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Psychological stress is associated with urinary bladder dysfunction (e.g., increased voiding frequency, urgency and pelvic pain); however, the mechanisms underlying the effects of stress on urinary bladder function are unknown. Transient receptor potential (TRP) channels (vanilloid family) may be potential targets for intervention due to their distribution in the LUT and role in pain. Here, we examine a model of repeated variate stress (RVS) of 2 week (wk) or 4 wk duration in female mice and its effects on bladder function, anxiety-like behavior, and TRPV transcript expression in urinary bladder and lumbosacral spinal cord and associated dorsal root ganglia (DRG). Using continuous infusion, open-outlet cystometry in conscious mice, RVS significantly (p ≤ 0.05) decreased infused volume and intermicturition interval. Bladder pressures (threshold, average, minimum, and maximum pressures) were unchanged with RVS. Quantitative PCR demonstrated significant (p ≤ 0.05) changes in TrpV1 and TrpV4 mRNA expression between control and RVS cohorts in the urothelium, lumbosacral spinal cord, and DRG. Future directions will examine the contribution of TRP channels on bladder function, somatic sensation and anxiety-like behavior following RVS. 
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1 Introduction

Psychological stress is associated with lower urinary tract (LUT) symptom development including increased voiding frequency, urgency and pelvic pain (1–4). Animal models of stress exhibit similar symptoms of bladder dysfunction and anxiety-like behaviors (1) that may be due, in part, to disruption of the hypothalamic-pituitary-adrenal (HPA) axis. Cortisol, by feeding back on the HPA axis, normally attenuates inflammation; however, abnormalities in the feedback loop may cause dysregulation of the inflammatory response. Thus, patients with bladder function disorders may have dysregulation of the HPA axis (5, 6). Although stress is associated with LUT symptom onset and aggravation (2–4, 7–10), the underlying mechanisms that connect stress with voiding dysfunction are unknown.

Researchers use psychological and physical stressor/naturally occurring disease models to study underlying mechanisms and identify potential treatment targets for individuals with stress-induced bladder dysfunction (9). Rodent stress models have been shown to induce pain behaviors along with increased voiding frequency (11–15) and to increase inflammatory cell infiltration, urothelial breakdown, peripheral and central sensitization, and blood flow to brain regions involved with voiding urgency (9, 15). The repeated variate stress (RVS) model has been used to examine stress-induced changes in bladder function and pelvic sensation in rats (13, 14, 16, 17). The RVS paradigm (13, 14, 18–21) has multiple advantages including a lack of habituation with novel stressor exposure and reproducible and robust changes in urinary bladder function. In addition, RVS in rats also produced changes in the inflammatory milieu of the urinary bladder (13, 14).

Multiple transient receptor potential (TRP) channels (TRPA1, TRPV1, TRPV4) have specific tissue distributions in the LUT, are implicated in bladder disorders including overactive bladder (OAB) and IC/BPS and may be sensors of stretch and/or chemical irritation in the LUT (14, 22–27). The potential involvement of TRPV1 and TRPV4 in urinary bladder dysfunction and somatic sensitivity in stress models has been considered in a limited manner in a specific model of social stress in mice (28) or in rats following RVS (13, 14). It is important to understand the tissue expression as well as the mechanisms by which these channels act to identify potential therapeutic targets for stress-induced urinary bladder dysfunction and somatic sensitivity.

The goal of these studies was to evaluate bladder function (i.e., voiding frequency, functional bladder capacity and micturition pressures) in female mice following RVS of 2 week (wk) or 4 wk duration. Although shorter durations (1 wk) of RVS have been used in rats (13, 14) or in a specific transgenic mouse model (16), 1 wk RVS in wildtype (C57BL/6) mice is insufficient to reliably produce robust and reproducible changes in urinary bladder function and somatic sensation (29) or anxiety-like behaviors (S.E. Hammack, personal communication). The current studies compared bladder function using continuous infusion, open-outlet cystometry in conscious female mice after 2 wk or 4 wk RVS. In addition, we examined TrpV1 and TrpV4 mRNA expression using Real-Time Quantitative Reverse Transcription-Polymerase Chain Reaction (Q-PCR) after 2 wk or 4 wk RVS in the following LUT tissues: lumbosacral spinal cord (L1, L2, L5-S1) and associated lumbosacral dorsal root ganglia (DRG) and in the urothelium and detrusor smooth muscle of the urinary bladder. These studies establish the foundation of future studies that will evaluate the role(s) of TRPV1 and TRPV4 in LUT function and somatic sensation following RVS.



