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Introduction
The urinary bladder generates spontaneous contractile activity (SA) to maintain bladder wall tone but remains compliant during filling.  SA is greater in isolated preparations from patients with overactive bladder (OAB) and may underlie the associated symptoms.  Due to significant refractoriness and adverse side-effects of drug-based therapies, new approaches to alleviate the symptoms of OAB are desirable.  One approach may be through mild heating of the bladder wall. 

Heating is used as a therapeutic treatment in other organs, such as the heart.  For example, raising body temperature to 42°C for 15 minutes protects against the consequences of myocardial ischaemia by inducing expression of heat shock proteins (HSPs) [1]. Several studies have shown that heating decreases contractile function in different muscle types, including smooth muscle [2,3].  However, there is little work on how heating affects the bladder, and temperature-related investigations have focused on cooling for diagnosis of say interstitial cystitis/painful bladder syndrome [4].  Bladder cooling enhances nerve-mediated contractions, attributed in part to increased ATP release from efferent nerves [5-7], but sustained cooling to 4°C down-regulates carbachol-induced contractions [8].  

Some transient receptor potential (TRP) channel subtypes are activated during heating.  Located on sensory nerves in the sub-urothelium and on urothelial cells they are activated during noxious stimuli, including heating.  TRPV1 channels in particular respond to temperatures between 41-50°C [9,10].  Activation of TRPV1 channels permits Ca2+ influx into cells that may modulate sensory responses to bladder filling and hence SA. 

Hyperthermia affects protein structure and function and even small increases of temperature can lead to their unfolding and loss of activity [11].  However, this may be offset by upregulation of protective mechanisms such as induction of chaperones including HSP70 and phosphorylated HSP27 [12].  Moreover, there is evidence that pro-apoptotic pathways mediated by activation of caspase-3 and DNA-repair pathways mediated by poly-[ADP-ribose] polymerases (PARP) are also temperature-dependent [13-15].

We hypothesised that progressive heating from 37 to 42, 46, and 50°C would continuously decrease SA, potentially through a TRPV1-dependent mechanism.  We tested this hypothesis by: 1) exploring the effects of heating (42, 46, 50°C) on pig bladder wall SA, histological integrity and expression of heat-dependent signalling molecules; 2) determining the effects of TRPV1 antagonists during heating.

Materials and methods
In vitro preparations and solutions.  Male and female pig bladders (Sus scrofa domestica, ~6 months) from a local abattoir were transported to the laboratory in gassed Tyrode’s solution (4oC).  The bladder was opened sagitally through its ventral face and pinned on a Sylgard dish in Tyrode’s solution.  The bladder was stored at 4oC for no longer than 24 hours when not in use.  Preparations with an intact mucosa (10x20 mm, 2 mm thick) were attached to an isometric force transducer and superfused with Tyrode’s solution (12 ml.min-1).  Stock solutions of various pharmacological mediators were diluted to final concentrations in Tyrode’s: the muscarinic receptor agonist carbachol (10 mM in water to 1 µM); the TRPV1 channel antagonist AMG9810 (10 mM in DMSO to 0.3 µM); the capsaicin antagonist, capsazepine (10 mM in methanol to 3 µM).  Tyrode’s solution contained (mM): NaCl, 118; KCl, 4.0; MgCl2, 1.0 NaHCO3, 24, NaH2PO4, 0.4; CaCl2, 1.8; glucose, 6.1; Na pyruvate, 5.0; 95% O2/5% CO2.  pH was measured at 37°C (7.49±0.04) and after heating to 42°C (7.65±0.04), 46°C (7.73±0.0.03) and 50°C (7.75±0.03).

Preparation of heating and temperature recording.  A heating coil of nichrome wire (7 coils, 0.4 mm diameter; 10.5 Ω.m-1 resistance) was placed immediately above the tissue preparation to radiate heat up to 50°C onto the urothelial surface.  Temperature was measured with thermistor probes (33 gauge, 0.2 mm diameter, hypodermic chromega-alomega probe, Omega) placed in the superfusate by the urothelium immediately below the coil and also at the mucosa/detrusor boundary. A temperature gradient of about 1°C between superfusate and mucosa/detrusor boundary was measured, the latter is referred to as the test temperature.

Contraction measurements.  SA were initiated by exposure to 1 µM carbachol for 10 minutes and allowed to stabilise for one-hour before any intervention.  Preparations were then heated for 15 minutes and allowed to recover for 45 minutes (unless otherwise stated) before the next intervention.  The force integral (area-under-the-curve, AUC) of SA were measured for the final 10 minutes of each intervention and control period.  

