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ABSTRACT 34 

 35 

Neural mechanisms of lower urinary tract symptoms in obstruction-induced bladder 36 

overactivity remain unclear. We made the first single unit recordings from the different type 37 

of spinal afferents to determine the effects of bladder outlet obstruction in guinea pigs. A 38 

model of gradual bladder outlet obstruction in male guinea pigs was used to produce 39 

overactive bladder. Conscious voiding was assessed in metabolic cages, micturition was 40 

recorded in anaesthetized guinea pigs in vivo. Single unit extracellular recordings were made 41 

ex vivo from spinal afferent nerves in flat sheet preparations of the bladder. Guinea pigs with 42 

partially obstructed bladders showed a significant increase in conscious voiding frequency 43 

compared to sham-operated animals. Also, non-voiding contractions increased significantly in 44 

both frequency and amplitude. Although, spontaneous firing of low threshold bladder 45 

afferents was increased, their stretch-induced firing was reduced. Proportion of capsaicin-46 

sensitive low threshold afferents increased in obstructed bladders. Interestingly, spontaneous 47 

and stretch-induced firing were both significantly increased in high threshold afferents after 48 

obstruction. In summary, sensory signaling increased in the obstructed bladder during the 49 

filling phase. This is largely mediated by low threshold stretch-sensitive afferents that are 50 

activated by increased local non-voiding contractions. Increased spontaneous firing by high 51 

threshold afferents also contributes. Our finding revealed complex effect of bladder outlet 52 

obstruction on different types of bladder afferents which needs consideration for potential 53 

therapeutic targeting of lower urinary tract symptoms in obstruction-induced bladder 54 

overactivity. 55 

 56 
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INTRODUCTION 64 

 65 

 Lower urinary tract symptoms in men are often an indicator of bladder outlet 66 

obstruction. This is a common health problem among aging men, which has been estimated to 67 

affect about 22% of the worldwide population (16). In the United States, almost 3 out of 4 68 

men in their 70’s develop benign prostatic hyperplasia, associated with progressive lower 69 

urinary tract symptoms (40). Patients with bladder outflow obstruction, due to benign 70 

prostatic hyperplasia, suffer from lower urinary tract symptoms related to storage dysfunction, 71 

such as urgency, frequency and nocturia (all similar to symptoms of overactive bladder 72 

syndrome). Voiding dysfunction also occurs, with symptoms such as straining, intermittency, 73 

dribbling, incomplete bladder emptying and a weak urinary stream (16, 20, 31, 34). These 74 

bladder disorders represent a huge challenge for the health care system and are expected to 75 

increase in prevalence in an ageing population (40). 76 

 Various hypotheses (often referred to as “neurogenic”, “myogenic”, “autonomous” 77 

and more recent “mucosal”) have been put forward to explain lower urinary tract symptoms in 78 

patients with overactive bladder (1, 3, 4, 6, 10-12). The “neurogenic hypothesis” implicates 79 

changes in central pathways, including damage of descending inhibitory pathways, enhanced 80 

excitatory transmission in micturition pathways, and/or sensitization of bladder afferents (11, 81 

12). The “myogenic hypothesis” suggests that detrusor overactivity (“unstable” detrusor 82 

contractions during the urine storage phase) due to increased muscle excitability is 83 

responsible for overactive bladder with urge incontinence (1, 4). The “autonomous 84 

hypothesis” suggests that increased local micromotions of the bladder wall distort small 85 

regions of the detrusor smooth muscle, leading to over-stimulation of afferent nerves and 86 

causing sensations of urgency without intravesical pressure changes (6, 7). Finally, the 87 

“mucosal” hypothesis states that an increase in mucosal signaling - whereby ATP, 88 

acetylcholine, prostaglandins and others neuromodulators, released from the urothelial cells 89 

during bladder distension and/or non-physiological changes in chemical environment - 90 

significantly modify activity of bladder afferents. It is then proposed this change in afferent 91 

function is responsible for many bladder pathologies, including overactive bladder (3, 10). 92 

Thus, all current hypotheses of overactive bladder implicate activation of afferents either 93 

directly (“neurogenic” and “mucosal hypothesis”) or indirectly via exaggerated local detrusor 94 

activity (“myogenic” and “autonomous”). However, this has never been tested directly by 95 

recording from single sensory neurons in an obstruction-induced overactive bladder model. It 96 
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is still also unclear which types of sensory neurons are most affected in bladder obstruction. 97 

In males, bladder outlet obstruction is the most common cause of detrusor overactivity 98 

