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Cellular Mechanism Underlying Hydrogen Sulfide Mediated Epithelial K+ Secretion in Rat Epididymis
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As a novel gasotransmitter, hydrogen sulfide (H2S) elicits various physiological actions including smooth muscle relaxation and promotion of transepithelial ion transport. However, the pro-secretory function of H2S in the male reproductive system remains largely unclear. The aim of this study is to elucidate the possible roles of H2S in modulating rat epididymal intraluminal ionic microenvironment essential for sperm storage. The results revealed that endogenous H2S-generating enzymes cystathionine β-synthetase (CBS) and cystathionine γ-lyase (CSE) were both expressed in rat epididymis. CBS located predominantly in epithelial cells whilst CSE expressed primarily in smooth muscle cells. The relative expression level of CBS and CSE escalated from caput to cauda regions of epididymis, which was paralleled to the progressively increasing production of endogenous H2S. The effect of H2S on epididymal epithelial ion transportation was investigated using short-circuit current (ISC), measurement of intracellular ion concentration and in vivo rat epididymal microperfusion. Our data showed that H2S induced transepithelial K+ secretion via adenosine triphosphate-sensitive K+ (KATP) channel and large conductance Ca2+-activated K+ (BKCa) channel. Transient receptor potential vanilloid 4 (TRPV4) channel-mediated Ca2+ influx was implicated in the activation of BKCa channel. In vivo studies further demonstrated that H2S promoted K+ secretion in rat epididymal epithelium. Inhibition of endogenous H2S synthesis caused a significant decrease in K+ concentration of cauda epididymal intraluminal fluid. Moreover, our data demonstrated that high extracellular K+ concentration actively depressed the motility of cauda epididymal sperm in a pH-independent manner. Collectively, the present study demonstrated that H2S was vital to the formation of high K+ concentration in epididymal intraluminal fluid by promoting the transepithelial K+ secretion, which might contribute to the maintenance of the cauda epididymal sperm in quiescent dormant state before ejaculation.
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INTRODUCTION

Epididymis, a well-organized mass of compactly coiled tubes, acts as the last programmed differentiation reservoir for male gametes in mammals (Cornwall, 2009; Bedford, 2015; Sullivan and Mieusset, 2016). During transit through the epididymal tubule, sperm sequentially acquire their fertilizing capacity and forward motility relying on the appropriate epididymal intraluminal microenvironment (Hinton and Palladino, 1995; Dacheux and Dacheux, 2014; Sullivan and Mieusset, 2016). Ultimately, the functionally matured sperm would be stored in the cauda epididymis before ejaculation and kept immobile to preserve their viability during this period (Wong and Lee, 1983; Jones and Murdoch, 1996).

The epididymis, divided into caput, corpus and cauda regions, has been suggested to be functional highly regionalized in mammals including mouse, rat, and human (Jelinsky et al., 2007; Dacheux et al., 2016). Under the elaborate regulation of secretion and reabsorption by epididymal epithelium regionally, a specific and continuously modified ionic milieu distributes along the epididymal tubule. Previous evidence has shown that the concentration of K+ in the intraluminal fluid gradually increase from caput to cauda regions of rat epididymis (Hinton and Palladino, 1995). Furthermore, it has been reported that trasepithelial K+ secretion contribute to the formation of the high K+ concentration microenvironment of epididymal intraluminal fluid, although the underlying mechanisms are still unclear (Levine and Marsh, 1971; Turner et al., 1977; Wong and Yeung, 1978). Over the past few decades, several K+ channels have been identified in epididymal epithelium of various species including the adenosine triphosphate-sensitive K+ channel (KATP) channel (Lybaert et al., 2008), the Ca2+-activated K+ channel (KCa channel) (Huang et al., 1999) and an outwardly rectifying K+ channel (Chan et al., 1995). The existence of these K+ channels suggests that epididymal epithelial cells may play a vital role in maintaining the high K+ level along the epididymal intraluminal fluid.

Recently, the scientific interest in the pro-secretory function of the endogenous gasotransmitter hydrogen sulfide (H2S) has blossomed (Schicho et al., 2006; Ise et al., 2011; Pouokam and Diener, 2012; Takeuchi et al., 2015; Pouokam and Althaus, 2016; Sun et al., 2016). H2S is endogenously produced as a result of L-cysteine (L-Cys) metabolism catalyzed by cystathionine β-synthetase (CBS) and cystathionine γ-lyase (CSE) (Szabo, 2007; Olas, 2015). In the male reproductive system, the functional expression of both CBS and CSE has been identified in testis, vas deferens, prostate and corpora cavernosa. Furthermore, KATP channel (d’Emmanuele di Villa Bianca et al., 2009) and large conductance KCa channel (BKCa) channel (Li et al., 2012) were suggested to be the target of endogenous H2S. All these hints prompted us that H2S might be involved in the transepithelial K+ secretion in rat epididymal epithelium, leading to the formation of high K+ concentration microenvironment essential for sperm storage in the cauda epididymis.

The present study, therefore, aimed to investigate the regulatory functions of H2S on rat epididymal intraluminal fluid microenvironment and uncover the possible underlying cellular mechanisms.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats were purchased from the Animal Center of Sun Yat-sen University. According to the guidelines of the Sun Yat-sen University Animal Use Committee, animals were allowed food and water ad libitum and housed in an appropriate circumstance with the constant room temperature (20°C) and a 12L:12D photoperiod prior to the experiments. The animal experiment in this study was carried out in accordance with the recommendations of the Guideline for ethical review of animal welfare, Standardization Administration of the P.R.C. All procedures were subject to approval by the Animal Ethical and Welfare Committee of the Institutional Animal Care and Use Committee, Sun Yat-sen University (Approval No: IACUC-DD-18-0202).

Drugs and Chemicals

Minimum essential medium (MEM), fetal bovine serum (FBS), penicillin/streptomycin, Hanks Balanced Salt Solution, sodium pyruvate and trypsin were purchased from Gibco (Carlsbad, CA, United States). 5-Alpha-dihydrotestosterone (5α-DHT), collagenase IA, pyridoxal 5-phosphate, O-(carboxymethyl) hydroxylamine hemihydrochloride chloride (AOAA), DL-propargylglycine (PAG), sodium hydrosulfide hydrate (NaHS × H2O), sodium lactate, L-cysteine (L-Cys), bumetanide, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), glibenclamide (Glib), Iberiotoxin (IbTx) and tetraethylammonium chloride (TEA) were purchased from Sigma-Aldrich (St. Louis, MO, United States). HC067047 was purchased from Tocris (Bristol, United Kingdom). NaCl, KCl, MgSO4, FeCl3, HCl, BaCl2, NaHCO3, KH2PO4, CaCl2, glucose, mannitol, lactic acid, normal saline, N,N-dimethyl-p-phenylenediamine sulfate, trichloroacetic acid, and zinc acetate were purchased from Guangzhou Chemical Pharmaceutical Factory (Guangzhou, China). Universal two-step detection kit (PV-9000) and DAB detection kit were purchased from ZSBIO (Beijing, China). Fluo-3 AM was purchased from Molecular Probes (Eugene, OR, United States). PBFI AM was purchased from Cayman Chemical (Ann Arbor, MI, United States).

Solutions

Potassium phosphate buffer (pH 8.0) contained 47 mM K2HPO4 and 3 mM KH2PO4 and then dilute to 1000 ml with ultrapure water. Krebs–Henseleit (K-H) solution contained 117 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM MgCl2, 24.8 mM NaHCO3, 1.2 mM KH2PO4, and 11.1 mM glucose. The solution was gassed with 95% O2/5% CO2 at 32°C to attain a pH of 7.4. Normal physiological saline solution (N-PSS) contained 137 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2.5 mM CaCl2, 10 mM HEPES and 10 mM glucose (pH 7.3), and the Ca2+-free physiological saline solution (Ca2+-free PSS) was prepared by omitting Ca2+ and adding 2 mM EGTA to the solution. 45 mM K+ buffer solution contained 95 mM NaCl, 45 mM KCl, 2 mM CaCl2, 1 mM MgSO4.7H2O, 20 mM HEPES, 1 mM sodium pyruvate, 10 mM lactic acid, 5 mM glucose and 3% (w/v) BSA. 5 mM K+ buffer solution contained 95 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgSO4.7H2O, 20 mM HEPES, 1 mM sodium pyruvate, 10 mM lactic acid, 5 mM glucose, 3% (w/v) BSA and the mannitol was employed to adjust the osmotic pressure to the level of 45 mM K+ bath solution. The pH was adjusted to 6.50 or 7.40 by NaOH.