Ex vivo whole perfused pig bladders. Whole female pig bladders were excised immediately post-mortem at the abattoir, with their associated vasculature, and stored in ice-cold gassed Kreb’s solution, as previously described [16].  At the laboratory, the bladder was perfused with Kreb’s solution through its arterial supply at constant flow (10 ml.min-1), and the lumen filled with Kreb’s to 150 ml through a catheter via the urethra.  Changes to intravesical pressure were recorded using a fluid-filled double-lumen catheter attached to a pressure transducer.  Heating the bladder wall was done by altering the temperature of the perfusate and luminal fluid.  Kreb’s solution was similar to Tyrode’s except (mM): KCl, 4.7, KH2PO4, 1.2; glucose, 11.7. 

Histology.  Intact preparations after exposure to radiant heating, or paired controls (n=6), were immediately stored in 10% neutral-buffered formalin.  Samples were wax-embedded, cut (superfrost+ slide, 5 µm) and deparaffinised. Sections were either stained with haematoxylin and eosin (H&E) or with the nuclear stain, 4′-6-diamidino-2-phenylindole (DAPI, 1:10,000 dilution, Thermofisher Scientific, UK).  H&E sections were used for visualisation and DAPI-stained sections for analysis.   Images (63x objective) were taken with a wide-field microscope (Leica, DM LB2) attached to a CCD camera (Leica DFC450C: 1280x960 pixels) for H&E samples.  For DAPI-stained images, a z-stack was used to obtain the optimum section using different focal distances.  The minimum and maximum depths of each section was obtained and the intermediate region analysed for the urothelium, sub-urothelium and detrusor smooth muscle. Images were taken by a CCD camera for 300-500 µm2 unit area.  Analysis of the urothelium was; urothelial width, and nuclear diameter.  A nuclear count per unit pixel was done for both the sub-urothelium and detrusor regions.

Western blots. Bladders were incubated with control Tyrode’s solution for 15 minutes at 37, 42, 46, or 50C, and rapidly snap-frozen in liquid N2. Whole tissue protein lysate (30 μg) from each sample was prepared using RIPA buffer, resolved by 12% polyacrylamide SDS-PAGE and transferred to polyvinylidene difluoride membranes (PVDF, Invitrogen, UK). Membranes were blocked with Odyssey blocking buffer (LI-COR Biosciences, Ltd, UK) and probed with primary antibodies (Abcam, UK, rabbit polyclonal) to caspase-3 (1:500 dilution), PARP (1:2000 dilution), phosphorylated HSP27 (HSP27-pSer82, 1:2,000 dilution) or inducible HSP70 (iHSP70, 1:500 dilution).  Membranes were then washed and incubated with secondary antibodies appropriate to the source of primary antibodies (LI-COR Biosciences; 1:10,000 dilution).  Resolved protein bands were imaged using an Odyssey infra-red imaging system and then quantified with Image-J software in arbitrary units. The quantified band densities were normalised to corresponding GAPDH band densities (Santa Cruz, mouse monoclonal, 1:1,000.dilution).

Data analysis and statistics.  Contractile function data were normalised to the average of pre- and post-control value at 37°C unless otherwise stated.  Data are medians [25,75% interquartiles], except Western blot data (means±SD).  Differences between data sets were compared using ANOVA, with non-parametric or parametric post hoc comparisons using GraphPad Prism 5.  The association between two variables was tested using a Spearman’s rank correlation; the null hypothesis was rejected at p<0.05.

Results
Effect of heating on bladder SA. Radiant heating to 42°C significantly and reversibly reduced the tension integral (AUC) of SA (figure 1A, n=10).  A similar reduction was shown upon exposure to 46 and 50°C (figure 1B, n=10).  SA recovered completely at all temperature when heating was removed.  The reduction of AUC as the measure of contractile function was mirrored by reduced average amplitude and duration of individual contractions, but offset by an increased frequency (data not shown).  There were no consistent changes to baseline tension during heating.  

Control experiments.  Because equivalent reduction of AUC occurred at the three temperatures, heating to 42°C was used for subsequent interventions.  Time-control experiments, with no increases of temperature above 37°C, showed no significant changes over a 180 minute period (figure 2A, n=7).  When exposure to 42°C was repeated the reduction of AUC was similar (figure 2B, n=8).  Moreover the reduction of AUC was maintained between 15 and 60 minute heating (figure 2C, n=9).  A confounding factor during heating was a raised superfusate pH as CO2 was driven out of solution rising to about 7.8 at 50°C.  However, an increase of pH to 7.8 at 37°C had no effect on AUC and so was not a reason for the reduced values with heating (figure 2D, n=6). 