(26, 31, 32). One of the most widely used animal models of overactive bladder involves 99 

partial bladder outlet obstruction caused by narrowing of the urethra (23, 26). This increases 100 

spontaneous myogenic activity, non-voiding contractions (NVCs) and voiding frequency in 101 

bladder of many species (2, 15, 19, 27). Hypoxia and excess production of reactive oxygen 102 

species (ROS) are implicated in obstructed and overactive bladders (5, 17, 30, 37). We 103 

recently reported that H2O2, in a concentration range that occurs in inflammation or 104 

ischemia/reperfusion, potently activated capsaicin-sensitive high threshold afferents in the 105 

guinea bladder. Low threshold stretch-sensitive afferents were much less affected (29). This 106 

suggests that these two types of bladder afferents may be differently affected by bladder 107 

obstruction. 108 

In this study, we used a guinea pig model of partial bladder outlet obstruction (27) 109 

with gradual onset over 2-4 weeks, as the animals matured. The aim of the current study was 110 

to identify which types of bladder afferents are most affected and which mechanisms underlie 111 

their changes in excitability. To accomplish this, we compared spontaneous and stretch-112 

induced firing of major classes of bladder sensory neurons in control and obstructed guinea 113 

pigs. 114 

 115 

 116 

MATERIALS AND METHODS 117 

 118 

Animals. Male guinea pigs (N=118), weighing 250-300 were maintained under 12 h 119 

light/dark cycles with free access to food and water. At the end of experimentation animals 120 

were killed by isoflurane (5%) inhalation overdose followed by cutting the cervical spinal 121 

cord. All animal care, and experimental procedures were approved by the Animal Welfare 122 

Committee of Flinders University (no 845/12) and performed in accordance with the 123 

“Australian code of practice for the care and use of animals for scientific purposes” (8th 124 

edition, 2013, National Health and Medical Research Council of Australia) and the ARRIVE 125 

guidelines (16). Guinea pigs were chosen for this study since we had previously characterized 126 

in detail the functional properties of major classes of sensory neurons in this species (44, 45). 127 

Guinea pig model of gradual partial bladder outflow obstruction. We utilized a 128 

modified method of gradual partial bladder outflow obstruction previously used in male 129 
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guinea pigs (27). Briefly, under isoflurane (2%) anaesthesia, a polyethylene catheter (1.52 130 

mm external diameter) was used as a spacer, and placed alongside the junction of the distal 131 

bladder neck and the proximal urethra of the immature (~5 weeks old) male guinea pigs. A 132 

3.0 silk thread was tied around both the tissues junction and the catheter, giving a loop with a 133 

total diameter of around 2 mm. The catheter was then removed, leaving the loop in place. This 134 

procedure did not narrow the proximal urethra at the time of operation. Obstruction then 135 

developed gradually as the animal matured over 2-4 weeks. Sham-operated animals 136 

underwent the same surgical operation and dissection as the obstructed group, but the ligature 137 

was removed before closing the abdomen and skin. 138 

Conscious voiding in a metabolic cage. Spontaneous voiding of operated guinea pigs 139 

was measured in metabolic cages over a 6 hours daylight period 2 and 4 weeks after creating 140 

surgical obstruction. Sham-operated guinea pigs served as control for obstructed animals. 141 

Guinea pigs were given free access to water during conscious voiding testing. Voided urine 142 

was collected in a cup connected to a force transducer (Grass Force-displacement transducer 143 

FT03, Grass Instruments, Quincy, Mass, USA) for measurement of volume and frequency of 144 

conscious micturition. Since specific gravity of the guinea pig urine averages 1.015 (13), we 145 

assumed that 1g = 1ml for the sham-operated and obstructed groups in any volume 146 

measurements. 147 

Continuous cystometry in anaesthetized guinea pigs. Guinea-pigs were anaesthetised 148 

with urethane (1.2 g/kg s.c.) and placed on a heating pad to maintain body temperature at 37 149 

ºC. Micturition activity was recorded in anaesthetized controls, 4-week sham or 4-week 150 

obstructed guinea pigs during continuous 2 hours cystometry studies. For this, a polyethylene 151 

catheter (o.d 0.96 mm, i.d. 0.58 mm) was inserted into the bladder dome and tied securely in 152 

place. The catheter was attached to a T-piece adaptor, the left arm of which was connected to 153 

a syringe pump (SP200, WPI, USA) to allow infusion of phosphate buffered saline solution at 154 

0.25 ml/min. The right arm was connected to a pressure transducer (Viggo-Spectramed model 155 

P23XL, Oxnard, CA, USA). Voided PBS and urine were collected in a cup connected to a 156 

force transducer. Intravesical pressure and voided volume were recorded on a Maclab/8s data 157 

acquisition system with Chart 7 software (AD Instruments, Castle Hill, NSW, Australia) 158 

using an iMac computer running OSX 10.8.5 (Apple, Cupertino, CA). 159 

Extracellular recordings. Extracellular recordings from pelvic nerve were performed 160 

in 2-3 weeks obstructed guinea pigs and control untreated animals matched by age (around 7-161 

8 weeks) to the obstructed group. The method extracellular recordings has been described 162 

previously (45). Briefly, the bladder was removed and opened into a flat sheet and washed 163 
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with Krebs solution (mM: NaCl, 118; KCl, 4.75; NaH2PO4, 1.0; NaHCO3, 25; MgCl2, 1.2; 164 

