1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Andrology. Author manuscript; available in PMC 2020 September 01.

-, HHS Public Access
«

Published in final edited form as:
Andrology. 2019 September ; 7(5): 631-643. doi:10.1111/andr.12632.

Epithelial dynamics in the epididymis: role in the maturation,
protection and storage of spermatozoa

Sylvie Breton, Anil V Nair, Maria Agustina Battistone
Program in Membrane Biology, Center for Systems Biology, Nephrology Division, Department of
Medicine, Massachusetts General Hospital, Harvard Medical School, Boston, MA, United States

Abstract

Epithelial cells line the lumen of tubular organs and are key players in their respective functions.
They establish a unique luminal environment by providing a protective barrier and by performing
vectorial transport of ions, nutrients, solutes, proteins, and water. Complex intercellular
communication networks, specific for each organ, ensure their interaction with adjacent epithelial
and non-epithelial cells, allowing them to respond to and modulate their immediate environment.
In the epididymis, several epithelial cell types work in a concerted manner to establish a luminal
acidic milieu that is essential for the post-testicular maturation and storage of spermatozoa. The
epididymis also prevents autoimmune responses against auto-antigenic spermatozoa, while
ensuring protection against ascending and blood pathogens. This is achieved by a network of
immune cells that are in close contact and interact with epithelial cells. This review highlights the
coordinated interactions between spermatozoa, basal cells, principal cells, narrow cells, clear cells,
and immune cells that contribute to the maturation, protection, selection and storage of
spermatozoa in the lumen of the epididymis.

INTRODUCTION

Epithelial cells that line the lumen of several tubular organs establish a unique luminal
environment by executing vectorial transepithelial transport of ions, nutrients, solutes and
water. This important process often involves intimate crosstalk and collaboration with
neighboring cells, both epithelial and non-epithelial. In particular, luminal acidification is a
key feature of organs such as the epididymis, kidney, lung, and inner ear (Breton and Brown,
2013). In the epididymis, the establishment of an acidic luminal environment participates in
the maturation of spermatozoa by facilitating transfer of proteins from epithelial cells to
sperm via extracellular vesicles called epididymosomes (Guyonnet et al., 2011, Sullivan,
2015, Yanagimachi et al., 1985, Zhou et al., 2018), and in the maintenance of sperm
quiescence via inhibition of specific sperm channels and transporters (Kirichok et al., 2006,
Navarro et al., 2008, Navarro et al., 2007, Visconti, 2009, Visconti et al., 2011).
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In addition to their role in transepithelial transport, epithelia also provide a protective barrier
and, as such, they are often the first sites of invasion by pathogens (Andrews et al., 2018).
Furthermore, some epithelia have an even more complex function, because they also need to
provide a balance between tolerance and immune activation. This relates in particular — but
not exclusively — to the epithelium lining the lumen of the epididymis, where prevention of
autoimmune response against auto-antigenic spermatozoa, while ensuring protection against
ascending and blood pathogens, is a key determinant of male fertility (Da Silva and Barton,
2016, Da Silva et al., 2011, Fijak et al., 2018, Voisin et al., 2018).

This review describes the role of epithelial cells in epididymal functions, focusing on the
creation of an optimal acidic luminal environment for sperm maturation and storage. The
contribution of immune cells - which are in close proximity to the epithelium - to the
maintenance of the blood-epididymis barrier, their potential role in the establishment of
tolerance to spermatozoa, and their ability to mount an immune response against ascending
and blood pathogens will also be discussed.

Composition and regulation of the epididymal epithelium

Epithelial cells in the epididymis form the blood-epididymis barrier, which ensures the
maintenance of a unique luminal environment that is conducive to sperm maturation,
protection and storage (Gregory and Cyr, 2014, Mital et al., 2011). The epididymal
epithelium is pseudostratified and is composed of three main cell types, clear cells (CCs),
principal cells (PCs) and basal cells (BCs). A fourth epithelial cell, known as narrow cell
(NC), is located in the very proximal epididymal region, the so-called initial segments (IS)
(Breton et al., 2016, Robaire B, 2006).

Clear Cells (CCs) and Narrow Cells (NCs): Both CCs and NCs actively secrete
protons into the lumen via a proton pump (V-ATPase), which is located in apical microplicae
and sub-apical vesicles (Breton and Brown, 2013, Breton et al., 2016). This process requires
the hydrolysis of ATP, and NCs and CCs contain a very large number of mitochondria
compared to their neighboring cells. As such, they are part of the “mitochondria-rich cell”
family, which features cells that have common phenotypic characteristics, including apical
microplicae, an active endocytotic pathway, high V-ATPase expression, and cytosolic
carbonic anhydrase type I, in addition to their high mitochondria content (Brown and
Breton, 1996). The V-ATPase is a complex enzyme that is composed of several subunits that
form a transmembrane complex called the Vg domain, and a catalytic complex called the V1
domain, which is attached to the Vo domain (Hinton et al., 2009). A particular set of subunit
isoforms governs the expression of the V-ATPase in the plasma membrane of professional
proton-secreting cells such as epididymal NCs and CCs, and kidney intercalated cells
(Breton and Brown, 2013, Pietrement et al., 2006). These isoforms include the
transmembrane Vg subunit a4, and the cytosolic V subunit B1. Defects in V-ATPase
expression following deletion of the transcription factor Foxil results in abnormally elevated
epididymal luminal pH and infertility of male mice due to the inability of their sperm to
move up the female tract (Blomqvist et al., 2006, Vidarsson et al., 2009).
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In order to better characterize CCs and NCs, we previously made a transgenic mouse that
expresses EGFP driven by the V-ATPase B1 promoter in B1-expressing cells. These mice
express high level of EGFP not only in epididymal CCs and NCs, but also in kidney
intercalated cells and lung non-ciliated cells (Miller et al., 2005). These mice allowed the
visualization of NCs in the IS, and CCs in all other epididymal regions (Fig. 1A, C, D). As
previously described, NCs have a distinct “champagne glass” morphology: their nuclei are
located more apically compared to adjacent PCs, and they have a very narrow body that
widens as it connects to the basement membrane (Fig. 1B). In contrast, CCs have a more
cuboidal appearance.

