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Abstract

:

Adenosine 5′-triphosphate (ATP) is released in the bladder lumen during filling. Urothelial ATP is presumed to regulate bladder excitability. Urinary ATP is suggested as a urinary biomarker of bladder dysfunctions since ATP is increased in the urine of patients with overactive bladder, interstitial cystitis or bladder pain syndrome. Altered urinary ATP might also be associated with voiding dysfunctions linked to disease states associated with metabolic syndrome. Extracellular ATP levels are determined by ATP release and ATP hydrolysis by membrane-bound and soluble nucleotidases (s-NTDs). It is currently unknown whether s-NTDs regulate urinary ATP. Using etheno-ATP substrate and HPLC-FLD detection techniques, we found that s-NTDs are released in the lumen of ex vivo mouse detrusor-free bladders. Capillary immunoelectrophoresis by ProteinSimple Wes determined that intraluminal solutions (ILS) collected at the end of filling contain ENTPD3 > ENPP1 > ENPP3 ≥ ENTPD2 = NT5E = ALPL/TNAP. Activation of adenylyl cyclase with forskolin increased luminal s-NTDs release whereas the AC inhibitor SQ22536 had no effect. In contrast, forskolin reduced and SQ22536 increased s-NTDs release in the lamina propria. Adenosine enhanced s-NTDs release and accelerated ATP hydrolysis in ILS and lamina propria. Therefore, there is a regulated release of s-NTDs in the bladder lumen during filling. Aberrant release or functions of urothelial s-NTDs might cause elevated urinary ATP in conditions with abnormal bladder excitability.
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1. Introduction


Adenosine 5′-triphosphate (ATP) is released in the bladder lumen in response to stretch or chemical stimulation [1,2,3,4]. Urothelial ATP is proposed to serve mechanotransduction by activating afferent nerve termini in the bladder mucosa to signal bladder fullness to the CNS [5,6], to control urothelial surface area as the bladder stretches during filling [7,8], to stimulate release of bioactive mediators in the bladder wall [9], and to possibly activate smooth muscle contraction directly [10]. ATP is released in the bladder lumen at both low and high filling volumes [3,11], suggesting that mechanosensitive transduction is not the only function of ATP in the bladder. The role of ATP at low filling volumes remains to be elucidated. In addition to its roles in physiological bladder functions, ATP likely contributes to bladder dysfunctions that are characterized with urinary urgency and increased voiding frequency, with or without urge incontinence. For example, ATP is increased in the urine in patients with overactive bladder (OAB) syndrome [11,12], interstitial cystitis and bladder pain syndrome [13,14,15], and bladder infection and inflammation [16,17,18]. Conversely, decreased intravesical ATP has been found in patients with refractory detrusor overactivity and bacteriuria [19] and in patients with underactive bladder syndrome [20]. Such observations have increasingly suggested ATP as a relevant biomarker of bladder dysfunctions [11,12,21,22,23,24]. It was recently alluded that ATP might be a better urinary marker than acetylcholine and prostaglandin E2, as the majority of ATP in urine is thought to originate in the lower urinary tract (LUT), whereas the other two substances may also arise from extraction from the plasma into the urine in the kidneys [25].



Voiding dysfunctions have been linked not only to diseases of the LUT, but also to systemic diseases such as diabetes [26,27,28,29], obesity [29,30], hyperlipidemia [31,32], and hypertension [33,34,35] or with metabolic syndrome that is defined by impaired glucose tolerance, central obesity, hypertension and dyslipidemia [36,37,38]. Metabolic syndrome and OAB may share common pathophysiology mechanisms [39] since patients with metabolic syndrome exhibit a higher incidence of OAB [40]. Impaired purinergic signaling in the bladder has been demonstrated in animal models of diabetes, dyslipidemia, obesity and hypertension [41,42,43,44] and, therefore, ATP and other purines might be involved in the development of voiding dysfunctions associated with systemic diseases, including the metabolic syndrome.



The amount of ATP that is available in the vicinity of P2 purine receptors in effector cells is a result of two processes that occur almost simultaneously in the extracellular space—release and metabolism of ATP. Many studies claim to measure extracellular release of ATP while, in fact, they likely measure the result of released minus removed ATP. The impact of ATP hydrolysis on availability of ATP at receptor sites or in body fluids (e.g., urine) might be substantial, but it has largely been understudied. Several lines of evidence suggest that significant ATP hydrolysis likely occurs in the bladder wall. First, immunohistochemistry and protein biochemistry studies have demonstrated the presence of several enzymes that hydrolyze ATP in the murine bladder urothelium [45,46]. Second, ATP and its metabolites adenosine 5′-diphosphate (ADP), 5′-monophosphate (AMP), and adenosine have been detected on both sides of the urothelium at the end of bladder filling [3,4]. Third, at the end of filling, ATP represented only ~5% and ~12% of the total purine pool in lamina propria and bladder lumen, respectively [4]. Finally, mechanosensitive hydrolysis of ATP and ADP in the bladder lamina propria has recently been demonstrated [47]. Taken together, such observations suggest that ATP hydrolysis likely plays a significant role in determining the effective concentrations of ATP in the bladder wall and in the urine. Furthermore, the asymmetrical bioavailability of ATP and its metabolites in lamina propria and bladder lumen suggests that the mechanisms of ATP degradation might not be identical in the luminal (i.e., mucosal) and abluminal (i.e., serosal) sides of the urothelium [4]. Therefore, observations made in the bladder lumen cannot be used as a surrogate for events in the opposite side of the urothelium [48].



Extracellular ATP is degraded sequentially to ADP, AMP, and adenosine by four families of enzymes that include ecto-nucleoside triphosphate diphosphohydrolases (ENTPDases), ecto-nucleotide pyrophosphatase/phosphodiesterases (ENPPs), alkaline phosphatase (ALPL)/tissue-nonspecific isozyme alkaline phosphatase (TNAP), and 5′-nucleotidase (NT5E/CD73) [49]. Membrane-bound nucleotidases are expressed in practically all cell types whereas soluble forms of nucleotidases may have more specialized location and functions [49,50] making them an attractive potential therapeutic target. For simplicity, we refer to membrane-bound (ecto-) nucleotidases and soluble nucleotidases as e-NTDs and s-NTDs throughout this study. It is conceivable to assume that s-NTDs are present in the urine, since investigators commonly freeze-dry urine samples to diminish the hydrolysis of ATP in urine. Soluble ATPases in the urine, if any, might originate from sources that are different from the bladder mucosa. For example, soluble nucleotidases are released in the renal tubules [51] or from bacteria in the urine [16,52]. Nucleotidases might also be released from the bladder mucosa, but this possibility has not been explored thoroughly. Therefore, the present study was designed to investigate the hypothesis that, in analogy to the bladder lamina propria [47], enzymes that hydrolyze ATP are released in the bladder lumen during filling and consequently regulate the urinary levels of ATP.




2. Methods


2.1. Animals


C57BL/6J and Nt5e−/− mice (Jackson Laboratory, Bar Harbor, MN, USA), 12–16 weeks post-partum, were euthanized by sedation with isoflurane (AErrane; Baxter, Deerfield, IL, USA) followed by cervical dislocation and exsanguination. The urinary bladder was removed and placed in oxygenated ice-cold Krebs-bicarbonate solution (KBS) for further dissection. KBS had the following composition (mM): 118.5 NaCl, 4.2 KCl, 1.2 MgCl2, 23.8 NaHCO3, 1.2 KH2PO4, 11.0 dextrose, and 1.8 CaCl2 (pH 7.4).




2.2. Ethical Approval


Animals were maintained and experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the Institutional Animal Use and Care Committee at the University of Nevada.




2.3. Denuded Bladder Preparation


The urinary bladder was dissected out after a midline laparotomy and placed in a dissecting dish containing oxygenated ice-cold KBS. Following the removal of fat and connective tissue, the bladder detrusor muscle was removed as described previously [4,47,53]. The bladder preparation was catheterized through the urethra with a 2 cm P20 tubing and placed in a 3 mL custom made water-jacketed chamber with a Sylgard bottom filled with KBS with constant O2 supply. The bladder catheter was connected to an infusion syringe pump (Genie Touch, Kent Scientific, Torrington, CT, USA) for bladder filling.




2.4. Evaluation of s-NTD Activities in the Lumen of Detrusor-Free Bladder Preparations


Following 30 min equilibration, the KBS in the chamber containing the bladder preparation was replaced with 3 mL of fresh KBS and the bladder was filled at 15 µL/min with oxygenated KBS to pre-voiding volume as previously described [4,47]. Then, the intraluminal solution (ILS) was transferred to a clean 600-µL Eppendorf tube. All reactions were carried out in 200 µL volumes at 37 °C. Substrate eATP or eAMP was added to the ILS to a final concentration of 2 µM. Following addition of substrate, 20 µL samples were collected from the reaction solution at 10 s, 2 min, 4 min, 6 min, 8 min, 10 min, 20 min, 30 min, 40 min and 60 min and diluted 10-fold with ice-cold citric phosphate buffer (pH 4.0) to stop the enzymatic reactions. Collected samples were compared with a 2 µM substrate in KBS that has not been in contact with enzymes. All samples were stored at −20 °C until final analysis. Substrate decrease and product increase was evaluated by HPLC-FLD methodology as described in Section 2.11. Each e-purine was expressed as percent of total purines [i.e., eATP + eADP + eAMP + e-adenosine (eADO) for eATP or eAMP + eADO for eAMP] detected in each sample. Only one substrate was used in each bladder preparation.



To determine whether ILS filtration would lead to loss of enzyme(s), ILS were first diluted to 2.9 mL with KBS and then they were concentrated using 4 mL Amicon Ultra centrifugal filter units with 10 kDa molecular weight cut-off (MWCO) pore size (Millipore Sigma, Burlington, MA, USA) by centrifugation at 4000× g for 25 min at 4 °C using swing bucket rotor (ThermoFisher Scientific SorvallST 40 R, Langenselbold, Germany) [47]. The concentrated ILS were brought to 200 µL with oxygenated KBS and enzymatic reactions were performed at 37 °C in an identical manner as the reactions in undiluted/unfiltered ILS.




2.5. Evaluation of Combined NTD Activities in the Lumen of Detrusor-Free Bladder Preparations


After removal of detrusor muscle, the bladder preparation was cannulated through the urethra with a double lumen catheter (CR-DL, Braintree Scientific, Inc., Braintree, MA, USA) and was placed in a 3 mL chamber filled with oxygenated KBS as described in Section 2.4. Following equilibration for 30 min, the bladder preparation was filled with KBS containing 2 µM eATP at 15 µL/min to pre-voiding volume through one of the two lines of the double lumen catheter. Then, the infusion was stopped and 20-µL samples from the IL solution were withdrawn through the second line of the catheter using a 50-µL Hamilton syringe (Hamilton Company, Inc., Reno, NV, USA) at 10 s, 2 min, 4 min, 6 min, 8 min, 10 min, 20 min, 30 min, 40 min and 60 min and placed in HPLC inserts filled with 180 µL cold citric buffer to stop the enzymatic reactions. The samples were processed further for detection of e-purines as described in Section 2.4.