2 Methods


2.1 Animals

Female C57BL/6J wild type (WT) mice used in this study were bred locally at the Larner College of Medicine at the University of Vermont. To maintain diversity in this colony, mice (C57BL/6J) were also purchased from The Jackson Laboratory and incorporated into breeding. The litters were average in size (6-8 pups), weight, and activity (feeding, drinking, behaviors). The UVM Institutional Animal Care and Use Committee approved all experimental protocols involving animal usage (IACUC #X9-020). Animal Care was under the supervision of the UVM Office of Animal Care Management in accordance with the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) and National Institutes of Health (NIH) guidelines. We used female mice because of the female predominance of IC/BPS (24, 67, 74). Estrous cycle status was not determined in these studies. All efforts were made to minimize the potential for animal pain, stress, or distress. Separate groups of littermate WT were used in the following experiments. Mice were randomly assigned to control, 2 wk or 4 wk RVS cohorts. Figure 1 is a timeline of experimental procedures and outcome measures described in sections below.




Figure 1 | Experimental timeline emphasizing the RVS paradigm with stressors, order of stressor presentation, duration of RVS exposure and experimental outcomes described in methodology section.





2.2 Repeated variate stress

Mice assigned to the 2 wk or 4 wk RVS group were exposed daily to stressors with a single stressor being presented on each day between 10 am - 1 pm as described previously (13, 14, 16, 18) (Figure 1). Control mice (no stress) were handled daily and remained in home cages in the animal facility. Oscillation stress: Mice were placed inside a plastic chamber 25 × 16 ×13 cm (L ×W × H) that was secured to a clinical rotator (Fisher Scientific, Morris Plains, NJ), and oscillated at low to medium speed for 30 minutes (min). Forced swim: Mice were placed in a cylindrical container 29 × 37 cm (D × H) that was filled with room temperature water to a depth that prevented the tail from touching the bottom of the container. After 5 min of monitored swimming, mice were placed in a holding chamber for 30 min prior to being returned to their home cage. Electrical foot shock: Mice were placed inside a Plexiglas conditioning chamber (Med Associates, St. Albans, VT) 30 × 25 × 35 cm (L × W × H). After a 5 min acclimation period, two 0.2 mA, 5 second (s) scrambled foot shocks were delivered through the grid floor with a 1 min inter-trial interval. Restraint: Mice were placed in a cylindrical restraining device 30 × 115 mm (D × L) for 60 min. Pedestal: Mice were placed on an elevated (60 cm) platform 20 × 20 cm (L × W) for 30 min. Forced swim and electrical foot shock were the 2 stressors repeated on days (D) 6 and D7. This 7-day RVS protocol was repeated weekly for 2 wk or 4 wk RVS cohorts (Figure 1).



2.3 Open-field testing

On day 15 or day 29 of the 2 wk or 4 wk RVS protocol (Figure 1), we used open field testing (control, 2 wk and 4 wk RVS mice (N = 4-11) to determine locomotor activity, anxiety-related behavior and exploratory behavior in these cohorts (Figure 1). An individual mouse was placed in a clear Plexiglas, unfamiliar box (open top) with walls 46 cm × 46 cm × 46 cm (L × W × H) to prevent escape and with a center square outlined. The arena was placed on the floor of a quiet laboratory for testing. We quantified the total time an individual mouse spent exploring the center of the square arena (all four paws in the center, ‘time spent in open area’) as opposed to the time spent hugging the walls of the arena over a 20 min period. The arena was sanitized with Peroxigard, rinsed and dried before an individual mouse was evaluated.