Effect of TRPV1 modulators.  The TRPV1 antagonist AMG9810 (0.3 µM) had no significant effect on AUC at 37°C (105.9 [10.5, 4.8] vs 101.0 [2.0, 3.0], drug vs no drug, p>0.05, n=8), nor did it alter its reduction on heating to 42°C (34.9 [31.3, 39.1] vs 33.4 [25.4, 56.1], p>0.05, n=8).  Capsazepine, which blocks activation of TRPV1 by chemicals also had no effect on AUC at 37°C (91.8 [80.8, 107.8] vs 100.1 [2.1, 3.1], drug vs no drug, p>0.05, n=7), nor its attenuation by heating to 42°C (50.0 [35.0, 60.5] vs 43.3 [34.2, 53.8], p>0.05, n=8).  Data not shown.

Effect of heating on the SA of the isolated whole pig bladder.  Spontaneous intravesical pressure transients were also significantly reduced when perfusate temperature was raised to 42oC (figure 3B, n=5).  The magnitude of reduction was similar to that from in vitro isolated preparations and also this reduction recovered to control levels on return to 37°C.  Moreover, the properties of the transients changed in a similar way on heating: amplitude and duration were reduced, frequency was increased and baseline was unaffected.  There were no significant changes during a time-control period at 37oC (figure 3B, n=5).

Tissue structure and protein expression changes following heating.  Urothelial thickness was not significantly altered when tissue was heated from 37 to 42oC. However, heating to 46 or 50oC significantly reduced urothelium thickness and also induced discontinuities in this layer (figure 4A, n=6).  In addition, the nuclear diameter of urothelial cells was unchanged on heating to 42oC, but was significantly reduced when exposed to 46 & 50oC (figure 4B, n=6). With deeper layers of the bladder wall (figure 4C, n=6) heating to 42, 46 or 50°C induced no significant changes to the diameter or the number of nuclei in the sub-urothelium or detrusor cells at any temperature.

Normalised caspase-3 protein expression was not significantly different at 42°C when compared to that at 37C, but was greater at 46 and 50°C (figure 5A, n=3).  Caspase-3 activity was measured by protein expression levels of the DNA-repair enzyme PARP, itself cleaved by caspase-3.  PARP levels were similar at 37 and 42°C, but were significantly reduced at 46 and 50°C (figure 5B, n=3).  Normalised protein expression of HSP27-pSer82 was unchanged on heating to 42 or 46°C when compared to 37C (figure 5C, n=3): however, at 50°C its expression was significantly lower. Similar results were also obtained for iHSP70.

Discussion
Heating to any temperature from 37°C to between 42 and 50°C reduced bladder SA and was independent of the order of heating.  Moreover, heating to any temperature within this range produced a similar reduction.  In addition, recovery was complete when the intervention was removed, it was reproducible when a second heat exposure was imposed and persisted for up to one hour with continuous heating.  A similar observation was made in an ex vivo perfused bladder model when heated to 42°C to measure intravesical pressure variations.  Thus the qualitative and quantitative observations made in isolated preparations can be carried over to the whole bladder.  A previous study investigated the temperature-dependence of intravesical pressure transients between 19 and 38°C with findings that could be extrapolated to the above data (increasing temperature, decreased amplitude and increased frequency of transients) in young adult rats [17].

It was important to determine whether heat exposure to 42, 46 or 50C may have induced any structural changes to the tissue or have affected the cytoprotective HSP levels and/or pro-apoptotic pathways. Indeed, temperature-dependent effects on tissue structure were observed with the greatest effects occurring to the urothelium, with a reduction of thickness and shrinkage of nuclei within cells at 46 and 50oC.  However, sub-urothelial cells and detrusor muscle cells were more resilient, with no gross changes or alterations to nuclei observed at any temperature.  The lability of the urothelium to temperature-dependent damage was not due solely to the temperature gradient between this and deeper layers as no damage was evident at 50°C in detrusor or sub-urothelium, whereas changes to the urothelium were evident at 46°C.  Of importance, there was no evidence of structural damage at 42°C when SA was already reduced to a maximum extent.  

Expression of proteins associated with cell protection and cell death also showed no variation at 42°C, whereas changes at 46 and 50°C were evident.  Thus, phosphorylated inducible HSP70 and HSP27-pSer82 protein expression levels were unaffected at 42 and 46°C, but significantly reduced at 50°C.  In addition, the pro-apoptotic protein caspase-3 was also unaffected at 42°C but upregulated at 46 and 50°C.  Such increase in caspase-3 protein expression levels was also associated with its enhanced apoptotic activity. This is evident from the significant cleavage and reduction in PARP protein expression levels at 46 and 50°C which in turn will impact on PARP DNA-repair capacity at these temperatures only. 