The larger lumen of the cauda epididymis is conducive to performing functional analysis of
the epithelium through luminal perfusion /n vivo (Fig. 2A). This procedure allows for the
study of epithelial cells while they reside in their native environment, and to determine how
they are modulated by luminal factors, without affecting the basolateral side of the
epithelium. In this manner, we found that proton secretion in CCs is activated by an
elevation of luminal pH, which induces the trafficking of V-ATPase-containing vesicles from
the apical pole to the plasma membrane. This results in the formation and elongation of
numerous apical projections (Battistone et al., 2019, Beaulieu et al., 2005, Park et al., 2017,
Pastor-Soler et al., 2003). Based on their appearance on thin (5 pm) sections used for
immunofluorescence labeling, we initially named these protrusions “microvilli” (Breton et
al., 1996). However, we later visualized these membrane structures using Helium lon
Microscopy and found they instead appear as “microplicae” (Paunescu et al., 2014), in
agreement with a previous scanning electron microscopy observation by the Cooper group
(Hamilton et al., 1977). More recently, Airyscan confocal microscopy allowed the
visualization of these microplicae after 3D reconstruction of optical z-plane serial sections
of CCs labeled for the V-ATPase B1 subunit (Fig. 2B, C). While “resting” CCs perfused
luminally at the control pH of 6.6 exhibited short \-ATPase-positive apical microplicae and
showed mainly intracellular localization of the V-ATPase (Fig. 2B; green), “activated” CCs
perfused at the alkaline pH of 7.8 had numerous microplicae labeled for the V-ATPase and
less intracellular reactivity (Fig. 2C; green) (Battistone et al., 2019, Beaulieu et al., 2005,
Park et al., 2017, Pastor-Soler et al., 2003). Addition of bicarbonate, angiotensin Il (ANGII),
ATP, or adenosine to the luminal perfusate all induced the redistribution of \-ATPase from
intracellular vesicles to the apical membrane (Beaulieu et al., 2005, Belleannee et al., 2010,
Pastor-Soler et al., 2003, Shum et al., 2008). Luminal pH, bicarbonate and adenosine all
work by activating the cAMP/PKA pathway, either through the adenosine receptor
ADORAZ2B, or in the case of luminal alkalinization and bicarbonate, by activating the
bicarbonate-sensitive soluble adenylyl cyclase SAC (Battistone et al., 2018, Belleannee et al.,
2010, Pastor-Soler et al., 2003). Intracellular calcium participates in the activation of CCs by
luminal ATP, which binds the P2X4 receptors located in the apical membrane (Battistone et
al., 2018, Belleannee et al., 2010). Stimulation of pH-activated ATP purinergic receptors
such as P2X4 (Clarke et al., 2000, Holzer, 2003, Huang et al., 2014) could provide a
feedback mechanism by which CCs would increase their rate of proton secretion in response
to elevation in luminal pH. Alternatively, hydrolysis of ATP to form adenosine could play a
role in pH sensing via pH-dependent ectonucleotidases that are also located on the apical
surface of the epididymal epithelium. Indeed, we detected a higher luminal adenosine
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concentration and a lower ATP concentration when the cauda epididymis was perfused at the
alkaline pH of 7.8 versus pH 6.6 (Battistone et al., 2019). This was attributed to activation
by alkaline pH of the ectonucleotidases, ecto-nucleotide pyrophosphatase/phosphodiesterase
(ENPP), and ectonucleoside triphosphate diphosphohydrolase (ENTPD), which hydrolyze
ATP into ADP, as well as ecto-5’-nucleotidase (NT5E), which hydrolyzes AMP to produce
adenosine (Yegutkin, 2008).

Impairment of purinergic regulation leads to several diseases, including male infertility, and
numerous purinergic receptors and ectonucleotidases have been described in the epididymis
(Banks et al., 2010, Belleannee et al., 2010, Burnstock, 2014, Gorodeski, 2015, Kauffenstein
et al., 2014, Martin-Satue et al., 2010, Martin-Satue et al., 2009, Mulryan et al., 2000,
Robson et al., 2006). Thus, purinergic signaling would allow CCs to respond to variations in
luminal pH in order to maintain an acidic lumen, which as discussed above, is essential for
male fertility (Battistone et al., 2019). Importantly, our previous studies point toward a role
for principal cells (PCs) in ATP secretion, and their communication with CCs via cell-cell
crosstalk to regulate luminal pH. In the next section, we will describe the direct and indirect
participation of PCs in luminal acidification.