2.6. Evaluation of s-NTDs Activities in the Lamina Propria of Detrusor-Free Bladder Preparations


In experiments designed to compare substrate degradation by soluble enzymes released simultaneously in the lamina propria and in the bladder lumen, 2.9 mL of bath solution that was in contact with the lamina propria during filling (termed extraluminal solution, ELS) was concentrated using 4 mL Amicon Ultra centrifugal filter units with a 10 kDa MWCO pore size by centrifugation at 4000× g for 25 min at 4 °C as described previously [47] and in Section 2.4. The concentrated ELS samples were brought to 200 µL with oxygenated KBS and enzymatic reactions were performed at 37 °C in an identical manner as the reactions in ILS.




2.7. Effects of Common ENTPDase Inhibitors on Soluble Nucleotidase Activities


To assess the effects of nucleotidase inhibitors, the bladder preparations were incubated with each inhibitor throughout dissection, equilibration, bladder filling and during the time-course reactions. The enzymatic reactions were conducted as described in Section 2.4. The following nucleotidase inhibitors were used: ARL67156 (100 µM in KBS, non-specific ENTPDase inhibitor), POM-1 (100 µM in KBS, non-specific ENTPDase inhibitor), ENPP1-Inhibitor-C (50 µM in DMSO 0.1%, ENPP1 inhibitor), PSB06126 (10 µM in DMSO 0.1%, ENTPD3 inhibitor), levamisole (1 mM in KBS, ALPL/TNAP inhibitor), and (−)-p-bromotetramisole oxalate (L-p-BT) (100 µM in DMSO 0.1%, ALPL/TNAP inhibitor). The effects of each inhibitor were compared with the effects of the corresponding vehicle. Only one inhibitor was tested in each bladder preparation.




2.8. Effects of Activation and Inhibition of Adenylyl Cyclases on the Release of s-NTDs in the Bladder Lumen and in Lamina Propria


To assess the effects of adenylyl cyclase (AC) activation, the bladder preparation was filled with forskolin (FSK, 10 µM or 25 µM) dissolved in DMSO 0.1% in KBS. FSK was also added to the bath with a nondistended (empty) bladder or during bladder filling (distended bladder). The ILS was collected at the end of bladder filling and placed in a 600-µL reaction tube. Samples of ELS (2.9 mL) bathing nondistended or distended preparations were concentrated as described in Section 2.6. and placed in 600-µL reaction tubes. eATP substrate was added to all reaction tubes and the reactions were performed as described in Section 2.4. To assess the effects of AC inhibition, the bladder preparation was incubated with the AC inhibitor SQ22536 (100 µM, dissolved in DMSO 0.2%) throughout dissection, equilibration, bladder filling and during the time-course reactions. The enzymatic reactions in ILS and concentrated ELS were performed as described for the experiments in the presence of FSK.




2.9. Effects of Adenosine on the Release of s-NTDs in the Bladder Lumen and the Lamina Propria


Following equilibration, the KBS in the chamber was replaced with fresh KBS containing 10 µM or 100 µM adenosine and the bladder was either left nondistended for the time equivalent to filling or it was filled (distended) at 15 µL/min with KBS containing adenosine to pre-voiding filling volume. This step ensured that soluble enzymes were released in both ILS and ELS in the presence of adenosine. To avoid interference of adenosine with the HPLC assay, the enzymatic reactions had to be performed in solutions that contained released enzymes but no adenosine. Therefore, 2.9 mL ELS and 2.9 mL ILS diluted in KBS were placed in centrifugal filter units and concentrated to approximately 80 µL as described in Section 2.6. In the next step, 2.9 mL of KBS was added to the centrifugal filter units with concentrated ELS or concentrated ILS and the samples were centrifuged again at 4000× g for 15 min. To ensure complete replacement of the solution containing adenosine with regular KBS, another 2.9 mL of KBS was added to the centrifugal units and concentrated at 4000× g for 25 min. The concentrated ELS and ILS solutions containing released enzymes were brought up to 200 µL with KBS and eATP substrate was added. Time-courses of enzymatic reactions following addition of eATP to reaction solutions were performed as described in Section 2.4. The hydrolysis of eATP in concentrated ILS and ELS containing enzymes released in the presence of adenosine was compared with eATP hydrolysis in regular KBS processed in the same manner as concentrated ILS and ELS samples.




2.10. Preparation of 1,N6-Etheno-Nucleotides


1,N6-etheno-ATP (eATP) and 1,N6-etheno-AMP (eAMP) were prepared as described previously [47]. Briefly, 0.2 mM ATP or AMP (dissolved in double distilled water) was acidified to pH 4.0 with citrate phosphate buffer. 2-Chloroacetaldehyde (1 M) was added and substrates were heated to 80 °C for 40 min to form 1,N6-ethenoderivatives of ATP and AMP, namely eATP and eAMP [54,55]. Substrates were further diluted in the reaction solution to 2 µM.




2.11. HPLC Analysis of 1,N6-Etheno-Nucleotides


A reverse phased gradient Agilent 1200 liquid chromatography system equipped with a fluorescence detector (FLD) (Agilent Technologies, Wilmington, DE, USA) was used to detect 1,N6-etheno-purines as described previously [3,4,47]. 1,N6-etheno-derivatized purines were detected by fluorescence at an excitation wavelength of 230 nm and emission wavelength of 420 nm [55]. ChemStation (v. B04-03) software (Agilent Technologies) was used to analyze areas under the peaks. Amounts of eATP, eADP, eAMP, and eADO were compared with 1,N6-etheno-derivatized purine standards (0.05–5 pmol).




2.12. Automated Capillary Electrophoresis and Immunodetection with Wes Simple Western


Capillary electrophoresis and Western blotting by Wes (Protein Simple, San Jose, CA, USA) were used to detect NTDs in ILS and in urothelium homogenates as described [47,56,57], ILS samples were collected at the end of bladder filling with KBS at 15 µL/min. Urothelium tissues from detrusor-free bladder preparations were homogenized in ice-cold lysis buffer (mM: 50 Tris-HCl pH 8.0, 60 β-glycerophosphate, 100 NaF, 2 EGTA, 25 sodium pyrophosphate, 1 DTT, 0.5% NP-40, 0.2% sodium dodecyl sulfate and protease inhibitors). Tissues were homogenized in 0.2 mL lysis buffer in a Bullet Blender (0.01% anti-foam C, one stainless steel bead per tube, speed 6, 5 min), then centrifuged at 16,000× g, for 10 min at 4 °C. Both ILS and urothelium homogenate supernatants were snap-frozen in liquid N2, and stored at − 80 °C for subsequent Wes analysis. Protein levels were analyzed using a Wes Simple Western instrument according to the Wes User Guide from ProteinSimple. The samples were mixed with the fluorescent 5× master mix (ProteinSimple) and then heated at 95 °C for 5 min. Boiled samples, biotinylated protein ladder, blocking buffer, primary antibodies, ProteinSimple horseradish peroxidase-conjugated anti-rabbit or anti-mouse secondary antibodies, luminol-peroxide and wash buffer were loaded into the Wes plate (Wes 12–230 kDa Pre-filled Plates with Split Buffer, ProteinSimple). The plates and capillary cartridges were loaded into the Wes instrument, and protein separation, antibody incubation and imaging were performed using default parameters. Compass software (ProteinSimple) was used to acquire the data, and to generate the virtual blot image reconstruction and chemiluminescence signal intensity electropherograms. The electropherogram shows the intensity detected along the length of the capillaries, and shows automatically detected peaks, that can be quantified by calculation of the area under the curve (AUC). Protein levels are expressed as the AUC of the peak chemiluminescence intensity.




2.13. Antibodies


The following primary antibodies were used for Wes analysis: from Cell Signaling Technology, rabbit anti-ENTPD1, (E2X6B); from ThermoFisher, sheep anti-ENTPD2, (PA5-47777); rabbit anti-ENTPD3, (PA5-87888); rabbit anti-ENPP1, (PA5-17097); rabbit anti-ENPP3, (PA5-67955); from EpiGentek, rabbit anti-ENTPD8, (A62482); from Abcam, rabbit anti-NT5C1A, (ab190214); and, from ABclonal, rabbit anti-CD73/NT5E, (A2029) and rabbit anti ALPL/TNAP, (A1080). The antibodies were either knockout validated by the vendor or validated in mouse brain homogenates as described [47].




2.14. Drugs and Reagents


Adenosine, ATP, ADP, AMP, dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA), 6-[(3-aminophenyl)methyl]-N,N,5-trimethyl-[1,2,4]triazolo[1,5-a]pyrimidin-7-amine (ENPP1 Inhibitor C) (Cayman Chemicals, Ann Arbor, MI, USA), (−)-p-bromotetramisole oxalate (L-p-BT) (MedChemExpress, Monmouth Junction, NJ, USA); 6-N,N-Diethyl-D-β,γ-dibromomethyleneATP trisodium salt (ARL67156), sodium metatungstate (POM-1), and 1-Amino-4-(1-naphthyl)aminoanthraquinone-2-sulfonic acid sodium salt (PSB06126), FSK, 9-(Tetrahydro-2-furanyl)-9H-purin-6-amine (SQ22536) (Bio-Techne Tocris, Minneapolis, MN, USA).




2.15. Data Analysis


Data presented are means ± SEM. In some linear XY graphs, the data points are so similar that the symbols from individual points are superimposed. In some cases, the SEMs lie within the symbol. Scattered plot analysis was performed when appropriate. Means are compared by two-way ANOVA for comparison of more than two groups followed by Tukey’s or Sidak’s multiple comparisons tests per GraphPadPrism, v. 8.4.2., GraphPad Software, Inc., San Diego, CA, USA. A probability value less than 0.05 was considered statistically significant.





3. Results


3.1. Enzymes That Hydrolyze eATP Are Available on the Luminal Side of the Bladder Urothelium


To determine whether ATP is degraded when instilled in the bladder lumen, detrusor-free bladder preparations were filled with KBS containing eATP, and the decrease in eATP and increase in eADP, eAMP, and eADO were evaluated in samples collected from the bladder lumen in the course of 1 h. 50% of eATP was degraded in the sample collected immediately after the bladder was filled to pre-voiding pressure (10 s of reaction) and was almost completely degraded after 30 min (Figure 1a,d). eADP was increased transiently in the first 10 min and reached approximately 25% of total purines, after which it declined gradually and was almost completely degraded at 60 min of reaction. eAMP and eADO raised gradually and at 60 min the aliquots of ILS contained ~1% eATP, ~4% eADP, ~20% eAMP, and ~75% eADO.




3.2. Enzymes That Hydrolyze eATP Are Released in the Bladder Lumen during Filling


To determine whether ATP-degrading enzymes were released in the bladder lumen during filling, eATP was added to the ILS that was removed from the bladder preparation at the end of filling. Then, substrate decrease and product increase were measured for 1 h following the addition of eATP. As shown in Figure 1b,e, eATP was quickly degraded to eADP, eAMP and eADO. In particular, eATP was decreased by ~20% in the first 10 s of reaction, the half-life of eATP (50% reduction) was approximately 2 min, ~90% of eATP was hydrolyzed within 10 min from start of reaction, and eATP was completely degraded by 20 min of reaction. Consequently, eADP increased transiently reaching 50% of total purines by 10 min of reaction. eAMP gradually increased and reached a plateau at 20 min of reaction, whereas eADO increased after 10 min and reached its highest proportion of total purines at the end of reaction. Thus, at 60 min the reaction solution contained ~0.5% eATP, ~4.5% eADP, ~30% eAMP, and ~65% eADO.