2.4 Conscious, open-outlet, continuous fill cystometry

On day 15 or day 29 of the 2 wk or 4 wk RVS protocol (Figure 1), respectively, mice in each group (N = 3-5 for each: control, 2 wk, 4 wk) were anesthetized with isoflurane (3-4%) in 100% O2, a lower midline abdominal incision was made, and polyethylene tubing (PE-10, Clay Adams, Parsippany, New Jersey) was inserted into the bladder dome and secured with a nylon purse-string suture (6-zero) (16, 23, 30, 31). The end of the PE tubing was heat flared, but the catheter did not extend into the bladder body or neck, and it was not associated with inflammation or altered cystometric function (16, 23, 30, 31). The distal end of the tubing was sealed, tunneled subcutaneously, and externalized at the back of the neck (16, 23, 30, 31). Abdominal and neck incisions were closed with nylon sutures (6–0). Mice received postoperative analgesics (subcutaneous carprofen, 5.0 mg/kg) at the start of the surgical procedure and were evaluated with conscious cystometry 1-2 hours after tube implant.

For cystometry in conscious mice, an unrestrained animal was placed in a Plexiglas cage with a wire bottom. Before the start of the recording, the bladder was emptied and the catheter was connected via a T-tube to a pressure transducer (Grass Model PT300, West Warwick, RI) and microinjection pump (Harvard Apparatus 22, South Natick, MA). A Small Animal Cystometry Lab Station (MED Associates, Fairfax, VT) was used for urodynamic measurements (16, 23, 30, 31). Saline solution was infused at room temperature into the bladder at a rate of 25 µl/min to elicit repetitive bladder contractions. At least six reproducible micturition cycles were recorded after the initial stabilization period of 25–30 min (16, 23, 30, 31). The following cystometric parameters were recorded in each animal: baseline pressure (pressure at the beginning of the bladder filling), threshold pressure (bladder pressure immediately prior to micturition), peak micturition pressure, intermicturition interval (IMI; time between micturition events), infused volume (IV), and void volume (VV) (16, 23, 30, 31). The IV is the volume required to elicit a micturition event and is also referred to as functional bladder capacity. Mice in these studies had residual volume of less than 10 μl. At the conclusion of the experiment, the mouse was euthanized (5% isoflurane plus thoracotomy). Experiments were conducted at similar times of the day (10 am - 1 pm) to avoid the possibility that circadian variations were responsible for changes in bladder capacity measurements (16, 23, 30, 31). An individual blinded to treatment or group analyzed the cystometric data; groups were decoded after data analysis.



2.5 Exclusion criteria

Mice were removed from the study when adverse events occurred that included a significant postoperative event, lethargy, pain, or distress not relieved by our IACUC-approved regimen of postoperative analgesics (16, 23, 30, 31). In addition, behavioral movements such as grooming, standing, walking, and defecation rendered bladder pressure recordings during these events unusable. Approximately 15% of the total mice designated for study were removed from analysis.



2.6 Euthanasia and tissue harvest

On day 14 or 28 of the 2 wk and 4 wk RVS protocol, female (control, 2 wk and 4 wk RVS mice, N = 4-6 each) mice were deeply anesthetized with isoflurane (5%) and then euthanized via thoracotomy (Figure 1). The urinary bladder and lumbosacral (L1, L2, L5-S1) DRG and spinal cord were quickly dissected under RNase-free conditions as previously described (24, 32). The bladder was cut open along the midline and pinned to a Sylgard-coated dish and the urothelium was removed with the aid of fine forceps and a dissecting microscope. All tissues were snap-frozen on dry ice prior to processing as previously described (33). The urothelium + suburothelium was dissected (31, 34) from the detrusor and the specificity of the split bladder preparations was examined for the presence of α-smooth muscle actin (1:1000; Abcam, Cambridge, MA) and uroplakin II (1:25; American Research Products, Belmont, MA) by Western blotting or Q-PCR (24, 34, 35). We determined TrpV1 and TrpV4 transcript expression in the urinary bladder (urothelium + suburothelium, detrusor), lumbosacral (L1, L2, L5-S1) spinal cord and DRG of control, 2 wk and 4 wk RVS mice (N = 4-6 each) using Q-PCR as described (24, 32, 35) (Figure 1).