Principal cells (PCs)—The contribution of PCs to the establishment of an acidic luminal
environment in the epididymis is complex and relies on different mechanisms depending on
their location within the organ. In the IS, PCs reabsorb bicarbonate via several transporters
and enzymes that are also used by kidney proximal tubules (Breton, 2001, Caflisch and
DuBose, 1990, Jensen et al., 1999a, Jensen et al., 1999b, Levine and Marsh, 1971). In the
cauda, PCs have the ability to secrete either bicarbonate or protons depending on
physiological cues. CFTR, located in the apical membrane of PCs, mediates bicarbonate
secretion and is activated following stimulation with adenosine, genistein, adrenergic
agonists, and neurotransmitters on the basolateral side of the epithelium (Carlin et al., 2003,
Chan et al., 1994, Leung and Wong, 2000, Sedlacek et al., 2001). By monitoring the luminal
perfusate after /n vivo perfusion of the cauda epididymis, we measured a rapid pH recovery
from an acidic pH of 5.8 towards the normal pH of 6.6, which was inhibited by CFTRjnn172
indicating the participation of CFTR-dependent bicarbonate secretion (Park et al., 2017).
Recovery of the luminal pH also occurred when the epididymis was perfused at the alkaline
pH of 7.8, indicating proton secretion under these conditions. While this process was
partially impaired by the V-ATPase inhibitor concanamycin A, showing the contribution of
CCs, a substantial recovery was still detected. The remaining proton secretion was in fact
due to proton secretion by PCs via the apical sodium/hydrogen exchanger NHE3 (Park et al.,
2017), in agreement with earlier work showing that luminal acidification depends on the
presence of luminal sodium in the rat and mouse cauda epididymis (Au and Wong, 1980,
Bagnis et al., 2001, Kaunisto et al., 2001). Altogether, these results indicate the direct
participation of both CCs and PCs in luminal acidification following perfusion at alkaline
pH. Luminal addition of the permeant form of cAMP, cpt-AMP, partially inhibited this
luminal recovery, a result that was surprising given the known stimulatory effect of CAMP
on the V-ATPase in CCs. Interestingly, while luminal alkalinization induced the
redistribution of NHE3 from intracellular vesicles to the apical membrane in PCs, similar to
its action on the V-ATPase in CCs, luminal cpt-cAMP prevented this pH-induced response.
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Thus, either activation of CFTR-dependent bicarbonate secretion or inhibition of NHE3-
dependent proton secretion could explain the partial inhibition of pH recovery from an
alkaline pH observed in the presence of cpt-cAMP. The respective response of CCs and PCs
to physiological cues might, therefore, depend on the origin of the extracellular stimulus,
with a pro-acidification increase in intracellular cAMP occurring in CCs following
activation by luminal factors, while a pro-alkalinization effect would occur in PCs upon
stimulation by basolateral agonists.

In addition to their direct role in modulating luminal pH, PCs also contribute to the
regulation of proton secretion by CCs via paracrine signaling. Our PC-CC crosstalk model is
illustrated in Fig. 3. Elevation of cAMP in PCs following stimulation on the basolateral side
by circulating agonists would lead to an increase in CFTR-mediated bicarbonate secretion,
which was proposed to occur during sexual arousal to “prime” spermatozoa before
ejaculation (Carlin et al., 2003). In this setting, full activation of epididymal sperm would be
prevented by the presence of inhibitory factors, as well as low sodium and high potassium
luminal concentrations (Verma, 2001, Visconti et al., 2011). Nevertheless, prolonged
elevation of bicarbonate might be detrimental to sperm viability. CCs would then re-acidify
the lumen following activation of SAC by luminal bicarbonate and the subsequent increase in
cAMP in CCs. In addition to its role in bicarbonate secretion by PCs, CFTR also participates
in ATP secretion by these cells. Indeed, significant ATP secretion occurs in the perfused
cauda, which was reduced by luminal perfusion with the CFTR inhibitor, CFTRj,, (Ruan et
al., 2012). The epididymal principal cell line (DC2) also secretes ATP, and this process is
enhanced by adrenaline and forskolin, and is reduced by the pannexin inhibitor
carbenozolone (CBX) (Ruan et al., 2012). In the perfused cauda, CBX partially prevented
luminal pH recovery from an alkaline pH, and the alkaline pH-induced V-ATPase apical
accumulation. While CBX did not modify the low ATP concentration detected at pH 7.8, it
decreased adenosine concentration. Altogether, these results indicated that ATP secretion by
PCs, followed by its rapid hydrolysis to produce adenosine, participates in the pH-induced
activation of V-ATPase-dependent proton secretion by CCs (Battistone et al., 2019). In this
model, CFTR is a key player in the PC-CC crosstalk as it mediates both bicarbonate and
ATP transport.