In ILS filtered by centrifugation through membranes with 10 kDa MWCO (Figure 1c,f), the degradation of eATP was delayed in comparison with the degradation of eATP in unfiltered ILS (Figure 1b,e). Thus, eATP was reduced by 50% at about 8 min of reaction and then gradually decreased; eADP and eAMP gradually increased and reached plateau at 10 min and 30 min, respectively; and, eADO was not formed in the first 30 min of reaction and then gradually increased. At 60 min, the reaction solution contained ~10% eATP, ~35% eADP, ~35% eAMP, and ~20% eADO.




3.3. Effects of Common ENTPDase Inhibitors on the Activities of s-NTDs in the Bladder Lumen


Both ARL67156 and POM-1, widely used ecto-nucleotidase inhibitors, inhibited the degradation of eATP in ILS so that the eATP decrease and the e-product increase were significantly diminished (Figure 2). POM-1 was a more potent inhibitor of the eATP hydrolysis than ARL67156. Note that the transient pattern of eADP increase (as seen in Figure 1d) was preserved in the presence of ARL67156. However, the eADP increase was sustained in the presence of POM-1 (Figure 2b). The ENTPD3 inhibitor PSB06126 tended to reduce the decrease in eATP at the beginning of reaction, but mostly it had no significant effect on the degradation of eATP (Figure 3a). ENPP1-Inhibitor-C tended to inhibit the degradation of eATP to eADP, but this effect reached statistical significance only at 10 s after addition of substrate to ILS (Figure 3b). L-p-BT (an inhibitor of ALPL/TNAP) had no effect on eATP decrease or eADP increase (Figure 4a,b). However, the formation of eADO was significantly reduced at 30–60 min of reaction while eAMP was accumulated at 40–60 min in the presence of L-p-BT (Figure 4c,d), suggesting that soluble enzyme(s) that degrade AMP to adenosine were likely inhibited by L-p-BT.




3.4. Enzymes That Hydrolyze AMP Are Released in the Bladder Lumen during Filling


3.4.1. Degradation of eAMP in ILS from WT and Nt5e−/− Bladders


To determine whether NT5E/CD73 is released in the bladder lumen, we evaluated the degradation of eAMP in ILS from detrusor-free bladder preparations isolated from Nt5e−/− mice (Figure 5b,e) and compared it with the degradation of eAMP in ILS of WT (C57BL/6J) mice (Figure 5a,d). eAMP was degraded to eADO in ILS from both WT and Nt5e−/− preparations. In WT preparations, the degradation of eAMP was minimal in the first 6 min of reaction and at 10 min, about 25% of eAMP was degraded. Then, eAMP progressively declined while eADO progressively increased. The half-life of eAMP (e.g., 50% reduction) was ~30 min. In ILS from Nt5e−/− mice, the degradation of eAMP was slowed down significantly, so that only ~10% of eAMP was degraded in the first 10 min of reaction and 50% of eAMP was eliminated at 60 min. Therefore, it appeared that a soluble NT5E was released in the bladder lumen of WT bladder preparations during bladder filing.




3.4.2. Effects of Levamisole and L-p-BT on the Degradation of eAMP in ILS from Nt5e−/− Bladders


The degradation of eAMP in ILS from bladder preparations from Nt5e−/− mice was reduced but not abolished (as seen in Figure 5b,e). To determine whether an isoform of ALPL/TNAP was released in the bladder lumen and was responsible for the NT5E-resistant component of eAMP hydrolysis, we evaluated the degradation of eAMP in bladders isolated from Nt5e−/− mice in the presence of either levamisole (Figure 5c,e) or L-p-BT (Figure 5f), two inhibitors of ALPL/TNAP. Both inhibitors significantly inhibited the eAMP degradation in bladders lacking Nt5e.





3.5. Soluble Enzymes in the Bladder Lumen Are Similar to Known ENTPDases


ILS collected at the end of bladder filling of denuded bladder preparations were assessed by Wes analysis for expression of known membrane-bound nucleotidases that use ATP, ADP or AMP as substrates. The antibodies used for identification of ENTPD1, ENTPD2, ENTPD3, ENTPD8, ENPP1, ENPP3, and NT5C1A were validated in mouse brain homogenates or tissue homogenates in which the identical nucleotidase has not been detected per The Mouse Gene Expression Database and The Human Protein Atlas as shown previously [47]. In addition, each antibody was tested in mouse urothelium homogenates. Our initial findings with the ILS samples suggested that the antibodies we previously used to detect NT5E and TNAP [47] had reduced efficacy. Therefore, we used different NT5E and TNAP antibodies to detect NT5E and TNAP in ILS samples that were KO validated by the vendors. We re-probed urothelium homogenates with these antibodies. Slightly higher levels of NT5E and TNAP were found in urothelium homogenates, but these differences were not statistically significant (data not shown). The following nucleotidases were detected in ILS: ENTPD3 > ENPP1 >> ENPP3 ≥ ENTPD2 = NT5E = ALPL/TNAP (Figure 6k). ENTPD1 and ENTPD8 were detected in urothelium [47], but were not resolved in ILS (Figure 6b,e) whereas NT5C1A was not resolved in either urothelium or ILS (Figure 6k). ENTPD3 was the main nucleotidase detected in ILS (Figure 6d,k) (p < 0.0001 from all other nucleotidases detected in ILS) although it was the third highest protein expressed in the urothelium [47]. ENPP1 (Figure 6f,k) was the second highest nucleotidase in both urothelium homogenate [47] and ILS (p < 0.0001 from all other nucleotidases detected in ILS). The levels of ENPP3, ENTPD2, NT5E and ALPL/TNAP were significantly lower than ENTPD3 and ENPP1, but were not significantly different from each other (2 way ANOVA with Tukey’s multiple comparisons test).




3.6. Activation of Adenylyl Cyclases Stimulates the Release of s-NTDs in the Bladder Lumen and Inhibits the Release of s-NTDs in the Lamina Propria


A cAMP-protein kinase A-mediated pathway has been suggested to play a role in stretch-regulated exocytosis of discoid/fusiform vesicles (DVS) in bladder umbrella cells [7]. To determine whether activation of AC may regulate the distention-induced secretion of s-NTDs, we filled the bladder with a solution containing FSK and measured the hydrolysis of eATP in ILS collected from the bladder lumen at the end of filling. In the presence of 10 µM FSK, the decrease of eATP and increase of eADP were enhanced significantly in the first 4 min of reaction whereas eADO was significantly increased towards the end of reaction (Figure 7a,b,d), suggesting that higher amounts of s-NTDs were likely released in the bladder lumen during filling. Higher concentration of FSK (25 µM), did not result in greater s-NTDs release in the lumen (Figure 7). Previous studies have suggested that distinct mechanisms might regulate the release of s-NTDs on the opposite sides of the urothelium [4]. To determine whether activation of AC has similar effects on the release of s-NTDs in the lamina propria and in bladder lumen, we also evaluated the hydrolysis of eATP in concentrated ELS from detrusor-free preparations that were exposed to solutions containing FSK. As shown in Figure 8, FSK diminished the degradation of eATP in ELS collected from distended preparations in a concentration-dependent manner whereas no significant changes in the degradation of eATP in ELS collected from nondistended preparations were observed (data not shown).




3.7. Inhibition of Adenylyl Cyclases with SQ22536 Has Distinct Effects on the Release of s-NTDs in the Bladder Lumen and in Lamina Propria


In ILS, the AC inhibitor SQ22536 (100 µM) had no effect on the release of s-NTDs when compared with the vehicle (Figure 9). However, SQ22536 increased the release of s-NTDs in ELS collected from nondistended (Figure 10) and from distended (Figure 11) bladder preparations. Acceleration of eATP hydrolysis occurred at all sequential steps of enzymatic degradation of eATP to eADP and eAMP and then to eADO in the presence of SQ22536.




3.8. Adenosine Facilitates the Release of s-NTDs in the Bladder Lumen and Lamina Propria


Adenosine has been suggested to be released from the bladder mucosa in response to hydrostatic pressure and to stimulate umbrella cell exocytosis [58]. Moreover, adenosine is available in lamina propria and bladder lumen during filling [4]. Therefore, we next tested whether the release of s-NTDs in ILS or ELS is altered by adenosine. As shown in Figure 12, adenosine (10 µM and 100 µM) enhanced the release of s-NTDs in ILS and consequently it accelerated the decrease of eATP and the increase of eADP, eAMP, and eADO. There was no difference between the effects of the two concentrations of adenosine in ILS, suggesting that maximum effect of adenosine was likely reached at 10 µM. The release of s-NTDs in concentrated ELS collected from nondistended preparations was also enhanced in the presence of adenosine (Figure 13). Thus, the substrate decrease and product increase were greater in the presence of adenosine than in vehicle controls. However, the release of s-NTDs in ELS collected at the end of filling (i.e., distended preparations) remained untouched in the presence of adenosine (Figure 14).





4. Discussion


Distention-induced release of ATP from urothelial cells mediates excitation of sensory neurons in the urothelium and lamina propria to evoke voiding reflex [59], and it has been proposed that voiding dysfunctions associated with LUT or systemic diseases may be related to augmented ATP release from the urothelium [5,60]. Moreover, intravesical instillation of ATP has been found to increase bladder activity, which was interpreted as indication that not only ATP in the suburothelial layer, but also ATP in the bladder lumen, are involved in initiation of voiding [61,62]. Possible involvement in bladder excitability disorders makes it important to understand mechanisms by which effective concentrations of ATP at the vicinity of P2 purinergic receptors in the bladder wall and in the urine are regulated. In the present study, we investigated the hydrolysis of ATP by soluble nucleotidases that were released in the bladder lumen during filling. We found that (1) s-NTDs are released in the bladder lumen during bladder filling in a regulated manner, and (2) there is differential control of release of s-NTDs at the luminal/mucosal and abluminal/lamina propria surfaces of the urothelium during filling.



To eliminate the potential influence of sources of s-NTDs outside of the bladder such as plasma filtered in the kidneys or upper urinary tract epithelium, we carried out the study in a decentralized (ex vivo) murine bladder model with intact bladder mucosa but no detrusor [4]. The model allowed us to investigate local mechanisms in the bladder uroepithelium, to expose the bladder mucosa to physiologically relevant distention as the bladder preparation is filled, and to obtain direct access to both surfaces of the urothelium during filling. We previously reported techniques to evaluate the hydrolysis of adenine nucleotides using highly fluorescent substrates (i.e., eATP) and ultra-sensitive liquid chromatography [63,64,65]. Using these approaches, we recently discovered mechanosensitive release of s-NTDs in the lamina propria of the murine bladder [47]. In the present study, we studied the hydrolysis of eATP to eADP, eAMP, and eADO in intraluminal solutions collected at the end of bladder filling and found that highly efficient s-NTDs were released in the bladder lumen. A direct comparison between activities of e-NTDs and s-NTDs in the bladder lumen was difficult to draw because the two types of activity (i.e., e-NTDs and s-NTDs) could not be separated by introducing the substrate in the bladder lumen. Instead, filling of the bladder with solution containing the substrate eATP provided information about the “combined” activities of e-NTDs and s- NTDs in the bladder mucosa. On the other hand, carrying out reactions in solutions that were removed from the bladder prior to addition of substrate, enabled us to isolate the s-NTDs activities in the bladder lumen. The patterns of eATP degradation in the presence and absence of tissue were remarkably similar. Thus, in both cases eATP steeply decreased, eADP transiently increased, and eAMP and eADO gradually increased, the latter product reaching its peak towards the end of reaction (Figure 1). These data clearly demonstrate that highly efficient s-NTDs that sequentially degrade ATP to ADP, AMP and adenosine were released in the bladder lumen during bladder filling. These findings have at least two important implications: (1) urinary ATP is regulated by its hydrolysis in the bladder lumen, and (2) intraluminal s-NTDs might be novel targets for rectification of aberrant ATP concentrations in the bladder lumen during filling.



