer to Cox  et  al. (2014). Further data analysis including 
statistical evaluation was done with Perseus (1.6.5.0) 
and R (3.6.1) software. Gene ontology (GO) analysis was 
performed with the Panther online tool (http://pantherdb.
org) and the GO ‘biological process’ and ‘molecular  
function’ databases.

Results

Replicative senescence in MKTPCs and 
immortalization of MKTPCs by the insertion of hTERT

Primary MKTPCs were isolated from testicular tissue of 
a healthy, young, adult marmoset monkey with normal 
spermatogenesis (Fig. 1A). After serial passaging of 
MKTPCs, signs of replicative senescence appeared, 
as expected and previously observed in HTPCs 
(Schmid et al. 2019). This was indicated by prominent 
senescence-associated β-galactosidase (SA-β-gal) 
staining of MKTPCs in advanced passages (P16; Fig. 
1B). Further, the cells stopped growing and cell size 
increased (mean diameter of trypsinized MKTPCs at P2: 
20.71 µm and at P12: 24.33 µm; more than 1 million 
cells evaluated using CASY). In contrast, the cell size of 
iMKTPCs did not change in advanced passages (mean 
diameter of trypsinized iMKTPCs P24: 21.35 µm and 
P48: 21.41 µm; more than 1 million cells evaluated 
using CASY).

The insertion of hTERT using a piggyBac transposon 
(Petkov et al. 2018) was recently described for fibroblasts 
from Callithrix jacchus. An identical approach was 
chosen for MKTPCs. While mRNA expression of hTERT 
was found in the immortalized cell line, called iMKTPCs, 
whole testis samples and primary MKTPCs lacked 
hTERT expression (Fig. 1C). The iMKTPCs grew for more 
than 50 passages, without discernable morphological 
changes. Importantly, as seen in phase-contrast images 
of iMKTPCs in different advanced passages (P28; P38; 
P48), they lacked senescence-associated β-galactosidase 
expression (Fig. 1D).

Characteristic markers for testicular peritubular cells 
in iMKTPCs

In an initial step immunofluorescence staining for 
characteristic markers of TPCs was implemented to 
examine iMKTPCs. We observed, as expected and 
documented for MKTPCs (Schmid et al. 2018), positive 
staining for the smooth-muscle markers ACTA2 and 
CNN1 (Fig. 2A and B). Likewise, mRNA expression of 
both markers was detected. In addition, AR was readily 
detected (Fig. 2C). The expression of these markers was 
similar to the primary MKTPCs, prior to immortalization, 
implying that iMKTPCs keep their typical phenotype, in 
general.

Proteome analysis of iMKTPCs vs MKTPCs

In order to further investigate, how the protein pattern of 
MKTPCs is affected by the immortalization procedure, 
we performed a holistic proteome analysis of the primary 
MKTPCs (P2) and of iMKTPCs (P21–25). In MKTPCs 
and iMKTPCs we were able to identify 4033 and 
4271 proteins, respectively. The entire list of identified 
proteins can be found in Supplementary Table 1  
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(see section on supplementary materials given at the 
end of this article). Almost 90% of the identified proteins 
were found in both iMKTPCs and MKTPCs, indicating a 
high similarity of both proteomes. Of note, not only the 
expression of smooth muscle proteins, such as ACTA2 
and CNN1, remains but also proteins relevant for further 
functions of peritubular cells, like DCN and BGN, 
were found in MKTPCs, as well as in iMKTPCs. In the 
next step, we performed a quantitative comparison of 
iMKTPCs vs MKTPCs proteomes. Hierarchical clustering 
separates iMKTPCs and MKTPCs indicating alterations 
in the proteome of iMKTPCs due to the transfection 
with piggyBac transposon plasmid (Fig. 3A). However, 
the scatter plot of protein intensity values (MaxQuant 
LFQ values) showed a high correlation coefficient 
of 0.96 (Fig. 3B) between MKTPCs and iMKTPCs. 
Proteins ranked by LFQ intensity values revealed 
similar S-shaped distributions over a dynamic range 
of four orders of magnitude of MS signals in the two 
cell types (Fig. 3C). To further investigate if the most 
abundant proteins in MKTPCs are also highly abundant 
in iMKTPCs, the 25 most abundant iMKTPC proteins 
were sorted according to their median intensity and 
compared to their abundance rank in MKTPCs. In all 
cases the proteins are contained in the top 50 list of most 
abundant MKTPC proteins (Table 2). This result reflects 
that immortalization affects the abundance of very high 
abundant MKTPC proteins. This is not surprising, since 
cell immortalization is a significant intervention into a 

Figure 1 Immortalization of MKTPCs. (A) Morphology (H.E. staining) of the testis from the donor animal used for MKTPC isolation. (B) 
Senescence-associated β-galactosidase staining of primary MKTPCs in an early passage (P6) and an advanced passage (P16). (C) Expression of 
hTERT in immortalized cells (P31), but not in primary cells (P4) or whole testis (-: no template control; -RT: no reverse transcription control).  
(D) Absence of senescence-associated β-galactosidase staining of iMKTPCs in advanced passages (P28; P38; P48).