Real-Time Quantitative PCR (qPCR)

Total RNA of rat caput, corpus and cauda epididymal tissues was extracted using RNAprep pure Tissue Kit (TIANGEN BIOTECH, Beijing, China). Reverse transcription was performed according to the protocol of the PrimeScriptTM RT reagent Kit (Takara, Tokyo, Japan). qPCR was performed according to the manufacturer protocols of SYBR Green I testing system (TOYOBO, Osaka, Japan) on a LightCycler 480 instrument (Roche, Basel, Switzerland). Specific primer sequences were as follow: CBS forward primer, 5′-TGAGCAGATCCAATACCGCAA-3′, CBS reverse primer, 5′-ACTCTATTTCCGGGTCTGCTC-3′; CSE forward primer, 5′-TTCCAGCACTTTGCCACTCA-3′, CSE reverse primer, 5′-CGAAGGTCAAACCGAGGACT-3′; glyceraldehyde 3-phosphate dehydrogenase (GAPDH) forward primer, 5′-GGAGTCAACGGATTTGGTCGTA-3′, GAPDH reverse primer, 5′-CTTGATTTTGGAGGGATCTCGC-3′. The PCR conditions consisted of 40 cycles of denaturation at 95°C for 5 s, annealing at 58°C for 10 s, and polymerization at 72°C for 30 s. The relative quantities of mRNAs were normalized using GAPDH as the internal control gene. The amplification efficiency of CBS/CSE primer is consistent with the efficiency of GAPDH primer and 2-ΔΔCT method is used for the data analysis.

Western Blot Analysis

Total protein extract was obtained from rat caput, corpus, and cauda epididymal tissue. The equal amount of protein loaded in each lane was resolved by SDS-polyacrylamide gel and transferred onto a PVDF membrane. Membranes were blocked by 5% (w/v) BSA for 1 h at room temperature, and then incubated with mouse monoclonal antibody against CBS (1:1000; clone 3E1; Abnova, Taipei, Taiwan), CSE (1:1000; clone 4E1-1B7; Abnova, Taipei, Taiwan) overnight at 4°C. Membranes were incubated with horseradish peroxidase (HRP)-conjugated second antibody (EarthOx, Millbrae, CA, United States) diluted at 1:20000 for 1 h at room temperature. The labeled proteins were visualized using the HRP substrate kit (Tanon, Shanghai, China).

Immunohistochemical Experiment

The standard immunohistochemical method was used to label the paraffin sections (2 μm) of rat caput, corpus and cauda epididymal tissue as described previously (Sun et al., 2016). The sections were incubated with mouse monoclonal antibody against CBS (1:100; clone 3E1; Abnova) or CSE (1:100; clone 4E1-1B7; Abnova), respectively. Meanwhile, negative controls were obtained by incubation with PBS. The following steps were performed according to the protocol of the universal two-step HRP detection system (ZSBIO, Beijing, China).

Measurement of H2S Synthesis

The biosynthesis of H2S in rat epididymal tissue homogenates was quantitatively measured with a modified procedure as described previously (Sun et al., 2016). Briefly, fresh epididymal tissues isolated from the rat were homogenized with potassium phosphate buffer followed by centrifugation at 4°C with 4500 × g for 20 min to harvest the supernatant. Before the addition of L-Cys and pyridoxal 5-phosphate, the supernatant was preincubated at 32°C with or without inhibitors for 10 min and then another 10 min was needed to cool the system on ice. Absorbance at 670 nm was measured with a microplate reader. The H2S concentration of each sample was calculated against a calibration curve conducted by using a series of sodium hydrosulfide (NaHS) with defined concentration. The concentration of soluble protein in the supernatant of tissue homogenates was determined using the bicinchoninic acid protein assay kit (CWBIO, Beijing, China).

Cell Culture of Rat Cauda Epididymal Epithelium

The procedure of cauda epididymal epithelium culture has been described previously (Du et al., 2006). In short, male Sprague-Dawley rats weighing 100–120 g were sacrificed by CO2 asphyxiation. After finely minced with scissors, the cauda epididymal tissue homogenate was treated successively with 0.25% (w/v) trypsin and 0.1% (w/v) collagenase IA. Then disaggregated cells were suspended in MEM completed with sodium pyruvate (1 mM), 5a-DHT (1 nM), 10% FBS, penicillin (100 IU/ml), and streptomycin (100 IU/ml). After 4–6 h, the non-epithelial cells adhered to the wall of the culture flask and the epithelial cells were seeded onto Millipore filters (0.45 cm2) floating on MEM completed with other supplements. These cells then were incubated at 32°C with 5% CO2 for 4 days before the monolayers reached confluence and were ready for the measurement of short-circuit current (ISC).

Measurement of ISC

Primary cultured cauda epididymal epithelial confluent monolayer was clamped vertically between the two halves of an Ussing chamber, and ISC measurement was performed as described previously (Du et al., 2006). In brief, the epididymal epithelial confluent monolayer was short-circuited using a voltage-clamp amplifier (VCC MC6, Physiologic Instruments, San Diego, CA, United States). The signal collection and analysis system (BL-420E+, Chengdu Technology & Market, Chengdu, China) was used to obtain the ISC data. Transepithelial resistance was obtained from the Ohm law and the change of ISC was defined as the altered ISC value which was normalized to current change per unit area of the epithelium (ΔμA/cm2). The ISC response is expressed as downward when the cation flow from the basal to the apical side of the epithelia. The value of the transient decline phase was measured at the nadir within 300 s after the application of L-Cys or NaHS and the subsequent plateau was measured for the quantification of the long-term maintenance.

Measurement of Intracellular K+

The K+-sensitive dye PBFI AM was employed to detect the intracellular K+ concentration as described previously (Kasner and Ganz, 1992). Briefly, primary cultured rat epididymal epithelial cells on cover-slips were washed with N-PSS and then incubated with PBFI AM (10 μM) for 60 min at 32°C. The ratio of the fluorescences, obtained by exciting the cells with the wavelengths (340 nm/380 nm) while measuring at the emission of 500 nm through an imaging system (Olympus, IX83, Tokyo, Japan), was positively related to the intracellular K+ concentration. The change of the fluorescences ratio (340 nm/380 nm) after drug treatment was normalized to the initial fluorescences ratio.

Microperfusion of Rat Cauda Epididymis

Microperfusion of rat cauda epididymis was performed as previously described (Wong and Yeung, 1978; Gao et al., 2016), with a few modifications. Adult male Sprague-Dawley rats weighing 400–450 g were anesthetized with 10% chloral hydrate (200 μl/100 g of body weight) through intraperitoneal injection. During the process of the experiment, appropriate doses of 10% chloral hydrate were given to maintain the animals under anesthesia. Cauda epididymis from both sides of the animal was cannulated with suitable catheters and perfused simultaneously at a rate of 10 μl/min with a perfusion solution (N-PSS) using an infusion pump (LongerPump, Baoding, China) to displace the spermatozoa and epididymal fluid (for 30 min). Theperfusate was collected in turn to a 1.5-ml Eppendorf tube through the vas deferens inserted with a polyethylene tubing (for 60 min). The applicated concentration of NaHS was 120 μM, Glib was 1 μM and IbTx was 100 nM. 50 μl of the collected samples were then diluted at a 1:100 ratio with ultrapure water, and stored at 4°C until used for the measurement of the K+ concentration.

Ionic Concentration Measurement

The samples were filtered through a 0.22 μm pore filter. The concentration of K+ was analyzed by ion chromatography (ICS-900, Dionex, Sunnyvale, CA, United States).

Measurement of Intracellular Ca2+

Before intracellular Ca2+ concentration measurements, epididymal epithelial cells on cover-slips were washed with N-PSS or Ca2+-free PSS and incubated with 10 μM fluo-3 AM for 40 min at 32°C. Cover-slips were then transferred to a 2 ml chamber perfused with N-PSS or Ca2+-free PSS and the fluorescence signal was recorded using a laser scanning confocal imaging system (TCS SP2, Leica Microsystems, Mannheim, Germany). The change of fluorescence intensity after drug treatment was normalized to the initial intensity.

