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BACKGROUND AND PURPOSE 

There is increasing evidence suggesting that reactive oxygen species (ROS) play a major 

pathological role in bladder dysfunction induced by bladder inflammation and/or obstruction. The 

aim of this study was to determine the effect of H2O2 on different types of bladder afferents and its 

mechanism of action on sensory neurons in the guinea pig bladder. 

 

EXPERIMENTAL APPROACH 

“Close-to-target” single unit extracellular recordings were made from fine branches of pelvic nerves 

entering the guinea pig bladder, in flat sheet preparations, in vitro.  

 

KEY RESULTS 

H2O2  (300 - 1000 μM) preferentially and potently activated capsaicin-sensitive high threshold 

afferents but not low threshold stretch-sensitive afferents, which were only activated by 

significantly higher concentrations of hydrogen peroxide. The TRPV1 agonist, capsaicin excited 

86% of high threshold afferents. The TRPA1 agonist, allyl isothiocyanate and the TRPM8 agonist, 

icilin activated 72% and 47% of capsaicin-sensitive high threshold afferents, respectively. The 

TRPA1 antagonist, HC-030031, but not the TRPV1 antagonist, capsazepine or the TRPM8 

antagonist, M8-B, significantly inhibited the H2O2-induced activation of high threshold afferents. 

Dimethylthiourea and deferoxamine did not significantly change the effect of H2O2 on high 

threshold afferents. 

 

CONCLUSIONS AND IMPLICATIONS 

The findings show that H2O2, in the concentration range detected in inflammation or reperfusion 

after ischemia, evoked long-lasting activation of the majority of capsaicin-sensitive high threshold 

afferents, but not low threshold stretch-sensitive afferents. The data suggest that the TRPA1 

channels located on these capsaicin-sensitive afferent fibres are probable targets of ROS released 

during oxidative stress.
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Introduction 

 

It is well established that oxidative stress during tissue injury, ischemia and inflammation leads to 

generation of reactive oxygen species (ROS, such as O2
-, OH-, H2O2) which are released by 

polymorphonuclear neutrophils and macrophages, endothelial cells and smooth muscle cells 

(Swindlede et al., 2002; Yu et al., 2004; Saitoh et al., 2006; Allen & Bayraktutan, 2009). Increased 

production of ROS may contribute to a variety of pathologies such as bladder outlet obstruction, 

bladder overactivity and bladder dysfunction developed with age (Brading et al., 2004; Nomiya et 

al., 2012; Scheepee et al., 2011; Nochi et al., 2014). 

 

Sensory neurons, specialised for the detection of noxious endogenous stimuli and environmental 

irritants, employ a variety of specialised ion channels. Among them, the transient receptor potential 

(TRP) channel family is the largest group, consisting of six subfamilies of non-selective cation 

channels in mammals (Youshida et al., 2006; Miller and Zhang, 2011). A variety of TRP channels 

may be activated by free radicals. These include TRPA1, TRPV1, TRPV4, TRPC3-5, TRPM2, 

TRPM7 and TRPM8 channels (Yoshida et al., 2006; Andersson et al, 2008; Miller and Zhang, 

2011; Naziroglu et al., 2013; Nocci et al., 2014). Numerous TRP channels are expressed by sensory 

neurons innervating the bladder, including TRPV1, TRPA1 and TRPM8 (Stein et al., 2004; Avelino 

& Cruz, 2006; Mukerji et al., 2006; Hayashi et al., 2011; La et al., 2011). TRPA1 channels are 

polymodal signal detectors which can act as mechanosensors, cool receptors and biosensors for 

large number of noxious endogenous and exogenous environmental agents (Hinman et al, 2006; 

Macpherson et al., 2007). In the rat bladder, TRPA1 is expressed in the urothelium, muscle layer 

and in TRPV1-positive sensory neurons (Du et al., 2007; Streng et al., 2008) while in the mouse 

and guinea pig bladder TRPA1 and TRPV1 are expressed in dorsal root ganglion (DRG) neurons 

but not in the urothelium (Everaerts et al., 2010; Skryma et al., 2011). The TRPV1 ion channel is 

also activated by polymodal stimuli, including capsaicin, noxious heat, low pH and some 

endogenous ligands, and has been strongly implicated in nociceptive signalling. Both TRPV1 and 

TRPA1 channels are co-expressed on DRG sensory neurons (Story et al., 2003). Recently, it has 

been proposed that TRPM8 channels in the urothelium may also serve as sensors in many 

conditions associated with high level of ROS (Nocchi et al., 2014). TRPM8 has been identified as a 

cold receptor since it is activated by both innocuous and noxious cool temperatures, and by 

compounds that evoke cooling sensations, such as menthol and icilin (Bautista et al., 2007). 