CaCl2, 2.5; glucose, 11; bubbled with 95 % O2 -5 % CO2). A full thickness, flat sheet 165 

preparation (~15 mm x ~20 mm which represents about a half of the bladder) was superfused 166 

with Krebs solution at 3 ml min-1, 34oC and studied with the mucosa uppermost. The 167 

preparation was pinned along one edge in a 10 ml organ bath while the other edge was 168 

attached (via a 15 mm “rake”) to an isotonic transducer (Harvard Bioscience 52-9511, S 169 

Natick, MA. U.S.A). Increasing counterweights (load range 1 - 60 g) could be applied to 170 

distend the preparation isotonically (primarily in the direction of trigone-dome axis), whilst 171 

measuring changes in length. Fine nerve fibres, running between the bladder and pelvic 172 

ganglia were dissected free and, together with a separate strand of connective tissue, were 173 

pulled into a second small chamber (~1 ml volume) separated by a cover slip and silicon 174 

grease barrier (Ajax Chemicals, Australia). The small chamber was filled with paraffin oil and 175 

differential extracellular recordings were made via platinum electrodes. Signals were 176 

amplified (DAM 80, WPI, USA) and recorded at 20 kHz with a Maclab/8s data acquisition 177 

system with Chart 7 software using an iMac computer running OSX 10.8.5. Single units were 178 

discriminated by amplitude and duration using Spike Histogram software (AD Instruments, 179 

Sydney, Australia).  180 

Stretch-activated units were considered to have low thresholds if they were 181 

significantly activated by 1-10 g loads. Afferents with activation thresholds ≥ 20 g were 182 

classified as high threshold (29). To relate the forces that were applied to stretch a flat sheet 183 

preparation of bladder ex vivo (1-60 g) to intravesical pressure changes in vivo during bladder 184 

filling, we applied a modified Young-Laplace equation. This had previously been used for a 185 

similar purpose in a flat sheet preparation of the isolated colorectum (9, 47). Equation 1:  186 

Pressure = 2π (force)/LD, where L is the length of preparation and D is the diameter of 187 

preparation. Our ex vivo flat sheet bladder preparations had an average length of 20 mm and 188 

width (which corresponded to the width of the rake) of 15 mm. In the present study, the 189 

mucosa of obstructed bladder showed conspicuous morphological changes even under a 190 

binocular microscope. This meant that responses to mucosal stroking with light (10 mg) von 191 

Frey hair could not be reliably interpreted. For this reason we grouped previously described 192 

“muscular-mucosal afferent” and “muscular afferent” classes (41, 45) together as “low 193 

threshold stretch-sensitive afferent” type, which had distinctive responses to small distensions 194 

or contractions. 195 

To determine directly the excitability of the terminal axons the “spike following-196 

frequency method” was used (21). First, the whole urothelium (with the fine underlying 197 
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superficial lamina propria) was carefully removed under a binocular microscope. Indeed, 198 

special care was employed to retain the majority of the lamina propria and then, most 199 

sensitive mechanoreceptor sites were identified using von Frey hairs of 10 mg, which were 200 

marked with carbon particles. A round-tipped concentric stimulating electrode (outer pole 201 

0.125 mm, FHC, USA), connected to a constant current stimulates isolator (A360, WPI, 202 

USA) was than positioned above the marked site and lightly pressed onto the lamina propria. 203 

Then, single pulses were applied until action potential threshold was identified (usually in the 204 

range of 40-60 μA). The amplitude of the current was increased to 120% of the threshold 205 

level and stimulus-response curves were constructed by applying 20 stimuli at 3, 10, 20, 40, 206 

50, 60, 70 and 80 Hz, with 1 min intervals between trains. All experiments (unless 207 

specifically noted) were performed in the presence of nicardipine (4 μM) to minimise smooth 208 

muscle contractile activity (45). 209 

Allyl isothiocyanate (AITC), capsaicin and nicardipine were obtained from Sigma 210 

Chemical Company (St Louis, MI). 211 

Statistical analysis. Results are expressed as mean ± standard error. The use of ‘n’ 212 

numbers in the results section refers to the number of units (single discriminated afferent 213 

fibre) and N to the number of animals. Statistical analysis was performed using Student’s 214 

two-tailed t-test for paired or unpaired data, or by one-way or two-way analysis of variance 215 

(ANOVA) with Tukey’s or Sidak’s multiple comparative tests using Prism 6 software 216 

(GraphPad Software, Inc., San Diego, CA, USA). Differences were considered significant if 217 

P<0.05. 218 

 219 

 220 

RESULTS 221 

 222 

Conscious voiding. Voiding frequency in conscious guinea pigs was significantly 223 

higher 2 and 4 weeks post-obstruction compared with sham-operated animals (Fig. 1A). The 224 

volume of urine expelled during each void was significantly smaller at 2 and 4 weeks post-225 

obstruction compared to shams (Fig. 1B). The total voiding output during 6 hours was not 226 

significantly different between obstructed and sham guinea pigs at 2 weeks, however it was 227 

significantly reduced at 4 weeks (Fig. 1C). 228 

 229 
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Micturition and non-voiding contractions in anaesthetized guinea pigs. During 230 

continuous cystometry, micturition contractions had higher amplitudes in obstructed animals 231 