Disturbance of H2S Generation in Rat Cauda Epididymis

The intra-epididymal injection was performed according to the method described previously (Xu et al., 1985). Male Sprague-Dawley rats (300–500 g) were used in the in vivo study. To narcotized the animals, rats were injected with 10% chloral hydrate (200 μl/100 g of body weight) through intraperitoneal injection. To disturb the generation of endogenous H2S, the rats were regionally injected with AOAA (1.36 μg/100 g of body weight) and PAG (8.44 μg/100 g of body weight) in the cauda region of epididymis every 5 days. To rescue the deficiency of the generation of endogenous H2S, the rats were regionally injected with AOAA, PAG, and NaHS (120 μM) in the cauda region of epididymis every 5 days. Rats injected with 25 μl normal saline served as negative control. Five days after the third injection, the rat was sacrificed by CO2 inhalation. The microsamples of cauda epididymal intraluminal fluid were collected by micropuncture as described before (Jenkins et al., 1980). After centrifuged for 40 min at 13000 × g, the supernatant was collected and diluted at a 1:500 ratio with ultrapure water. Then the samples were filtered through a 0.22 μm pore filter and stored at 4°C until they were used for the measurement of the K+ concentration by ion chromatography as mentioned above.

Computer Aided Sperm Motion Analysis (CASA)

The cauda epididymal sperm were collected as described before (Vadnais et al., 2013). After collection, the sperm were incubated in different bath solution at 37°C for 10 min. The motility parameters including the percentage of motile and forward progressives from the total sperm analyzed were measured by SCA CASA system (SCA V 5.2, MICROPTIC S.L. Viladomat, Barcelona, Spain).

Data Analysis and Statistics

The mathematical function y = A1 + ((A2-A1)/(1 + 10 ∧ ((log EC50-logx)∗H))) was employed to fit the concentration-response curve with variable hill confidence given by parameter ‘H’ through GraphPad Prism 7.0 (GraphPad Software, Inc., San Diego, CA, United States). A1 and A2 represent the value of the bottom asymptote and the top asymptote respectively. Origin Pro 8.0 (OriginLab Corporation, Northampton, MA, United States) was used for the statistical analysis. The results were presented as means ± SD. Student’s t-test was performed to assess the difference between two groups. For three or more groups, data were analyzed with one-way analysis-of-variance (ANOVA) and Bonferroni analysis was used for multiple comparisons. A value of P < 0.05 was considered to be statistically significant.

RESULTS

Expression and Localization of Endogenous H2S-Generating Enzymes in Rat Epididymis

Using real-time quantitative PCR (qPCR), the relative mRNA level of the endogenous H2S-generating enzymes CBS and CSE was found to be highly expressed in corpus and cauda regions compared with caput region of the rat epididymis (Figure 1A). Consistently, the western-blot analysis showed the similar tendency of the relative protein expression level of CBS and CSE (Figures 1B,C). The cellular localization of these endogenous H2S-generating enzymes in rat epididymal tissue was detected by immunohistochemical analysis. As illustrated in Figure 1D, the immunolabeling of CBS was exclusively localized in the rat epididymal epithelial cells, whilst the positive labeling of CSE was observed predominantly in the thin layer of smooth muscle cells underlying the epididymal epithelium.
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FIGURE 1. The expression, localization, and enzyme activity of CBS and CSE in rat epididymis. (A) Statistical analysis showing the relative mRNA level of CBS and CSE in rat caput, corpus, and cauda epididymis (n = 5). ∗∗∗P < 0.001 versus the corresponding caput group. Western blotting analysis showing the discriminating expression level of (B) CBS and (C) CSE protein in rat caput, corpus, and cauda epididymis. (D) The immunolabeling of CBS and CSE showing immunoreactivity of CBS (brown areas) was detected in the epididymal epithelium, whilst CSE (brown areas) was detected in the smooth muscle underlying the epididymal epithelium. Negative controls were prepared by substituting the primary antibody with PBS. Original magnification is 100× and 4 times magnified views of the smaller boxed areas are shown next to the lower bound. The lumen of rat epididymis is indicated by the asterisks. Scale bars: 100 μm. (E) Statistical analysis showing the production of H2S by rat caput, corpus and cauda epididymal tissue homogenate in the presence or absence of AOAA (1 mM) and/or PAG (10 mM) (n = 4). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 versus the corresponding vehicle control group. Symbols and bars indicated the means ± SD.



Production of H2S in Rat Epididymis

In light of the existence of CBS and CSE in rat epididymis, H2S biosynthesis in epididymal tissue homogenate was then measured. As illustrated in Figure 1E, the production of H2S was 31.96 ± 1.88 nmol/g protein × min-1 (n = 4), 65.09 ± 5.45 nmol/g protein × min-1 (n = 4) and 72.39 ± 3.02 nmol/g protein × min-1 (n = 4) in caput, corpus and cauda epididymis, respectively. The synthesis of H2S was significantly suppressed when pretreated the tissue homogenate with AOAA (1 mM), the inhibitor of CBS, or/and PAG (10 mM), the inhibitor of CSE (Aydinoglu et al., 2017). These results indicated that the epididymis possessed increasing ability to generate the endogenous H2S from caput to cauda regions.

Effect of H2S on Cauda Epididymal Epithelial Ion Transport

The short-circuit current (ISC) experiments were then performed to investigate the possible roles of H2S on rat epididymal transepithelial ion transportation. Under the unstimulated state, the primary cultured epididymal epithelial cells had a transepithelial electrical resistance of 705 ± 48 Ω × cm2 (n = 20), with a basal ISC of 4.68 ± 0.32 μA/cm2 (n = 20) when bathed in K-H solution. Basolateral administration of L-Cys, the donor of endogenous H2S, induced a decrease in the ISC response which was characterized by a transient decline phase followed by a long-term maintenance phase (Figure 2A). Interestingly, AOAA (1 mM), but not PAG (10 mM) significantly suppressed the L-Cys-stimulated ISC response (Figures 2B–E), which was coincided with the findings that only CBS was detected in the epididymal epithelial cells. These results suggested that H2S might play a role in regulating the rat epididymis epithelial ion transportation. To further ascertain this hypothesis, the exogenous H2S donor NaHS was employed. As shown in Figures 2F–H, basolateral or apical application of NaHS induced a decrease of the ISC response similar to L-Cys. The concentration-dependent characteristic of NaHS-stimulated ISC response was also evaluated (Figure 2I). The half-maximal effective concentrations of NaHS were 499.7 and 600.5 μM for the transient decline phase and the long-term maintenance phase, respectively. The derived value of hill coefficient was 0.664 and 0.634 with a 95% confidence interval level. 500 μM NaHS was applied in the subsequent experiments.
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FIGURE 2. H2S induced ISC response in rat cauda epididymal epithelium. (A) Representative trace of the ISC responses induced by the basolateral application of L-Cys (10 mM). (B–D) Representative recordings of ISC responses elicited by L-Cys (10 mM) when pretreated with AOAA (1 mM) or/and PAG (10 mM). (E) Statistical analysis showing the effect of the ISC responses elicited by L-Cys (n = 3–5). ∗∗P < 0.01 versus the transient phase of the L-Cys group. ##P < 0.01 versus the maintenance phase of the L-Cys group. Representative trace of the ISC responses when stimulated the confluent monolayer with (F) basolateral or (G) apical application of NaHS (500 μM). BL, basolateral application. AP, apical application. (H) Statistical analysis showing the effect of the ISC responses elicited by NaHS (n = 6–7). (I) Concentration-response curve of NaHS-stimulated ISC responses (n = 3–7). Symbols and bars indicated the means ± SD.