Most male patients with cystic fibrosis (CF), the disease caused by several CFTR mutations,
or individuals carrying “silent” CFTR mutations that do not cause CF, are infertile due to
congenital bilateral absence of the vas deferens (CBAVD) or epididymal morphological
defects (Cuppens and Cassiman, 2004, Wosnitzer, 2014, Yefimova et al., 2018). While these
male reproductive tract anomalies were reproduced in CFTR KO pigs and ferrets (Pierucci-
Alves et al., 2011, Sun et al., 2010), the first CFTR KO male mice produced were reported
to be fertile (O’Neal et al., 1993, Snouwaert et al., 1992). However, more detailed analysis
subsequently demonstrated that CFTR KO mice are in fact sub-fertile, that they have vas
deferens morphological abnormalities, and produce sperm that have significantly lower
fertilizing capacity (Reynaert et al., 2000, Xu et al., 2007), reviewed in (Wilke et al., 2011)).
While defects in the anion channel function of CFTR was originally considered to be the
primary cause of CF, it is now generally accepted that CFTR has the ability to interact with
and regulate several ion channels and transporters (Berdiev et al., 2009, Guggino and
Stanton, 2006, Li and Naren, 2010, Lim et al., 2017, Pietrement et al., 2008), and can even
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modulate pro-inflammatory signaling pathways (Dong et al., 2015). In addition, CFTR
regulate cell proliferation and differentiation via its interaction with tight junction proteins, a
function that we will discuss later in this review. Therapeutic efforts to develop novel
treatments for CF or other diseases caused by CFTR mutations have now started to consider
the complex functions of CFTR, in addition to its “classical” role as an anion channel.

Basal cells (BCs)—BCs are located at the base of pseudostratified epithelia and were
originally believed to never contact the lumen. However, a subpopulation of BCs in several
organs such as the epididymis, the prostate and the upper airway tract send long and slender
projections between adjacent epithelial cells in the direction of the lumen (Shum et al., 2008,
Veri et al., 1993). We named these projections axiopodia and showed that they can cross the
tight junction barrier and reach the epididymal lumen (Roy et al., 2016, Shum et al., 2008).
Interestingly, BCs with axiopodia are mainly located in the proximal cauda epididymis in
the rat and in the IS of the mouse epididymis, indicating that their formation might depend
on local stimuli. To visualize BCs /n vivo, we generated transgenic mice that express the
fluorescent protein tdTomato under the control of the promoter of the BC specific gene
keratin 5. Using intravital multi-photon microscopy we found that BC axiopodia periodically
extend and retract over time, that this movement is controlled by c-Src and MEK1/2-
ERKZ1/2, and that inhibition of tyrosine kinase activity induces axiopodia retraction (Roy et
al., 2016). We proposed that this unexpected cellular plasticity — called Periodic Axial
Motility (PAM)-may reflect a unique mechanism by which BCs in pseudostratified epithelia
send out “antennae” to sample the luminal environment, and subsequently influence the
behavior of adjacent cells.

Overall, the function of BCs in the epididymis still remains poorly characterized. Previous
studies indicated their role as endocrine mediators and protection against reactive oxygen
species (Hermo et al., 1994, Nonogaki et al., 1992, Wong et al., 1999). They were originally
believed to express macrophage markers and have immunological properties (reviewed in
(Da Silva and Smith, 2015). However, later studies showed the presence of a dense network
of immune cells (collectively referred to as mononuclear phagocytes; MPs) that are located
alongside BCs at the base of the epithelium, and that BCs and MPs represent distinct
populations of cells (Shum et al., 2014) (Fig. 4). More recently, genomic profiling showed
enrichment of genes that encode proteins involved in cell adhesion, cytoskeletal
arrangement, ion transport, cellular signaling, and inflammatory responses in BCs (Mandon
et al., 2015). Of note some of these genes, such as TP63, have been previously reported in
adult stem cells in other tissues (Mandon et al., 2015, Murashima et al., 2011), and it was
suggested that BCs may represent an epididymal stem cell population. Indeed, cultures of
BCs isolated from rat epididymis showed characteristics of adult progenitor cells with a
decrease in keratin 5 expression, together with an increase in keratin 8 expression (Mandon
etal., 2015).

BCs were proposed to participate in transepithelial transport either directly, or indirectly via
the paracrine regulation of PCs following basolateral stimulation (Cheung et al., 2005,
Hermo et al., 2004, Leung et al., 2004). In addition, we previously showed that, in the rat
epididymis, BCs also regulate the function of CCs via their axiopodia that can cross the
blood/epididymis barrier to sample the luminal environment (Shum et al., 2008). In this way,
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activation of the ANGII type Il receptor (AGTR2) in BCs by luminal ANGII stimulates
proton secretion in adjacent CCs via activation of the NO/cGMP pathway. Our proposed
cell-cell crosstalk model for activation of CCs following stimulation of AGTR2 in BCs is
illustrated in Figure 5.