TRPM8 is expressed in Aδ and C fibre DRG neurons and is often co-expressed with TRPV1 (Story 

et al., 2003; Hayashi et al., 2009). In the bladder, it is expressed in both the urothelium and in 

sensory nerves (Stein et al., 2004; Mukerji et al., 2016; Hayashi et al., 2009).  
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Oxidative stress produced by application of H2O2 has been widely used to investigate the 

mechanism of action of ROS on sensory neurons. In the lung and heart, capsaicin-sensitive fibres 

were identified as primary targets for H2O2 acting via TRPV1 channels (Schultz and Ustinova, 

1998; Ruan et al., 2005). However, in studies on isolated DRG neurons, it was shown that H2O2 acts 

via TRPA1 channels (Andersson et al., 2008; Sawada et al., 2008). Intravesically applied H2O2 (10-

100 mM) evoked bladder overactivity, most likely via an action on capsaicin-sensitive afferents 

(Masuda et al., 2007). A novel model of chronic inflammatory and overactive bladder utilises a 

single intravesical injection of H2O2 (Homan et al., 2013). It is still unclear which types of bladder 

sensory neurons are activated by free radicals and what are their major targets. The aim of this study 

was to determine the mechanism of action of H2O2 on the major types of bladder afferents. We have 

found that H2O2 was more potent in activating capsaicin-sensitive high threshold afferents in the 

bladder than low threshold stretch-sensitive afferents. H2O2 probably acts mostly via TRPA1 rather 

than TRPV1 or TRPM8 channels, located on the peripheral endings of capsaicin-sensitive high 

threshold afferents. 

 

 

Methods 
 

Animals. Adult Dunkin Hartley guinea pigs (N=123), weighing between 250 - 350 g, from a 

commercial vendor were used in the present study. Experiments were performed with animals 

maintained under 12 h light/dark cycles with free access to food and water. Animals were killed by 

overdose with isoflurane (5%) followed by cutting through the cervical spinal cord. All animal care, 

studies and procedures were approved by the Animal Welfare Committee of Flinders University 

and performed in accordance with guidance under the “Australian code of practice for the care and 

use of animals for scientific purposes” (8th edition, 2013) and the ARRIVE guidelines (Kilkenny et 

al., 2010), and the editorial on reporting animal studies (McGrath and Lilley, 2015). Guinea pigs 

were chosen for this study since we had previously characterised in detail the functional properties 

of different classes of sensory neurons in this species (Zagorodnyuk et al., 2007; 2009; 2010). 

 

Extracellular recording. ‘Close-to-target’ single unit extracellular recordings were made from fine 

branches of pelvic nerves entering the guinea pig bladder in flat sheet preparations in vitro as 

previously described (Zagorodnyuk et al., 2007). Briefly, the bladder was removed and opened into 

a flat sheet and washed with Krebs solution (mM: NaCl, 118; KCl, 4.75; NaH2PO4, 1.0; NaHCO3, 

25; MgCl2, 1.2; CaCl2, 2.5; glucose, 11; bubbled with 95 % O2 -5 % CO2). A full thickness, flat 



 6 

sheet preparation (~15 mm x 15-20 mm which represents about a half of the bladder) was 

superfused at 3 ml min-1, temperature 34oC and studied with the mucosa uppermost. The 

preparations were pinned along one edge in a 10 ml organ bath while other edge was attached, via a 

15 mm “rake” to an isotonic transducer (Harvard Bioscience 52-9511, S Natick, MA. U.S.A). 

Increasing counterweights (load range 10 - 600 mN) could be applied to the bladder so as to distend 

the preparation isotonically while measuring the resulting changes in length. 

 

Fine nerve fibres, originating from the pelvic ganglia, were dissected free and, together with a 

separate strand of connective tissue, were pulled into a second small chamber (~1 ml volume) 

separated by a cover slip and silicon grease barrier (Ajax Chemicals, Australia). The small chamber 

was filled with paraffin oil and differential extracellular recordings were made via platinum 

electrodes. Signals were amplified (DAM 80, WPI, USA) and recorded at 20 kHz with a Maclab/8s 

data acquisition system with Chart 7 software (AD Instruments, Castle Hill, NSW, Australia) using 

an iMac computer running OSX 10.8.5 (Apple, Cupertino, CA). Single units were discriminated by 

amplitude and duration using Spike Histogram software (AD Instruments, Sydney, Australia).  

  

To identify different types of bladder mechanoreceptors, the following strategy was used. First, the 

preparations were stretched by 10-600 mN load and stretch-sensitive single units (if any) were 

identified. Stretch-activated units were considered as low threshold stretch-sensitive group of 

afferents if they were activated by low 10-100 mN circumferential loads. Afferents with threshold 

of ≥ 200 mN were classified as high threshold. In some preparations, bladder tissue was probed 

with 3-10 mN von Frey hairs (care was taken not to over-stimulate afferents). Receptive fields 

(“hotspots”) identified in this way were marked with carbon particles on the von Frey hair. In most 

cases, hot Krebs solution (45-46oC) was applied by direct spritzing from a syringe onto the marked 

receptive field of particular afferent. This procedure was used to activate capsaicin-sensitive 

(temperature sensitive) afferents. Spritzing Krebs solution at bath temperature on the identified 

hotspot served as control, as established previously (Zagorodnyuk et al., 2009).  