Other studies have shown that heating to temperatures of 44°C or greater have significant effects on tissue damage culminating into animal mortality.  Intact rat bladders, exposed to one-hour microwave treatment showed few functional changes when intravesical temperature was less than 44°C.  However at higher temperatures bladder capacity decreased and animal mortality actually increased [18].  Furthermore, hyperthermia to >46°C induced DNA damage in Chinese hamster ovary cells [19,20], consistent with the data collected here concerning the reduction of PARP expression >46°C. 

Overall, heating to 42°C appears to be a safe option to reduce spontaneous contractile activity in the bladder wall but without the attendant problems of tissue damage, loss of cell repair mechanisms, or induction of apoptotic pathways.

A mechanism for heat-induced reduction of SA could be related to activation of TRPV1 channels as the range of temperatures used here is similar to their activation range.  However, no effect of agents that block the channel or hinder the ability of other chemicals to activate the channel has any influence on the heat-induced reduction of SA. An alternative may be through release of neuromodulators such as ATP or acetylcholine from the mucosa as this influences SA [21]. However, cooling from 37 to 4°C had no effect on ATP release [22] although complementary increases of temperature were not carried out.

Heating the bladder from 37°C to any temperature in the range 42-50°C reversibly reduces SA.  However, heating to 42°C offers many advantages: the effect has a rapid onset; it is reproducible and reversible; effective for up to one hour; no tissue damage is induced; proteins associated with apoptotic or DNA repair pathways are unaffected although HSPs are still induced.  This approach offers an alternative to reduce SA that are associated with OAB and would be especially useful for patients refractory to conventional drug therapy. 
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Figure 1.  Effect of heating (42, 46, 50oC) on spontaneous contractions.  A: Records: spontaneous contractions at 37 and 42°C. (upper); output from a thermistor probe at the mucosa/detrusor boundary (lower).  Bar charts: tension integral (AUC) before, during and after exposure to heating at 42°C.  Data normalised to initial 37°C value (pre-control, =100%).  B: Faster time-base contraction recordings at 37, 42, 46 and 50°C.  Bar charts: AUC values normalised to the precontrol value. Median values (25, 25% interquartiles).  ** p<0.01 vs precontrol, n=10.  
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Figure 2.  Characteristics of heating to 42°C on spontaneous contractions.  A:  Time- control of AUC values over 180 minutes at 37°C, normalised to value at t=0; n=6.   B: Repeated exposure to heating at 42°C (60 min interval); each AUC value at 42°C normalised to pre-control values, n=6.  C: Effect of heating to 42°C for 15, 30 and 60 minutes; AUC values normalised to pre-control values, n=6.  D: Effect of raised superfusate pH on AUC at 37°C; values normalised to pre-control values, n=6.  * p<0.05, **p<0.01 vs control.
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Figure 3.  Effect of heating to 42°C on intravesical spontaneous pressure transients in perfused pig bladder. A:  Records: examples at 37 and 42°C. Bar charts: AUC values, n=6. B: time control of changes to pressure transients over the time course of the experiment in A. AUC values normalised to the pre-control values, , n=6.  * p<0.05 vs control.
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Figure 4. The effect of heating on tissue structure.   A: Sections of bladder wall (H&E stained) at 37, 42, 46 and 50°C. x63 magnification.  U = urothelium; SU = suburothelium.  Right: bar chart of urothelium thickness at test temperatures.  B: Sections showing urothelium and underlying suburothelium after heating to 37 and 46°C, DAPI labelling.  Insets show magnified regions of urothelium; crosses on the nuclei show major and minor diameters to calculate nuclear size (average of two diameters).  Right: bar chart of nuclear size of urothelial cells at the test temperatures.  C: H&E (left) and DAPI (right) sections showing the suburothelial layer (left) and detrusor layer (right). All data normalised to values obtained at 37°C, *p<0.05 vs control, n=6.
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Figure 5. Expression levels of protective and apoptotic proteins at 37, 42, 46 and 50°C.  A: Western blot of capase-3 (upper panel) and band densities normalised to GAPDH (lower panel) at different temperatures.  B: Western blot of PARP (upper panel) and band densities normalised to GAPDH (lower panel) at different temperatures.  C: Western blot of HSP27-pSer82 (upper panel) and band densities normalised to GAPDH (lower panel) at different temperatures.  Data are means±SD; *p<0.05 vs control, n=3.
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