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Abstract

AIMS—To investigate the effects of electrical stimulation of sacral dorsal/ventral roots on 

irritation-induced bladder overactivity, reveal possible different mechanisms under nociceptive 

bladder conditions, and establish a large animal model of sacral neuromodulation.

METHODS—Intravesical infusion of 0.5% acetic acid (AA) was used to irritate the bladder and 

induce bladder overactivity in cats under α-chloralose anesthesia. Electrical stimulation (5, 15, or 

30 Hz) was applied to individual S1–S3 dorsal or ventral roots at or below motor threshold 

intensity. Repeated cystometrograms (CMGs) were performed with/without the stimulation to 

determine the inhibition of bladder overactivity.

RESULTS—AA irritation induced bladder overactivity and significantly (P < 0.05) reduced the 

bladder capacity to 62.6 ± 11.7% of control capacity measured during saline CMGs. At threshold 

intensity for inducing reflex twitching of the anal sphincter or toe, S1/S2 dorsal root stimulation at 

5 Hz but not at 15 or 30 Hz inhibited bladder overactivity and significantly (P < 0.05) increased 

bladder capacity to 187.3 ± 41.6% and 155.5 ± 9.7% respectively, of AA control capacity. 

Stimulation of S3 dorsal root or S1–S3 ventral roots was not effective. Repeated stimulation of 

S1–S3 dorsal root did not induced a post-stimulation inhibition.

CONCLUSIONS—This study established a cat model of sacral neuromodualation of nociceptive 

bladder overactivity. The results revealed that the mechanisms underlying sacral neuromodulation 

are different for nociceptive and non-nociceptive bladder activity.
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1 | INTRODUCTION

In the 1990s sacral neuromodulation was approved by the FDA for the treatment of 

refractory overactive bladder (OAB).1 It is now considered an effective treatment option for 

patients with severe refractory OAB symptoms after first line pharmacotherapy fails.2 

However, the mechanisms of action underlying sacral neuromodulation therapy are still not 

fully understood. Development of an animal model of sacral neuromodulation is important 

for investigating the mechanisms underlying sacral neuromodulation of bladder activity.

Our previous study in anesthetized cats showed that electrical stimulation of the S1 or S2 

sacral dorsal root inhibited non-nociceptive reflex bladder activity induced by saline 

distention of the bladder.3 However, our recent studies in cats indicate that pudendal/tibial 

neuromodulation of non-nociceptive or nociceptive reflex bladder activity involves different 

neurotransmitter mechanisms.4,5 Different mechanisms reflect the fact that different bladder 

afferent nerve fibers and neural pathways are activated during non-nociceptive or 

nociceptive reflex bladder activity. Saline distention of the bladder activates the non-

nociceptive Aδ afferent fibers mediating a spinobulbospinal reflex pathway,6 while the 

nociceptive C-fiber afferents are silent during saline distention.7 However, chemical 

irritation of the bladder can activate the nociceptive C-fiber afferents mediating a spinal 

reflex pathway.8 Therefore, it is necessary to expand the study of sacral neuromodulation in 

cats to investigate reflex bladder overactivity induced by C-fiber afferents to examine the 

possibility that different mechanisms of sacral neuromodulation can exist under nociceptive 

bladder conditions.

In this study, dilute (0.5%) AA was used to irritate the bladder, activate the nociceptive C-

fiber afferents, and induced bladder overactivity in anesthetized cats. S1–S3 dorsal or ventral 

roots were electrically stimulated at different frequencies (5–30 Hz) to inhibit the bladder 

overactivity. The experimental model will be very useful for investigating neurotransmitter 

mechanisms involved in sacral neuromodulation of nociceptive bladder overactivity.

2 | MATERIALS AND METHODS

The experimental protocol involved in this study was approved by the Animal Care and Use 

Committee at the University of Pittsburgh.

2.1 | Experimental setup

A total of six cats (three female, three male, 3.1–4.1 kg, Liberty Research Inc., Waverly, 

NY) were used in this study. The animals were anesthetized by isoflurane (2–5% in oxygen) 

during surgery and then maintained by α-chloralose anesthesia (initial 65 mg/kg 

intravenously with supplementation as needed) during data collection. The sensor of a pulse 

oximeter (9847 V, NONIN Medical, Inc., Plymouth, MN) was fixed on the tongue to 

monitor the heart rate and blood oxygen level. A tracheotomy was performed and a tube was 

inserted to maintain the airway open. A catheter was inserted into right carotid artery to 

monitor systemic blood pressure. Another catheter for intravenous infusion was placed into 

the right cephalic vein. Through an abdominal incision, the ureters were isolated, cut and 

drained externally with the distal ends of the cut ureters ligated to prevent leakage from the 
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bladder. A double-lumen catheter was inserted into the bladder via a small cut in the 

proximal urethra and fixed in placed by a suture around the urethra. One lumen of the 

catheter was connected to a pump to slowly (1–2 mL/min) infuse saline or 0.5% AA into the 

bladder and the other lumen was connected to a pressure transducer to record intravesical 

pressure.