Involvement of KATP and BKca in H2S-Stimulated K+ Secretion

A decrease of ISC response represents cation secretion or anion reabsorption. In order to investigate the possible role of H2S in promoting K+ secretion, the measurement of intracellular K+ concentration was performed. As illustrated in Figure 3A, the fluorescence ratio of PBFI AM (340 nm/380 nm) decreased significantly when the epithelial cells were exposed to 500 μM NaHS, indicating that H2S induced K+ secretion in rat epididymal epithelial cells. With the aim of determining the K+ channels involved in the H2S-stimulated K+ secretion, a series of K+ channels blockers were employed. When apically pretreated with BaCl2 (1 mM), a non-selective blocker of K+ channels, or Glib (1 μM), a selective blocker of KATP channel (Lin et al., 2018), the NaHS-stimulated transient decline phase and long-term maintenance phase of K+ secretion were both significantly suppressed (Figures 3B,C,G). However, TEA (1 mM), a non-selective blocker of KCa channels, or IbTx (100 nM), a selective blocker of BKCa channel (Li et al., 2018), significantly depressed the long-term maintenance phase of NaHS-stimulated ISC response rather than the transient decline phase (Figures 3D,E,G). Moreover, the NaHS-stimulated ISC response was almost abolished when pretreated with Glib (1 μM) and IbTx (100 nM) together (Figures 3F,G). Consistent with the in vitro findings, our in vivo data also manifested that H2S stimulated the K+ secretion of rat epididymal epithelium. As shown, the calculated rate of the K+ secretion was 3.99 ± 0.25 nmol/cm2/min (n = 4, Figure 3H) when NaHS (120 μM) was applicated, which was significantly higher than the basic rate of K+ secretion (3.07 ± 0.22 nmol/cm2/min, n = 4, Figure 3H) by using microperfusion of rat cauda epididymis. Likewise, the promotion of the secretion rate of K+ by NaHS could be significantly depressed when Glib (1 μM) and IbTx (100 nM) were applicated (2.28 ± 1.27 nmol/cm2/min, n = 4, Figure 3H). These results confirmed that H2S stimulated K+ secretion via activating KATP channel and BKCa channel in the apical epithelial cell membrane of rat epididymal epithelium.
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FIGURE 3. H2S elicited K+ secretion via KATP and BKCa channels in rat cauda epididymal epithelium. (A) Representative trace of the NaHS-induced change in intracellular K+ concentration. Representative trace of the NaHS-stimulated ISC responses with apical pretreatment of (B) BaCl2 (1 mM), (C) Glib (1 μM), (D) TEA (1 mM), (E) IbTx (100 nM) or (F) both Glib (1 μM) and IbTx (100 nM). (G) Statistical analysis of the effect of apical K+ channels blockers on the NaHS-stimulated ISC responses (n = 3–7). ∗∗∗P < 0.001 versus the transient phase of the NaHS group, ###P < 0.001 versus the maintenance phase of the NaHS group. (H) Statistical analysis showing NaHS (120 μM) promoted the rate of K+ secretion in rat cauda epididymis in vivo (n = 4). ∗P < 0.05, ∗∗P < 0.01 versus the control group. Representative trace of the ISC responses stimulated by NaHS (500 μM) with the basolateral pretreatment of (I) bumetanide (100 μM) or (J) BaCl2 (1 mM). (K) Statistical analysis showing the effect of basolateral K+ channel blocker and NKCC inhibitor on the NaHS-stimulated ISC responses (n = 5–7). ∗∗P < 0.01 versus the transient phase of the NaHS group, ##P < 0.01 versus the maintenance phase of the NaHS group. Symbols and bars indicated the means ± SD.



It has long been known that basolateral Na+-K+-2Cl- cotransporters (NKCC) are responsible for supplying substrate during transepithelial secretion (Bachmann et al., 2011). On the other hand, the basolateral K+ channels are also involved in the process of K+ secretion indirectly by maintaining the K+ circulation in the basement membrane (Sun et al., 2014, 2016). Notably, when the epididymal epithelial cells were basolaterally pretreated with bumetanide (100 μM), an inhibitor of NKCC, or BaCl2 (1 mM), the NaHS-stimulated ISC response was significantly suppressed (Figures 3I–K). These observations suggested that the basolateral NKCC and K+ channels were implicated in H2S-induced transepithelial K+ secretion.

Activation of BKCa Is Dependent on TRPV4

Previous studies have revealed that H2S could induce the transient receptor potential vanilloid 4 (TRPV4) channel-dependent elevation of intracellular Ca2+ level and subsequently active BKCa channel in epithelial and endothelial cells (Reiter et al., 2006; Naik et al., 2016). In the present study, when apically pretreated the epithelial cells with HC067047 (100 nM), a selective blocker of TRPV4 (Everaerts et al., 2010), the long-term maintenance phase of the NaHS-stimulated K+ secretion was significantly suppressed (Figures 4A,B), which was consistent with that pretreated with TEA or IbTx. This result indicated that TRPV4 might be involved in the activation of BKCa channel in rat epididymal epithelium.
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FIGURE 4. Involvement of TRPV4 in the H2S-induced K+ secretion. (A) Representative trace of the ISC responses stimulated by NaHS (500 μM) with the apical pretreatment of HC067047 (100 nM). (B) Statistical analysis showing the effect of TRPV4 channel blocker on the NaHS-stimulated ISC responses (n = 6–7). ###P < 0.001 versus the maintenance phase of the NaHS group. (C–E) Fluo-3 fluorescence was measured to detect the intracellular Ca2+ transients elicited by NaHS (500 μM) in (C) NPSS and (D) Ca2+-free PSS. (E) Representative trace of the NaHS-stimulated Ca2+ transients responses when pretreated with HC067047 (100 nM). (F) Statistical analysis showing the NaHS-stimulated Ca2+ transients responses in various conditions (n = 30–78). ∗∗∗P < 0.001 versus the NaHS group. Symbols and bars indicated the means ± SD.



Subsequently, the intracellular Ca2+ concentration of epididymal epithelial cells was also measured. Figure 4C showed that NaHS could induce a considerable increase in intracellular Ca2+ concentration. However, removal of ambient Ca2+ abolished this response (Figures 4D,F). These observations indicated that the increase of intracellular Ca2+ level elicited by H2S was mediated by Ca2+ influx. Furthermore, the Ca2+ influx elicited by NaHS was significantly suppressed by HC067047 (100 nM) (Figures 4E,F), confirmed the involvement of TRPV4 channel in this process.

Involvement of CBS/CSE-H2S Pathway in the Formation of the High K+ Level Fluid Environment Essential for Sperm Viability Preservation

In view that H2S could induce marked K+ secretion of epididymal epithelium, we next sought to validate the possible roles of endogenous H2S in the formation of the high K+ concentration of the epididymal intraluminal fluid. As illustrated in Figure 5A, disturbance of the H2S generation in the rat cauda epididymis by local injection of AOAA (1.36 μg/100 g of body weight) and PAG (8.44 μg/100 g of body weight) significantly decreased the K+ concentration in rat cauda epididymal intraluminal fluid. However, when NaHS (120 μM) was supplied, the decline of the K+ level was significantly suppressed, indicating that endogenous H2S contributed to the formation of the high K+ level in rat cauda epididymal intraluminal fluid.
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FIGURE 5. Involvement of CBS/CSE-H2S pathway in the formation of the high K+ level fluid environment essential for sperm store in the quiescent state. (A) Statistical analysis showing the concentration of K+ in the epididymal intraluminal fluid obtained from rat models (n = 6–8), ∗∗P < 0.01, ∗∗∗P < 0.001 versus the control group. Statistical analysis showing the percentage of motile sperm (B) and the percentage of forward progressives (C) of the epididymal sperm incubated in different bath solutions (n = 3). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 versus the 5 mM K+ (pH: 7.40) group. Symbols and bars indicated the means ± SD.



To illuminate the physiological function of the high K+ environment on sperm storage, the motility of cauda epididymal sperm in different conditions was evaluated by CASA. As illustrated in Figure 5B, sperm incubated in the 5 mM K+ buffer solution with the pH at 7.40 severed as the control group. Reduction of the pH value (from 7.40 to 6.50) or increase of the extracellular K+ level (from 5 to 45 mM) in the buffer solution suppressed the motility of sperm in a time-dependent manner. Interestingly, when the sperm was incubated in the 45 mM K+ buffer solution with the pH at 6.50, the motility of sperm was suppressed to the greatest extent within 15 min. Similar tendency was observed in another sperm motile parameter, the percentage of forward progressives (Figure 5C). These data suggested that the high extracellular K+ level of cauda epididymal intraluminal fluid contributed to maintaining the cauda epididymal sperm in the quiescent state in a pH-independent manner.