Figure 2 Initial characterization of iMKTPCs. (A) Immunofluorescence 
of smooth-muscle actin (ACTA2) and (B) calponin (CNN1) in 
iMKTPCs (P26). Inserts: controls (omission of primary antibody).  
(C) Expression analysis of androgen receptor (AR), ACTA2 and CNN1 
in MKTPCs (P4) and iMKTPCs (P31) (-: no template control; -RT: no 
reverse transcription control).
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complex biological system. Nevertheless, the 25 most 
abundant iMKTPC proteins (out of 4271 identified) were 
also very highly abundant in MKTPCs (among the 50 
most abundant out of 4033 identified MKTPC proteins), 
indicating that the phenotype remains preserved to a 
high degree. To analyze the similarity between MKTPCs 
and iMKTPCs at the level of protein function, identified 
proteins were subjected to the PANTHER analysis 
tool. For both ‘Biological Process’ and ‘Molecular 
Function’ the proportion of Gene Ontology terms is very  
similar (Fig. 4).

Functional studies in iMKTPCs

A recent study described extracellular ATP as a mediator 
of danger-signaling in HTPCs by increasing expression 
of pro-inflammatory cytokines (Walenta  et  al. 2018). 
ATP, among others, may be derived from mast cells in 
human testes (Gelain  et  al. 2003, Junger 2011). Cell 
culture treatments of iMKTPCs (P23–P50) revealed 
similar results when examined by qPCR, showing 
upregulation of the inflammation-associated genes IL1B, 
IL6, CXCL8, CCL2 and CCL7 upon ATP treatment (Fig. 
5A). Expression of the purinoceptor subtypes P2RX4 
and P2RX7, which in HTPCs appear to mediate these 
actions (Walenta  et  al. 2018), was found in cultured 
MKTPCs and iMKTPCs, as well (Fig. 5B). Further, 
stimulation of iMKTPCs (P23–P50) with FSK resulted in 

elevated mRNA levels of StAR, as described earlier for 
their human equivalent, HTPCs (Landreh et al. 2014), 
indicating their steroidogenic capacity (Fig. 5C). Finally, 
iMKTPCs (P23–P50) were efficiently transfected with a 
pmaxGFP™ vector by electroporation. GFP expression 
was observed in 76.1% of the viable, adherent growing 
cells after electroporation (Fig. 5D).

Discussion

Rodent models are often used in biomedical research. 
Yet, results of a recent gene expression study showed 
that among the organs examined the testis, together with 
liver, shows the largest differences in the expression of 
individual genes between mouse and human (Cardoso-
Moreira et al. 2019). This emphasizes that in order to 
understand the human situation adequate models for the 
testis are required.

We previously identified Callithrix jacchus as 
a possible model, because testicular structures of 
marmosets are comparable with the ones in humans, 
including characteristics of germ cell development and 
function and the multilayered peritubular wall (Michel 
& Mahouy 1990, Millar  et  al. 2000, Mansfield 2003, 
Zuhlke & Weinbauer 2003). In addition, the whole 
genome of Callithrix jacchus is known (Sato et al. 2015), 

Figure 3 Quantitative proteome analysis of MKTPCs and iMKTPCs. 
Protein abundance was determined by MaxQuant label-free 
quantification (LFQ). (A) Hierarchical clustering analysis and (B) 
scatter plot of median log2 LFQ protein intensities from MKTPCs and 
iMKTPCs samples. The Pearson correlation coefficient is depicted in 
the left upper corner. (C) Dynamic range of the identified MKTPC and 
iMKTPC proteins. Proteins were ranked by their intensity values. 
Log10 intensities for each protein were plotted vs their rank. Dots 
represent single proteins.

Table 2 The top 25 most abundant iMKTPC proteins and their 
respective abundance rank in the MKTPC proteome.

Gene name Protein name
Rank

iMKTPC MKTPC
VIM Vimentin 1 2
ACTG1 Actin, cytoplasmic 2 2 1
MYH9 Myosin-9 3 3
FLNA Filamin-A 4 4
LGALS1 Galectin-1 5 14
TUBB4B Tubulin beta-4B chain 6 11
ANXA2 Annexin A2 7 16
TPM1 Tropomyosin alpha-1 chain 8 5
ACTN1 Alpha-actinin-1 9 9
CALD1 Caldesmon 10 8
TAGLN Transgelin 11 6
PKM Pyruvate kinase PKM 12 20
ACTC1 Actin, alpha cardiac muscle 1 13 10
ACTA2 Actin, aortic smooth muscle 14 7
ENO1 Alpha-enolase 15 12
TUBA1B Tubulin alpha-1B chain 16 17
PPIA Peptidyl-prolyl cis-trans 

isomerase A
17 13

PRDX1 Peroxiredoxin-1 18 41
GAPDH Glyceraldehyde-3-phosphate 

dehydrogenase
19 21

AHNAK Neuroblast differentiation-
associated protein AHNAK 
(Desmoyokin)

20 25

P4HB Protein disulfide-isomerase A3 21 36
ACTN4 Alpha-actinin-4 22 18
HSPA8 Heat shock cognate 71 kDa 

protein
23 24

ANXA5 Annexin A5 24 19
PDIA3 Protein disulfide-isomerase A3 25 48

�"8��.010�2:�������/�18��2�/. /���.������	��������
��
����
!�.�� 0"����.#�����.8��-8�!1:���A�� 8/418

https://rep.bioscientifica.com


https://rep.bioscientifica.com

Immortalized testicular peritubular cells 265

 Reproduction (2020) 160 259–268

enabling further investigations on the genomic and 
proteomic level.