(30.3 ± 2.74 mmHg, N=18) compared to untreated controls (19.7 ± 1.51 mmHg, N=9, 232 

P<0.05) but this was not significantly larger than sham animals (25.3 ± 2.29, N=10) (Fig. 2A). 233 

No significant differences were observed in intervals between micturition contractions 234 

between untreated age-matched controls (396 ± 54 s, N=9), 4-week sham operated animals 235 

(395 ± 23 s, N=10) and 4-week obstructed (341 ± 27s, N=18). Neither were differences in 236 

threshold pressure for micturition contractions observed between controls (7.41 ± 0.62 237 

mmHg, N=9), 4-week sham operated animals (7.04 ± 0.74 mmHg, N=10) and 4-week 238 

obstructed animals (8.18 ± 0.73 mmHg, N=18). Also, no differences in voiding volume 239 

during micturition were observed between the 3 experimental groups: 1.4 ± 0.16 ml for 240 

untreated controls (N=9), 1.55 ± 0.11 ml (N=10) for sham and 1.34 ± 0.10 ml (N=18) for 241 

obstructed animals. It is worth mentioning that bladder residual volume and bladder capacity 242 

were slightly but not-significantly higher in the obstructed group (1.51 ± 0.34 ml and 2.82 ± 243 

0.33 ml, respectively, N=18) compared to controls (0.59 ± 0.08 ml and 1.99 ± 0.17 ml, 244 

respectively, N=9) and sham-operated animals (0.71 ± 0.14 ml and 2.26 ± 0.17 ml, 245 

respectively, N=10). 246 

Non-voiding contractions (NVCs) were significantly higher in both amplitude and 247 

frequency in obstructed animals than in either sham-operated animals or control animals (Fig. 248 

2B and C). We examined whether conscious voiding frequency, measured in metabolic cages, 249 

correlated with either the frequency or amplitude of the NVCs recorded later in the same 250 

guinea pigs under anaesthesia. Conscious voiding frequency correlated significantly with the 251 

amplitude of NVCs (Pearson r=0.39, N=25). There was an even stronger positive correlation 252 

between conscious voiding frequency and the frequency of NVCs (Pearson r=0.63, N=25).  253 

Effects of bladder obstruction on firing of low threshold stretch-sensitive afferents. 254 

Firstly, we tested whether spontaneous firing of low threshold mechanoreceptors changed in 255 

obstructed bladders. The following experiments were performed in the presence of 256 

nicardipine (4 μM) in order to minimize contractile activity of the bladder smooth muscle. In 257 

control bladders, 28% of low threshold units (16 out of 57, N=36) were spontaneously active, 258 

firing at 0.25 ± 0.06 Hz (n=16, N=12), during quiescent periods when spontaneous 259 

contractions were absent. In contrast, in obstructed bladders, 57% of low threshold stretch-260 

sensitive units (28 out of 49, N=32, chi square test, P<0.05) showed spontaneous firing during 261 

quiescent periods. The rate of spontaneous firing during quiescent periods (0.7 ± 0.14 Hz, 262 

n=28, N=22, P<0.05) was also higher than in controls. However, even in the presence of 263 
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nicardipine, the detrusor smooth muscle in these flat sheet preparations showed occasional 264 

small spontaneous contractions which evoked bursts of firing in low threshold 265 

mechanoreceptors (Fig. 3A and B). The averaged firing frequency during these spontaneous 266 

contractions was significantly higher in obstructed bladders than in controls (Fig. 3C). 267 

Similarly, overall spontaneous firing of low threshold stretch-sensitive units was higher in 268 

obstructed bladders compared to controls (Fig. 3D). 269 

In Krebs solution without nicardipine, spontaneous contractions were smaller in 270 

control bladders (mean amplitude of 0.08 ± 0.02 mm, N=14) than obstructed bladders (0.19 ± 271 

0.04 mm, N=18, P<0.05). Nicardipine (4 μM for 50 min) reduced the amplitude of these 272 

contractions in controls (by 29 ± 8.5% mm, N=14, P<0.05) and in obstructed preparations (by 273 