DISCUSSION

As a member of gasotransmitters, H2S has been identified in several tissues of male reproductive system from various mammalian species (Sugiura et al., 2005; d’Emmanuele di Villa Bianca et al., 2009; Li et al., 2011; di Villa Bianca et al., 2015). However, the existence and the functional roles of H2S in epididymis remain unclear. Here we have, for the first time, provided the evidence of H2S biosynthesis in rat epididymis and demonstrated that the pro-secretion function of H2S on epididymal epithelium was mediated by KATP channel and BKCa channel. Furthermore, we found that L-Cys-CBS/CSE-H2S pathway played an important role in the maintenance of high K+ concentration in rat cauda epididymal intraluminal fluid, which might contribute to the maintenance of the cauda epididymal sperm in quiescent dormant state before ejaculation. The working model to illustrate the possible role of endogenous H2S in rat epididymis was shown in Figure 6.
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FIGURE 6. Proposed working model of H2S-induced K+ secretion in rat cauda epididymal epithelial cells. H2S, the enzymolysis products of CBS and CSE in the rat epididymis, induced a transepithelial K+ secretion mediated by KATP and BKCa channels. TRPV4 channel-mediated Ca2+ influx was implicated in the activation of BKCa channel. Meanwhile, basolateral NKCC and K+ channels participated in this process by supplying substrate K+ and generating driving force. Furthermore, H2S-stimulated K+ secretion was vital to maintain the high K+ level of intraluminal fluid, which contributed to maintaining the cauda epididymal sperm in the quiescent state in a pH-independent manner before ejaculation.



In the male reproductive system, endogenous H2S-generating enzymes CBS and CSE have been identified in human penile, rat testis, and vas deferens (Sugiura et al., 2005; Li et al., 2012; di Villa Bianca et al., 2015). Similar to rat testis, our results demonstrated the distribution of these two enzymes was distinct in rat epididymal tissue. CBS exclusively expressed in the epithelial cells, whilst CSE was detected predominantly in the smooth muscle cells. In consideration of the pro-secretion and relaxant function of H2S (Dominy and Stipanuk, 2004; Pouokam et al., 2011; Sun et al., 2016), we conjectured that CBS and CSE probably play discriminating roles in the regulation of rat epididymal transepithelial ion transportation and the rhythmic contraction, although more investigations are needed to verify this hypothesis.

Previous studies have demonstrated that H2S induced a biphasic change of ISC response including the K+ secretion and the subsequent Cl- secretion in vaginal epithelium (Sun et al., 2016). Furthermore, a polyphasic change in ISC including a biphasic Cl--dependent increase and a transient K+-dependent decrease in colonic epithelium was also observed (Hennig and Diener, 2009). Here in our study, both H2S precursor and donor induced a decrease of ISC response which was characterized by a transient decline phase followed by a long-term maintenance phase of transepithelial K+ secretion. Notably, Cl--dependent increase phase of ISC was absent in our study, which might be due to the specific differences between tissues and species. Besides, secretomotor submucosal neurons were reportedly indispensable for the Cl- secretion induced by H2S in human and guinea-pig colon (Schicho et al., 2006). In the present study, the absence of secretomotor submucosal neurons in our primary cultured monolayer of rat epididymal epithelium might lead to the discrepancy mentioned above.

For the past few years, extensive experiments have verified that H2S is the endogenous gaseous opener of KATP channels (Zhao et al., 2001; Cheng et al., 2004; Distrutti et al., 2006). Several previous studies have also demonstrated that H2S activate BKCa channel in various cell types (Li et al., 2012; Jackson-Weaver et al., 2013; Huang et al., 2014), although some other studies indicate that H2S inhibit the activity of BKCa channel (Li et al., 2010; Telezhkin et al., 2010). Besides, it has also been reported that phosphorylation of BKCa channel could modulate the sensitivity of BKCa channel to H2S (Kyle and Braun, 2014). In the present study, our results confirmed that KATP channel and BKCa channel were both involved in the H2S-stimulated transepithelial K+ secretion in rat epididymal epithelium. Nevertheless, BKCa channel primarily participated in the long-term maintenance phase of H2S-stimulated K+ secretion, which was different from KATP channel. The specific cellular mechanisms underlying this process need further exploration. It has been reported that H2S could directly activate KATP channel by sulfhydrating the extracellular cysteine residues of SUR subunit (Mustafa et al., 2009; Jiang et al., 2010). KATP channel subunits, Kir6.2 (KCNJ11) and SUR2 (ABCC9) have also been identified in rat epididymis principal epithelial cells (Lybaert et al., 2008). Here in our study, the immediate activation of KATP channel by H2S implied the direct S-sulfhydration of KATP channel protein. On the other hand, the activation of KCa channels elicited by TRPV4-dependent Ca2+ influx in endothelial cells has been reported (Naik et al., 2016). Moreover, it has been demonstrated that H2S could activate TRPV4 channel through the direct sulfudration of this channel (Paul and Snyder, 2012; Naik et al., 2016). The functional coupling of TRPV4 channels and BKCa channels in detrusor smooth muscle and human bronchial epithelial cell lines have also been observed (Fernandez-Fernandez et al., 2008; Isogai et al., 2016). In this study, our results demonstrated the blockers of BKCa channel and TRPV4 channel depressed the H2S-stimulated K+ secretion in a uniform manner, suggesting the activation of TRPV4 may be an upstream cellular event of the open of BKCa channel. Besides, the measurement of intracellular Ca2+ level confirmed that H2S induced Ca2+ influx via TRPV4 channel. These observations in combination indicated that TRPV4-dependent Ca2+ influx was implicated in the activation of BKCa channel. However, further investigation is needed to verify whether there is a signaling complex comprised of TRPV4 channel and BKCa channel in rat epididymal epithelial cells.

As is known, the physiological activities of the epididymis are highly regionalized due to the differential expression of genes (Jelinsky et al., 2007; Belleannee et al., 2012). The regional differences in gene expression level along the epididymis are indispensable for the establishment of the specific intraluminal fluid microenvironment required for sperm maturation and storage. It was noticeable that the intraluminal K+ level was approximately 20, 38, and 50 mM in caput, corpus and cauda epididymis respectively (Levine and Marsh, 1971; Turner et al., 1977; Jenkins et al., 1980). Interestingly, the present study demonstrated that the ability of endogenous H2S generation increased gradually from caput to cauda epididymis. In light of the remarkable effect of H2S on transepithelial K+ secretion in rat epididymal epithelium, we postulated that H2S might play crucial roles in establishing the appropriate intraluminal K+ microenvironment in different epididymal region. Actually, our in vivo animal model study demonstrated that inhibition of endogenous H2S biosynthesis resulted in disequilibrium of the cauda epididymal intraluminal K+ concentration, which might provide new insight into the pro-secretory role of endogenous H2S. For decades, epididymal intraluminal proteins have been well-investigated for their crucial function on the maturation of the epididymal sperm (Dacheux et al., 2003; Xie et al., 2016). However, just a few studies have focused on the physiological function of ionic environment in epididymal lumen (Dacheux and Dacheux, 2014). As is known, sperm stored in the cauda epididymis will keep quiescent before ejaculation. The immobile status is essential to preserve their viability during this period (Jones and Murdoch, 1996). The acidic pH microenvironment was reported to be a key factor to maintain the cauda epididymal sperm in the quiescent state (Nishigaki et al., 2014). Besides, the relevance of the immobile status of sperm and the high level of K+ in external fluid environment has also been explored although the underlying mechanism remains largely unclear (Jessee and Howards, 1976; Wong and Lee, 1983). Here in our study, we demonstrated that the high extracellular K+ level contributed to maintain the cauda epididymal sperm in the quiescent state in a pH-independent manner, indicating the overlooked roles of extracellular K+ in epididymis. At the meantime, our data suggested that CBS and CSE were indispensable for the epididymis to create an appropriate microenvironment for sperm stored in the quiescent state in cauda epididymis. However, it should be noted that a previous research showed that male mice with deletion of CSE are fertile (Yang et al., 2008). We postulated that this might be due to the compensative effect of CBS. Another study validated that CBS-knockout mice suffered from severe growth retardation and a majority of them died within 5 weeks after birth (Watanabe et al., 1995), indicating that CBS was indispensable for the survival of mice, although the fertility of CBS-knockout male mice is still elusive. Therefore, the tissue-specific double knockout of CBS and CSE in rat epididymis is needed to further evaluate their functional role in male fertility.

Collectively, this study demonstrated that H2S could stimulate the transepithelial K+ secretion of rat epididymis via KATP channel and BKCa channel. Furthermore, CBS and CSE were indispensable to maintain the high K+ concentration of rat epididymal intraluminal fluid essential for sperm storage via L-Cys-CBS/CSE-H2S pathway. The physiologic effects of H2S elucidated in our study may provide new insight into the treatments of asthenozoospermia and male contraceptives.