Previously, MKTPCs from six different healthy, young 
marmoset monkeys, with normal spermatogenesis 
(raised under controlled conditions) were analyzed and 
the results confirmed that they very closely resemble 
patient-derived HTPCs (Schmid et al. 2018). The analysis 
of the proteome and the correlation analysis with HTPCs 
revealed conformity between MKTPCs and HTPCs at the 
level of protein expression patterns and a high degree 
of inter-individual reproducibility of MKTPCs. However, 
the use of MKTPCs for mechanistic studies has limits, 
as they age in cell culture, change their phenotype and 
stop proliferation. Signs of replicative senescence are 
observed after 10–16 passages in MKTPCs (Fig. 1B). 
Similar changes were seen in HTPCs after around 12 
passages (Schmid  et  al. 2019). While this allows one 
to study the specific senescence-associated changes, 
which may then allow conclusions to testicular ageing 
(Schmid et al. 2019), the cessation of cell proliferation 
rules out additional experiments.

Therefore, MKTPCs derived from a young 
adult animal exhibiting normal spermatogenesis 
and testicular morphology (Fig. 1A), previously 
characterized together with further MKTPCs from other 
individuals (Schmid  et  al. 2018), were immortalized 
by insertion of a piggyBac transposon with hTERT. 
Such an approach has previously yielded immortalized 
fibroblasts (Petkov  et  al. 2018). This method does not 
need viral oncogenes, which could also contribute to 
the preservation of peritubular phenotype of iMKTPCs. 
The immortalized MKTPCs (termed DPZ_cjTPC1) grew 
without recognizable change for more than 50 passages 
in the meantime in our lab. No evidence for cellular 
senescence, indicated by senescence-associated 
β-galactosidase activity was observed (up to P48), but 
occurred in the original, primary cells in advanced 
passages, in which cell proliferation also slowed and 
eventually stopped.

Beside stability during cell culture experiments, the 
similarity to the primary cell is important for a cell 
culture model. Therefore, we investigated the molecular 
profiles of the primary and the immortalized MKTPCs 
at the highly relevant level of the proteome. Despite 
alterations induced by the immortalization procedure, 
the scatter plot of MKTPCs vs iMKTPCs protein intensity 
values showed a Pearson correlation coefficient of 
>0.95 clearly demonstrating a high degree of similarity 
between the abundance patterns of the primary MKTPC 
and the derived iMKTPC proteomes. Moreover, the 
preservation of the smooth muscle-like phenotype 
is reflected by the high abundance of characteristic 
proteins in iMKTPCs. Using a label-free quantification 
approach, we could show that the 25 most abundant 
MKTPC protein groups remain highly expressed in 
iMKTPCs. Also, a functional GO analysis of identified 
MKTPC and iMKTPC proteins lead to nearly identical 
results indicating that the iMKTPCs almost completely 
retain their phenotype after immortalization.

As the primary goal was to generate an adequate 
model for HTPCs, we next examined whether the 
response of iMKTPCs to FSK is comparable to the 
one described in HTPCs previously. HTPCs when 
challenged with FSK, increased level of StAR transcripts 
(Landreh  et  al. 2014). The primary MKTPCs and the 
derived iMKTPCs express StAR, like HTPCs, iMKTPCs 
responded to FSK stimulation by increased level of 
StAR, which indicates their steroidogenic capacity and 
thus may allow additional studies (Chemes et al. 1985, 
Haider 2004). HTPCs produce pro-inflammatory factors 
(e.g. IL1B, CCL7), which increased upon stimulation 
with ATP (Walenta et al. 2018). This was also found in 
iMKTPCs. Both primary MKTPCs and iMKTPCs express 
possible mediators of ATP signaling, the purinoceptors 
P2XR4 and P2RX7.

We evaluated the potential for mechanistic studies 
involving transfection in iMKTPCs. A transfection 
approach of iMKTPCs using the pmaxGFP® vector 

Figure 4 Functional annotation of identified 
MKTPC and iMKTPC proteins. PANTHER 
analysis using the (A) ‘biological process’ and 
(B) ‘molecular function’ Gene Ontology 
databases for MKTPC (left) and iMKTPC (right) 
proteomes.
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Figure 5 Cell culture treatment of iMKTPCs. (A) Treatment of iMKTPCs with ATP (1 mM, 24 h) significantly increased expression of pro-
inflammatory factors (IL1B, IL6, CXCL8, CCL2, CCL7). (B) P2XR4 and P2XR7 expression in MKTPCs (P4) and iMKTPCs (P31) (-: no template 
control; -RT: no reverse transcription control). (C) Summary of qPCR analyses of StAR levels after FSK (10 µM, 24 h) treatment of iMKTPCs. For 
the qPCR studies iMKTPCs from four to five different passages (P23–P50) were used. qPCR data are means + S.D., normalized to the respective 
untreated controls. Asterisks denote statistical significance, *P < 0.05 (one-sample t-test). (D) Transfection via electroporation (Ep) of iMKTPCs 
with pmaxGFPTM showed 76.1% efficiency of the viable, adherent growing cells.
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and electroporation revealed that a high transfection 
efficiency can be reached. This allows, for instance, 
gene activation or inactivation studies, for example, 
using CRISPR/Cas9 technology, or overexpression of 
various proteins aimed at the development of potential 
treatments for infertility, in a stable cellular environment.