Previous studies have suggested that ATP might be degraded at the luminal surface of the bladder mucosa. Thus, bladder umbrella cells appear to express ATP-metabolizing enzymes [66,67] and ATP metabolites have been found in the lumen of mouse and monkey bladders [3,4] and in human urine samples [23,68]. In contrast, studies in rabbit mucosa sheets mounted in Ussing chambers failed to detect hydrolysis of exogenous ATP added to the mucosal chamber [8,69]. In these studies, however, the concentrations of endogenous ATP appeared to decline gradually in the mucosal chamber in response to increase of hydrostatic pressure [8]. It is possible that at least part of the ATP decline was due to ATP degradation, but levels of ATP metabolites were not measured in these studies.



Here, we provide direct evidence that ATP was degraded to ADP, AMP, and adenosine in the bladder lumen by both e-NTDs present in the bladder mucosa and s-NTDs released from the urothelium during bladder filling. The presence of all products of the sequential ATP hydrolysis in ILS suggests that the s-NTD pool in the bladder lumen consists of multiple enzymes. Centrifugation of ILS through membranes with 10 kDa MWCO resulted in modified patterns of substrate decrease and product increase so that the transient increase of eADP in unfiltered ILS was replaced with a gradual and slow increase of eADP in filtered ILS. Likewise, the formation of eAMP and eADO was delayed and diminished in filtered ILS in comparison with unfiltered ILS. These changes suggested that s-NTDs with various sizes (<10 kDa and >10 kDa) were released in the bladder lumen during filling. Distinct patterns of eATP degradation were found in the bladder lumen (the present study) and in lamina propria/ELS [47] processed in identical manners, suggesting that either the types or the relative amounts of s-NTDs released on both sides of the urothelium differ.



As part of general characterization of s-NTDs released in the bladder lumen, we tested the effects of common nucleotidase inhibitors on eATP hydrolysis. The non-specific ENTPDase inhibitors POM-1 and ARL67156 diminished the eATP degradation, with POM-1 causing greater enzyme inhibition than ARL67156. Using the highly sensitive and specific Wes assay (ref. [70,71]), we determined that ENTPD3 and ENPP1 were the dominant s-NTDs among the detected NTDs in ILS. However, PSB06126 and ENPP1 Inhibitor C did not inhibit the degradation of eATP in a substantial way, suggesting that enzyme inhibitors may not always have sufficient specificity and/or efficacy to determine the identity of released enzymes. A previous study in the same bladder model demonstrated that the mouse urothelium expresses relatively high amounts of ENTPD1 [47]. However, this protein was not resolved in the ILS assayed in the present study. Other differences between relative expression of NTDs in ILS and urothelium were also observed. Thus, ILS contained ENTPD3 > ENPP1 > ENPP3 ≥ ENTPD2 = NT5E = ALPL/TNAP whereas the mouse urothelium had ENTPD1 >> ENPP1 > ENTPD2 = ENTPD3 > ENPP3 = NT5E >> ENTPD8 = TNAP [47]. Such differences suggested that release of s-NTDs in the bladder lumen during filling did not result from cell or tissue damage. The relative distribution of enzymes in ILS was also different from the s-NTDs distribution in ELS; the latter samples contained ENTPD1 >> ENTPD3 >> ENPP3 > ENPP1 = ENTPD2 = NT5E >> ENTPD8 = TNAP [47]. Together, these findings suggest that regulated release of s-NTDs in bladder lumen and in lamina propria occur during bladder filling. Soluble forms of nucleotidases have been reported for blood plasma, cultured astrocytes, endothelial cells, and sympathetic nerve terminals [49,50,72]. Membrane proteins, including single-pass or dual-pass transmembrane proteins, can be released via proteolytic ectodomain shedding [73] or via membrane microparticles, microvesicles or exosomes [49,74]. Further studies are warranted to determine how s-NTDs are released from the bladder urothelium.



Urothelium and suburothelium/lamina propria are the two layers of the detrusor-free mouse bladder preparation used in the present study [4]. The results obtained with Wes methodology for protein analysis in the present study showed similarities and differences with previous immunohistochemistry studies in mouse bladder [45,46]. For example, both studies demonstrated the presence of ENTPD1, ENTPD2, ENTPD3 and ALPL in urothelium/lamina propria whereas ENTPD8 had very low expression, if any. In the immunohistochemistry studies, ENTPD1, ENTPD2 and ALPL appeared to be localized in cells in the lamina propria but not in the urothelium whereas ENTPD3 was found in basal and intermediate cells of the urothelium but not in lamina propria, and ENPP1 and ENPP3 were not investigated [45,46]. None of the enzymes that were investigated were detected in the apical membranes of umbrella cells [45,46]. However, other studies have reported that bladder umbrella cells are a place for ATP and ADP hydrolysis [66] and ENTPD3 localization [67]. No NT5E was detected in the mouse bladder urothelium and lamina propria in the study of [45], whereas we determined that NT5E is present in the mouse urothelium and is released in the bladder lumen during bladder filling (discussed below). These discrepancies between studies are likely due to the use of different methodologies and tools (e.g., antibodies) for protein analysis.



NT5E/CD73 is the major enzyme that dephosphorylates AMP to generate extracellular adenosine [75,76], but this reaction can also be carried out by ALPL/TNAP [77]. Moreover, it has been suggested that the expression of ALPL/TNAP can be increased in the absence of functional NT5E/CD73 [78]. To investigate whether NT5E/CD73 was released in the bladder lumen during filling, we evaluated the hydrolysis of eAMP in ILS collected from bladder preparations isolated from Nt5e−/− mice. The degradation of eAMP and formation of eADO was significantly diminished (but not abolished) in bladder preparations with completely deleted Nt5e gene, suggesting that NT5E/CD73 was released in the ILS of WT bladders during filling. To determine whether ALPL/TNAP was responsible for the remaining component of the eAMP degradation in Nt5e−/− preparations, we measured the eAMP conversion to eADO in Nt5e−/− bladders filled with KBS containing either levamisole or L-p-BT, common inhibitors of ALPL/TNAP [79]. Both inhibitors almost abolished the remaining component of eAMP hydrolysis, suggesting that ALPL/TNAP was likely released in the bladder lumen during filling. These functional studies were supported by detection of NT5E/CD73 and ALPL/TNAP in ILS by ProteinSimple Wes. NT5E/CD73 and ALPL/TNAP are both attached to the plasma membrane by a glycosylphosphatidylinositol (GPI) anchor and are found in plasma, possibly as a consequence of cleavage of GPI by GPI-specific phospholipase activity [49,73]. Similar mechanisms might underlie the release of these enzymes in the bladder lumen in response to bladder wall distention.



Next, we asked whether the release of s-NTDs in the bladder lumen during filling is a regulated process. Bladder urothelium umbrella cells contain a large pool of subapical discoidal or fusiform vesicles (DFVs) [80,81] that undergo regulated exocytosis in response to stretch [82,83]. Thus, the apical cell membranes of the umbrella cells adapt to increasing tension by increasing surface with DFVs exocytosis. DFVs are also transport carriers for cargo molecules such as uroplakins, human growth hormone, proteases and perhaps other proteins that are delivered to the apical surface of the umbrella cells allowing for vesicle exocytosis [83]. It is proposed that stretch stimulates AC and production of cyclic AMP, which in turn activates exocytosis of DFVs [7,84]. If release of s-NTDs in the bladder lumen is associated with these processes, one would expect stimulation of AC to increase release of s-NTDs and potentiate the ATP hydrolysis in ILS. The activator of AC FSK enhanced briefly, however significantly, the degradation of eATP to eADP and tended to increase eADO formation although this effect did not reach statistical significance. Increasing the concentration of FSK did not enhance further the s-NTD release in the lumen, suggesting that maximum activation of AC in umbrella cells was likely achieved with the lower dose of FSK. The AC inhibitor SQ22156 had no effect on the release of s-NTDs in the lumen. It appears therefore, that the AC-cyclic AMP pathway might contribute to the regulation of s-NTD release in umbrella cells, but this mechanism may not play a dominant role. Alternatively, it might be that the exposure of the urothelium to FSK only during the filling phase was insufficient to cause measurable changes in DVS exocytosis, because a previous study reported changes in umbrella cell morphology after treating uroepithelium sheets for several hours with FSK and a phosphodiesterase inhibitor simultaneously [7]. Finally, it might be that the mouse umbrella cells express AC isoforms with low sensitivity to FSK. For example, FSK appears to be a weak activator of AC9 [85]. In contrast to the situation in the bladder lumen, FSK dose-dependently diminished the distention-induced release of s-NTDs without altering the constitutive release of s-NTDs. In contrast, the AC inhibitor SQ22156 enhanced both the constitutive and the distention-induced release of s-NTDs in the lamina propria. These are intriguing observations, suggesting that (1) there is a basal activity of AC in the lamina propria that suppresses spontaneous s-NTDs release, (2) distention of the bladder wall further activates AC in lamina propria, and (3) different AC-mediated mechanisms regulate the release of s-NTDs at the luminal and abluminal sides of the urothelium.



The apical plasma membrane of umbrella cells can also be modulated by external stimuli, independent of stretch. For example, adenosine has been proposed as an autocrine/paracrine modulator of apical exocytosis [58] that is mediated by the A1 adenosine receptor/phospholipase C/protein kinase C/ADAM17 signaling pathway [86]. Release of adenosine from the bladder mucosa during filling or stretch has been demonstrated [87]. In the present study, adenosine enhanced the release of s-NTD in the bladder lumen during filling and consequently accelerated the hydrolysis of ATP. Likewise, adenosine increased the constitutive, but not the distention-induced, release of s-NTDs in the lamina propria, suggesting that its effects in the lamina propria may be independent of stretch. To our knowledge, adenosine-induced ATP hydrolysis has not been demonstrated previously. The role of this mechanism in regulation of bladder excitability remains to be determined. In a study of rabbit bladder mucosa mounted in Ussing chamber, ATP levels in the serosal chamber were reduced in the presence of adenosine. This effect was attributed to A1 mediated inhibition of distention-induced ATP release [88]. The possibility that adenosine might have accelerated the metabolism of released ATP resulting in reduced levels of ATP was not considered.