2.7 Real-time quantitative reverse transcription-polymerase chain reaction

Extraction of total RNA from samples (N = 4-6) was performed using Stat-60 total RNA/mRNA isolation reagent (Tel-Test B Labs, Friendswood, TX). cDNA was synthesized from 2, 1, 0.5 µg of RNA from urinary bladder, spinal cord and DRG samples, respectively, using a mixture of random hexamers and oligo(dT) primers with M-MLV reverse transcriptase (Promega, Madison, WI). The primers sequences that we developed for TrpV1 and TrpV4 have been previously described (36).

We prepared the quantitative PCR standard for each transcript using the amplified cDNA products ligated directly into the pCR2.1 TOPO vector using the TOPO TA cloning kit (Invitrogen, Carlsbad, CA). To verify the nucleotide sequences of the inserts, we used automated fluorescent dideoxy dye terminator sequencing (Vermont Integrative Genomics Resource). All cDNA templates were diluted 10-fold (to limit the inhibitory effects of the reaction components) and assayed using Luna universal quantitative PCR master mix (New England Biolabs, Ipswich, MA). We performed real-time quantitative PCR (Q-PCR; 7500 Fast real-time PCR system, Applied Biosystems, Foster City, CA) under standard conditions as outlined: 1) serial heating at 94°C for 2 min and 2) amplification over 45 cycles at 94°C for 15 s and 55-60°C for 30 s. The amplified product was exposed to SYBR green I melting analysis by ramping the temperature of the reaction samples from 60°C to 95°C. We ensured the creation of a single DNA melting profile under the outlined dissociation assay conditions to confirm the amplification of a unique, single product that was free of primer dimers and other anomalous products.

A standard curve was constructed to analyze data by amplifying serially diluted plasmids containing the target sequence. Sequence detection software (version 1.3.1, Applied Biosystems, Norwalk, CT) was used at the termination of each assay for data analysis. Default baseline settings were selected in standard assays. The increase in SYBR green I fluorescence intensity (ΔRn) was plotted as a function of cycle number. The sequence detection software determined the threshold cycle as the amplification cycle at which ΔRn first intersects the established baseline. The relative quantity of the gene of interest is normalized to that of the housekeeping gene L32 or 18S for normalized data expression.



2.8 Statistical analyses

Values are presented as means ± S.E.M. P values less than or equal to 0.05 were considered statistically significant. Asterisks (*) indicate statistical differences at the p ≤ 0.05 level. Q-PCR data were compared using one-way analysis of variance (ANOVA) with GraphPad Prism statistical software. Cystometry data were analyzed offline using MED-CMG software (Med Associates). Values of functional bladder parameters were averaged for each mouse and averaged for each condition (control, 2 wk RVS, 4 wk RVS). Cystometry and open-field test results were analyzed using one-way ANOVA with Tukey’s honestly significant difference (HSD) post-hoc analysis with R software.




3 Results


3.1 2 wk or 4 wk repeated variate stress in mice decreased the infused volume (functional bladder capacity) and the intermicturition interval

Using continuous flow, open-outlet cystometry in conscious female mice, 2 wk or 4 wk RVS significantly (p ≤ 0.05) reduced (1.7-fold) the IV (i.e., increased voiding frequency) (Figures 2, 3) and the IMI (1.7-fold) compared to control (handled daily but no RVS) (Figures 2, 3B). No differences were observed in IV or IMI between 2 wk and 4 wk RVS groups.




Figure 2 | Representative cystometry traces from conscious mice in control, 2 wk RVS, and 4 wk RVS groups evaluated under continuous infusion and open-outlet conditions. RVS (2 wk or 4 wk) significantly (p ≤ 0.05) increased the voiding frequency (decreased the functional bladder capacity) and decreased the intermicturition interval (e.g., time between voiding events indicated by red line). In this figure, blue arrows represent voiding contractions whereas green asterisks represent non-voiding contractions (i.e., increases in bladder pressure without the release of urine).