 

It has been previously reported that the effects of H2O2 were attenuated significantly when applied 

intravesically compared to serosal applications (Nocchi et al., 2014). To overcome the barrier 

created by the urothelium, the mechanism of action of H2O2 and effects of TRP channels agonists 

and antagonists were studied in urothelium-free bladder preparations. For this, we carefully 

removed the superficial urothelial layer, under the binocular microscope, in order to expose the 

sensory endings of bladder afferents to drugs. In the majority of experiments, the superficial 

urothelial layer was removed from the bladder preparation at the beginning of the experiment. H2O2 



 7 

and agonists for TRP channels (AITC and NPBB for TRPA1, capsaicin for TRPV1 and icilin for 

TRPM8, Bautista et al., 2007; Liu et al., 2010) were added directly into the bath and mixed in 

continuously perfused Krebs solution (rate: 3 ml min-1). After 120 seconds, they were then washed 

out at a higher (6 ml min-1) rate flow. All antagonists were superfused in Krebs at least for 30 min 

before adding H2O2 or agonists. Since the majority of high threshold afferents were spontaneously 

active (in some preparations firing repetitive single spikes, but in 33% of preparations, firing 

spontaneous bursts of spikes), the effect of agonists was calculated as a change in firing rate, i.e. 

spontaneous firing rate was subtracted from the firing rate recorded during drug application. For 

H2O2 and most of the agonists the increase in mean firing rate was calculated during the 2 minutes 

of action (spontaneous firing rate from the previous 2 minutes was subtracted). To determine 

whether each afferent fibre was capsaicin-sensitive, a high concentration of capsaicin (3 μM) was 

applied once at the end of the experiment.  Since some units were quickly desensitised by capsaicin, 

only the first 30 seconds of its action was analysed and maximal firing during 10 seconds 

(subtracted by 10 seconds spontaneous firing, if any) was calculated. All experiments were 

performed in the presence of nicardipine (4 μM) to minimize smooth muscle contractions 

(Zagorodnyuk et al., 2007).  

 

Drugs. H2O2, AITC, NPBB, HC-030031, BCTC, M8-B, dimethylthiourea, deferoxamine, capsaicin, 

capsazepine, icilin and nicardipine were obtained from Sigma Chemical Company (St Louis, MI). 

Stock solutions in ethanol were prepared in advance and stored in the freezer at -20oC for AITC 

(100 mM), capsaicin and capsazepine (10 mM each). Stock solutions in DMSO were prepared for 

NPBB (100 mM), icilin, HC-030031 and BCTC (10 mM, each) while H2O2, M8-B, 

dimethythiourea, deferoxamine and nicardipine were diluted directly in Krebs solution or in 

isotonic NaCl solution.  

 

Data analysis. Results are expressed as means ± SEM. The use of ‘n’ numbers in the results section 

refers to the number of units and N to the number of animals. Statistical analysis was performed 

using Student’s two-tailed t-test for paired or unpaired data or by one-way or two-way analysis of 

variance (ANOVA) using Prism 6 software (GraphPad Software, Inc., San Diego, CA, USA) by 

using N as independent variables. Differences were considered significant if P<0.05. The data and 

statistical analysis comply with British Journal of Pharmacology guidelines (Curtis et al., 2015). 

 

 

Results 
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Low threshold stretch-sensitive and high threshold groups of bladder afferents 
 

Based on sensitivity to stretch, two major groups of afferents were distinguished in this study - low 

threshold stretch-sensitive afferents and high threshold afferents (see Methods) (Fig. 1). Previous 

studies have shown that low threshold afferents could be subdivided by using their responses to 

mucosa stroking with a light von Frey (0.1-1 mN).  The low threshold units that were also activated 

by mucosal stroking corresponded to muscular-urothelial (=muscular-mucosal) afferents as reported 

previously (Fig. 1B) (Zagorodnyuk et al., 2007; Xu and Gebhart, 2008). Another class of low 

threshold afferents did not respond to mucosal stroking and are referred to as muscular afferents 

(Fig. 1A) (Zagorodnyuk et al., 2007; Xu and Gebhart, 2008). In the present study, these two classes 

were grouped together as low threshold stretch-sensitive afferents, since experiments were mostly 

performed in urothelium-free preparations where stroking response could not be measured. In 

urothelium-free preparations, 41% (66 units out of 162, N=51) of stretch-sensitive units were 

identified as low threshold afferents with a mean threshold of 43.8 ± 3.7 mN (n=66, N=51).  In 

cases where a stretch/response (10 to 600 mN load stimuli) curve was calculated, saturation of 

firing was usually observed at 200-400 mN load stimuli (Fig. 1E). High threshold afferents could be 

divided into two subtypes. One type responded to mucosal stroking with a light von Frey hair (0.1-1 

mN) but not to high intensity stretch (200-600 mN) (Fig. 1C). This class has been previously 

identified as urothelial (=mucosal) afferents (Zagorodnyuk et al., 2007; Xu and Gebhart, 2008). The 

second type was insensitive to stroking of the mucosa (Fig. 1D), but was activated by high intensity 

stretch (threshold varied in most cases between 200-400 mN). These probably include several 

classes of high threshold mechanoreceptors (Xu and Gebhart, 2008; Song et al., 2009; Zagorodnyuk 

et al., 2007; 2010). Since we have studied the effect of H2O2 on sensory neurons in urothelium-free 

preparations, all high threshold afferents were grouped together in the present study. Firing rate of 

afferents of the high threshold afferents did not saturate with 600 mN load stimuli, and was 

significantly smaller than that of low threshold afferents (Fig. 1E). 