ATP and adenosine are frequently described as causing opposite effects on functions of excitable cells. Thus, by stimulating release of s-NTDs, adenosine might be promoting its own production to lessen actions of too much extracellular ATP. As discussed above, at the end of filling, adenosine is the dominant purine substance at both surfaces of the urothelium while ATP comprises only 5–10% of total purines [3,4]. Such low amounts of ATP at the end of filling cannot easily explain its assumed role as the primary mediator from the urothelium that activates the micturition reflex at end of filling [59]. Along these lines, a study in humans reported greater intraluminal ATP concentrations at early filling stages than at later filling stages in women with and without detrusor overactivity [11]. A recent study that performed micturition analysis, video urodynamics, and urothelial ATP release measurements in control and transgenic mice, concluded that ATP is not essential for the normal micturition reflex [60]. On the other hand, it has been proposed that adenosine, acting through A1 adenosine receptors, stimulates bladder function by lowering the threshold for micturition [87] or by enhancing bladder afferent stimulation [89]. Therefore, enhanced formation of adenosine through adenosine-induced ATP hydrolysis would be compatible with the idea that adenosine, but not ATP, is a key signal from the urothelium that initiates voiding at the end of bladder filling. Therefore, evidence provided in the present study suggests that such possibilities as well as long held theories should be further explored.



Despite controversies about the physiological role of ATP in bladder functions, there seems to be a consensus that high levels of ATP in the bladder lumen are associated with increased bladder excitability and with voiding dysfunctions [59,60,90,91]. How is ATP increased in the bladder lumen or in lamina propria is of utmost importance because knowing the mechanisms underlying ATP increase would focus the efforts to normalize ATP levels at the correct target. At present, almost all studies that detect increased levels of ATP in the bladder lumen presume increased release of ATP in the extracellular space with no direct evidence. Given the broad range of possible ATP release mechanisms, targeting ATP release might be a daunting task especially if the cause of ATP increase is different from aberrant ATP release mechanisms. Pharmacological targeting of purinergic receptors selectively has also been challenging due to the ubiquitous distribution and expression of the receptors, distinct effects on different cell types, variable levels of the endogenous agonists, receptor desensitization over time, and redundancy of purinergic signaling [92]. It has been recognized that the increase of ATP may result not only from an excessive release of ATP, but also from reduced extracellular hydrolysis of the molecule by ecto-nucleotidases [22,93]. Accordingly, acceleration of extracellular ATP metabolism by ecto-nucleotidases has been suggested as a potential treatment strategy for overactive bladder or interstitial cystitis and bladder pain syndrome [94]. Targeting membrane-bound nucleotidases, however, could also be challenging due to their ubiquitous distribution and expression and their incorporation in the plasma membrane. In this regard, targeting ATP hydrolysis by bladder-specific s-NTDs could be more efficacious. In light of the findings in the present study, it cannot be excluded that inhibited hydrolysis of released ATP could be the basis of elevated urinary ATP that is considered a cause of voiding dysfunctions associated with LUT and systemic diseases. Conversely, it can be speculated that low levels of urinary ATP in patients with UAB [20] may be caused by accelerated degradation of ATP in the bladder lumen due to increased release of s-NTDs. Although the value of urinary ATP as a clinical surrogate test for certain urinary tract pathologies has been questioned in some studies [95], the relevance of urinary ATP in bladder physiology and pathophysiology is still very evident and merits further studies.



In summary, we have demonstrated release of s-NTDs in the bladder lumen during filling of urinary bladders of adult mice, which can control the amount of ATP in the bladder lumen, and have determined the identity of several s-NTDs. Therefore, the extracellular concentrations of ATP in the bladder lumen and in lamina propria are determined not only by its spontaneous and stretch-induced release, but also by its degradation by both membrane-bound and soluble enzymes. Moreover, we have uncovered signaling pathways that regulate the release of s-NTDs in the bladder lumen and lamina propria. These discoveries broaden our understanding of purinergic regulation of bladder excitability.







Author Contributions


Conceptualization and design of research, V.N.M.-Y.; conducted the research, A.G.C., M.S.L.A.B., B.A.P. and V.N.M.-Y.; data analysis, M.S.L.A.B., V.N.M.-Y. and B.A.P.; data interpretation, A.G.C., M.S.L.A.B., B.A.P., K.M.S. and V.N.M.-Y.; writing—original draft preparation, V.N.M.-Y.; writing—review, editing, and providing critical feedback on the manuscript, A.G.C., M.S.L.A.B., B.A.P., K.M.S. and V.N.M.-Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by a R01 grant DK 119482 from the National Institute of Diabetes and Digestive and Kidney Diseases to the Principal Investigator V.M.-Y. (corresponding author).




Institutional Review Board Statement


The animal study was reviewed and approved by Institutional Animal Care and Use Committee, IACUC, University of Nevada Reno, Protocol #20-09-1077, Approved (Effective Period 21 October 2021–19 October 2024).




Informed Consent Statement


Not applicable.




Data Availability Statement


The raw data supporting the conclusion of this article will be made available by the authors upon reasonable request. The data are not publicly available due to privacy.




Acknowledgments


We are thankful for the excellent technical assistance of Jacob Dayton and Mahsa Borhani Peikani.




Conflicts of Interest


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.




References


	



Daly, D.M.; Nocchi, L.; Liaskos, M.; McKay, N.G.; Chapple, C.; Grundy, D. Age-related changes in afferent pathways and urothelial function in the male mouse bladder. J. Physiol. 2014, 592, 537–549. [Google Scholar] [CrossRef] [PubMed]

	



Beckel, J.M.; Daugherty, S.L.; Tyagi, P.; Wolf-Johnston, A.S.; Birder, L.A.; Mitchell, C.H.; de Groat, W.C. Pannexin 1 channels mediate the release of ATP into the lumen of the rat urinary bladder. J. Physiol. 2015, 593, 1857–1871. [Google Scholar] [CrossRef] [PubMed]

	



Durnin, L.; Hayoz, S.; Corrigan, R.D.; Yanez, A.; Koh, S.D.; Mutafova-Yambolieva, V.N. Urothelial purine release during filling of murine and primate bladders. Am. J. Physiol. Renal Physiol. 2016, 311, F708–F716. [Google Scholar] [CrossRef] [PubMed]

	



Durnin, L.; Kwok, B.; Kukadia, P.; McAvera, R.; Corrigan, R.D.; Ward, S.M.; Zhang, Y.; Chen, Q.; Koh, S.D.; Sanders, K.M.; et al. An ex vivo bladder model with detrusor smooth muscle removed to analyse biologically active mediators released from the suburothelium. J. Physiol. 2019, 597, 1467–1485. [Google Scholar] [CrossRef]

	



Birder, L.; Andersson, K.E. Urothelial signaling. Physiol. Rev. 2013, 93, 653–680. [Google Scholar] [CrossRef]

	



Gonzalez, E.J.; Merrill, L.; Vizzard, M.A. Bladder sensory physiology: Neuroactive compounds and receptors, sensory transducers, and target-derived growth factors as targets to improve function. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2014, 306, R869–R878. [Google Scholar] [CrossRef]

	



Truschel, S.T.; Wang, E.; Ruiz, W.G.; Leung, S.M.; Rojas, R.; Lavelle, J.; Zeidel, M.; Stoffer, D.; Apodaca, G. Stretch-regulated exocytosis/endocytosis in bladder umbrella cells. Mol. Biol. Cell 2002, 13, 830–846. [Google Scholar] [CrossRef]

	



Wang, E.C.; Lee, J.-M.; Ruiz, W.G.; Balestreire, E.M.; von Bodungen, M.; Barrick, S.; Cockayne, D.A.; Birder, L.A.; Apodaca, G. ATP and purinergic receptor-dependent membrane traffic in bladder umbrella cells. J. Clin. Investig. 2005, 115, 2412–2422. [Google Scholar] [CrossRef]

	



Stenqvist, J.; Winder, M.; Carlsson, T.; Aronsson, P.; Tobin, G. Urothelial acetylcholine involvement in ATP-induced contractile responses of the rat urinary bladder. Eur. J. Pharmacol. 2017, 809, 253–260. [Google Scholar] [CrossRef]

	



Sui, G.; Fry, C.H.; Montgomery, B.; Roberts, M.; Wu, R.; Wu, C. Purinergic and muscarinic modulation of ATP release from the urothelium and its paracrine actions. Am. J. Physiol. Renal Physiol. 2014, 306, F286–F298. [Google Scholar] [CrossRef]

	



Cheng, Y.; Mansfield, K.J.; Allen, W.; Chess-Williams, R.; Burcher, E.; Moore, K.H. ATP during early bladder stretch is important for urgency in detrusor overactivity patients. Biomed. Res. Int. 2014, 2014, 204604. [Google Scholar] [CrossRef] [PubMed]

	



Silva-Ramos, M.; Silva, I.; Oliveira, O.; Ferreira, S.; Reis, M.J.; Oliveira, J.C.; Correia-de-Sa, P. Urinary ATP may be a dynamic biomarker of detrusor overactivity in women with overactive bladder syndrome. PLoS ONE 2013, 8, e64696. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Y.; Keay, S.; De Deyne, P.G.; Chai, T.C. Augmented stretch activated adenosine triphosphate release from bladder uroepithelial cells in patients with interstitial cystitis. J. Urol. 2001, 166, 1951–1956. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Y.; Chai, T.C. Augmented extracellular ATP signaling in bladder urothelial cells from patients with interstitial cystitis. Am. J. Physiol. Cell Physiol. 2006, 290, C27–C34. [Google Scholar] [CrossRef] [PubMed]

	



Taidi, Z.; Mansfield, K.J.; Bates, L.; Sana-Ur-Rehman, H.; Liu, L. Purinergic P2X7 receptors as therapeutic targets in interstitial cystitis/bladder pain syndrome; key role of ATP signaling in inflammation. Bladder 2019, 6, e38. [Google Scholar] [CrossRef]

	



Abbasian, B.; Shair, A.; O’Gorman, D.B.; Pena-Diaz, A.M.; Brennan, L.; Engelbrecht, K.; Koenig, D.W.; Reid, G.; Burton, J.P. Potential Role of Extracellular ATP Released by Bacteria in Bladder Infection and Contractility. mSphere 2019, 4, e00439-19. [Google Scholar] [CrossRef]

	



Ueda, N.; Kondo, M.; Takezawa, K.; Kiuchi, H.; Sekii, Y.; Inagaki, Y.; Soda, T.; Fukuhara, S.; Fujita, K.; Uemura, M.; et al. Bladder urothelium converts bacterial lipopolysaccharide information into neural signaling via an ATP-mediated pathway to enhance the micturition reflex for rapid defense. Sci. Rep. 2020, 10, 21167. [Google Scholar] [CrossRef]

	



Xie, X.; Liang, J.; Huang, R.; Luo, C.; Yang, J.; Xing, H.; Zhou, L.; Qiao, H.; Ergu, E.; Chen, H. Molecular pathways underlying tissue injuries in the bladder with ketamine cystitis. FASEB J. 2021, 35, e21703. [Google Scholar] [CrossRef]

	



Walsh, C.A.; Cheng, Y.; Mansfield, K.J.; Parkin, K.; Mukerjee, C.; Moore, K.H. Decreased intravesical adenosine triphosphate in patients with refractory detrusor overactivity and bacteriuria. J. Urol. 2013, 189, 1383–1387. [Google Scholar] [CrossRef]