Figure 3 | RVS (2 wk and 4 wk) significantly (p ≤ 0.05) reduced the infused volume (IV) (A) (functional bladder capacity) and intermicturition interval (IMI) (B) compared to control (handled only) mice. No differences were observed in IV or IMI between 2 wk and 4 wk RVS groups. N = 3-5.





3.2 Bladder pressures (minimum, maximum, average, threshold) following 2 wk or 4 wk RVS were not affected

No changes were observed in minimum, maximum, average, or threshold pressures in mice following 2 wk or 4 wk RVS compared to control or between 2 wk and 4 wk mice exposed to RVS as measured with conscious cystometry (Table 1).


Table 1 | Bladder pressures of control, 2 wk RVS, and 4 wk RVS mouse groups recorded during conscious cystometry.





3.3 RVS mice (2 wk and 4 wk) exhibited increased anxiety-like behavior using open-field testing

Mice exposed to RVS (2 wk or 4 wk) spent significantly (p ≤ 0.05) less time in the open region of the testing arena compared to control (handled but no RVS) mice (Figure 4). No difference in time spent in open field was detected between 2 wk and 4 wk mice exposed to RVS.




Figure 4 | Open-field testing demonstrated that RVS (2 wk or 4 wk) mice spent significantly (p ≤ 0.05) less time in the open area compared to control (handled only). No difference was detected in time spent in open field between mice exposed to 2 wk and 4 wk RVS. N = 4-11.





3.4 Changes in TrpV1 and TrpV4 mRNA expression in LUT tissues following 2 wk or 4 wk RVS

In bladder urothelium, TrpV1 mRNA expression was significantly (p ≤ 0.05) decreased after 4 wk but not 2 wk RVS (Figure 5A). TrpV4 was significantly (p ≤ 0.05) decreased in urothelium after both 2 wk and 4 wk (Figure 5B). No changes in TrpV1 or TrpV4 mRNA expression were observed in detrusor muscle after RVS (2 wk or 4 wk) (Figures 5A, B). In L6 and S1 spinal cord, 4 wk RVS significantly (p ≤ 0.05) increased (2.4-3.4-fold) TrpV1 mRNA expression (Figure 6). Conversely, 4 wk RVS significantly (p ≤ 0.05) increased (1.7-fold) TrpV4 transcript expression only in L6 spinal cord (Figure 7). RVS (4 wk) significantly (p ≤ 0.01) increased TrpV4 transcript in expression in lumbosacral (L6: 4-fold, S1: 1.9-fold) dorsal root ganglia (DRG) (Figure 8). RVS (2 or 4 wk) did not affect TrpV1 expression in lumbosacral (L1, L2, L5, L6, and S1) DRG examined (Figure 9). For Q-PCR data analyses, we have emphasized differences between control (no stress) mice and mice exposed to 2 wk or 4 wk RVS only for clarity of presentation.




Figure 5 | TrpV1 (A) and TrpV4 (B) transcript expression in bladder urothelium (uro) and detrusor (det) from control, 2 wk RVS, and 4 wk RVS mouse groups as determined using Q-PCR. Data are expressed as fold change with statistical analyses being performed on the raw data. In bladder urothelium, TrpV1 mRNA expression was significantly (p ≤ 0.05) decreased after 4 wk but not 2 wk RVS (A). TrpV4 was significantly (p ≤ 0.05) decreased in urothelium after both 2 wk and 4 wk (B). No changes in TrpV1 or TrpV4 mRNA expression were observed in detrusor muscle after RVS (2 wk or 4 wk) compared to control. N = 4-6.