 

 

Effects of H2O2 and TRPV1 agonist, capsaicin on bladder afferents 
 

H2O2 in the low concentration range (300 -1000 μM) activated the majority (73%, 63 out of 86 

units, N=51) of high threshold afferents, inducing long-lasting regular bursting, with mean firing 

rate of 0.62 ± 0.08 Hz (n=86, N=51). Capsaicin (3 μM) evoked robust excitation in the majority 

(86%, 127 units out of 148, N=69) of high threshold afferents, with mean maximal firing of 5.26 ± 

0.30 Hz  (n=127, N=69) (Fig. 2B). When applied to the same high threshold afferents, 65% (56 
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units out 86, N=51) were activated by both drugs. H2O2 induced a concentration-dependent 

activation of capsaicin-sensitive high threshold afferents with EC50 of 1250 μM (95% confidence 

intervals = 320-4890 μM, n=9, N=6) (Fig. 2C). 

 

Low threshold stretch-sensitive afferents (97%, 57 units out of 59, N=33) were not generally 

activated by H2O2 in the low concentration range (300-1000 μM) (Fig. 2 & Fig. 3). However, about 

half of low threshold afferents (51%, 39 units out of 76, N=34) were excited by a significantly 

higher (10 mM) concentration of H2O2. In low threshold afferents that did respond to H2O2, bath 

application induced concentration-dependent activation with EC50 of 5.8 mM (95% confidence 

intervals = 2.9 - 11.3 mM, n=7, N=6) (Fig. 3 A, C). The effect of a high concentration of H2O2 (10 

mM) was not repeatable on subsequent application: 0.52 ± 0.16 Hz (n=9, N=8) for 1st application 

and 0.28 ± 0.09 Hz (n=9, N=8) for 2nd application. Stretch-sensitivity of these afferents was 

significantly reduced by this high concentration of H2O2 (10 mM): 4.24 ± 0.66 Hz firing induced by 

100 mN load before and 2.88 ± 0.44 Hz, 2-3 minutes after H2O2 application (n=15, N=11, paired t 

test). These results suggest that at high concentrations (≥10 mM), H2O2 may have damaged the 

sensory nerve endings of the low threshold afferents, including the mechanism underlying their 

mechano-sensitivity. The TRPV1 agonist, capsaicin (3 μM) activated only a small proportion (7%, 

8 units out of 111, N=49) of low threshold afferents, producing a mean firing rate of 5.25 ± 0.98 Hz 

(n=8, N= 7). 

 

 

Effects of TRPA1 and TRPM8 agonists on bladder afferents 
 

The TRPA1 agonist, AITC at a low concentration (10 μM) activated 54% (7 out of 13 units, N=9) 

of high threshold afferents. At a higher concentration range (100-300 μM), it excited 72% (52 out of 

72 units, N=33) of high threshold capsaicin-sensitive afferents. Two high threshold units (N=2) 

were activated by AITC (300 μM) but not by capsaicin (3 μM). The effects of AITC on high 

threshold afferents were concentration-dependent (Fig. 4A, C), but an EC50 could not be calculated 

because the effect did not reach a maximum at 300 μM. There was a positive significant correlation 

(Pearson r= 0.61, n=13, N=7) between the amplitude of responses to AITC (300 μM) and responses 

to H2O2 (300 μM), when applied to the same high threshold afferents. Another, TRPA1 agonist, 

NPPB (300 μM) activated 71% (10 out of 14 units, N=8) of capsaicin-sensitive high threshold 

afferents. NPPB’s effect on these afferents was also concentration-dependent (Fig. 4D). The 

TRPM8 agonist, icilin (5-10 μM) activated 47% (18 units out of 38, N=19) of capsaicin-sensitive 

high threshold afferents (Fig. 4B). Icilin induced a mean increase in firing rate of 0.35 ± 0.1Hz 
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(n=12, N=11) and 0.38 ± 0.16 Hz (n=11, N=10), at 5 and 10 μM, respectively. Only 1 out of 8 

(N=6) capsaicin-insensitive high threshold units was activated by icilin (5 μM). There was no 

correlation between the size of effects of H2O2 (1 mM) and icilin (5 μM), when both drugs were 

applied to the same bladder afferents (Pearson r= -0.28, n=14, N=11, NS). 

 

AITC at a low concentration (10 μM) did not activate any of the low threshold afferents tested 

(n=23, N=14). AITC at a high concentration (300 μM) activated 58% (18 units out of 31, N=20) of 

low threshold stretch-sensitive afferents, increasing firing of responsive units of 1.04 ± 0.22 Hz 

(n=18, N=12).  Only a small proportion of these responding units (11%, 2 out of 18 units, N=12) 

were activated by capsaicin (3 μM) when both drugs were applied on the same afferents. AITC 

concentration-dependently activated low threshold afferents with EC50 = 52.3 μM (95% confidence 

intervals = 17.1 - 160 μM, n=12, N=8) (Fig. 5). There was a positive correlation between the 

amplitude of the responses to AITC (300 μM) and H2O2 (10 mM) (Pearson r= 0.53, n=22, N=12), 

when they were applied to the same afferents. NPPB concentration-dependently activated 70% (7 

units out of 10, N=7) of low threshold stretch-sensitive afferents (Fig. 5 D). No activation of low 

threshold afferents was seen at 10 and 30 μM NPPB. The TRPM8 agonist, icilin (5 μM) activated 

29% (11 out of 38 units, N=19) of low threshold afferents. The mean increase (where present) was 

very small (0.18 ± 0.05 Hz, n = 11, N=8). This may reflect a low density of these channels on low 

threshold afferents in the guinea pig bladder. No correlation was found between the effects of H2O2 

(10 mM) and icilin (5 μM), when they were applied to the same low threshold afferents (Pearson r= 

-0.17, n=17, N=8, NS). 