AUTHOR CONTRIBUTIONS

D-DG, Y-LZ, and W-LZ: conception and design of the work. D-DG, J-WX, W-BQ, LP, Z-EQ, L-LW, C-FL, X-NC, J-BX, Y-XZ, and Y-GT: acquisition, analysis, or interpretation of data. D-DG and Y-LZ: article writing with contributions from other authors. J-WX: revised the manuscript. All authors approved the final manuscript and agreed to be accountable for the work, persons designated as authors qualify for authorship, and those who qualify for authorship are listed.

FUNDING

The present study was supported by the National Natural Science Foundation of China (Grant Nos. 31771286, 81471445, and 81571427).

REFERENCES

Aydinoglu, F., Dalkir, F. T., Demirbag, H. O., and Ogulener, N. (2017). The interaction of l-cysteine/H2S pathway and muscarinic acetylcholine receptors (mAChRs) in mouse corpus cavernosum. Nitric Oxide 70, 51–58. doi: 10.1016/j.niox.2017.08.005

Bachmann, O., Juric, M., Seidler, U., Manns, M. P., and Yu, H. (2011). Basolateral ion transporters involved in colonic epithelial electrolyte absorption, anion secretion and cellular homeostasis. Acta Physiol. 201, 33–46. doi: 10.1111/j.1748-1716.2010.02153.x

Bedford, J. M. (2015). The epididymis re-visited: a personal view. Asian J. Androl. 17, 693–698.

Belleannee, C., Thimon, V., and Sullivan, R. (2012). Region-specific gene expression in the epididymis. Cell Tissue Res. 349, 717–731. doi: 10.1007/s00441-012-1381-0

Chan, H. C., Fu, W. O., Chung, Y. W., Chan, P. S., and Wong, P. Y. (1995). An ATP-activated cation conductance in human epididymal cells. Biol. Reprod. 52, 645–652. doi: 10.1095/biolreprod52.3.645

Cheng, Y., Ndisang, J. F., Tang, G., Cao, K., and Wang, R. (2004). Hydrogen sulfide-induced relaxation of resistance mesenteric artery beds of rats. Am. J. Physiol. Heart Circ. Physiol. 287, H2316–H2323. doi: 10.1152/ajpheart.00331.2004

Cornwall, G. A. (2009). New insights into epididymal biology and function. Hum. Reprod. Update 15, 213–227. doi: 10.1093/humupd/dmn055

Dacheux, J. L., and Dacheux, F. (2014). New insights into epididymal function in relation to sperm maturation. Reproduction 147, R27–R42. doi: 10.1530/REP-13-0420

Dacheux, J. L., Dacheux, F., and Druart, X. (2016). Epididymal protein markers and fertility. Anim. Reprod. Sci. 169, 76–87. doi: 10.1016/j.anireprosci.2016.02.034

Dacheux, J. L., Gatti, J. L., and Dacheux, F. (2003). Contribution of epididymal secretory proteins for spermatozoa maturation. Microsc. Res. Tech. 61, 7–17. doi: 10.1002/jemt.10312

d’Emmanuele di Villa Bianca, R., Sorrentino, R., Maffia, P., Mirone, V., Imbimbo, C., Fusco, F., et al. (2009). Hydrogen sulfide as a mediator of human corpus cavernosum smooth-muscle relaxation. Proc. Natl. Acad. Sci. U.S.A. 106, 4513–4518. doi: 10.1073/pnas.0807974105

di Villa Bianca, R., Cirino, G., and Sorrentino, R. (2015). Hydrogen sulfide and urogenital tract. Handb. Exp. Pharmacol. 230, 111–136. doi: 10.1007/978-3-319-18144-8_5

Distrutti, E., Sediari, L., Mencarelli, A., Renga, B., Orlandi, S., Antonelli, E., et al. (2006). Evidence that hydrogen sulfide exerts antinociceptive effects in the gastrointestinal tract by activating KATP channels. J. Pharmacol. Exp. Ther. 316, 325–335. doi: 10.1124/jpet.105.091595

Dominy, J. E., and Stipanuk, M. H. (2004). New roles for cysteine and transsulfuration enzymes: production of H2S, a neuromodulator and smooth muscle relaxant. Nutr. Rev. 62, 348–353. doi: 10.1111/j.1753-4887.2004.tb00060.x

Du, J. Y., Zuo, W. L., Chen, M. H., Xiang, H., and Zhou, W. L. (2006). Involvement of muscarinic acetylcholine receptors in chloride secretion by cultured rat epididymal epithelium. Cell Biol. Int. 30, 741–746. doi: 10.1016/j.cellbi.2006.05.008

Everaerts, W., Zhen, X., Ghosh, D., Vriens, J., Gevaert, T., Gilbert, J. P., et al. (2010). Inhibition of the cation channel TRPV4 improves bladder function in mice and rats with cyclophosphamide-induced cystitis. Proc. Natl. Acad. Sci. U.S.A. 107, 19084–19089. doi: 10.1073/pnas.1005333107

Fernandez-Fernandez, J. M., Andrade, Y. N., Arniges, M., Fernandes, J., Plata, C., Rubio-Moscardo, F., et al. (2008). Functional coupling of TRPV4 cationic channel and large conductance, calcium-dependent potassium channel in human bronchial epithelial cell lines. Pflugers Arch. 457, 149–159. doi: 10.1007/s00424-008-0516-3

Gao, D. Y., Zhang, B. L., Leung, M. C. T., Au, S. C. L., Wong, P. Y. D., and Shum, W. W. C. (2016). Coupling of TRPV6 and TMEM16A in epithelial principal cells of the rat epididymis. J. Gen. Physiol. 148, 161–182. doi: 10.1085/jgp.201611626

Hennig, B., and Diener, M. (2009). Actions of hydrogen sulphide on ion transport across rat distal colon. Br. J. Pharmacol. 158, 1263–1275. doi: 10.1111/j.1476-5381.2009.00385.x

Hinton, B. T., and Palladino, M. A. (1995). Epididymal epithelium: its contribution to the formation of a luminal fluid microenvironment. Microsc. Res. Tech. 30, 67–81. doi: 10.1002/jemt.1070300106

Huang, J., Luo, Y. L., Hao, Y., Zhang, Y. L., Chen, P. X., Xu, J. W., et al. (2014). Cellular mechanism underlying hydrogen sulfide induced mouse tracheal smooth muscle relaxation: role of BKCa. Eur. J. Pharmacol. 741, 55–63. doi: 10.1016/j.ejphar.2014.07.004

Huang, Y., Chung, Y. W., and Wong, P. Y. (1999). Potassium channel activity recorded from the apical membrane of freshly isolated epithelial cells in rat caudal epididymis. Biol. Reprod. 60, 1509–1514. doi: 10.1095/biolreprod60.6.1509

Ise, F., Takasuka, H., Hayashi, S., Takahashi, K., Koyama, M., Aihara, E., et al. (2011). Stimulation of duodenal HCO(3)(-) secretion by hydrogen sulphide in rats: relation to prostaglandins, nitric oxide and sensory neurones. Acta Physiol. 201, 117–126. doi: 10.1111/j.1748-1716.2010.02152.x

Isogai, A., Lee, K., Mitsui, R., and Hashitani, H. (2016). Functional coupling of TRPV4 channels and BK channels in regulating spontaneous contractions of the guinea pig urinary bladder. Pflugers Arch. 468, 1573–1585. doi: 10.1007/s00424-016-1863-0

Jackson-Weaver, O., Osmond, J. M., Riddle, M. A., Naik, J. S., Gonzalez Bosc, L. V., Walker, B. R., et al. (2013). Hydrogen sulfide dilates rat mesenteric arteries by activating endothelial large-conductance Ca(2)(+)-activated K(+) channels and smooth muscle Ca(2)(+) sparks. Am. J. Physiol. Heart Circ. Physiol. 304, H1446–H1454. doi: 10.1152/ajpheart.00506.2012

Jelinsky, S. A., Turner, T. T., Bang, H. J., Finger, J. N., Solarz, M. K., Wilson, E., et al. (2007). The rat epididymal transcriptome: comparison of segmental gene expression in the rat and mouse epididymides. Biol. Reprod. 76, 561–570. doi: 10.1095/biolreprod.106.057323