The spinal cord and cauda equina were exposed between the L4 and S3 vertebrae via a 

dorsal laminectomy. The spinal dura was cut and the S1–S3 dorsal and ventral roots on the 

right side were separated for electrical stimulation. A bipolar stainless steel hook electrode 

was used during the experiment to stimulate individual dorsal/ventral roots by delivering 

monophasic electrical pulses (0.2 ms pulse width) that were generated by an electrical 

stimulator (S88, Grass Medical Instruments, Quincy, MA). The animal was mounted in a 

modified Narishige “Eccles” spinal cord frame in which the hip was supported by metal 

pins, and the spinous process at the rostral end of the laminectomy was secured with a 

clamp. The skin, cut mid-sagittally from L4 to S3, was tied along each margin to form a pool 

that was filled with warmed (35–37°C) mineral oil. The temperature of the animal was 

maintained at 36–38°C using a heating pad during the experiments.

2.2 | Stimulation protocol

At the beginning of each experiment, multiple cystometrograms (CMGs) were performed 

with saline infusion to determine the bladder capacity that was defined as the bladder 

volume threshold to induce a bladder contraction of large amplitude (>30 cmH2O) and long 

duration (>20 s). Then, 0.5% AA was infused into the bladder to irritate the bladder, activate 

the nociceptive C-fiber afferents, and induce bladder overactivity. Once the control bladder 

capacity stabilized during repeated AA CMGs, electrical stimulation was applied to the S1 

dorsal root at the threshold (T) intensity for inducing anal sphincter or toe twitching during 

the next three CMGs with stimulation frequency of 5, 15, or 30 Hz for each CMG. After the 

three stimulation CMGs, multiple (2–3) AA control CMGs were performed without 

stimulation to determine any post-stimulation effect. After testing the S1 dorsal root, the 

same CMG protocol was also used for S2 and then S3 dorsal root stimulation. The bladder 

was emptied after each CMG and a 5 min rest period was inserted between CMGs to allow 

the bladder reflex to recover.

Since S1 or S2 dorsal root stimulation at 5 Hz frequency was effective in inhibiting bladder 

overactivity and increasing bladder capacity, the 5 Hz stimulation at different intensities 

(1/4, 1/2, or 1T) was further tested during repeated AA CMGs to determine the minimal 

effective stimulation intensity. At the end of the experiment in two cats, the effect of sacral 

ventral root stimulation (S1, S2, or S3) was also examined during repeated AA CMGs with 

different stimulation frequencies (5, 15, or 30 Hz).

2.3 | Data analysis

The bladder capacity was measured from each CMG and normalized to the capacity 

measured during the first control CMG in each test group (i.e., different dorsal/ventral root 

stimulation). Repeated measurements in the same animal under the same conditions were 

averaged. The normalized data from different animals are presented as mean ± standard 
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error. Paired t-test was used to detect the significant reduction of bladder capacity induced 

by AA irritation. One-way ANOVA with Bonferroni correction followed by multiple 

comparisons of all pairs was used to determine the effects of stimulation frequency (Fig. 1) 

or intensity (Fig. 2) for an individual dorsal root (S1, S2, or S3) and to determine the effect 

of repeated dorsal root stimulation on control capacity (Fig. 3). Statistical significance is 

defined as P < 0.05.

3 | RESULT

Intravesical infusion of 0.5% AA irritated the bladder, induced bladder overactivity, and 

significantly (P < 0.01) reduced bladder capacity to 62.6 ± 11.7% of saline control capacity 

(12.6 ± 1.3 mL). At threshold intensity for inducing anal sphincter or toe twitching, 

electrical stimulation of S1 or S2 dorsal roots at 5 Hz frequency inhibited bladder 

overactivity (Fig. 1A) and significantly (P < 0.05) increased bladder capacity to 187.3 

± 41.6% and 155.5 ± 9.7%, respectively, of AA control capacity (N = 6 cats, Fig. 1B and C). 

Other stimulation frequencies (15 or 30 Hz) did not significantly increase bladder capacity 

(Fig. 1B and C). S3 dorsal root stimulation had no effect on AA-induced bladder 

overactivity (N = 6 cats, Fig. 1D). Repeated stimulation of S1–S3 dorsal roots (three times 

for each root at 5, 15, and 30 Hz) did not produce a post-stimulation inhibition, that is, the 

bladder capacity returned to the AA control capacity after the stimulation (N = 6 cats, Fig. 