	



Krishnan, A.; Sharma, G.; Devana, S.K.; Zohmangaihi, D.; Mavuduru, R.S.; Mandal, A.K.; Sharma, A.P.; Bora, G.S. Urinary adenosine triphosphate and nitric oxide levels in patients with underactive bladder: A preliminary study. World J. Urol. 2021, 39, 4421–4425. [Google Scholar] [CrossRef]

	



Munoz, A.; Smith, C.P.; Boone, T.B.; Somogyi, G.T. Overactive and underactive bladder dysfunction is reflected by alterations in urothelial ATP and NO release. Neurochem. Int. 2011, 58, 295–300. [Google Scholar] [CrossRef] [PubMed]

	



Antunes-Lopes, T.; Cruz, F. Urinary Biomarkers in Overactive Bladder: Revisiting the Evidence in 2019. Eur. Urol. Focus. 2019, 5, 329–336. [Google Scholar] [CrossRef] [PubMed]

	



Firouzmand, S.; Young, J.S. A pilot study to investigate the associations of urinary concentrations of NO, ATP and derivatives with overactive bladder symptom severity. Exp. Physiol. 2020, 105, 932–939. [Google Scholar] [CrossRef] [PubMed]

	



Tsiapakidou, S.; Apostolidis, A.; Pantazis, K.; Grimbizis, G.F.; Mikos, T. The use of urinary biomarkers in the diagnosis of overactive bladder in female patients. A systematic review and meta-analysis. Int. Urogynecol. J. 2021, 32, 3143–3155. [Google Scholar] [CrossRef]

	



McLatchie, L.; Sahai, A.; Caldwell, A.; Dasgupta, P.; Fry, C. ATP shows more potential as a urinary biomarker than acetylcholine and PGE(2), but its concentration in urine is not a simple function of dilution. Neurourol. Urodyn. 2021, 40, 753–762. [Google Scholar] [CrossRef]

	



Lee, W.C.; Wu, H.P.; Tai, T.Y.; Liu, S.P.; Chen, J.; Yu, H.J. Effects of diabetes on female voiding behavior. J. Urol. 2004, 172, 989–992. [Google Scholar] [CrossRef]

	



Gomez, C.S.; Kanagarajah, P.; Gousse, A.E. Bladder dysfunction in patients with diabetes. Curr. Urol. Rep. 2011, 12, 419–426. [Google Scholar] [CrossRef]

	



Mossa, A.H.; Galan, A.; Cammisotto, P.G.; Velasquez Flores, M.; Shamout, S.; Barcelona, P.; Saragovi, H.U.; Campeau, L. Antagonism of proNGF or its receptor p75(NTR) reverses remodelling and improves bladder function in a mouse model of diabetic voiding dysfunction. Diabetologia 2020, 63, 1932–1946. [Google Scholar] [CrossRef]

	



Abler, L.L.; O’Driscoll, C.A.; Colopy, S.A.; Stietz, K.P.K.; Wang, P.; Wang, Z.; Hartmann, F.; Crader-Smith, S.M.; Oellete, J.N.; Mehta, V.; et al. The influence of intermittent hypoxia, obesity, and diabetes on male genitourinary anatomy and voiding physiology. Am. J. Physiol. Renal Physiol. 2021, 321, F82–F92. [Google Scholar] [CrossRef]

	



Karaci, M. Obesity contributes to lower urinary system voiding dysfunction in childhood. Ir. J. Med. Sci. 2021, 190, 1459–1463. [Google Scholar] [CrossRef]

	



Son, H.; Lee, S.L.; Park, W.H.; Park, K.; Park, S.; Kang, M.S.; Kim, D.Y.; Kim, S.W.; Paick, J.S. New unstable bladder model in hypercholesterolemia rats. Urology 2007, 69, 186–190. [Google Scholar] [CrossRef] [PubMed]

	



Yoshida, M.; Kudoh, J.; Masunaga, K.; Nagata, T.; Shiomi, M. Effects of Chronic Hyperlipidemia on Lower Urinary Tract Function-Bladder Dysfunction in Myocardial Infarction-Prone Watanabe Heritable Hyperlipidemic Rabbits. Low. Urin. Tract. Symptoms 2012, 4 (Suppl. S1), 21–26. [Google Scholar] [CrossRef] [PubMed]

	



Velasquez Flores, M.; Mossa, A.H.; Cammisotto, P.; Campeau, L. Bladder overdistension with polyuria in a hypertensive rat model. Neurourol. Urodyn. 2018, 37, 1904–1912. [Google Scholar] [CrossRef]

	



Shimizu, S.; Nagao, Y.; Kurabayashi, A.; Shimizu, T.; Higashi, Y.; Karashima, T.; Saito, M. Aging-related severe hypertension induces detrusor underactivity in rats. Life Sci. 2021, 283, 119855. [Google Scholar] [CrossRef] [PubMed]

	



Langdale, C.L.; Degoski, D.; Milliken, P.H.; Grill, W.M. Voiding behavior in awake unrestrained untethered spontaneously hypertensive and Wistar control rats. Am. J. Physiol. Renal. Physiol. 2021, 321, F195–F206. [Google Scholar] [CrossRef]

	



Lee, R.K.; Chung, D.; Chughtai, B.; Te, A.E.; Kaplan, S.A. Central obesity as measured by waist circumference is predictive of severity of lower urinary tract symptoms. BJU Int. 2012, 110, 540–545. [Google Scholar] [CrossRef]

	



Pashootan, P.; Ploussard, G.; Cocaul, A.; de Gouvello, A.; Desgrandchamps, F. Association between metabolic syndrome and severity of lower urinary tract symptoms (LUTS): An observational study in a 4666 European men cohort. BJU Int. 2015, 116, 124–130. [Google Scholar] [CrossRef]

	



Al Hussein Alawamlh, O.; Al Hussein Al Awamlh, B.; Lee, R.K. Metabolic syndrome and voiding dysfunction. Curr. Opin. Urol. 2017, 27, 403–408. [Google Scholar] [CrossRef]

	



Hsu, L.N.; Hu, J.C.; Chen, P.Y.; Lee, W.C.; Chuang, Y.C. Metabolic Syndrome and Overactive Bladder Syndrome May Share Common Pathophysiologies. Biomedicines 2022, 10, 1957. [Google Scholar] [CrossRef]

	



Saratlija Novakovic, Z.; Tesija, R.A.; Puljak, L. Association between metabolic syndrome and overactive bladder: A case-control study. Scand. J. Urol. 2017, 51, 470–473. [Google Scholar] [CrossRef]

	



Kurokawa, T.; Zha, X.; Ito, H.; Aoki, Y.; Akino, H.; Kobayashi, M.; Yokoyama, O. Underlying mechanisms of urine storage dysfunction in rats with salt-loading hypertension. Life Sci. 2015, 141, 8–12. [Google Scholar] [CrossRef] [PubMed]

	



Mossa, A.H.; Velasquez Flores, M.; Cammisotto, P.G.; Campeau, L. Succinate, increased in metabolic syndrome, activates GPR91 receptor signaling in urothelial cells. Cell Signal 2017, 37, 31–39. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.; Rose’meyer, R.; McDermott, C.; Chess-Williams, R.; Sellers, D.J. Diabetes-induced alterations in urothelium function: Enhanced ATP release and nerve-evoked contractions in the streptozotocin rat bladder. Clin. Exp. Pharmacol. Physiol. 2018, 45, 1161–1169. [Google Scholar] [CrossRef] [PubMed]

	



Gonzalez, E.J.; Odom, M.R.; Hannan, J.L.; Grill, W.M. Dysfunctional voiding behavior and impaired muscle contractility in a rat model of detrusor underactivity. Neurourol. Urodyn. 2021, 40, 1889–1899. [Google Scholar] [CrossRef]

	



Yu, W.; Robson, S.C.; Hill, W.G. Expression and distribution of ectonucleotidases in mouse urinary bladder. PLoS ONE 2011, 6, e18704. [Google Scholar] [CrossRef] [PubMed]

	



Yu, W. Polarized ATP distribution in urothelial mucosal and serosal space is differentially regulated by stretch and ectonucleotidases. Am. J. Physiol. Renal Physiol. 2015, 309, F864–F872. [Google Scholar] [CrossRef] [PubMed]

	



Aresta Branco, M.S.L.; Gutierrez Cruz, A.; Dayton, J.; Perrino, B.A.; Mutafova-Yambolieva, V.N. Mechanosensitive Hydrolysis of ATP and ADP in Lamina Propria of the Murine Bladder by Membrane-Bound and Soluble Nucleotidases. Front. Physiol. 2022, 13, 918100. [Google Scholar] [CrossRef]

	



McCloskey, K.D. The detrusor-free bladder-it can still hold its water. J. Physiol. 2018, 10, 1427–1428. [Google Scholar] [CrossRef]

	



Zimmermann, H.; Zebisch, M.; Strater, N. Cellular function and molecular structure of ecto-nucleotidases. Purinergic Signal. 2012, 8, 437–502. [Google Scholar]

	



Todorov, L.D.; Mihaylova-Todorova, S.; Westfall, T.D.; Sneddon, P.; Kennedy, C.; Bjur, R.A.; Westfall, D.P. Neuronal release of soluble nucleotidases and their role in neurotransmitter inactivation. Nature 1997, 387, 76–79. [Google Scholar] [CrossRef]

	



Vekaria, R.M.; Unwin, R.J.; Shirley, D.G. Intraluminal ATP concentrations in rat renal tubules. J. Am. Soc. Nephrol. 2006, 17, 1841–1847. [Google Scholar] [CrossRef]

	



Lundin, A.; Hallander, H.; Kallner, A.; Lundin, U.K.; Osterberg, E. Bacteriuria testing by the ATP method as an integral part in the diagnosis and therapy of urinary tract infection (UTI). J. Biolumin. Chemilumin. 1989, 4, 381–389. [Google Scholar] [CrossRef] [PubMed]

	



Durnin, L.; Corrigan, R.D.; Sanders, K.M.; Mutafova-Yambolieva, V.N. A Decentralized (Ex Vivo) Murine Bladder Model with the Detrusor Muscle Removed for Direct Access to the Suburothelium during Bladder Filling. J. Vis. Exp. 2019, e60344. [Google Scholar] [CrossRef]

	



Levitt, B.; Head, R.J.; Westfall, D.P. High-pressure liquid chromatographic-fluorometric detection of adenosine and adenine nucleotides: Application to endogenous content and electrically induced release of adenyl purines in guinea pig vas deferens. Anal. Biochem. 1984, 137, 93–100. [Google Scholar] [CrossRef]

	



Bobalova, J.; Bobal, P.; Mutafova-Yambolieva, V.N. High-Performance Liquid Chromatographic Technique for Detection of a Fluorescent Analogue of ADP-Ribose in Isolated Blood Vessel Preparations. Anal. Biochem. 2002, 305, 269–276. [Google Scholar] [CrossRef] [PubMed]

	



Li, W.; Sasse, K.C.; Bayguinov, Y.; Ward, S.M.; Perrino, B.A. Contractile Protein Expression and Phosphorylation and Contractility of Gastric Smooth Muscles from Obese Patients and Patients with Obesity and Diabetes. J. Diabetes Res. 2018, 2018, 8743874. [Google Scholar] [CrossRef] [PubMed]