 

 

Effects of TRP channels antagonists on H2O2-induced responses of high threshold 

afferents  
 

The mechanisms underlying the effects of H2O2 on afferents were investigated in high threshold 

afferents only, since low threshold afferents required higher concentrations which caused impaired 

functions and non-repeatable effects. Repeated application of H2O2 (300 μM, 30-35 min apart) on 

the same capsaicin-sensitive high threshold afferents produced a non-significant reduction in the 

responses (NS, 1 way ANOVA Tukey’s post test) (Fig. 6B). Bath application of the TRPA1 

antagonist, HC-030031 (10 μM) prior to the second exposure significantly inhibited H2O2 (300 

μM)-induced activation of high threshold afferents by 65 ± 8%  (n=11, N=7, paired t test) (Fig. 6A, 

C).  HC-030031 (10 μM) also significantly reduced the effect of the TRPA1 agonist, AITC (30 μM) 

on high threshold afferents by 70 ± 8% (n=11, N=5, paired t test) (Fig. 7C). A second application of 
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AITC (30 μM after 35-45 min wash) on its own evoked a slightly smaller increase in firing in high 

threshold afferents (-16 ± 5%, n=7, N=5). Adding HC-030031 prior to the second application of 

AITC caused a significantly greater reduction in AITC’s effect (unpaired t-test). The TRPV1 

antagonist, capsazepine (10 μM) did not affect the action of H2O2 (300 μM) on high threshold 

afferents (-2 ± 24%, n=8, N=5, NS, paired t test) (Fig. 7A). However, application of capsazepine 

(10 μM) abolished the effect of capsaicin (0.5 μM) (by 99 ± 1%, n=10, N=5, paired t test) (Fig. 7B). 

Capsaicin (0.5 μM) activated high threshold afferents with a mean firing rate of 3.16 ± 0.50 Hz 

(n=17, N=10). When capsaicin (0.5 μM) was applied twice on the same afferents, response to the 

consequent second application of capsaicin (after 45 min of washing) did not significantly change 

compared to the first application (-9 ± 11%, n=6, N=5, NS, paired t-test). The TRPM8 antagonist 

M8-B (3 μM) (Almeida et al., 2012) did not affect the H2O2 (1 mM)-induced excitation in high 

threshold afferents (-5 ± 26%, n=7, N=5, NS, paired t test) (Fig. 7D). However, application of M8-

B (3 μM) significantly inhibited (by 90 ± 3%, n=6, N=5, paired t-test) the effect of icilin (10 μM) 

on the high threshold afferents (Fig. 7E). The mixed TRPV1 and TRPM8 antagonist, BCTC (10 

μM) (Behrendt et al., 2004; Benko et al., 2012), did not significantly alter the effects of H2O2 (1 

mM) on high threshold afferents (-33 ± 14%, n=8, N=5, NS, paired t test) (Fig. 7F).  

 

 

Effects of hydroxyl radical scavenger and iron-chelator on the H2O2 -induced 

responses of high threshold afferents 
 

The role of hydroxyl radicals in the activation of high threshold afferents caused by H2O2-induced 

oxidative stress was determined by using dimethylthiourea and deferoxamine. Unexpectedly, 

dimethylthiourea (10 mM) itself evoked activation of the majority of capsaicin-sensitive high 

threshold afferents, with mean increase in firing rate of 0.84 ± 0.23 Hz (n=13, N=8). In 7 out 10 

units, dimethylthiourea reduced H2O2 (300 μM)-induced activation, however, overall this was not 

significant (before 0.74 ± 0.27 and after 0.28 ± 0.16 Hz n=10, N=7, NS, paired t-test). It is worth 

mentioning that the excitatory effect of dimethylthiourea on high threshold afferents was similar to 

effects of H2O2, AITC and icilin: all drugs evoked bursting activity or increased both the frequency 

and duration of bursts in spontaneously bursting units. Deferoxamine (1mM) did not alter firing of 

high threshold afferents. In 5 out 12 units, it slightly reduced H2O2 (300 μM)-induced activation of 

high threshold afferents, however overall its effect was not significant (before 0.70 ± 0.15 Hz and 

after 0.49 ± 0.12 Hz, n=12, N=7, NS, paired t-test).  
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Discussion  
 

The current study revealed that H2O2 (300-1000 μM), which is within the range that has been 

detected in inflammation or reperfusion after ischemia (Sprong et al., 1997; Stone & Yang, 2006; 

Schroder & Eaton, 2008), strongly activates the majority of capsaicin-sensitive high threshold 

afferents in the guinea pig bladder but not low threshold stretch-sensitive afferents. The data also 

suggest that activation of high threshold group of afferents by H2O2 is mediated substantially via 

TRPA1, rather than TRPV1 or TRPM8 channels.  