3).

In addition to the frequency, stimulation intensity was also critical for S1 or S2 dorsal root 

stimulation to be effective in inhibiting AA-induced bladder overactivity. At intensities 

below the motor threshold (1/2 or 1/4 T), the stimulation did not inhibit bladder overactivity 

and failed to significantly increase the bladder capacity (N = 6 cats, Fig. 2).

In contrast to sacral dorsal root stimulation, preliminary tests in two cats (one male and one 

female) showed that electrical stimulation of S1, S2, or S3 ventral roots at motor threshold 

intensity and different frequencies (5, 15, or 30 Hz) had little effect on AA-induced bladder 

overactivity (Fig. 4).

4 | DISCUSSION

This study in anesthetized cats showed that S1 or S2 dorsal root stimulation was effective in 

inhibiting bladder overactivity induced by 0.5% AA irritation of the bladder (Fig. 1A–C), 

while electrical stimulation of S3 dorsal root (Fig. 1D) was not effective. The inhibition 

occurred at a stimulation frequency of 5 Hz but not 15 or 30 Hz (Fig. 1A–C) and required a 

minimal stimulation intensity at the threshold for evoking reflex twitching of the anal 

sphincter or toe (Fig. 2). Repeated dorsal root stimulation did not induce a post-stimulation 

inhibitory effect (Fig. 3). These results established a cat model that will be useful for 

examining the mechanisms underlying sacral neuromodulation of irritation-induced bladder 

overactivity.

Previous studies in cats3 have shown that S1/S2 dorsal root stimulation is effective in 

inhibiting non-nociceptive bladder activity induced by saline distention. The current study 

further shows that the minimal stimulation intensities required to induce the inhibition under 
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both non-nociceptive and nociceptive conditions are similar, indicating that a similar group 

of afferent nerve fibers in the S1/S2 dorsal roots is involved under both conditions. However, 

repeated stimulation of the same afferent nerves in the dorsal roots produced significant 

post-stimulation inhibition of non-nociceptive bladder activity3 but no post-stimulation 

inhibition of nociceptive bladder overactivity (Fig. 3), indicating that nociceptive afferent 

input from the bladder can either block the post-stimulation inhibition or activate a reflex 

mechanism that is resistant to post-stimulation inhibition. Similar post-stimulation inhibition 

was also observed for tibial neuromodulation in cats.9 The clinical implications of these 

results could be that those patients responding to tibial neuromodulation might have OAB 

caused by the overactivity in the supraspinal micturition pathway because clinical tibial 

neuromodulation utilizes a post-stimulation effect. Meanwhile, those patients not responding 

to tibial neuromodulation might be better treated by pudendal or sacral neuromodulation that 

stimulates the nerve continuously and does not depend on a post-stimulation effect. It is 

worth noting that in acute animal studies the post-stimulation inhibition which lasted more 

than 2 h9 may not be comparable to the clinical post-stimulation inhibition produced by 

chronic tibial neuromodulation that lasts for several weeks. Chronic animal studies are 

needed in order to determine the full duration of post-stimulation inhibition observed in 

recent animal studies.3,9

The different results of post-stimulation inhibition also indicate that the mechanisms 

underlying sacral neuromodulation of non-nociceptive and nociceptive bladder activity could 

be very different. This idea is also supported by our previous studies in cats showing that 

opioid receptors are involved in tibial neuromodulation only under a nociceptive condition 

but not under a non-nociceptive condition4 and the involvement of spinal GABAA receptors 

in pudendal neuromodulation is also observed only under a nociceptive bladder condition.5 

It is worth noting that a previous study in cats10 showed that picrotoxin (a GABAA receptor 

antagonist) at a very high dose (1.5 mg/kg i.v.) removed pudendal inhibition of 

isovolumetric bladder contractions induced by saline distention. However, due to the 

convulsant effect of picrotoxin at this high dose that can significantly increase reflex 

excitability and reduce bladder capacity, it is very difficult to conclude that the effects of 

picrotoxin are selective and that GABAA receptors are involved in pudendal inhibition of 

non-nociceptive bladder activity.