Figure 6 | TrpV1 transcript expression in lumbosacral (L1, L2, L5-S1) spinal cord from control, 2 wk RVS, and 4 wk RVS mouse groups as determined using Q-PCR. In L6 (D) and S1 (E) spinal cord, 4 wk RVS significantly (p ≤ 0.05) increased (2.4-3.4-fold) TrpV1 mRNA expression. No changes in TrpV1 mRNA expression were observed in L1, L2, or L5 (A–C) spinal cord following 2 or 4 wk RVS compared to control. N = 4-6. Sc, spinal cord.






Figure 7 | TrpV4 transcript expression in lumbosacral (L1, L2, L5-S1) spinal cord from control, 2 wk RVS, and 4 wk RVS mouse groups as determined using Q-PCR. In L6 (D) spinal cord, 4 wk RVS significantly (p ≤ 0.05) increased (1.7-fold) TrpV4 mRNA expression. No changes in TrpV4 mRNA expression were observed in L1, L2, L5 (A–C) or S1 (E) spinal cord following 2 or 4 wk RVS compared to control. N = 4-6. Sc, spinal cord.






Figure 8 | TrpV4 transcript expression in lumbosacral (L1, L2, L5-S1) dorsal root ganglia (DRG) from control, 2 wk RVS, and 4 wk RVS mouse groups as determined using Q-PCR. RVS (4 wk) significantly (p ≤ 0.01) increased TrpV4 transcript expression in lumbosacral (L6 (D): 4-fold, S1 (E): 1.9-fold) DRG compared to control. No changes in TrpV4 mRNA expression were observed in L1, L2, or L5 (A-C) DRG following 2 or 4 wk RVS compared to control. N = 4-6.






Figure 9 | TrpV1 transcript expression in lumbosacral (L1, L2, L5-S1) dorsal root ganglia (DRG) from control, 2 wk RVS, and 4 wk RVS mouse groups as determined using Q-PCR. No changes in TrpV1 mRNA expression were observed in L1, L2, L5 or S1 (A-E) DRG following 2 or 4 wk RVS compared to control. N = 4-6.






4 Discussion

Psychological stress is associated with urinary bladder dysfunction; however, the mechanisms underlying these effects of stress are unknown (2–4, 10). We evaluated a RVS paradigm (16, 18, 21) in female mice (2 wk or 4 wk) to model chronic stress and its effects on urinary bladder function. Mice exposed to 2 wk or 4 wk RVS demonstrated a significantly decreased functional bladder capacity (i.e., infused volume) and intermicturition interval along with anxiety-like behavior (i.e., open field testing) (21) compared to control mice that were not exposed to RVS but were handled daily and returned to their home cage.

Although studies with rats (13, 14) and some transgenic mice (16) indicate that 7-day (1 wk) RVS is sufficient to affect urinary bladder function, 1 wk RVS in C57BL/6 (wildtype) mice does not consistently and robustly affect anxiety-like behavior or urinary bladder function (S.E. Hammack, personal communication) (29). In these studies, we demonstrated that 2 wk or 4 wk RVS consistently and robustly altered urinary bladder function. In addition, bladder parameters evaluated in the current study also demonstrated no difference in bladder function outcomes between 2 wk and 4 wk RVS suggesting a saturation effect on bladder function. Future studies will determine if somatic sensitivity (e.g., pelvic and hindpaw) (16) is affected by 2 wk and 4 wk RVS and if changes in somatic sensitivity are also saturated with 2 wk RVS. We will also correlate changes in serum corticosterone (16) in control, 2 wk and 4 wk RVS to to produce additional insight into the saturation effect observed. We have previously performed serum corticosterone determination (16) in control and stress cohorts at the conclusion of the study; however, we aim to use fecal corticosterone measurements to make daily measurements during the RVS paradigm.