In conclusion, the results of this study indicate that 
iMKTPCs, derived from a healthy non-human primate, 
raised under controlled conditions, are a highly relevant 
translational model and a surrogate for HTPCs, which 
in contrast stem from patients and show high inter-
individual variability. iMKTPCs will allow mechanistic 
studies to further explore the roles of peritubular cells 
of the testis, without the need of additional animals. We 
anticipate that the use of these cells may lead to a better 
understanding of the roles of peritubular cells in male 
(in)fertility.
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2.3.1 Supplementary information of publication III 
 

Supplementary table 1 

Entire list of identified proteins of the proteome analysis of iMKTPCs and MKTPCs 

(available at https://rep.bioscientifica.com/view/journals/rep/160/2/REP-20-0100.xml). 
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3 DISCUSSION 
 

Fifty years ago, Geoffrey Burnstock established the concept of purinergic signalling 

(1972). Over the years, numerous studies investigated the role of the purinergic 

system, revealing functional and structural properties. However, in the human testis 

this signalling system is still poorly examined.  

 

The present work aimed to explore the purinergic system in the human testis. The 

main focus was on the role of the nucleotide ATP (Figure 9A) and its metabolites, 

ectonucleotidases, adenosine receptors and specifically their role in contractile and 

inflammatory responses (Figure 9B). Testicular peritubular cells (TPCs) were used as 

an applicable cell culture model. Next to the patient-derived HTPCs, TPCs of mice 

were used as well. Furthermore, a translational cellular model for TPCs, using 

peritubular cells of the marmoset monkey Callithrix jacchus, was established and 

compared to HTPCs (Figure 9C).  

 

 
Figure 9. Overview of the main results. 

(A) Fleck et al. (2021), (B) Missel et al. (2021) and (C) Schmid et al. (2020). 

 

3.1 Contraction of peritubular cells by ATP and sperm transport 

 

Seminiferous tubules of the human testis are the site of sperm production, which 

meant to be transported to the rete testis and epididymis. Sertoli cells surround germ 

cells during spermatogenesis, prior to detachment of immotile spermatozoa and their 

release into the lumen of the seminiferous tubules. The mechanisms of sperm transport 

through the seminiferous tubules remain unclear (Hargrove et al. 1977; Romano et al. 
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2005). Efferent nerve endings are missing in the testis, therefore contractile forces were 

already suggested to be regulated by endocrine and/or paracrine factors (Tripiciano et 

al. 1996; Romano et al. 2005; Albrecht et al. 2006). However, involvement of the 

purinergic system was not yet evaluated, or even considered as unlikely in older rat 

studies (Hovatta 1972; Kormano and Hovatta 1972).  

 

Purinergic receptors mediate the actions of extracellular ATP, and the physiology of 

smooth muscle cells can be affected by P2 receptors. The ligand-gated ion channels 

P2X are activated by ATP and are permeable for Ca2+. Smooth muscle cells of the tunica 

albuginea express the receptors P2X1 and P2X2, and contractions in this area were 

found to be mediated by autonomic innervation, which uses ATP as a (co)transmitter 

(Banks et al. 2006b). Also, the smooth muscle-mediated contraction of the vas deferens 

is regulated by P2X1. Its total absence leads to infertility in transgenic mice (Mulryan 

et al. 2000; Banks et al. 2006a).  

 

Peritubular cells of both human and mouse express several P2X and P2Y receptors 

(Walenta et al. 2018; Fleck et al. 2021). This raised the question, whether extracellular 

ATP is a possible activator of TPC contractions and initiator of sperm transport 

through the seminiferous tubules towards the rete testis. The study of Fleck et al. (2021) 

is the first one that describes ATP as an activator of peritubular cells by P2 receptors, 

leading to coordinated tubule contractions. Seminiferous tubules in mice, in situ and 

in vivo, showed ATP-triggered luminal sperm transport. Spontaneous contractions, 

which were measured by a novel in vivo setting, and ATP-triggered contractions 

resembled in their velocity and direction in transporting luminal content through the 

tubules. Contractions were measured in acute seminiferous tubule sections (Fleck et 

al. 2016), as well as in isolated TPCs of mice and men. Measurements in mouse TPCs, 

in vivo and in vitro, exposed robust Ca2+-signals in reaction to extracellular ATP. 