	



Xie, Y.; Han, K.H.; Grainger, N.; Li, W.; Corrigan, R.D.; Perrino, B.A. A role for focal adhesion kinase in facilitating the contractile responses of murine gastric fundus smooth muscles. J. Physiol. 2018, 596, 2131–2146. [Google Scholar] [CrossRef]

	



Yu, W.; Zacharia, L.C.; Jackson, E.K.; Apodaca, G. Adenosine receptor expression and function in bladder uroepithelium. Am. J. Physiol. Cell Physiol. 2006, 291, C254–C265. [Google Scholar] [CrossRef]

	



Burnstock, G. Purinergic signalling in the urinary tract in health and disease. Purinergic Signal. 2014, 10, 103–155. [Google Scholar] [CrossRef]

	



Takezawa, K.; Kondo, M.; Kiuchi, H.; Ueda, N.; Soda, T.; Fukuhara, S.; Takao, T.; Miyagawa, Y.; Tsujimura, A.; Matsumoto-Miyai, K.; et al. Authentic role of ATP signaling in micturition reflex. Sci. Rep. 2016, 6, 19585. [Google Scholar] [CrossRef]

	



Pandita, R.K.; Andersson, K.E. Intravesical adenosine triphosphate stimulates the micturition reflex in awake, freely moving rats. J. Urol. 2002, 168, 1230–1234. [Google Scholar] [CrossRef] [PubMed]

	



Ueda, N.; Kondo, M.; Takezawa, K.; Kiuchi, H.; Sekii, Y.; Inagaki, Y.; Soda, T.; Fukuhara, S.; Fujita, K.; Uemura, M.; et al. Intravesical ATP instillation induces urinary frequency because of activation of bladder afferent nerves without inflammatory changes in mice: A promising model for overactive bladder. Biochem. Biophys. Res. Commun. 2018, 506, 498–503. [Google Scholar] [CrossRef] [PubMed]

	



Durnin, L.; Hwang, S.J.; Ward, S.M.; Sanders, K.M.; Mutafova-Yambolieva, V.N. Adenosine 5’-diphosphate-ribose (ADPR) is a neural regulator in primate and murine large intestine along with beta-NAD+. J. Physiol. 2012, 590, 1921–1941. [Google Scholar] [CrossRef]

	



Durnin, L.; Hwang, S.J.; Kurahashi, M.; Drumm, B.T.; Ward, S.M.; Sasse, K.C.; Sanders, K.M.; Mutafova-Yambolieva, V.N. Uridine adenosine tetraphosphate is a novel neurogenic P2Y1 receptor activator in the gut. Proc. Natl. Acad. Sci. USA 2014, 111, 15821–15826. [Google Scholar] [CrossRef] [PubMed]

	



Durnin, L.; Kurahashi, M.; Sanders, K.M.; Mutafova-Yambolieva, V.N. Extracellular metabolism of the enteric inhibitory neurotransmitter beta-nicotinamide adenine dinucleotide (beta-NAD) in the murine colon. J. Physiol. 2020, 598, 4509–4521. [Google Scholar] [CrossRef] [PubMed]

	



Carneiro, I.; Timóteo, M.A.; Silva, I.; Vieira, C.; Baldaia, C.; Ferreirinha, F.; Silva-Ramos, M.; Correia-de-Sá, P. Activation of P2Y6 receptors increases the voiding frequency in anaesthetized rats by releasing ATP from the bladder urothelium. Br. J. Pharmacol. 2014, 171, 3404–3419. [Google Scholar] [CrossRef]

	



Rockenbach, L.; Braganhol, E.; Dietrich, F.; Figueiró, F.; Pugliese, M.; Edelweiss, M.I.; Morrone, F.B.; Sévigny, J.; Battastini, A.M. NTPDase3 and ecto-5’-nucleotidase/CD73 are differentially expressed during mouse bladder cancer progression. Purinergic Signal. 2014, 10, 421–430. [Google Scholar] [CrossRef]

	



Firouzmand, S.; Ajori, L.; Towse, J.; Allameh, F.; Najafi, S.; Javed, S.; John, B.; Langley, S.E.M.; Fry, C.H.; Young, J.S. Investigating the associations of mucosal P2Y6 receptor expression and urinary ATP and ADP concentrations, with symptoms of overactive bladder. Neurourol. Urodyn. 2020, 39, 926–934. [Google Scholar] [CrossRef]

	



Lewis, S.A.; Lewis, J.R. Kinetics of urothelial ATP release. Am. J. Physiol. Renal Physiol. 2006, 291, F332–F340. [Google Scholar] [CrossRef]

	



Chen, J.Q.; Heldman, M.R.; Herrmann, M.A.; Kedei, N.; Woo, W.; Blumberg, P.M.; Goldsmith, P.K. Absolute quantitation of endogenous proteins with precision and accuracy using a capillary Western system. Anal. Biochem. 2013, 442, 97–103. [Google Scholar] [CrossRef]

	



Lu, J.; Allred, C.C.; Jensen, M.D. Human adipose tissue protein analyses using capillary western blot technology. Nutr. Diabetes 2018, 8, 26. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, Z.G.; Wu, Y.; Csizmadia, E.; Feldbrügge, L.; Enjyoji, K.; Tigges, J.; Toxavidis, V.; Stephan, H.; Müller, C.E.; McKnight, C.J.; et al. Characterization of circulating microparticle-associated CD39 family ecto-nucleotidases in human plasma. Purinergic Signal. 2014, 10, 611–618. [Google Scholar] [CrossRef] [PubMed]

	



Lichtenthaler, S.F.; Lemberg, M.K.; Fluhrer, R. Proteolytic ectodomain shedding of membrane proteins in mammals-hardware, concepts, and recent developments. EMBO. J. 2018, 37, e99456. [Google Scholar] [CrossRef]

	



Barat, C.; Martin, G.; Beaudoin, A.R.; Sévigny, J.; Tremblay, M.J. The nucleoside triphosphate diphosphohydrolase-1/CD39 is incorporated into human immunodeficiency type 1 particles, where it remains biologically active. J. Mol. Biol. 2007, 371, 269–282. [Google Scholar] [CrossRef] [PubMed]

	



Alcedo, K.P.; Bowser, J.L.; Snider, N.T. The elegant complexity of mammalian ecto-5’-nucleotidase (CD73). Trends. Cell Biol. 2021, 31, 829–842. [Google Scholar] [CrossRef] [PubMed]

	



Zimmermann, H. History of ectonucleotidases and their role in purinergic signaling. Biochem. Pharmacol. 2021, 187, 114322. [Google Scholar] [CrossRef]

	



Street, S.E.; Kramer, N.J.; Walsh, P.L.; Taylor-Blake, B.; Yadav, M.C.; King, I.F.; Vihko, P.; Wightman, R.M.; Millán, J.L.; Zylka, M.J. Tissue-nonspecific alkaline phosphatase acts redundantly with PAP and NT5E to generate adenosine in the dorsal spinal cord. J. Neurosci. 2013, 33, 11314–11322. [Google Scholar] [CrossRef]

	



Wang, Y.; Copeland, J.; Shin, M.; Chang, Y.; Venton, B.J. CD73 or CD39 Deletion Reveals Different Mechanisms of Formation for Spontaneous and Mechanically Stimulated Adenosine and Sex Specific Compensations in ATP Degradation. ACS Chem. Neurosci. 2020, 11, 919–928. [Google Scholar] [CrossRef]

	



Jackson, E.K.; Gillespie, D.G.; Cheng, D.; Mi, Z.; Menshikova, E.V. Characterization of the N(6)-etheno-bridge method to assess extracellular metabolism of adenine nucleotides: Detection of a possible role for purine nucleoside phosphorylase in adenosine metabolism. Purinergic Signal. 2020, 16, 187–211. [Google Scholar] [CrossRef]

	



Hudoklin, S.; Jezernik, K.; Neumüller, J.; Pavelka, M.; Romih, R. Electron tomography of fusiform vesicles and their organization in urothelial cells. PLoS One 2012, 7, e32935. [Google Scholar] [CrossRef]

	



Zupančič, D.; Romih, R.; Robenek, H.; Žužek Rožman, K.; Samardžija, Z.; Kostanjšek, R.; Kreft, M.E. Molecular ultrastructure of the urothelial surface: Insights from a combination of various microscopic techniques. Microsc. Res. Tech. 2014, 77, 896–901. [Google Scholar] [CrossRef] [PubMed]

	



Lewis, S.A.; de Moura, J.L. Incorporation of cytoplasmic vesicles into apical membrane of mammalian urinary bladder epithelium. Nature 1982, 297, 685–688. [Google Scholar] [CrossRef]

	



Dalghi, M.G.; Montalbetti, N.; Carattino, M.D.; Apodaca, G. The Urothelium: Life in a Liquid Environment. Physiol. Rev. 2020, 100, 1621–1705. [Google Scholar] [CrossRef] [PubMed]

	



Deng, F.M.; Ding, M.; Lavker, R.M.; Sun, T.T. Urothelial function reconsidered: A role in urinary protein secretion. Proc. Natl. Acad. Sci. USA 2001, 98, 154–159. [Google Scholar] [CrossRef] [PubMed]

	



Qi, C.; Lavriha, P.; Mehta, V.; Khanppnavar, B.; Mohammed, I.; Li, Y.; Lazaratos, M.; Schaefer, J.V.; Dreier, B.; Plückthun, A.; et al. Structural basis of adenylyl cyclase 9 activation. Nat. Commun. 2022, 13, 1045. [Google Scholar] [CrossRef] [PubMed]

	



Prakasam, H.S.; Gallo, L.I.; Li, H.; Ruiz, W.G.; Hallows, K.R.; Apodaca, G. A1 adenosine receptor-stimulated exocytosis in bladder umbrella cells requires phosphorylation of ADAM17 Ser-811 and EGF receptor transactivation. Mol. Biol. Cell 2014, 25, 3798–3812. [Google Scholar] [CrossRef] [PubMed]

	



Prakasam, H.S.; Herrington, H.; Roppolo, J.R.; Jackson, E.K.; Apodaca, G. Modulation of bladder function by luminal adenosine turnover and A1 receptor activation. Am. J. Physiol. Renal Physiol. 2012, 303, F279–F292. [Google Scholar] [CrossRef]

	



Dunning-Davies, B.M.; Fry, C.H.; Mansour, D.; Ferguson, D.R. The regulation of ATP release from the urothelium by adenosine and transepithelial potential. BJU. Int. 2013, 111, 505–513. [Google Scholar] [CrossRef]

	



Kitta, T.; Chancellor, M.B.; de Groat, W.C.; Kuno, S.; Nonomura, K.; Yoshimura, N. Roles of adenosine A1 and A2A receptors in the control of micturition in rats. Neurourol. Urodyn. 2014, 33, 1259–1265. [Google Scholar] [CrossRef]

	



Winder, M.; Tobin, G.; Zupancic, D.; Romih, R. Signalling molecules in the urothelium. Biomed. Res. Int. 2014, 2014, 297295. [Google Scholar] [CrossRef]

	