As mentioned above, the formation of BC axiopodia is dependent upon their location within
the epididymis indicating their regulation by local cues. Treatment of mice with the anti-
androgen flutamide did not affect the number of BCs with axiopodia in the mouse IS,
indicating that systemic androgens do not regulate their formation/elongation. This
observation was supported by the fact that BC axiopodia appear early after birth, before the
elevation of circulating androgens that accompanies puberty. We then explored the
possibility that they might be regulated by luminal factors that are secreted by the testis
which, together with androgens, contribute to activating the MEK1/2-ERK1/2 pathway in
the IS (Xu et al., 2011, Xu et al., 2013, Xu et al., 2010). As such, we performed efferent duct
ligation (EDL) to block the entry of lumicrine factors into the epididymal lumen (Kim and
Breton, 2016). There was a dramatic retraction of BC axiopodia after EDL, as well as a
wave of apoptosis in BCs that occurred 1 day after EDL. This was followed by an increase
in proliferation of a subset of BCs after 2 days. Therefore, lumicrine factors seem to
maintain the luminal-sensing property of BCs in the mouse IS. In contrast, a marked
reduction in the number of BCs with axiopodia was induced in the corpus epididymidis of
rats treated with flutamide for 2 weeks (Shum et al., 2013). More distal regions might,
therefore, rely on circulating androgens for the maintenance of epithelial differentiation, in
agreement with the known dependence on 5a.-reductase in epithelial homeostasis in the rat
distal epididymis (Henderson et al., 2006). Thus, BCs have the remarkable ability of
changing their shape in response to physiological cues in both the mouse and rat epididymis.
This unexpected, highly dynamic property of BC axiopodia might ensure regular and
efficient sampling and decoding of luminal signals. Indeed, because BCs are not always in
contact with the luminal environment, receptors are less likely to become desensitized and
would, therefore, provide a uniform response in the presence of a constant luminal signal
(Roy et al., 2016). In the rat epididymis, luminal ANGII can be produced either by epithelial
cells located upstream of the epithelium or by spermatozoa through the activity of the
testicular form of angiotensin converting enzyme (t-ACE), which is linked to the sperm
membrane via a GPI linker (Kondoh et al., 2005). During epididymal maturation t-ACE is
released from spermatozoa into the luminal environment (Gatti et al., 1999). It is, therefore,
likely that spermatozoa communicate with surrounding epithelial cells via the production of
ANGII. By analogy with other cell types, activation of ANGII in BCs stimulates the
production of nitric oxide, which then diffuses out to reach adjacent CCs, where it initiates
production of cGMP by soluble guanylate cyclase located in CCs (Shum et al., 2008). This
leads to the redistribution of V-ATPase in the apical membrane and stimulation of proton
secretion by CCs. In agreement with this notion, infertility in ACE KO males is markedly
reduced due to low sperm quality and their inability to fertilize an egg, which is a
consequence of the absence of t-ACE (Esther et al., 1996, Hagaman et al., 1998). Thus, the
lack of luminal ANGII in ACE KO males might result in impairment of luminal
acidification, which would have detrimental consequences on sperm quality, similar to the
male infertility phenotype induced in FOXI-1 KO male mice (Blomgyvist et al., 2006).
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Modulation of tight junctions (TJs)

Epithelial cells are attached to each other by TJs. TJs are constituents of the blood-
epididymis barrier, and contribute to the establishment and maintenance of the unique
luminal environment in which epididymal spermatozoa transit (Cyr et al., 2018, Cyr and
Gregory, 2018, Gregory and Cyr, 2014, Kim and Breton, 2016, Mital et al., 2011). TJs
ensure the polarity of epithelial cells by separating their apical and basolateral domains and
by acting like a fence that prevents membrane proteins from diffusing from one membrane
domain to the other; they also regulate the paracellular transport of ions, other molecules and
water (Rowart et al., 2018). The integrity of the blood-epididymis barrier is reduced with
ageing, and it is modulated by androgens and the TGFp pathway (Cyr et al., 2018, Gregory
etal., 2001, Stammler et al., 2013). In addition, environmental toxins alter the function of
epididymal TJs with impairment of male fertility (Cyr et al., 2018).

TJs are multiprotein complexes composed of several transmembrane proteins, including
claudins, occludin and Junctional Adhesion Molecules, as well as intracellular zona-
occludens (ZO) proteins that interact with the actin cytoskeleton. Claudin (Cldn) depletion
in mice induced the disappearance of TJ strands visualized by electron microscopy,
illustrating their role in the structural integrity of TJs. Occludin KO mice have TJs that
appear morphologically intact (Saitou et al., 2000), but show abnormalities such as chronic
inflammation of the gastric epithelium and male infertility indicating the regulatory role of
occludin. In adult mice, occludin is present in TJs of the caput, corpus and cauda
epididymidis, but it is absent from the IS, despite the presence of extensive TJs in this
segment (Cyr et al., 2007). Several claudins, including Cldn-1, Cldn-3 and Cldn-4 have been
localized in all epididymal regions (Cyr et al., 2018, Cyr et al., 2007, Kim and Breton,
2016). Interestingly these proteins are not restricted to TJs, but they are also located along
the lateral membrane of PCs (Gregory et al., 2001, Kim and Breton, 2016, Shum et al.,
2008). In addition, Cldn-1 and Cldn-4, but not Cldn-3, showed enrichment in the basolateral
membrane of BCs (Dube et al., 2010, Kim and Breton, 2016). In the human epididymis,
Cldn -2, Cldn-7 and Cldn-8 were observed in addition to Cldn-1, Cldn-3 and Cldn-4, and
siRNA mediated knock-down of Cldn-1, Cldn-3, Cldn-4 and Cldn-7 reduced transepithelial
resistance in a human caput epididymal cell line, further indicating their functional role in
the establishment of the blood-epididymis barrier (Dube et al., 2010). The significance of the
localization of claudins outside of TJs remains unknown, but we previously proposed that
their expression in the membrane of BCs might provide a “molecular ladder” that would
support the elongation of BC axiopodia along the membrane of adjacent epithelial cells
during the process of Periodic Axial Motility (Kim and Breton, 2016, Roy et al., 2016,
Shum et al., 2008).