 

Excessive ROS production occurs in many pathological conditions including inflammation and 

reperfusion after ischemia, contributing to the pathogenesis of a variety of human diseases 

(Comhair and Erzurum, 2002). In the bladder, excess production of ROS is strongly implicated in 

overactive bladder syndrome, bladder obstruction and pathological conditions developed with age 

(Brading et al., 2004; Nomiya et al., 2012; Nocchi et al., 2014). Excessive chronic generation of 

ROS during ischemia-reperfusion causes suppression of detrusor muscle function, inhibition of 

bladder afferents and efferents, and patchy nerve degeneration in the detrusor in patients with 

bladder obstruction and in animal models of obstruction and over-distension (Brading et al., 2004; 

Yu et al., 2004; Scheepe et al., 2011). 

 

Several types of TRP channels can be activated by free radicals during oxidative stress (Yousida et 

al., 2006; Andersson et al., 2008; Miller and Zhang, 2011; Naziroglu et al., 2013; Nocci et al., 

2014). In the rat lung and heart, evidence suggested that H2O2 excites capsaicin-sensitive cardiac 

afferents and vagal lung afferents via TRPV1 channels (Ustinova and Schultz, 1994; Schultz and 

Ustinova, 1998; Ruan et al., 2005). TRPV1 channels in HEK cells and in the rat DRG neurons were 

also reported to be activated by H2O2 (Youshida et al., 2006; Naziroglu et al., 2013).  

 

It is well known that TRP channels from different species can exhibit variations in functional 

properties (Cheng et al., 2013; Zheng, 2013). There are no reports of the properties of TRPV1, 

TRPA1 and TRPM8 channels in the guinea pigs and only few studies reporting the effectiveness of 

their antagonists in this species (Skryma et al., 2011; Benko et al., 2012). This was a major impetus 

for us to investigate the effectiveness of TRP channel antagonists (used in this study to evaluate the 

possible ion channel targets of H2O2) in inhibiting the effect of corresponding TRP agonists in the 

sensory neurons innervating the guinea pig bladder. Our data indicate that H2O2 preferentially 

activates capsaicin-sensitive high threshold afferents and has much less effect on the low threshold 

stretch-sensitive afferents which are mostly capsaicin-insensitive. However, our data also suggest 
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TRPV1 channels expressed on sensory neurons are not the targets of H2O2 in the guinea pig 

bladder. The TRPV1 antagonist capsazepine in a concentration that effectively abolished the 

responses induced by capsaicin, did not affect the responses induced by H2O2 in high threshold 

afferents. 

 

ROS and other noxious compounds, released during tissue damage, oxidise cysteine residues in 

proteins to form either cysteine sulfenic acids or disulfides (Poole et al., 2004). This may occur in 

the intracellular N-terminal domain of TRPA1 channels, representing a likely mechanism for 

activation of these channels in DRG neurons (Andersson et al., 2008; Sawada et al., 2008). In the 

rat bladder, TRPA1 is expressed in the urothelium, muscle layer and in TRPV1-positive sensory 

neurons (Du et al., 2007; Streng et al., 2008). Interestingly, in the mouse and guinea pig bladder 

TRPA1 and TRPV1 are expressed in DRG neurons but not in the urothelium (Everaerts et al., 2010; 

Skryma et al., 2011). The present data indicated that TRPA1 channels, located on the capsaicin-

sensitive high threshold afferents, are a likely targets for H2O2 since: (i) the TRPA1 antagonist (HC-

030031), used at concentration that effectively inhibited the action of TRPA1 agonist (AITC), 

significantly attenuated the effect of H2O2 on these afferents; (ii) there was a strong correlation 

between the magnitude of effects of H2O2 and AITC, when applied to the same afferent fibres; (iii) 

similar proportions of capsaicin-sensitive high threshold afferents were activated by H2O2 and 

TRPA1 agonists;  (iv) the effects of H2O2 were not affected by either TRPV1 or TRPM8 

antagonists (capsazepine, M8-B and BCTC). In DRG, the majority of TRPA1-expressing neurons 

also expressed TRPV1, and around 30% of TRPV1-expressing neurons express TRPA1 (Story et 

al., 2003). The present data indicate that TRPA1 agonists activate the majority of capsaicin-

sensitive high threshold bladder afferents, demonstrating an even higher overlap between TRPA1 

and TRPV1 channels in this group of sensory neurons. In contrast, the overlap between TRPA1 and 

TRPV1 responsiveness was much smaller in low threshold afferents: 7% and 58% of the total 

number of low threshold afferents were activated by capsaicin and AITC, respectively. It has been 

recently shown that while AITC activates TRPA1 channels, at concentration above 100 μM it can 

also act as a weak agonist of TPPV1 channels expressed in HEK293 cells or in mouse and porcine 

DRG neurons (Ohta et al., 2007; Everaerts et al., 2011). In the sensory neurons of the guinea pig 

bladder, AITC at a low concentration range of 10-30 μM probably acted selectively via TRPA1 

channels, in agreement with previous findings obtained in DRG neurons (Jordt et al., 2004; Bautista 

et al., 2006; Everaerts et al., 2011). However, we cannot exclude the possibility that in high 

threshold afferents, a small part of the responses evoked at the highest concentration tested (300 μM 

AITC) was due to activation of TRPV1 channels. This may be why AITC did not reach a maximal 
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effect at 300 μM in high threshold capsaicin-sensitive afferents, in contrast to low threshold 

capsaicin-insensitive fibres. 