48 ± 25%, N=17, P<0.05), but did not abolish them.  274 

Despite higher spontaneous firing rate, low threshold stretch-sensitive afferents were 275 

less responsive to stretch in obstructed bladders compared to controls (Fig. 4A-C) when 276 

measured in nicardipine (4 μM). Overall compliance of the bladder was significantly reduced 277 

in obstructed bladders (N=12) compared to controls (N=15, P<0.05), manifested as reduced 278 

elongation of bladder preparations in response to increasing load (Fig. 4D). However, changes 279 

in compliance do not fully explain the reduction in stretch-sensitivity of low threshold 280 

afferents in obstruction. With a 20 g load, compliance did not differ measurably between 281 

obstructed and control bladders, yet firing was significantly reduced in obstruction compared 282 

to controls (Fig. 4C). 283 

The “spike following-frequency method” can detect changes in excitability of sensory 284 

nerve endings and has been used previously on visceral afferents (Lynn et al, 2008). The 285 

electrical excitability of low threshold afferents was not changed in obstruction compared to 286 

controls. For example, 20 stimuli at 50 Hz of electrical stimulation induced on average 7.67 ± 287 

1.33 spikes (n=6, N=6) in control and 7.33 ± 1.05 spikes (n=6, N=6) in obstructed animals 288 

(Fig. 5). 289 

Typical responses to TRPA1 agonist, AITC and the TRPV1 agonist, capsaicin on low 290 

threshold stretch-sensitive afferents in the obstructed bladder are shown in Fig. 6. In the 291 

presence of nicardipine (4 μM), AITC evoked a concentration-dependent increase in firing of 292 

low threshold afferents in both control and obstructed bladders with no apparent difference in 293 

either the potency or efficacy between treatments. An EC50 could not be established because 294 

the highest (300 μM) concentration tested did not have maximal effects (Fig. 7A). Capsaicin 295 

(3 μM) evoked similar increased firing in responsive (see below) low threshold stretch-296 

sensitive afferents in control (5.6 ± 0.87 Hz, n=10, N=9) and in obstructed bladders (5.12 ± 297 
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0.97 Hz, n=9, N=6). However, of all low threshold afferents in obstructed bladders, 32% (9 298 

out of 28 units, N=18) responded to capsaicin compared to 9% (3 out of 32 units, N=24, chi 299 

square test P<0.05) in control bladders (Fig. 7B). 300 

Effects of bladder obstruction on firing of high threshold stretch-sensitive afferents. In 301 

the presence of nicardipine (4 μM), most high threshold units were spontaneously active in 302 

both control (73%, 33 out of 45 units, N=35) and obstructed bladder preparations (76%, 25 303 

out of 33 units, N=21). However, the frequency of spontaneous firing of high threshold 304 

afferents was significantly higher in obstructed bladders compared to controls (0.48 ± 0.15 305 

Hz, n=33, N=21 versus 0.26 ± 0.10 Hz, n=45, N=35, respectively, P<0.05). In contrast to low 306 

threshold afferents, firing of high threshold units was not affected by small spontaneous 307 

contractions in either control or obstructed bladders. Unlike low threshold units, the stretch-308 

induced firing of the high threshold afferents was significantly enhanced in obstructed 309 

animals compared to controls (Fig. 8C). Overall, there was only a small decrease in 310 

compliance in obstructed preparations, but this was less marked with higher loads. Thus, 311 

changes in compliance are unlikely to account for the increase in stretch-evoked firing in high 312 

threshold stretch-sensitive afferents. 313 

The TRPA1 agonist AITC had concentration-dependent effects on high threshold 314 

stretch-sensitive afferents (Fig. 9C, D), but there was no difference in its effects between 315 

controls and obstructed bladders (Fig. 9D). The TRPV1 agonist capsaicin (3 μM) evoked 316 

more firing of high threshold afferents in obstructed bladders compared to controls (6.56 ± 317 

0.59 Hz firing, n=23, N=17 versus 4.08 ± 0.53 Hz firing, n=21, N=18, P<0.05). The majority 318 

of high threshold stretch-sensitive afferents were activated by both capsaicin and AITC in 319 

both control (70%, 12 out of 17 units, N=11) and obstructed bladders (82%, 18 out of 22 320 

units, N=16). A small proportion of units was insensitive to both agonists (18% in control and 321 

9% in obstructed bladders), or was activated by capsaicin but not AITC (12% in control and 322 

9% in obstructed bladders). 323 

 324 

DISCUSSION 325 

 326 

The current study revealed that low threshold stretch-sensitive afferents and high 327 

threshold stretch-sensitive afferents were affected differentially by partial bladder outlet 328 

obstruction. Stretch-induced firing was reduced in low threshold afferents, however in high 329 

threshold afferents it was increased. Spontaneous firing, in contrast, was increased in both 330 
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types of afferents in obstruction but via different mechanisms. Low threshold afferents were 331 

not sensitized in obstruction since their excitability was unaffected. However, they showed 332 

more spontaneous firing ex vivo likely due to higher amplitude of spontaneous contractions 333 

and decreased detrusor compliance. High threshold afferents, however, were not activated by 334 

spontaneous contractions in ex vivo preparations. Their increased firing in bladder obstruction 335 

may reflect an increase of excitability of their terminals in the bladder wall. 336 

In the present animal model, partial bladder obstruction in guinea pigs was developed 337 

with a slower onset than in most previous models, that involved tighter constriction of the 338 

urethra. In mature female guinea pigs, tighter obstruction (narrowing the proximal urethra to 339 