Peripheral Ca2+-activity after short-term ATP exposure occurred coinciding to minimal 

delayed contractile motions of seminiferous tubules. Therefore, parallel recordings 

indicated a clear coherence due to the reaction’s chronology. These responses in TPCs 

are jointly mediated by P2X and P2Y receptors, whereby P2X receptors react to ATP 

exposure in supporting Ca2+-transport and trigger P2Y receptors to mediate 

intracellular Ca2+-mobilization in TPCs (Fleck et al. 2021).  
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Contractions of seminiferous tubules, induced by extracellular ATP, can transport 

luminal fluid and immotile sperm cells. Even in basal conditions, a luminal flow was 

detected in the tubules, but additional ATP evoked an intensified flow. The movement 

along the tubules has a wave-like unidirectional motion, coinciding with Ca2+-signals 

in speed and direction (Fleck et al. 2021). Most of the measurements were performed 

- due to availability and feasibility - in the mouse testis. To study contraction of 

HTPCs, collagen gel lattices were used which enable measurement and quantification 

of contractions of embedded cells (Tung and Fritz 1987; Ailenberg et al. 1990; Schell et 

al. 2010). Collagen gels reduced their surface size massively after ATP incubation. In 

addition, live cell imaging of cultured HTPCs revealed a shrinking of the cells and a 

rapid decrease of their cell surface after exposure with ATP (Fleck et al. 2021). 

Although, differences between human and mouse testis exist regarding structure and 

the spermatogonial stem cell system (Tung and Fritz 1990; Ehmcke et al. 2006; 

Weinbauer et al. 2009; Mayerhofer 2013), the findings of tubular motion in the mouse 

are likely transferable to the human system. 

 

3.2 The role of testicular adenosine in peritubular cells  

 

Testicular disorders, acquired or congenital ones, affect men’s fertility. Inflammatory 

processes in the testis are likely a cause or a consequence of testicular disorders. In any 

way, they negatively influence male reproduction. Therefore, the present study 

indicates a direct association of the purinergic system with inflammation in the testis 

and suggests the potential consequence of related disturbances in male fertility. 

 

Extracellular ATP is not only a mediator of contraction of peritubular cells (Fleck et al. 

2021), it is also a danger signal causing a strong pro-inflammatory response in these 

cells and therefore may contribute to sterile inflammation (Walenta et al. 2018). 

Regulated release mechanisms or cell disruption can lead to an accumulation of 

extracellular ATP. However, the stability of ATP and therefore its range of action can 

be limited, as ectonucleotidases are located on cell surfaces and ensure a rapid 

degradation of ATP into its metabolites (Zimmermann 1992; Colgan et al. 2006; 

Grinthal and Guidotti 2006; Allard et al. 2017). Several sources of extracellular ATP are 

present in the testis and in the closer environment of peritubular cells, including Sertoli 
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cells, mast cells, nerve fibers and continuous apoptosis of germ cells (Mayerhofer et al. 

1999; Meineke et al. 2000; Baum et al. 2005; Gelain et al. 2005; Xiong et al. 2009).  

 

Similar to the action of ATP on peritubular cells, its final metabolite adenosine was 

found to induce strong pro-inflammatory responses via upregulated pro-

inflammatory cytokine levels (Missel et al. 2021). The two ectonucleotidases CD39 and 

CD73 are ubiquitously expressed membrane-bound enzymes and responsible for the 

conversion of ATP to the final metabolite adenosine (Zimmermann et al. 2012). Their 

presence in testicular cells, especially in the human testis has not been described yet. 

However, peritubular cells of mice express both enzymes (Martin-Satue et al. 2009; 

Martin-Satue et al. 2010). Missel et al. (2021) found expression of CD39 and CD73 in 

HTPCs, which implied the possibility of the breakdown of ATP in the peritubular 

compartment of men. Peritubular cells are located directly adjacent to tubular and 

interstitial areas. In this setting, actions of ATP were already described in rodent 

Sertoli, Leydig and germ cells (Casali et al. 2001; Zamoner et al. 2006; Veitinger et al. 

2011; Fleck et al. 2016).  

 

Dephosphorylation of ATP, ADP and AMP generates free phosphate groups, which 

can be measured using the malachite green assay, a sensitive method based on a 

complex formed by malachite green, molybdate, and free orthophosphate (Cogan et 

al. 1999). Using this method in HTPCs gave clear evidence that breakdown of ATP, 

ADP and AMP occurs, a direct hint to the activity of the ectonucleotidases CD39 and 

CD73 and therefore the possible generation of adenosine in the peritubular 

compartment (Missel et al. 2021).  

 

Active ectonucleotidases regulate the concentration of extracellular ATP and enable 

the generation of metabolites to affect cells in adjacent compartments. ATP exposure 

in a previous study of rat Sertoli cells resulted in much weaker adenosine 

accumulation than in peritubular cells of rats. In their study, ectonucleotidase activity 

after ATP exposure, revealed stronger effects of adenosine generation in both germ 

cells and peritubular cells than in Sertoli cells, indicating activity of CD39 and CD73 in 

the peritubular compartment (Gelain et al. 2003). The present study in HTPCs 

confirmed these findings regarding CD39, as its inhibition by POM-1 blocked both the 

release of extracellular phosphate levels and pro-inflammatory cytokine levels after 
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ATP and ADP addition in HTPCs (Missel et al. 2021). POM-1 is an effective and 

specific blocker and already showed beneficial effects in several other conditions 

(Reutershan et al. 2009; d'Almeida et al. 2016; Pimenta-Dos-Reis et al. 2017; Yang et al. 