 

TRPA1 agonists activated similar proportions of low threshold and high threshold afferents, 

however, they were less potent in low threshold afferents than in high threshold afferents, 

suggesting a lower density of TRPA1 channels on low threshold afferents. Our data also revealed a 

weak correlation between the effects of H2O2 and AITC in low threshold afferents. Put together, 

this suggests that H2O2 may act on TRPA1 channels on the low threshold afferents, however a 

much higher concentration was needed to induce a significant increase in their firing. We cannot 

exclude the possibility that other TRP channels are also involved in the effects of high 

concentrations of H2O2 (10-100 mM) on the low threshold afferents. 

 

TPM8 channels are expressed in small to medium Aδ and C fibre DRG neurons and can be co-

expressed with TRPV1 (McKemy et al., 2002; Story et al., 2003). In the bladder, TRPM8 channels 

are expressed in the urothelium and in sensory nerve fibres (Stein et al., 2004; Mukerji et al., 2006; 

Hayashi et al., 2009). In the urothelium, TRPM8 may respond to the increased levels of ROS 

associated with ageing (Nocchi et al., 2014). We found that 47% of capsaicin-sensitive high 

threshold afferents were activated by the TRPM8 agonist icilin. These data are in agreement with 

immunohistochemical findings showing 33% co-expression of TRPM8 and TRPV1 in the rat 

bladder afferent neurons (Hayashi et al., 2009). The present data indicate that TRPM8 channels 

expressed on sensory neurons are not the targets of H2O2 in urothelium-free bladder preparations 

since: (i) the TRPM8 antagonist, M8-B inhibited the effect of icilin, but did not affect the H2O2 -

induced activation of high threshold afferents and (ii) there was no correlation between the effects 

of icilin and H2O2 when applied to the same afferent fibres. TRPM8 is frequently co-expressed with 

NF200, a marker of myelinated Aδ fibres in rat bladder sensory neurons (Hayashi et al., 2009). Our 

data indicate that icilin very mildly activates a small (29%) proportion of low threshold afferents, 

some of which may well be Aδ fibres innervating the bladder.  

 

It is worth mentioning that H2O2 and the TRP channels agonists, capsaicin, AITC and icilin all 

evoked bursting activity de novo, or enhanced existing spontaneous bursting activity  in the high 

threshold afferents (by increasing both the frequency and duration of bursts). We have observed this 

phenomenon previously with other excitatory stimuli such as hot (45-46oC) Krebs solution, low pH 

solutions, 5-HT and ATP (Zagorodnyuk et al., 2007; Zagorodnyuk et al., 2009). Capsaicin-sensitive 

high threshold afferents identified in vitro are likely to be nociceptive fibres in the bladder 

(Zagorodnyuk et al., 2009). Similarly, chemoreceptive units were previously reported to show 
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bursting in the rat bladder in vivo, where the authors suggested that this pattern of activity, which 

can be induced by filling the bladder with high K+ solution, was a characteristic feature of 

nociceptive signaling from the bladder (Moss et al., 1997). 

 

It is well established that in the presence of iron, H2O2 produces hydroxyl radicals, OH- via the 

Fenton reaction. It has been suggested that OH- contributes to the effects of H2O2 on sensory 

neurons (Ustinova and Schultz, 1994; Andersson et al., 2008) since H2O2 effects were reduced by 

dimethylthiourea (a hydroxyl radical scavenger) (Sprong et al., 1997) and by deferoxamine (an 

iron-chelator that reduces formation of hydroxyl radical) (Comhair & Erzurum, 2002). In the 

present study, neither dimethylthiourea nor deferoxamine significantly affected H2O2-induced 

excitation of high threshold afferents. It is not clear why these results differ from previous studies. 

One possibility is that we directly applied H2O2 onto the nerve endings, while in other studies H2O2 

was applied on the epithelial tissues of the bladder and lung (Ruan et al., 2005; Masuda et al., 2007; 

Nocchi et al., 2014), where it may have acted on other structures.  

 

In conclusion, the present study provides evidence that H2O2, in a concentration range that has been 

detected under pathological conditions of inflammation or ischemia/reperfusion, evoked a long-

lasting activation of most capsaicin-sensitive high threshold afferents, but not low threshold stretch-

sensitive afferents. The data demonstrate that the TRPA1 channels present on the endings of 

capsaicin-sensitive high threshold afferents are probable targets of H2O2 in the bladder.  
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Figures and figures legends 

 

Figure 1   

Typical tracings representing responses of two groups of afferents: low threshold stretch-sensitive 

afferents (A, B) and high threshold afferents (C, D) to stretch and mucosal stroking. (A) Muscular 

afferent (large amplitude unit) responded to small stretch (50 mN load) but not to light (0.1 mN) 

von Frey hair stroking of its receptive field. (B) Muscular-urothelial afferent (large amplitude unit) 

was activated by stroking of its receptive field with a 0.1 mN von Frey hair and by small stretch (50 

mN load). (C) Urothelial (mucosal) afferent (large amplitude unit) was activated by a light (0.1 mN) 

von Frey hair stroking of its receptive field area, but not by high intensity stretch (200 mN load). 