1.2 mm) increased micturition frequency, peak voiding pressure and the frequency of NVCs 340 

during conscious cystometry (19). In our experiments on anaesthetized guinea pigs, 341 

micturition frequency and voiding volume were not changed in obstructed guinea pigs during 342 

cystometry, even though the same guinea pigs had increased spontaneous conscious voiding 343 

frequency and smaller voiding volume per void. This discrepancy may be due to the well-344 

know central effects of urethane on voiding mechanisms which inhibit bladder overactivity by 345 

blocking glutamatergic transmission in the brain (42). The most striking effect of bladder 346 

obstruction in cystometric studies in anaesthetized guinea pigs in vivo was the significant 347 

increase in both amplitude and frequency of NVCs. We suggest that this may have 348 

contributed to the raised frequency of conscious voiding which correlated to both the 349 

frequency and amplitude of NVCs during cystometry. NVCs recorded in vivo animal models 350 

are widely used as a surrogate marker of the “unstable” bladder contractions seen in 351 

cystometric studies in human patients. “Unstable” bladder contractions occur occasionally in 352 

healthy volunteers, but their prevalence is higher in patients with bladder outlet obstruction 353 

(31, 32, 34). NVCs are mostly myogenic, since they are resistant to tetrodotoxin in guinea 354 

pigs and rats in vivo (15, 22). In ex vivo whole bladder preparations, small spontaneous 355 

contractions (which are likely similar to NVCs in vivo) were not affected by tetrodotoxin (46). 356 

The increase in NVCs in obstruction could be due to changes in the interstitial cells of Cajal 357 

network (19), although their role in bladder filling and emptying remains uncertain (24). 358 

Down-regulation of stretch-sensitive K+ channels in detrusor myocytes has also been 359 

suggested to contribute to increased spontaneous contractility in obstruction (2). 360 

Graded loads caused progressive elongation of isolated sheet preparations of the 361 

bladder. This elongation was reduced in obstruction, reflecting reduced compliance, at least 362 

for small loads of 1-10g. Thus obstructed bladders have higher resting muscle tone which 363 

may contribute to the higher spontaneous firing rate of low threshold stretch-sensitive 364 
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afferents during quiescent periods. Reduced compliance has previously been reported in 365 

animal models of bladder obstruction, but was attributed to connective tissue in the bladder 366 

wall (20, 25). Endogenous ligands of TRPV1 channels, endovanilloids (39) may also increase 367 

low threshold afferent firing since a higher proportion of low threshold stretch-sensitive 368 

afferents were sensitive to capsaicin in obstructed bladders. Afferent nerve activity evoked by 369 

transient contractions in the normal mouse bladder represents the majority of afferent flow 370 

conveyed to brain during bladder filling (14). In previous studies of gradual bladder outlet 371 

obstruction in guinea pigs, we reported increases in spontaneous and distention-induced 372 

contractility, alongside with reduced compliance of isolated obstructed bladders ex vivo (28). 373 

Since high threshold afferents were not activated by spontaneous contractions in ex vivo 374 

preparations, we suggest that over-activation of low threshold stretch-sensitive afferents 375 

during obstruction is predominantly driven by an increase in NVCs and reduced bladder 376 

compliance during the bladder filling. This could contribute to the urgency/frequency 377 

symptoms in patients with bladder outlet obstruction. 378 

During obstruction, incomplete bladder emptying often manifests as increased residual 379 

volume after micturition (33, 34, 36, 38, 48). There was a tendency for larger average bladder 380 

capacity and residual volume in the present study, although it did not reach a level of 381 

statistical significance that likely reflects a large variation in the degree of obstruction in 382 

individual animal (27, 48). Incomplete bladder emptying during obstruction would be 383 

expected to lead to an increase in voiding frequency and reduction in voiding volume. A 384 

supra-spinal micturition reflex, which triggers voiding contractions, is activated by low 385 

threshold stretch-sensitive afferents (11). However, in the present study, stretch-sensitivity of 386 

low threshold afferents decreased significantly in obstruction. Reduced compliance of the 387 

bladder wall may partly contribute to this, but no changes in excitability of their endings were 388 

apparent. We have previously shown that stretch-sensitivity of low threshold afferents in 389 

guinea pig bladder can be inhibited by exogenous H2O2 (29). Levels of ROS increase in the 390 

obstructed bladder (17, 37); this could contribute to the loss of stretch-sensitivity. Effects of 391 

bladder obstruction on afferents recorded in vivo are inconsistent, with either no effect in 392 

multiunit recordings (38) or a marked reduction in tension sensitivity (49). In ex vivo 393 

preparations, single unit could be reliably discriminated alongside precise measurement of 394 

tissue compliance. The present findings and those of Zeng et al (49) suggest that in the 395 

obstructed bladder, low threshold stretch-sensitive afferents become less sensitive to 396 

mechanical forces during micturition. This could contribute to an increase in post-voiding 397 

residual volume in animal models (33, 38, 49) and possibly in human patients with bladder 398 
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outlet obstruction (34, 36). Thus the increase in residual volume is most likely due to a 399 

reduction in stretch sensitivity (present ex vivo data) and tension sensitivity of low threshold 400 

afferents (in vivo data) (49). This could act to diminish sensory drive to maintain the 401 

micturition reflex contraction during voiding, leading to its failure before the bladder is 402 

completely empty. This adds to an increase in frequency and a decrease in voided volume (per 403 

void) in obstruction, in addition to the mechanism described above that involved exaggerated 404 