2020). 

 

Adenosine exposure of isolated peritubular cells of human and mouse, as well as 

organotypic testes cultures of mice, induced severe upregulations of pro-inflammatory 

cytokine levels (Missel et al. 2021). Secretion of these cytokines can initiate immune 

cell infiltration and negatively influence spermatogenesis. For instance, adenosine has 

a significant impact on the expression of the prototypical pro-inflammatory cytokine 

IL-1B, which is described to induce a decrease in testosterone production in the testis 

(Fraczek and Kurpisz 2015). Further, IL-1B in turn is a possible inducer of MCP3, 

MCP1 and IL-6 synthesis (Polentarutti et al. 1997; Weber et al. 2010). Elevated 

cytokines can affect the permeability of the blood-testis barrier and, thus, facilitate 

their transport into the tubular compartment. Acting on Sertoli cells and germ cells, 

cytokines can modulate FSH levels, induce apoptosis of spermatogonial stem cells or 

reduce the fertilizing capacity of sperm cells (Petersen et al. 2004; Jacobo et al. 2011). 

Therefore, cytokines are necessary to tightly control spermatogenesis (Petersen et al. 

2004), but a dysregulation in the ejaculate can disturb spermatogenesis and elevated 

levels are a possible indicator for testicular disorders (Pilatz et al. 2013).  

 

3.2.1 The adenosine receptors ADORA and inflammation 

 

Adenosine can activate the four G protein-coupled adenosine receptors A1, A2A, A2B 

and A3. It can also be deaminated to inosine by ADA. In HTPCs, inosine treatment 

resulted in no pro-inflammatory response in contrast to adenosine. Binding of 

adenosine to the associated receptors seems more likely, as the use of NECA, an 

analogue of adenosine and activator of the adenosine receptors, increased pro-

inflammatory cytokines, as adenosine did (Missel et al. 2021). Rodent studies already 

found adenosine in the testis and suggested a function in sperm physiology (Conti et 

al. 1989; Dixon et al. 1996). So far unknown, mRNA expression of all four adenosine 

receptors was found in the human testis and except for A3, they are also expressed in 

peritubular cells. Both, mouse whole testis and peritubular cells express all four 
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adenosine receptors (Missel et al. 2021). Variations in the expression of A3 are known 

to differ significantly among species (Ramkumar et al. 1993). 

 

The A2B receptor was determined as the prime candidate for being activated by 

adenosine in TPCs. Merely an agonist of A2B resulted in significantly increased pro-

inflammatory cytokine levels, the agonists of A1 and A2A did not. Also, several 

commercial antibodies for A1 and A2A yielded non-specific results, in contrast to A2B-

antibodies. A2B was localized in the tubular wall in situ on paraffin-embedded human 

testis samples. It is the only adenosine receptor that was activated by an agonist in vitro 

in HTPCs, resulting in pro-inflammatory effects, similar to those after adenosine 

exposure. A downregulation of A2B in HTPCs decreased those pro-inflammatory 

cytokines (Missel et al. 2021). Influence of A1 and A2A cannot, however, be excluded, 

as heteromerization of adenosine receptors can occur (Moriyama and Sitkovsky 2010; 

Smith and Milligan 2010).  

 

Different to other tissues, where adenosine signalling is mainly described as a 

dampener of acute inflammation and tissue injury induced by ATP (Ohta and 

Sitkovsky 2001; Flogel et al. 2012), studies in peritubular cells revealed strong pro-

inflammatory actions of both adenosine and ATP. Further insights into the network of 

testicular cells and the peritubular environment were employed by organotypic tissue 

cultures of mouse testis fragments. Stable Leydig cell and Sertoli cell markers in 

combination with elevated cytokine levels support the pro-inflammatory role of 

adenosine in the whole testis (Missel et al. 2021). Despite species dependent differences 

in expression profiles and tissue structures in the testis of mouse and human, the 

contribution of peritubular cells to the pro-inflammatory role of adenosine was also 

examined in isolated TPCs of the mouse. Similar to the results in human TPCs, strong 

pro-inflammatory actions of adenosine and a comparable action of ATP appeared in 

MTPCs, suggesting the generation of active ATP metabolites (Missel et al. 2021).  
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3.3 An immortalized translational model for peritubular cells 

 

The described studies demonstrate the difficulties researchers are exposed to. It is 

almost impossible to perform organotypic tissue cultures of the human testis, due to 

the lack of whole testis samples. Furthermore, patient samples differ significantly with 

respect to age, lifestyle and health status. HTPCs are patient-derived cells and show 

clear heterogeneity regarding secreted products like steroids and cytokines (Landreh 

et al. 2014; Welter et al. 2014; Mayer et al. 2016). Rodent models are more convenient 

and often used in biomedical studies, as they overcome issues concerning tissue 

availability and heterogeneity. Nevertheless, in terms of testicular studies, species 

dependent differences hamper translation into the human situation. Already earlier 

studies indicated notable differences of rodent and man, regarding testicular 

structures and the spermatogonial stem cell system (Tung and Fritz 1990; Ehmcke et 

al. 2006; Weinbauer et al. 2009; Mayerhofer 2013). Recently, it was shown, that gene 

expression of the testis has one of the largest differences between mouse and human, 

compared to other mammalian species and organs (Cardoso-Moreira et al. 2019). 