Transient receptor potential (TRP) channels (TRPV1, TRPV4) may contribute to bladder disorders including overactive bladder (OAB) and interstitial cystitis/painful bladder syndrome (IC/BPS) as well as stress-induced bladder dysfunction (14, 22–27). Reports suggest that these receptors likely contribute to stretch-induced sensation in the control and pathological bladder (14, 27, 37, 38). The TRPV1 receptor plays a role in pain and TrpV1 mRNA expression increases (30-fold) when transitioning from acute to chronic (persistent) pain (39–41). Blockade of TRPV4 reduced bladder pain induced by cyclophosphamide as measured by mechanical hypersensitivity in the abdomen (22), and improved bladder function in rats following RVS (14). TRPV1 knockout mice exhibited reduced spinal cord signaling and abnormal cystometrogram activity despite unchanged LUT anatomy compared to wild type mice (42). Social stress in mice induces TRPV1-dependent afferent nerve activity that may lead to the development of overactive bladder symptoms (28, 43).

Our Q-PCR data demonstrated decreased TrpV1 mRNA expression in the urothelium and increased TrpV1 mRNA expression in L6-S1 spinal cord levels after 4 wk RVS. TrpV4 mRNA expression decreased in the urothelium after 2 wk and 4 wk RVS and increased in L6 spinal cord and L6-S1 DRG after 4 wk RVS. In contrast, neither TrpV1 nor TrpV4 mRNA were changed in detrusor smooth muscle following 2 or 4 wk RVS. Although there are changes in TrpV1 and TrpV4 mRNA expression in LUT tissues with 2 or 4 wk RVS, the direction of the change varies with LUT tissue examined. Lumbosacral spinal cord and DRG more consistently demonstrated increased TrpV1 and TrpV4 mRNA expression whereas urothelium demonstrated decreased TrpV1 and TrpV4 mRNA expression following RVS. Future studies will examine TRPV1 and TRPV4 protein expression in LUT tissues following RVS. TRPV1 and TRPV4 protein determination will provide insight into the correlation between protein and mRNA expression and whether there is differential regulation of TRPV1 and TRPV4 protein expression among LUT tissues following RVS.

There is a growing body of literature that demonstrates the involvement of TRPV4 in LUT, cell or tissue changes. TRPV4 agonists increased ATP release in cultured urothelial cells (44), whereas TrpV4 deletion or TRPV4 antagonists increased void volumes and IMI, and reduced ATP release (23, 45), suggesting a reduced afferent response (e.g., increased pressure threshold) to bladder filling. LUT TRPV4 expression increases and TRPV4 pharmacological blockade reduces voiding frequency in mice with NGF-overepression in urothelium, CYP-induced cystitis or following RVS in rats (13, 14, 23, 24). The role of TRPV4 in urinary bladder interstitial cells has also been assessed. TRPV4 agonists evoke slow propagating calcium waves in interstitial cells in the upper lamina propria (LP) of the urinary bladder (46). TRPV4 channel activation reduces detrusor contractions and hyperpolarizes PDGFRα+ detrusor interstitial cells via SK3 activation (47). These studies suggest that TRPV4 may mediate sensory signaling in the LP (46, 48) and contribute to regulation of smooth muscle cell excitability in the detrusor (47).

These studies are the foundation for ongoing and future studies addressing underlying mechanisms contributing to stress-induced bladder dysfunction. The goal of these studies was to evaluate bladder function (i.e., voiding frequency, functional bladder capacity and micturition pressures) in female mice following RVS of 2 wk or 4 wk duration. Mice exposed to RVS (2 wk or 4 wk) exhibited decreased infused volume (functional bladder capacity) and intermicturition interval with no changes observed between 2 wk and 4 wk RVS cohorts. In addition, no changes in micturition pressures (minimum, maximum, average, threshold) were observed in mice following either duration of RVS (2 wk and 4 wk). Mice exposed to RVS (2 wk or 4 wk) exhibited increased anxiety-like behavior compared to control mice using open-field testing and no changes were observed between 2 wk and 4 wk RVS. We demonstrated differential changes in TrpV1 and TrpV4 mRNA expression in LUT tissues (urothelium, detrusor, lumbosacral spinal cord and DRG) following 2 wk or 4 wk RVS. We will continue to use the RVS mouse model to determine mechanisms underlying the intersection of chronic stress, micturition and TRPV channels to provide additional insights into stress-induced or stress-exacerbated urinary bladder dysfunction.
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