NVCs. Interestingly, it has been recently demonstrated that the mucosa layer contributes 405 

significantly to the bladder compliance in the mouse bladder ex vivo (8). In the guinea pig 406 

bladder, complete removal of the mucosa only slightly changed compliance of the bladder 407 

wall in response to small stretches, although its contribution increased with larger stretches 408 

(45). In obstructed guinea pigs, bladder compliance was significantly reduced compared to 409 

control in response to small stretches but was not different with large stretches (see Fig. 4 and 410 

Fig. 8). This also suggests that the reduction in stretch-sensitivity of low threshold afferents in 411 

obstructed animals was independent of reduced compliance of the bladder wall. Most likely, 412 

the reduced stretch-sensitivity involved changes in stretch-activated channels present on nerve 413 

terminals. 414 

Unlike low threshold afferents, excitability of high threshold afferents are likely 415 

increased after partial outlet obstruction; their spontaneous and stretch-induced firing were 416 

both enhanced. Interestingly, spontaneous firing of high threshold afferents was not related to 417 

small spontaneous contractions. However, TRPV1 agonist capsaicin had a significantly 418 

greater effect on high threshold afferents during obstruction. This may be due to specific up-419 

regulation of TRPV1 channels and/or an increase in electrical excitability of high threshold 420 

afferent terminals. Low-grade inflammation with infiltration of white blood cells (25, 28) and 421 

excess production of ROS occurs in obstructed and overactive bladders (5, 17, 37). ROS (in 422 

particular H2O2) affect high threshold afferents more than low threshold afferents in the 423 

guinea pig bladder, via activation of the TRPA1 channels (29). Thus, oxidative stress may 424 

contribute to an increase in excitability of high threshold afferents, leading to increased 425 

spontaneous and stretch-induced firing. However, chronic production of ROS can suppress 426 

detrusor muscle function, damage afferent and efferent axons, and eventually cause the patchy 427 

nerve degeneration seen in the detrusor of human patients with bladder obstruction and animal 428 

models (4, 17, 43). These late-stage changes may contribute to voiding dysfunction including 429 

dribbling, incomplete bladder emptying and a weak urinary stream. 430 

The majority of low threshold afferents had a threshold of activation of between 1 and 431 

3 g; for high threshold afferents it was between 10 and 20 g. It is worth noting that there was 432 
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not a clear gap in threshold distribution between low and high threshold afferents; rather a 433 

continuous distribution of thresholds was observed. By using the equation 1 (see Methods), 434 

we estimated 10 g force corresponded to generation of about 15 mmHg of intravesical 435 

pressure and 20 g force corresponded to about 30 mmHg. We found that the pressure 436 

threshold for micturition did not change significantly between sham and obstructed animals, 437 

which is in agreement with previous studies (48). However, there was a significant reduction 438 

in stretch-sensitivity of the low threshold afferents in obstructed bladders ex vivo. In contrast, 439 

the excitability of high threshold afferents was increased in obstruction. The data suggests that 440 

some of the sensitized high threshold afferents may have contributed to induction of the 441 

micturition reflex contractions in obstructed bladders. 442 

In conclusion, sensory signaling increased in the obstructed bladder during the filling 443 

phase. This is mediated by (i) low threshold stretch-sensitive afferents, that are activated by 444 

increased local non-voiding contractile activity, and (ii) by high threshold afferents with 445 

increased basal and stretch-induced firing. The data revealed complex effect of bladder outlet 446 

obstruction on different types of bladder afferents which needs consideration for potential 447 

therapeutic targeting of lower urinary tract symptoms in obstruction-induced bladder 448 

overactivity. 449 
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Figure legends 598 

 599 

Fig. 1. Conscious voiding characteristics of sham-operated and obstructed guinea pigs 2 and 4 600 

weeks after surgery. A: average number of voids; B: average volume per void and C: total urine 601 

output recorded over 6 hours in metabolic cages two (N=15) and four (N=15) weeks after sham 602 

surgery, and two (N=38) and four (N=18) weeks after bladder obstruction. *#&@ P<0.05. 603 