Jenkins, A. D., Lechene, C. P., and Howards, S. S. (1980). Concentrations of seven elements in the intraluminal fluids of the rat seminiferous tubules, rate testis, and epididymis. Biol. Reprod. 23, 981–987. doi: 10.1095/biolreprod23.5.981

Jessee, S. J., and Howards, S. S. (1976). A survey of sperm, potassium and sodium concentrations in the tubular fluid of the hamster epididymis. Biol. Reprod. 15, 626–631. doi: 10.1095/biolreprod15.5.626

Jiang, B., Tang, G., Cao, K., Wu, L., and Wang, R. (2010). Molecular mechanism for H(2)S-induced activation of K(ATP) channels. Antioxid. Redox Signal. 12, 1167–1178. doi: 10.1089/ars.2009.2894

Jones, R. C., and Murdoch, R. N. (1996). Regulation of the motility and metabolism of spermatozoa for storage in the epididymis of eutherian and marsupial mammals. Reprod. Fertil. Dev. 8, 553–568. doi: 10.1071/RD9960553

Kasner, S. E., and Ganz, M. B. (1992). Regulation of intracellular potassium in mesangial cells: a fluorescence analysis using the dye, PBFI. Am. J. Physiol. 262, F462–F467. doi: 10.1152/ajprenal.1992.262.3.F462

Kyle, B. D., and Braun, A. P. (2014). The regulation of BK channel activity by pre- and post-translational modifications. Front. Physiol. 5:316. doi: 10.3389/fphys.2014.00316

Levine, N., and Marsh, D. J. (1971). Micropuncture studies of the electrochemical aspects of fluid and electrolyte transport in individual seminiferous tubules, the epididymis and the vas deferens in rats. J. Physiol. 213, 557–570. doi: 10.1113/jphysiol.1971.sp009400

Li, J. X., Li, Y., Du, Y. H., Mou, K., Sun, H., Zang, Y. W., et al. (2011). Endogenous hydrogen sulfide as a mediator of vas deferens smooth muscle relaxation. Fertil. Steril. 95, 1833–1835. doi: 10.1016/j.fertnstert.2010.11.001

Li, N., Liu, L., Li, G., Xia, M., Du, C., and Zheng, Z. (2018). The role of BKCa in endometrial cancer HEC-1-B cell proliferation and migration. Gene 655, 42–47. doi: 10.1016/j.gene.2018.02.055

Li, Q., Sun, B., Wang, X., Jin, Z., Zhou, Y., Dong, L., et al. (2010). A crucial role for hydrogen sulfide in oxygen sensing via modulating large conductance calcium-activated potassium channels. Antioxid. Redox Signal. 12, 1179–1189. doi: 10.1089/ars.2009.2926

Li, Y., Zang, Y., Fu, S., Zhang, H., Gao, L., and Li, J. (2012). H2S relaxes vas deferens smooth muscle by modulating the large conductance Ca2+ -activated K+ (BKCa) channels via a redox mechanism. J. Sex. Med. 9, 2806–2813. doi: 10.1111/j.1743-6109.2012.02879.x

Lin, Y. K., Chen, Y. C., Chen, Y. A., Huang, J. H., Chen, S. A., and Chen, Y. J. (2018). Levosimendan differentially modulates electrophysiological activities of sinoatrial nodes, pulmonary veins, and the left and right atria. J. Cardiovasc. Electrophysiol. 29, 1150–1158. doi: 10.1111/jce.13629

Lybaert, P., Vanbellinghen, A. M., Quertinmont, E., Petein, M., Meuris, S., and Lebrun, P. (2008). KATP channel subunits are expressed in the epididymal epithelium in several mammalian species. Biol. Reprod. 79, 253–261. doi: 10.1095/biolreprod.107.064659

Mustafa, A. K., Gadalla, M. M., Sen, N., Kim, S., Mu, W. T., Gazi, S. K., et al. (2009). H2S signals through protein S-sulfhydration. Sci. Signal. 2:ra72. doi: 10.1126/scisignal.2000464

Naik, J. S., Osmond, J. M., Walker, B. R., and Kanagy, N. L. (2016). Hydrogen sulfide-induced vasodilation mediated by endothelial TRPV4 channels. Am. J. Physiol. Heart Circ. Physiol. 311, H1437–H1444. doi: 10.1152/ajpheart.00465.2016

Nishigaki, T., Jose, O., Gonzalez-Cota, A. L., Romero, F., Trevino, C. L., and Darszon, A. (2014). Intracellular pH in sperm physiology. Biochem. Biophys. Res. Commun. 450, 1149–1158. doi: 10.1016/j.bbrc.2014.05.100

Olas, B. (2015). Hydrogen sulfide in signaling pathways. Clin. Chim. Acta 439, 212–218. doi: 10.1016/j.cca.2014.10.037

Paul, B. D., and Snyder, S. H. (2012). H2S signalling through protein sulfhydration and beyond. Nat. Rev. Mol. Cell Biol. 13, 499–507. doi: 10.1038/nrm3391

Pouokam, E., and Althaus, M. (2016). Epithelial electrolyte transport physiology and the gasotransmitter hydrogen sulfide. Oxid. Med. Cell. Longev. 2016:4723416. doi: 10.1155/2016/4723416

Pouokam, E., and Diener, M. (2012). Modulation of ion transport across rat distal colon by cysteine. Front. Physiol. 3:43. doi: 10.3389/fphys.2012.00043

Pouokam, E., Steidle, J., and Diener, M. (2011). Regulation of colonic ion transport by gasotransmitters. Biol. Pharm. Bull. 34, 789–793. doi: 10.1248/bpb.34.789

Reiter, B., Kraft, R., Gunzel, D., Zeissig, S., Schulzke, J. D., Fromm, M., et al. (2006). TRPV4-mediated regulation of epithelial permeability. FASEB J. 20, 1802–1812. doi: 10.1096/fj.06-5772com

Schicho, R., Krueger, D., Zeller, F., Von Weyhern, C. W., Frieling, T., Kimura, H., et al. (2006). Hydrogen sulfide is a novel prosecretory neuromodulator in the Guinea-pig and human colon. Gastroenterology 131, 1542–1552. doi: 10.1053/j.gastro.2006.08.035

Sugiura, Y., Kashiba, M., Maruyama, K., Hoshikawa, K., Sasaki, R., Saito, K., et al. (2005). Cadmium exposure alters metabolomics of sulfur-containing amino acids in rat testes. Antioxid. Redox Signal. 7, 781–787. doi: 10.1089/ars.2005.7.781

Sullivan, R., and Mieusset, R. (2016). The human epididymis: its function in sperm maturation. Hum. Reprod. Update 22, 574–587. doi: 10.1093/humupd/dmw015

Sun, Q., Huang, J., Yang, D. L., Cao, X. N., and Zhou, W. L. (2014). Activation of beta-adrenergic receptors during sexual arousal facilitates vaginal lubrication by regulating vaginal epithelial Cl(-) secretion. J. Sex. Med. 11, 1936–1948. doi: 10.1111/jsm.12583

Sun, Q., Huang, J., Yue, Y. J., Xu, J. B., Jiang, P., Yang, D. L., et al. (2016). Hydrogen sulfide facilitates vaginal lubrication by activation of epithelial ATP-sensitive K(+) channels and cystic fibrosis transmembrane conductance regulator. J. Sex. Med. 13, 798–807. doi: 10.1016/j.jsxm.2016.03.001

Szabo, C. (2007). Hydrogen sulphide and its therapeutic potential. Nat. Rev. Drug Discov. 6, 917–935. doi: 10.1038/nrd2425

Takeuchi, K., Ise, F., Takahashi, K., Aihara, E., and Hayashi, S. (2015). H2S-induced HCO3- secretion in the rat stomach - Involvement of nitric oxide, prostaglandins, and capsaicin-sensitive sensory neurons. Nitric Oxide 46, 157–164. doi: 10.1016/j.niox.2014.11.001

Telezhkin, V., Brazier, S. P., Cayzac, S. H., Wilkinson, W. J., Riccardi, D., and Kemp, P. J. (2010). Mechanism of inhibition by hydrogen sulfide of native and recombinant BKCa channels. Respir. Physiol. Neurobiol. 172, 169–178. doi: 10.1016/j.resp.2010.05.016