Merrill, L.; Gonzalez, E.J.; Girard, B.M.; Vizzard, M.A. Receptors, channels, and signalling in the urothelial sensory system in the bladder. Nat. Rev. Urol. 2016, 13, 193–204. [Google Scholar] [CrossRef] [PubMed]

	



Peleli, M.; Fredholm, B.B.; Sobrevia, L.; Carlström, M. Pharmacological targeting of adenosine receptor signaling. Mol. Aspects Med. 2017, 55, 4–8. [Google Scholar] [CrossRef] [PubMed]

	



Harvey, R.A.; Skennerton, D.E.; Newgreen, D.; Fry, C.H. The contractile potency of adenosine triphosphate and ecto-adenosine triphosphatase activity in guinea pig detrusor and detrusor from patients with a stable, unstable or obstructed bladder. J. Urol. 2002, 168, 1235–1239. [Google Scholar] [CrossRef]

	



Takezawa, K.; Kondo, M.; Nonomura, N.; Shimada, S. Urothelial ATP signaling: What is its role in bladder sensation? Neurourol. Urodyn. 2016, 36, 966–972. [Google Scholar] [CrossRef] [PubMed]

	



Gill, K.; Horsley, H.; Kupelian, A.S.; Baio, G.; De Iorio, M.; Sathiananamoorthy, S.; Khasriya, R.; Rohn, J.L.; Wildman, S.S.; Malone-Lee, J. Urinary ATP as an indicator of infection and inflammation of the urinary tract in patients with lower urinary tract symptoms. BMC Urol. 2015, 15, 7. [Google Scholar] [CrossRef] [PubMed]








[image: Metabolites 13 00030 g001 550] 





Figure 1. Hydrolysis of eATP in bladder lumen of detrusor-free bladder preparations by membrane-bound and soluble nucleotidases. Original chromatograms of eATP in beaker (blue, 0′, no enzymes present) and at 10 s (red) and 60 min (green) after starting the enzymatic reactions in the bladder lumen (a), in ILS collected at the end of bladder filling (b), and in ILS filtered through 10 kDa MWCO membranes (c). Note the decrease of eATP substrate and the increase or appearance of the e-products eADP, eAMP and eADO. Summarized data showing time-courses of the degradation of eATP in the bladder lumen, n = 4–6 (d), in ILS collected at the end of bladder filling, n = 6–14 (e), and in ILS collected at the end of bladder filling and filtered through 10 kDa MWCO membranes, n = 3 (f); n, number of bladders preparations. eATP, eADP, eAMP and eADO are presented as percentages of total purines (eATP + eADP + eAMP + eADO) present in reaction solutions at each time point for the duration of 1 h. 
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Figure 2. Effects of ARL67156 and POM-1 on the hydrolysis of eATP by soluble enzymes released in bladder lumen during filling. Changes in eATP (a), eADP (b), eAMP (c), and eADO (d) in ILS in the presence of vehicle (KBS, n = 6–14)) or ARL67156 (100 µM, n = 5) or POM-1 (100 µM, n = 3). eATP, eADP, eAMP and eADO are presented as percentages of total purines (eATP + eADP + eAMP + eADO) present in reaction solutions; n, number of bladders preparations. Asterisks denote significant differences from vehicle controls. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 2 way ANOVA with Tukey’s multiple comparisons tests. 
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Figure 3. Effects of PSB06126 and ENPP1-Inhibitor-C on the hydrolysis of eATP by soluble enzymes released in bladder lumen during filling. Changes in eATP, eADP, eAMP, and eADO in ILS in the presence of vehicle (DMSO 0.1%, n = 7) or PSB06126 (10 µM, n = 3) (a) or ENPP-Inh-C (50 µM, n = 4) (b); n, number of bladder preparations. eATP, eADP, eAMP and eADO are presented as percentages of total purines (eATP + eADP + eAMP + eADO) present in reaction solutions. * p < 0.05 vs. control, 2 way ANOVA with Sidak’s multiple comparisons test. 
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Figure 4. Effect of L-p-BT on the hydrolysis of eATP by soluble enzymes released in bladder lumen during filling. Changes in eATP (a), eADP (b), eAMP (c), and eADO (d) in ILS in the presence of vehicle (DMSO 0.1%, n = 7) or L-p-BT (100 µM, n = 3); n, number of bladder preparations. eATP, eADP, eAMP and eADO are presented as percentages of total purines (eATP + eADP + eAMP + eADO) present in reaction solutions. Asterisks denote significant difference from vehicle controls. ** p < 0.01, *** p < 0.001, **** p < 0.0001. 2 way ANOVA with Sidak’s multiple comparisons tests. 
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Figure 5. Hydrolysis of eAMP by soluble nucleotidases in the lumen of bladder preparations from WT and Nt5e−/− mice. Original chromatograms of eAMP in beaker (blue, 0′, no enzymes present), at 10 min (red), and at 60 min (green) after starting the enzymatic reactions in ILS collected at the end of bladder filling from WT controls (a), Nt5e−/− controls (b) and Nt5e−/− preparations treated with levamisole (1 mM) (c). Summarized data showing time-courses of eAMP decrease and eADO increase in ILS from WT bladders (n = 4–12) and from bladders isolated from Nt5e−/− mice (n = 4–7) (d), in Nt5e−/− preparations filled with either vehicle (KBS) or levamisole (n = 3) (e) or in Nt5e−/− bladders filled either with vehicle (DMSO 0.1%, n = 4) or L-p-BT (100 µM, n = 3) (f); n, number of bladder preparations. Note that the eAMP decrease and eADO increase were the greatest in WT preparations and that the eAMP hydrolysis was significantly inhibited in the presence of either levamisole or L-p-BT. ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. controls. 2 way ANOVA with Sidak’s multiple comparisons tests. 
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Figure 6. Protein expression levels in ILS collected at the end of filling of detrusor-free bladder preparations. (a–j) Representative immunoelectropherograms (duplicates) of nucleotidases evaluated using ProteinSimple Wes. Each antibody was diluted 100-fold and each well contained 3 µL of ILS sample. (k) Scatter plots of AUC of chemiluminescence (CL) signals normalized per µL loaded ILS sample (n = 8); n, number of bladder preparations. Statistical significance is described in Section 3.5. 
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Figure 7. Effect of forskolin (FSK) on the hydrolysis of eATP by soluble enzymes released in bladder lumen during filling. Decrease of eATP (a) and increase in eADP (b), eAMP (c), and eADO (d) after addition of eATP in ILS from bladder preparations filled with vehicle (DMSO 0.1%, n = 7) or FSK (n = 4 each); n, number of bladder preparations. Note that the decrease of eATP and the formation of eADP and eADO were enhanced in the presence of FSK. Asterisks denote significant differences from vehicle controls. * p < 0.05, ** p < 0.01. 2 way ANOVA with Tukey’s multiple comparisons tests. 
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Figure 8. Effect of FSK on the hydrolysis of eATP by soluble enzymes released in the bladder lamina propria. Original chromatograms of eATP in beaker (blue, 0′), at 10 min (red), and at 60 min (green) after addition of eATP to concentrated ELS collected at the end of bladder filling in the presence of vehicle (DMSO 0.1%) (a) or FSK (25 µM) (b). Summarized data showing time-courses of eATP decrease (c), eADP increase (d), eAMP increase (e), and eADO increase (f) in the presence of vehicle (DMSO 0.1%, n = 7) or FSK (n = 4 each); n, number of bladder preparations. Note that the degradation of eATP was reduced in the presence of FSK. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. vehicle controls. 2 way ANOVA with Tukey’s multiple comparisons tests. 
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Figure 9. Effect of SQ22536 on the hydrolysis of eATP by soluble nucleotidases released in the bladder lumen during filling. The decrease in eATP and increase in eADP, eAMP, and eADO were not significantly different in the presence of vehicle (DMSO 0.2%, n = 4) or SQ22536 (100 µM, n = 3). 






Figure 9. Effect of SQ22536 on the hydrolysis of eATP by soluble nucleotidases released in the bladder lumen during filling. The decrease in eATP and increase in eADP, eAMP, and eADO were not significantly different in the presence of vehicle (DMSO 0.2%, n = 4) or SQ22536 (100 µM, n = 3).



[image: Metabolites 13 00030 g009]







[image: Metabolites 13 00030 g010 550] 





Figure 10. Effect of SQ22536 on the hydrolysis of eATP by soluble nucleotidases released in the lamina propria of nondistended denuded bladder preparations. Time courses of eATP decrease (a), eADP increase (b), eAMP increase (c), and eADO increase (d) after addition of eATP to concentrated ELS collected from nondistended (empty) preparations. Note that the degradation of eATP was enhanced in the presence of SQ22536 (100 µM, n = 3) in comparison to DMSO 0.2% control (n = 4); n, number of bladder preparations. * p < 0.05, *** p < 0.001, **** p < 0.0001 vs. vehicle controls. 2 way ANOVA with Sidak’s multiple comparisons tests. 
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Figure 11. Effect of SQ22536 on the hydrolysis of eATP by soluble nucleotidases released in the lamina propria of distended denuded bladder preparations. Original chromatograms of eATP in beaker (blue, 0′), at 10 min (red), and at 60 min (green) after addition of eATP to concentrated ELS collected at the end of bladder filling in the presence of vehicle (DMSO 0.2%) (a) or SQ22536 (100 µM) (b). Summarized data of time courses of eATP decrease (c), eADP increase (d), eAMP increase (e), and eADO increase (f) after addition of eATP to concentrated ELS collected at the end of bladder filling. Note that the degradation of eATP was enhanced in the presence of SQ22536 (n = 3) in comparison with DMSO 0.2% control (n = 4). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 2 way ANOVA with Sidak’s multiple comparisons tests. 
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Figure 12. Effects of adenosine (ADO) on the release of soluble nucleotidases in the bladder lumen. Time courses of eATP decrease (a), eADP increase (b), eAMP increase (c), and eADO increase (d) after addition of eATP to concentrated ILS collected at the end of bladder filling with either vehicle (KBS, n = 10) or ADO (n = 4); n, number of bladder preparations. Note that the degradation of eATP was enhanced in ILS from bladders filled with ADO. * p < 0.05, ** p < 0.01, **** p < 0.0001 vs. vehicle control. 2 way ANOVA with Sidak’s multiple comparisons tests. 
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Figure 13. Effects of adenosine (ADO) on the release of soluble nucleotidases in lamina propria of nondistended denuded bladder preparations. Time courses of eATP decrease (a), eADP increase (b), eAMP increase (c), and eADO increase (d) after addition of eATP to ELS collected from nondistended bladder preparations treated with either vehicle (KBS, n = 9) or ADO (n = 4 each) for a time period equivalent to the time for bladder filling; n, number of bladder preparations. Note that the degradation of eATP was enhanced in concentrated ELS collected from preparations treated with ADO. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. vehicle controls. 2 way ANOVA with Tukey’s multiple comparisons tests. 
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Figure 14. Effects of adenosine (ADO) on the release of soluble nucleotidases in lamina propria of distended denuded bladder preparations. eATP decrease and eADP, eAMP, and eADO increase after addition of eATP to concentrated ELS collected at the end of bladder filling. Note that there is no significant difference between eATP degradation in ELS from bladder preparations treated with vehicle (KBS, n = 9) and adenosine (n = 4 each); n, number of bladder preparations. 
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