 604 

Fig. 2. Typical traces of micturition activity in control, sham and obstructed guinea pigs during 605 

continuous cystometry. A: typical traces showing micturition and non-voiding contractions in 606 

three experimental groups. B: average amplitude of non-voiding contractions in control (N=9), 607 

sham (N=10) and obstructed groups (N=18). Note higher amplitude of non-voiding contractions in 608 

the obstructed group compared to control and sham. C: average frequency of non-voiding 609 

contractions in control, sham and obstructed groups. Note the significantly higher frequency of 610 

non-voiding contractions in obstructed groups compared to control and sham. *# P<0.05. 611 

 612 

Fig. 3. Spontaneous activity of low threshold stretch-sensitive afferents in control and 613 

obstructed guinea pigs. A: typical tracing shows a low threshold afferent in control bladder 614 

which fired a short burst of action potentials during small spontaneous contractions. B: typical 615 

tracing shows spontaneously active low threshold afferent in obstructed bladder. Note that 616 

this afferent fires spontaneously between small spontaneous contractions, which also evoked 617 

larger bursts of firing. C: group data for average firing of low threshold afferents during 618 

bursts of firing in control (n=20, N=12) and in obstructed bladders (n=13, N=7). D: Total 619 

spontaneous averaged firing within 1 minute including firing rate during muscle quiescence 620 

and spontaneous small contractions in control (n=35, N=23) and obstructed bladders (n=38, 621 

N=28). * P<0.05. 622 

 623 

Fig. 4. Responses of low threshold afferents to stretch in control and obstructed bladders. 624 

Typical traces of the responses of low threshold units to 10 g stretch in control (A) and 625 

obstructed bladders (B). Note only the biggest amplitude units were discriminated in both A 626 

and B. C: averaged data of the effects of stretch (1-20 g) on the low threshold stretch sensitive 627 

afferents in control (shown by solid line, n=21, N=15) and in obstructed (shown by dash line, 628 

n=18, N=12) bladders. D: average data of elongation of the bladder preparations evoked by 1-629 

20 g stretch in control (N=15) and in obstructed (N=12) bladders. *P < 0.05. 630 

 631 
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Fig. 5. Electrical excitability of low threshold afferents in control and obstructed bladders 632 

determined by the “spike following-frequency method”. A:  typical recording trace during 50 633 

Hz (20 stimuli) repetitive stimulation (marked by dots) applied on the receptive field of the 634 

low threshold afferent in normal bladder. Downward brisk shift of recording potential 635 

(indicated by arrows) are stimulus artefacts. B: averaged frequency (3, 10, 20, 40, 50, 60, 70 636 

and 80 Hz) stimulus-response curves obtained by repetitive stimulation in control (n=6, N=6) 637 

and obstructed bladders (n=6, N=6) did not differ. 638 

 639 

Fig. 6. Typical traces of the effect of AITC and capsaicin on low threshold afferents in 640 

obstructed bladder. A: two spontaneously active low threshold units responded to stretch (20 641 

g) and receptive field stroking with light (10 mg) von Frey hair (hs1 for unit 1 and hs2 for unit 642 

2). B: both units were activated by bath application of AITC (300 μM) and capsaicin (3 μM). 643 

Inserts show the shape of seven superimposed action potentials for each of the two single 644 

discriminated units from tracings in A and B. 645 

 646 

Fig. 7. Proportions of low threshold stretch-sensitive afferents sensitive to AITC and 647 

capsaicin in control and obstructed guinea pigs. A: average data for concentration-dependent 648 

activation of low threshold afferents by AITC in control (n=8, N=7) and in obstructed 649 

bladders (n=8, N=5). B: proportions of AITC- and capsaicin-sensitive units in control (n=32, 650 

N=24) and obstructed bladders (n=28, N=18). 651 

 652 

Fig. 8. Responses of high threshold afferents to stretch in control and obstructed bladders. 653 

Typical trace of the responses of low threshold stretch-sensitive afferent (unit 1) and high 654 

threshold afferent (unit 2) to 10 g (A) and 40 g (B) stretch in obstructed bladder. C: averaged 655 

data of the effects of stretch (1-60 g) on the high threshold afferents in control (shown by 656 

solid line, n=14, N=10) and in obstructed (shown by dash line, n=15, N=10) bladders. D: 657 

average data of the elongation of preparations evoked by 1-60 g stretch in control (N=10) and 658 

in obstructed (N=10) bladders. Inserts show the shape of seven superimposed action 659 

potentials for each of the two single discriminated units from tracings in A and B. * P<0.05. 660 

 661 

Fig. 9. Effects of TRP channels agonist, AITC on high threshold afferents in control and 662 

obstructed bladders. A: typical trace shows no activation of high threshold afferent (unit 1) 663 

and unit 2 by 20 g stretch in obstructed bladder. B: high threshold unit 1, but not unit 2, was 664 

activated by 60 g stretch. C: both unit 1 and unit 2 were activated by AITC (100 μM). D: 665 
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average data for concentration-dependent activation of high threshold afferents by AITC in 666 

control (n=18, N=11) and in obstructed bladders (n=14, N=10). 667 

 668 
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