 

Non-human primates show smaller differences regarding testicular gene expression 

and a higher similarity to humans with respect to testicular structure, germ cell 

characteristic, architecture of the peritubular wall and spermatogenesis (Millar et al. 

2000; Wistuba et al. 2003; Zuhlke and Weinbauer 2003; Cardoso-Moreira et al. 2019). 

MKTPCs are isolated peritubular cells from the marmoset monkey Callithrix jacchus, 

and were shown to be a suitable tool to study peritubular cells (Schmid et al. 2018). 

They have the advantage that they stem from marmosets which were grown up in an 

environment of documented nutrition and medical history.  

 

HTPCs, MTPCs and MKTPCs are altogether well examined cellular models and each 

one has delivered important insights into peritubular cells of the testis. However, their 

use is limited, as they all have in common that they undergo senescence-associated 

changes (Schmid et al. 2019). Replicative senescence is the result of progressive 

telomere shortening (Allsopp et al. 1995) and can be avoided by immortalization using 

the insertion and therefore overexpression of hTERT (Kim et al. 1994; Petkov et al. 

2018).  
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In this study, MKTPCs were immortalized (iMKTPCs) with a piggyBac transposon 

containing hTERT, and characterized regarding their usability and comparability to 

HTPCs (Schmid et al. 2020). iMKTPCs can be cultured over more than 50 passages 

without any evidence for cellular senescence. A high degree of similarity between 

iMKTPCs and MKTPCs was demonstrated on the proteome level, proving that they 

retain their phenotype despite immortalization. Expression of the receptors P2X4 and 

P2X7, and increasing pro-inflammatory cytokines after ATP exposure, indicated that 

iMKTPCs are an ideal model for in-depth studies of the purinergic system (Schmid et 

al. 2020).  

 

3.4 Summary  

 

The present study indicates that the purinergic system – although not fully explored 

yet – is involved in the regulation of inflammatory events in the testis and luminal 

sperm transport. On the one side, ATP is one of the main stimuli of contractile forces 

in the testis and on the other side, adenosine is a pro-inflammatory molecule. Both 

results raise the question regarding the mechanistic basis of tubule contractions, and 

their involvement in testicular sperm transport as well as of the role of the intermediate 

metabolites ADP and AMP.  

 

In summary, three types of contractions in the seminiferous tubules were shown by 

Fleck et al. (2021): Spontaneous contractions, as well as those induced by intracellular 

Ca2+-increase and by extracellular ATP. Therefore, luminal sperm transport in 

seminiferous tubules has to be mediated by paracrine purinergic signalling. Described 

reduced sperm counts in the ejaculate (Levine et al. 2017) may be one factor of 

disturbances in luminal sperm transport. As numbers of sperm are measured in the 

ejaculate and not at the site of spermatogenesis, the whole genital tract can affect sperm 

count, and contractility in seminiferous tubules can be one causal factor. Therefore, in 

addition to previous findings, that intracellular ATP (acting on the dynein arms in the 

flagellum) is a main player in the propulsion of sperm (Chan and Wang 1987), the 

present study found that extracellular ATP is an important player of sperm transport 

out of the testis (Fleck et al. 2021).  
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Adenosine is a pro-inflammatory molecule and sterile inflammation contributes to 

idiopathic infertility (Pelliccione et al. 2011; Milardi et al. 2017; Pilatz et al. 2019). 

Hence, if the results of these studies are transferable to the human situation in vivo, 

disturbances in this system can lead to male infertility. The inhibition of adenosine 

generation in the extracellular space, by blocking CD39, is only one possible target. 

Also, A2B, as the main receptor involved in adenosine signalling in the testis, is 

suitable to impair pro-inflammatory actions by receptor blockers or therapeutic 

antibodies (Wendell et al. 2020). 

 

No single cellular model can mirror the complete situation in a tissue or organ, but 

they can allow relevant insights and are therefore of great importance and non-

substitutable for basic research. One goal in science should be to either avoid animal 

studies or at least reduce their number of animals used for the experiment. In this line, 

following the 3R rule (replacement, reduction and refinement), formulated by Russel 

and Burch (1959), iMKTPCs are a suitable and long-lasting translational tool for the 

study of peritubular cells.  

 

3.5  Future perspectives 

 

This work gained new insights into the complex purinergic system in the testis. 

However, several questions still remain or can now be asked based on the findings of 

this study. Future experiments should address, whether ATP metabolites are also 

involved in contractile mechanisms and morphological changes of TPCs, and if a 

coordination of the contractile forces exists, for example by a coupling of TPCs by gap 

junctions.  