Turner, T. T., Hartmann, P. K., and Howards, S. S. (1977). In vivo sodium, potassium, and sperm concentrations in the rat epididymis. Fertil. Steril. 28, 191–194. doi: 10.1016/S0015-0282(16)42382-4

Vadnais, M. L., Aghajanian, H. K., Lin, A., and Gerton, G. L. (2013). Signaling in sperm: toward a molecular understanding of the acquisition of sperm motility in the mouse epididymis. Biol. Reprod. 89:127. doi: 10.1095/biolreprod.113.110163

Watanabe, M., Osada, J., Aratani, Y., Kluckman, K., Reddick, R., Malinow, M. R., et al. (1995). Mice deficient in cystathionine beta-synthase: animal models for mild and severe homocyst(e)inemia. Proc. Natl. Acad. Sci. U.S.A. 92, 1585–1589. doi: 10.1073/pnas.92.5.1585

Wong, P. Y., and Lee, W. M. (1983). Potassium movement during sodium-induced motility initiation in the rat caudal epididymal spermatozoa. Biol. Reprod. 28, 206–212. doi: 10.1095/biolreprod28.1.206

Wong, P. Y., and Yeung, C. H. (1978). Absorptive and secretory functions of the perfused rat cauda epididymidis. J. Physiol. 275, 13–26. doi: 10.1113/jphysiol.1978.sp012174

Xie, S. W., Li, G. T., Qu, L. J., Cao, Y., Wang, Q., Zhou, J. Y., et al. (2016). Identification of new epididymal luminal fluid proteins involved in sperm maturation in infertile rats treated by dutasteride using iTRAQ. Molecules 21:E602. doi: 10.3390/molecules21050602

Xu, Y., Xiao, F. L., Xu, N., and Qian, S. Z. (1985). Effect of intra-epididymal injection of copper particles on fertility, spermatogenesis, and tissue copper levels in rats. Int. J. Androl. 8, 168–174. doi: 10.1111/j.1365-2605.1985.tb00830.x

Yang, G., Wu, L., Jiang, B., Yang, W., Qi, J., Cao, K., et al. (2008). H2S as a physiologic vasorelaxant: hypertension in mice with deletion of cystathionine gamma-lyase. Science 322, 587–590. doi: 10.1126/science.1162667

Zhao, W., Zhang, J., Lu, Y., and Wang, R. (2001). The vasorelaxant effect of H(2)S as a novel endogenous gaseous K(ATP) channel opener. EMBO J. 20, 6008–6016. doi: 10.1093/emboj/20.21.6008

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Gao, Xu, Qin, Peng, Qiu, Wang, Lan, Cao, Xu, Zhu, Tang, Zhang and Zhou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphys-09-01886-g006.jpg
@ — @ —
o~— @ — &
o N— oN— —_
@ — @ —

Epididymal lumen TRPV4 BKCQ* Kare w

¥ . Na' K K CFNer -

.
Ly
Y
.

Epididymal epithelial cell

K* channels






OPS/images/fphys-09-01886-g004.jpg
o

[The transient phase

2.57 ~
< CThe maintenance phase S0
S 2.0 = [ NPSS |
< = NaH M
NaHS 500 uM (BL) = S 500
%) >
”\t'\w\\ " E(,,1 5 | <400
HCOG7047*’\/,—/W = #ith % i
100 nM (AP) 2 1.0 & Al
2 2200
0.5 yAlcm?T_, o S
80's 0.5- =
& 100
)
0 , B e
NaHS NaHS + 0 100 200 300 400 500 600
HCO067047 Time (s)
E F
) s S 6007
26007 [ Carfree PSS 6009 NPSS =
] [ NaHS(500 M) = HC067047 (100 nM 5 5001
c,\0500 Tg (5 M) * 500+ NaHS(500 uM) 2
24001 4001 g
8 8 c *kk
$3001 $ 3001 8 3001
i 3 o |
52001 5 200 S 200
..—2 é =] *kk
1001 o 1007 %2 1007 |—I‘|
S S ol
b 0 100 200 300 400500 600 - 0 100 200 300 400 500 600

NaHS

Time (s) Time (s)

Ca*-free
+ NaHS
HC067047
+ NaHS





OPS/images/fphys-09-01886-g005.jpg
Concentration of K*(mM)

Percentage of motile sperm

Control

AOAA + PAG
AOAA + PAG
+NaHS

100+

801

60

40+

20

—— 5 mM K* (pH:7.40)
—+— 45 mM K* (pH:7.40)
—— 5 mM K*(pH:6.50)
——45 mM K* (pH:6.50)

40 60 80 100
Time (min)

Percentage of forward

—=— 5 mM K* (pH:7.40)
—+— 45 mM K* (pH:7.40)
—— 5 mM K* (pH:6.50)
——45 mM K* (pH:6.50)

Time (min)





OPS/images/fphys-09-01886-g002.jpg
B F G
NaHS 500 uM (BL) NaHS 500 uM (AP)
L-Cys 10 mM (BL) L-Cys 10 mM (BL) | }
{ {
NN
k { AOAA 1 mM (BL)
0.5 pA/cm?
0.5 pAlem?]_, 0.5 pAlem?] 0.5 pA/em?]_, a I@‘S
80s 80s 80s
D H )
[The transient phase
L-Cys 10 mM (BL) L-Cys 10 mM (BL) - 2.5 [JThe maintenance phase 5-
{ E o . 7
H e WN\\ S 20 £ 4] The transient phase .
AOAA 1 mM (BL) P =4 = | The maintenance phase 1
PAG 10 mM (BL) S = < i
PAG 10 mM (BL) 3 151 2 3]
= o
0.5 uA/cm?]_, 0.5 pAlcm?]_, -g = 5
80s 80s 2 1.0 © il
g 2
S o5 g1
2.5 : o
[ The transient phase 01
& [ The maintenance phase 0= — Ty
E2.0- P g 3 104 10° 001 04 1 10
i T 3 Concentration of NaHS (mM)
o154 2
0

L-Cys
L-Cys +PAG

Change in |/,
o -4
°. g &
L-Cys + AOAA
s
-
+ PAG i

L-Cys + ACAA





OPS/images/fphys-09-01886-g003.jpg
o
@
= =

*k

PBFI fluorescence

150 _ 2.57 = The transient phase . 51, =
T Nal-‘IS 200 M BaCl, 1 mM (AP) :'% 2.0 = The maintenance phase 2 4
£ 100 ! NaHS500pM(BL) = BT
po } 3 O g
5 = 1.5 o E 34
X \ TN e \8 kk §4 p
< 5 0.5 pA/em2l_, < 101 s | | | [ 55 21
ol ® LXL g Hhk 2 %
go 54 £ i © = 1
0 200 400 600 800 1000 g §
Time (s) 0+ oL o ¢
o [
D 2 5 8 § X 2 £2s
Glib 1 uM (AP) g & 7 5 F 7 S8 % ra
+ (%2} %] Q =
' NaH$S 500 uM (BL) Na;HS 500 uM (BL) b % 2z 2= I (3
——\ } w—-r\~\\ E z =z =z g B =z
\___,,._ TEA1mM (/-\F’\/——d | ¥
0.5 yAlem?l_, 0.5 pAlem?]_ NaHS 500 uM (BL) — 2.5] [ The transient phase
80's 80's —F\\ﬂl__,_ 500 I The maintenance phase
s2
Bumetanide 100 uM (BL) 2
F 21.51
2 c *x
NaHS 500 uM (BL) NaH? 500 M (BL) B.5'uhem T&). . ‘é 101 -
- —N—— :
“; 100W—_/ IbTx 100 "M (AP) NaHS 500 uM (BL) & °°]
S n Glib 1 uM (AP
UM (AP) \;\,N,,\\ _W‘\’—\'w 0 ) ® -
= + T O
0.5 pA/em?_, 0.5 pA/em?]_, BaCl, 1mM (BL) S n'c &
80's 80s 2 &
0.5 pAlem2 L, z g %)
80s S I
o ©
=





OPS/images/fphys-09-01886-g001.jpg
Relative expression of mMRNA

=

o N A O © O

2
07’06

CBS S s 61kDa
GAPDH iie—— 36 kDa

& &
&

N
s &

CSE . & w== 42kDa
GAPDH e 36 kDa

N
O(bQ

m

H,S production (nmol/g protein x min™)

1 Vehicle 1 PAG
[ AOAA [0 AOAA+PAG






OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg






OPS/images/logo.jpg
, frontiers
in Physiology