(D) High threshold afferent (large amplitude unit) was slightly activated by a high intensity stretch 

(200 mN load) but not by a light (0.1 mN) von Frey hair stroking of its receptive field. Note in each 

trace the largest amplitude units were discriminated and used to calculate firing rate as shown in 

each panel. (E) Averaged data of the effects of stretch (10-600 mN) on the low threshold stretch 

sensitive (shown by solid line, n=18, N=14) and high threshold (shown by dash line, n=21, N=15) 

afferents. *P < 0.05. 
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Figure 2 

 Responses of low threshold stretch-sensitive and high threshold afferents to low concentration of 

H2O2 and capsaicin. (A) The shape of seven superimposed action potentials for each of the three 

discriminated units from tracing in B: unit 1 – low threshold stretch-sensitive afferent, unit 2 and 

unit 3 – high threshold afferents. (B) Typical traces showing bursting firing of high threshold 

afferents (unit 2 and unit 3) evoked by H2O2 (300 μM) and capsaicin (3 μM) but not low threshold 

stretch-sensitive afferent (unit 1). Note that low threshold stretch-sensitive afferent, but not high 

threshold afferents, was strongly activated by stretch with 400 mN load. (C) Concentration-response 

curve for activation of high threshold afferents (n=9, N=6) by H2O2. 
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Figure 3 

Responses of low threshold stretch-sensitive and high threshold afferents to a high concentration of 

H2O2 (10 mM). (A) Typical traces showing activation of low threshold stretch-sensitive afferent 

(unit 1) and high threshold afferent (unit 2) by H2O2 (10 mM). In contrast to the high threshold 

afferent, the low threshold stretch-sensitive afferent was not activated by 1mM H2O2. Note that low 

threshold stretch-sensitive afferent, but not high threshold afferent, was strongly activated by stretch 

with 50 mN load. (B) The shape of seven superimposed action potentials for each of the two 

discriminated units from tracings in A: unit 1 – low threshold stretch-sensitive afferent, unit 2 – 

high threshold afferent. (C) Concentration-response curve for activation of low threshold stretch-

sensitive afferents (n=7, N=6) by H2O2. 
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Figure 4  

Typical responses of high threshold afferents to AITC, NPPB and icilin. (A) Typical traces showing 

activation of high threshold afferent by TRPA1 agonist, AITC (30 μM). (B) Typical traces showing 

activation of high threshold afferent by TRPM8 agonist, icilin (5 μM). (C) and (D) – average data 

for concentration-dependent activation of high threshold afferents by AITC (n=14, N=9) and NPPB 

(n=10, N=7), respectively.  
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Figure 5 

Responses of low threshold stretch-sensitive afferents to AITC and NPPB. (A) The shape of seven 

superimposed action potentials for each of the three discriminated units from tracings in B: unit 1 

and unit 2 – low threshold stretch-sensitive afferents, unit 3 – high threshold afferent. (B) Typical 

traces showing activation of one of the low threshold stretch-sensitive afferents (unit 2) by 100 μM 

but not 30 μM AITC. The high threshold afferent (unit 3) was activated by both 30 μM and 100 μM 

AITC. Note that low threshold stretch-sensitive afferents, but not high threshold afferent, were 

strongly activated by stretch with 100 mN load. (C) and (D) – average data for concentration-

dependent activation of low threshold stretch-sensitive afferents by AITC (n=12, N=8) and NPPB 

(n=7, N=7), respectively.  
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Figure 6 

Effects of TRPA1 antagonist, HC-030031 on H2O2-induced activation of high threshold afferents. 

(A) Typical traces showing activation of high threshold afferent by H2O2 (300 μM) in control and 

after 30 min of application of HC-030031 (10 μM). Insert shows the shape of seven superimposed 

action potentials for discriminated high threshold single unit. (B) Average data of the effects of 

repeated application of H2O2 (300 μM) on the same high threshold afferents (n=7, N=5). (C) 

Average data of the effect of HC-030031 (10 μM) on the H2O2 (300 μM)-induced activation of high 

threshold afferents (n=11, N=7). *P < 0.05. 
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Figure 7 

Effects of TRP channels antagonists, capsazepine, HC-030031, M8-B and BCTC on the activation 

of high threshold afferents induced by H2O2 and by corresponding agonists. (A) Average data of the 

effect of capsazepine (10 μM) on H2O2 (300 μM)-induced activation of high threshold afferents 

(n=8, N=5). (B) Average data of the effects of capsazepine (10 μM) on capsaicin (0.5 μM)-induced 

activation of high threshold afferents (n=10, N=5). (C) Average data of the effect of HC-030031 (10 

μM) on AITC (30 μM)-induced activation of high threshold afferents (n=11, N=5). (D) Average 

data of the effect of M8-B (3 μM) on H2O2 (1 mM)-induced activation of high threshold afferents 

(n=7, N=5). (E) Average data of the effect of M8-B (3 μM) on icilin (10 μM)-induced activation of 

high threshold afferents (n=6, N=5). (F) Average data of the effect of BCTC (10 μM) on H2O2 (1 

mM)-induced activation of high threshold afferents (n=8, N=5). *P < 0.05. Note that repeated 

application of H2O2 (300 μM) on the same capsaicin-sensitive high threshold afferents without 

antagonists produced a non-significant decay in its responses (see Fig. 6B).  
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