In contrast to claudins, all three members of the ZO family, ZO-1, ZO-2, and ZO-3 are
restricted to TJs in the epididymis (Gregory and Cyr, 2014, Kim and Breton, 2016).
Inhibition of MEK1/2 reduced the expression of Cldn-1, Cldn-4 and ZO-2, but increased
expression of ZO-3 and occludin without affecting ZO-1 and Cldn-3 expression (Kim and
Breton, 2016). Expression of these proteins was not affected after MEK1/2 inhibition in all
other epididymal segments. Interestingly, occludin mRNA was detected in the control mouse
IS, and its level was not affected after MEK1/2 inhibition. Expression of occludin mRNA
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together with absence of protein in the IS indicate that maintenance of the MAPK/ERK
pathway in an activated state in this segment prevents occludin mRNA translation. The
functionality of this regulation remains obscure.

In addition to their role in the barrier function of epithelia, TJs also control cell proliferation
and differentiation during embryonic development and tissue repair (Balda and Matter, 2000,
Lima et al., 2010, Sourisseau et al., 2006). This occurs via modulation of gene expression
following the recruitment of the transcription factor ZONAB from nuclei to the TJs, a
process that is mediated by ZO-1. During development, as tubules elongate, the subcellular
localization of ZONAB determines when epithelial cells switch from a proliferative (with
ZONAB located in nuclei) to a differentiated state (ZO-1-bound ZONAB at TJs). We
recently showed that CFTR interacts with ZO-1 and participates in the retention and/or
recruitment of ZONAB at TJS. Thus, CFTR is a central element for the regulation of
epithelial cell plasticity during development (Ruan et al., 2014). We found that CFTR
precedes ZO-1 expression in the Wolffian duct, further indicating its participation in
tubulogenesis. This notion was supported by the absence of tubular structures in a 3D
epididymal DC2 cell culture model after CFTR inhibition or knockdown, in sharp contrast
with the formation of well-defined tubular structures in control cells revealed by 3D
confocal microscopy. In addition, the epididymis of CFTR KO mice had several features
typical of an immature organ, including a smaller organ weight, reduction in tubule
diameter, increase and decrease in epithelial cell height in the cauda and IS regions,
respectively, and reduction in markers of epithelial cell differentiation.

As mentioned above, mutations in the CFTR gene are major causes of male infertility in
humans (Wosnitzer, 2014, Yefimova et al., 2018). We proposed that this might be attributed
to impairment of epithelial development and repair secondary to deregulation of the ZO1-
ZONAB pathway, which would lead to the down-regulation of differentiation-associated
genes and upregulation of proliferation-associated genes. This would then induce
progressive weakening of tissues such as the epididymis, rendering them more susceptible to
progressive stress and injury. This cascade of events would occur in addition to the well-
recognized role of CFTR in the transepithelial transport of chloride and secondary water
movement that was discussed earlier in this review.

Epididymal immunology

In addition to their barrier function, epithelia represent the first line of defense against
infections. In some epithelia, this immunological response must be balanced with tolerance
against non-pathogenic entities (Gunther and Seyfert, 2018). In particular, the epididymal
tubule must ensure the prevention of autoimmune responses against auto-antigenic
spermatozoa, while providing protection against ascending and blood pathogens (Da Silva
and Barton, 2016, Da Silva and Smith, 2015, Fijak et al., 2018, Voisin et al., 2018).
Epididymal innate immunity is partially controlled by beta defensins, which are abundant in
the luminal compartment (Ribeiro et al., 2016), and is governed by several types of immune
cells that populate the epididymal epithelium and interstitium. Interestingly, epididymal
carcinomas are extremely rare indicating a finely-tuned regulation of tolerance against sperm
cells, while allowing protection against cancer cells and pathogens.
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The immune environment of the epididymis is composed of a variety of cells including
monocytes, macrophages, and dendritic cells, as well as B cells and T cells (Da Silva and
Barton, 2016, Da Silva et al., 2011, Da Silva and Smith, 2015, Pierucci-Alves et al., 2018,
\oisin et al., 2018). Transgenic mice expressing fluorescent surface markers specific for
immune cells, such as CD11c (integrin alpha X) and CX3CR1 (a G-protein coupled
chemokine receptor), have allowed their morphological and functional characterization in
several organs, including the epididymis (Da Silva and Barton, 2016, Da Silva et al., 2011,
Smith et al., 2014). These markers are expressed by sub-sets of immune cells referred to as
mononuclear phagocytes (MPs) that include monocytes, dendritic cells and macrophages
(Jakubzick et al., 2017). For example, CX3CR1-GFP transgenic mice revealed a dense
cellular network in all epididymal segments (Fig. 6). Interestingly, similar to BCs, CX3CR1*
MPs showed distinct morphological features depending on their location within the organ.
While CX3CR1* cells are intimately interconnected with epithelial cells in the IS and send
numerous luminal reaching projections (Fig. 6A), they simply cover the base of the
epithelium in the cauda (Fig. 6G). In the caput region, only a few MPs had short
intraluminal projections (Fig. 6D, arrow). CX3CR1* cells were also located in the
interstitium in all epididymal segments. Double-labeling for the macrophage marker F4/80
revealed a functional diversity in the proximal versus distal epididymal regions. While a
large fraction of CX3CR1* cells also expressed F4/80 in the IS (Fig. 6A-C) and caput (Fig.
6D-F), some F4/80* cells were negative for CX3CR1 in the interstitium of the cauda region
(Fig. 6G-I). The functional significance of this regional diversity is currently being
investigated in our laboratory.