Holistic approaches of adenosine treated TPCs, like proteome analyses and single-cell 

sequencing, could confirm and complete findings of the pro-inflammatory role of 

adenosine in the testis. While extracellular levels of adenosine activate the A2B 

receptor, an involvement of the other adenosine receptors, ADA and the transporters 

CNT and ENT cannot be ruled out and still has to be examined. Expression and activity 

of the ectonucleotidases was demonstrated in HTPCs with a clear indication of a 

generation of metabolites of ATP. However, the amount of the generated products is 
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still unclear. A measurement of ADP, AMP and adenosine concentrations after ATP 

exposure would solve this issue.  

Primary cells such as HTPCs and MTPCs are not appropriate for knockout studies. 

The stable cellular model iMKTPC is the first TPC model with the possibility to modify 

the gene of interest using the CRISPR/Cas9 technology. An inactivation of P1 and P2 

receptors would be the first step to strengthen the findings regarding ATP and 

adenosine of the present studies.  

 

Insights into the purinergic system in the human testis open up a variety of new 

possibilities of therapeutical use in both infertility treatment and birth control. Male 

contraceptives are to date limited to condoms and vasectomies. Despite ongoing 

research in hormonal male contraception, efficiency rates are insufficient to outweigh 

androgenic side effects (Abbe et al. 2020). P2X1 receptors were already identified as 

candidates for non-hormonal contraceptives, due to their contractile function in the 

vas deferens (Mulryan et al. 2000; Burnstock 2017). As P2-receptors are also involved in 

luminal sperm transport inside the testis (Fleck et al. 2021), they could be also potential 

targets to limit the amount of sperm cells migrating to the epididymis. The control of 

sperm output in the ejaculate, dependent upon contractile events, may also be useful 

to treat male infertility, as the action of receptors, involved in luminal sperm transport, 

could be enhanced by ATP-potentiating agents or specific agonists.  

 

There is a high prevalence of inflammatory disorders in the testis with an associated 

risk for irreversible male infertility. However, therapeutics are to date still rare (Fijak 

et al. 2018; Haidl et al. 2019). Therefore, the present study indicates new approaches, 

using inhibition of the ectonucleotidase CD39 or the adenosine receptor A2B, as 

promising therapeutic targets to treat inflammatory events in the male testis.  

 

In conclusion, the purinergic system in the testis is involved in the regulation of 

testicular function. Therefore, the understanding of molecular processes of tubular 

contraction, testicular inflammation and the purinergic system, involved in both 

situations, would be an important step towards a better treatment for male (in)fertility. 
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Single-cell analysis of HTPCs  

 

In recent years the powerful method of single-cell RNA-seq was established, using 

next-generation sequencing technologies on thousands of individual cells. This 

method enables studies on entire organs with no need for prior sorting. It also allows 

one to study cells of in vitro cultures and to identify their expression profiles, to 

uncover heterogeneity of cell clusters and to indicate developmental trajectories (Wu 

et al. 2017).  

 

 
Figure 10. UMAP plot of the single-cell HTPC dataset.  

HTPC samples exposed to two conditions, were integrated after single-cell sequencing and visualized 

using UMAP (blue: cultivated with FCS; orange: serum starved). Expression patterns of the typical 

peritubular marker gene ACTA2, the P2-receptors P2X4 and P2X7, the ectonucleotidases CD39 

(ENTPD1) and CD73 (NT5E), and the adenosine receptor A2B are shown. Grey points indicate low or 

no expression and red points higher expression. 

 

Employing a single-cell sequencing approach, HTPCs were analysed in a pilot study. 

Cells stem from a testicular sample which displayed normal spermatogenesis, and 

were exposed to two conditions: ('FCS') cultivation in standard conditions containing 
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5% FCS (Fetal calf serum) or ('noFCS') serum starvation for 24 h. 10,000 cells of each 

sample were loaded into a Chromium Single Cell Chip A (10x Genomics). After cDNA 

synthesis, library construction and sequencing, raw data was filtered regarding 

different quality control metrics and normalized. Based on a principal component 

analysis, a sheared neighbour graph was constructed and final data was visualized 

using the non-linear dimensional reduction method UMAP (Becht et al. 2018; McInnes 

and Healy 2018).  

 

Figure 10 shows preliminary unpublished results. Expression of the typical 

peritubular marker gene ACTA2 proves the cellular identity of HTPCs. Furthermore, 

the receptors P2X4, P2X7, A2B and ectonucleotidases CD39 (ENPTD1) and CD73 

(NT5E), as part of the purinergic system, were detected in HTPCs. Differences in 

expression profiles between both conditions are detectable and require further 

evaluation. Each sample provides information of more than 6,000 cellular 

transcriptomes with more than 17,000 measured genes. 

 

Single-cell sequencing enables a wide range of opportunities allowing in-depth 

insights into peritubular cells. Therefore, next to one-dimensional expression profiles 

of various genes, high-dimensional vectors like RNA-velocity can be analysed, 

indicating future states of individual cells. Single-cell studies of whole testis samples 

have recently been published, profiling developmental and pathological aspects (Guo 

et al. 2018; Sohni et al. 2019; Shami et al. 2020; Di Persio et al. 2021; Guo et al. 2021). As 

peritubular cells represent only a small proportion of testicular cells, the analysis of 

isolated and in vitro cultivated peritubular cells, compared to the in vivo situation will 

extend previous findings.  
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