In the 1S, CX3CR1" cells have a remarkable morphological and phenotypical plasticity,
which was revealed following EDL (Smith et al., 2014). As mentioned above, EDL induces
a wave of apoptosis in epithelial cells of the I1S. CD11c* and CX3CR1* MPs readily
engulfed these apoptotic cells, allowing their rapid clearance, while the epithelium preserved
its overall architecture and maintained ZO-1 staining in TJs. Flow cytometry analysis
performed two days after EDL showed that the most affected subsets of MPs in the IS were
CD11b™ cells expressing intermediate levels of CD11c and F4/80. These results are in
agreement with the fact that IS CX3CR1-EGFP intraepithelial cells also express the
macrophage marker F4/80 (Fig. 6A-C). It was then proposed that these cells may also clear
defective epithelial cells and abnormal spermatozoa in the steady-state epididymis, as well
as luminal pathogens after an infection (Da Silva and Smith, 2015, Smith et al., 2014). This
raised the question of whether these cells can also induce tolerance by directly acquiring
material originating from spermatozoa. A sperm quality control has previously been
proposed (Guiton et al., 2013, Jrad-Lamine et al., 2013, Sutovsky, 2003), and MPs in the IS
are well positioned to exert this function. The concept that spermatozoa undergo a selection
process in the epididymis is attractive, particularly in the IS where they are still at low
concentration when they enter this segment. In addition, the lumen of the IS tubule is small
allowing close interaction between each sperm cell and the epithelium, making the process
of sampling via MP luminal reaching projections possible. This process would require that
they have the ability to present antigens to T cells. In fact, we previously showed that double
positive CD11c*CD11b* dendritic cells isolated by FACs (after negative selection of T cells,
B cells, natural killer cells and granulocytes) present antigens to naive CD4* and CD8* T

Andrology. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Breton et al.

Page 11

cells /n vitro (Da Silva et al., 2011). Whether they also have this antigen presenting ability /n
vivo is currently being investigated in our laboratory. The presence of several dendritic cell
populations in the epididymis was recently confirmed (Moisin et al., 2018), where they were
shown to be more abundant in the caput versus the cauda region.

Most CX3CR1-EGFP and CD11c-YFP MPs in the IS returned to their normal dendriform
morphology 4 days after EDL, indicating that the presence of spermatozoa and testicular
factors in the luminal compartment is not required for the formation and extension of their
intraepithelial dendrites. This is in contrast to BCs, which permanently lose their axiopodia
after EDL, indicating that luminal factors do play an important role in their ability to sample
the luminal compartment in the mouse IS (Kim et al., 2015). This result further
demonstrated that MPs and BCs are distinct cell types in the epididymis (Shum et al., 2014).

Both pathogen-induced and sterile inflammation in the epididymis contribute to male
infertility. Inconsistency in medical terminology associated with inflammation of the male
reproductive system, including the post-testicular tract, has led to poor understanding of the
overall impact of genital tract infection and inflammatory conditions on male reproductive
health and fertility (Fijak et al., 2018, Voisin et al., 2018). Nevertheless, it is estimated that
between 15 and 30% of male infertility cases are attributed to infections, depending on
geographical locations and access to appropriate medical care. Thus, there is a clear unmet
need for a better understanding of epididymal (and testicular) immuno-pathophysiology.

SUMMARY

The concerted interactions between spermatozoa, basal cells, principal cells, narrow cells,
clear cells, and immune cells represent a complex process by which the epididymal
epithelium establishes and modulates the appropriate environment for the maturation,
protection, selection, and storage of sperm. Decoding this intricate intercellular
communication system will help understand how male fertility is established and
maintained, and how dysfunctions in the post-testicular environment may lead to male
infertility due to the impairment of spermatozoa to reach and fertilize an egg.
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CORPUS .

Figure 1). Visualization of NCsand CCsin the epididymis of transgenic mice expressing EGFP
under the control of the promoter of the V-ATPase B1 subunit (B1-EGFP).

EGFP* NCs (green) are located in the 1S, and EGFP* CCs (green) are located in the caput
(A), corpus (C) and cauda (D) regions. B) In the IS, NCs have a “champagne glass”
appearance and their nuclei are located in the apical region of the epithelium, compared to
adjacent PCs. A dense network of filamentous actin is seen in the apical stereocilia of PCs
(labeled in red using phalloidin). Nuclei are labeled in blue using DAPI. Bars: A, C, D =500
pm, B =5 pm.
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Figure 2). Effect of luminal pH on V-AT Pase sub-cellular localization in CCsin the cauda
epididymis.

Mouse cauda epididymidis was perfused in vivo, and cryostat sections of fixed tissues were
stained for the V-ATPase B1 subunit (green). Nuclei are labeled in blue with DAPI. A)
Luminal spermatozoa are absent from the perfused tubules. Luminal V-ATPase positive CCs
are detected in the perfused and non-perfused regions. B) 3D reconstruction by Airyscan
microscopy of a CC perfused with a solution adjusted to the control pH of 6.6. Labeling for
the endocytic marker clathrin (red) was performed to identify the apical border of the cell.
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Short V-ATPase-labeled microplicae and intracellular VV-ATPase labeling are observed in this
“resting” cell (green). Adjacent PCs are seen with intracellular clathrin labeling. C) 3D
reconstruction by Airyscan microscopy of a CC perfused with a solution adjusted to the
alkaline pH of 7.8. Double-labeling for \-ATPase (green) and clathrin (red) was performed.
Numerous long V-ATPase-labeled microplicae are observed in this “activated” cell, and less
intracellular V-ATPase labeling is detected (green). Adjacent PCs are seen with intracellular
clathrin labeling. Bars: A =400 ym; B, C = 2.5 pm. (Modified from (Battistone et al., 2019).
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Figure 3). Model showing the coordinated interaction between PCsand CCsfor the activation of
V-AT Pase-dependent proton secretion in CCs.

Stimulation of PCs by basolateral factors such as adenosine, adrenergic agonists or
neurotransmitters elevate intracellular cAMP, which in turns activates bicarbonate secretion
via apical CFTR. Luminal bicarbonate then reaches CCs, where it activates the soluble
adenylate cyclase (SAC) to produce cAMP. CFTR also stimulates ATP secretion via
pannexin activation. ATP either activates P2X4 located on the apical membrane of CCs, or is
hydrolyzed by extracellular ectonucleotidases to produce adenosine. Adenosine activates the
GPCR receptor ADORA2B (A2B) located on the apical membrane of CCs, leading to
elevation in intracellular cAMP. Activation of the CAMP/PKA pathway by bicarbonate or
adenosine induces V-ATPase apical membrane accumulation. On the other hand, activation
of P2X4 by luminal ATP in CCs induces an elevation of intracellular calcium, which also
facilitates V-ATPase membrane accumulation. The redistribution of V-ATPase from
intracellular vesicles to the apical membrane results in the formation and elongation of V-
ATPase-enriched microplicae in CCs and stimulates proton secretion.
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Figure 4). Confocal microscopy visualization of BCsand MPsin the|S of CD11c-EYFP
transgenic mice.

Immunofluorescence labeling for the BC specific marker keratin 5 (KRT5; red) shows
abundant BCs with luminal reaching axiopodia in the IS. CD11c-EYFP positive MPs (green)
also send luminal reaching projections, but they are clearly distinct from BCs. Nuclei are
labeled in blue with DAPI. Bar = 15 pm.
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Figure 5). Model showing BC-CC crosstalk viathe ANGI I signaling pathway.
Axiopodia in BCs cross the TJs and are in contact with the lumen. Luminal ANGII

stimulates AGTR2 in BCs and induces the production of NO, which then diffuses out to
reach CCs, where it produces cGMP via activation of soluble guanylate cyclase (sGC).
cGMP triggers V-ATPase apical accumulation and increases proton secretion by CCs.
ANGII is produced by testicular ACE (t-ACE), which is attached to the sperm membrane via
a GPI linker.
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Figure 6). Confocal microscopy showing a dense networ k of mononuclear phagocytesin all
epididymal segments.

Epididymis of CX3CR1-EGFP transgenic mice was labeled for the macrophage marker
F4/80 (red). A,B,C) In the IS, most CX3CRL1 positive MPs (green) are also labeled for F4/80
identifying them as macrophages. The majority of macrophages are in close proximity with
the epithelium and show numerous intraepithelial projections extending toward the lumen.
D,E,F) In the caput, most CX3CR1 positive MPs (green) are also labeled for F4/80
identifying them as macrophages. These macrophages are in close proximity with the
epithelium but only a few rare cells now send intraluminal projections towards the lumen
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(arrows in D). A significant number of cells positive for both CX3CR1 and F4/80 are located
in the interstitium. G, H, I) In the cauda, cells positive for CX3CR1 and F4/80 are located
next to the epithelium but they do not extend intraepithelial projections. In the interstitium, a
mixed population of cells double positive for CX3CR1 and F4/80, and cells positive for
F4/80 but negative for CX3CR1 are detected. Nuclei are labeled in blue with DAPI.
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