Sacral neuromodulation could activate afferent fibers from both tibial and pudendal nerves 

that travel in the sacral dorsal roots. Our previous study in cats has shown that post-

stimulation inhibition can be induced by tibial nerve stimulation only during saline infusion 

(non-nociceptive condition) but not during AA irritation (nociceptive condition),9 while 

pudendal nerve stimulation cannot induce a post-stimulation effect under either bladder 

condition.11 These comparative results indicate that the afferent nerve fibers from the tibial 

nerve that travel in sacral dorsal roots12 might be responsible for the post-stimulation 

inhibition elicited by sacral dorsal root stimulation under non-nociceptive bladder 

condition.3 However, pudendal afferent nerves also travel in sacral dorsal roots.13 Our 

previous studies in cats show that pudendal nerve stimulation produces bladder inhibition at 

low frequency (5 Hz) but not at high frequency (15–30 Hz),14 while tibial nerve stimulation 

is effective at both low and high frequencies (5–30 Hz).15 The frequency similarity between 

pudendal and sacral dorsal root stimulation (see Fig. 1) suggests that pudendal afferent 
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nerves in sacral dorsal roots may also be activated. Additional investigation is warranted to 

determine the different contributions of pudendal and tibial afferent nerves to the inhibition 

of bladder activity induced by sacral dorsal root stimulation.

Significant species differences exist in sacral neuromodulation.3,16–25 In humans electrical 

stimulation is effective when applied unilaterally to S3 spinal root at an intensity slightly 

below the motor threshold.16 However, in rats bilateral stimulation of lumbar/sacral spinal 

roots is needed to inhibit bladder activity.17–21 Bilateral stimulation of S1 spinal root in rats 

inhibits non-nociceptive bladder activity at an intensity greater than 12 times motor 

threshold,18 while bilateral stimulation of L6 spinal root requires an intensity greater than 

two times motor threshold.19 Stimulation at the motor threshold intensity in rats can only 

produce inhibition under non-nociceptive conditions when both L6 and S1 spinal roots are 

stimulated bilaterally,17 but under nociceptive conditions bilateral stimulation of either the 

L6 or S1 spinal roots can elicit inhibition.24,25 On the other hand, in humans and larger 

animals including cats,3,22 pigs,23 and sheep24 unilateral stimulation of a single sacral spinal 

root can inhibit bladder activity; and in cats this occurs at the motor threshold for the S1 or 

S2 dorsal roots under a non-nociceptive3 as well as nociceptive conditions (the current 

study). In sheep unilateral stimulation of S3 spinal root was only investigated under a non-

nociceptive condition,24 and in pigs unilateral stimulation of S3 spinal root was only studied 

under nociceptive conditions.23 Because stimulation parameters and the location of 

stimulation as well as experimental conditions have been subjected to a detailed analysis in 

the cat, the cat model is probably most suited for future comparative studies of the 

mechanisms underlying the effects of sacral neuromodulation on non-nociceptive and 

nociceptive bladder activity.

Our previous studies in cats3 have shown that stimulation of sacral ventral roots has no effect 

on bladder activity under non-nociceptive conditions. Our preliminary tests in two cats show 

a similar result under nociceptive conditions (Fig. 4). These results in cats agree with 

previous clinical studies showing that the therapeutic effects of sacral neuromodulation are 

due to stimulation of afferent nerve fibers instead of efferent nerve fibers in the spinal 

roots.25 Our previous study in cats5 also showed that the sympathetic inhibitory pathway to 

the bladder passing through the hypogastric nerves did not play a role in sacral 

neuromodulation of non-nociceptive bladder activity. However, our recent study in cats26 has 

shown that pudendal neuromodulation can activate the sympathetic (hypogastric) efferent 

output to inhibit the bladder activity via a β-adrenergic mechanism only under a nociceptive 

bladder condition but not under a non-nociceptive bladder condition. Since sacral dorsal root 

stimulation probably activates the pudendal afferent fibers, additional studies are suggested 

to further determine the role of hypogastric nerves in sacral neuromodulation of nociceptive 

bladder overactivity.

Clinical application of sacral neuromodulation often uses stimulation frequencies of 10 or 15 

Hz.19 However, our studies in cats (Fig. 1)3 show that low frequency (5 Hz) sacral 

neuromodulation is better than high frequency (15 Hz) for inhibiting bladder activity. 

Previous studies in cats22 also show that 7–10 Hz is the optimal frequency for sacral 

neuromodulation. A recent study in humans16 further indicates that sacral neuromodulation 

at 5.2 Hz can produce the same efficacy as higher frequencies (10, 21, or 40 Hz). Therefore, 
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both animal and human studies suggest that a lower frequency (5 Hz) should be used in 

clinical application because it can significantly reduce the consumption of electricity and 

save the battery life of the implanted stimulator.

With the minimal number of cats per gender (N = 3), this study did not detect any 

statistically significant difference between male and female animals. However, as a group (N 
= 6 cats for both genders) statistically significant effects of sacral neuromodulation were 

detected (Figs. 1 and 2), indicating that sex difference was not a major factor in this study. 

Certainly, using the sacral neuromodulation model established in this study and a larger 

number of cats per gender it might be possible to detect a sex difference if it exists. More 

studies aimed at sex difference in sacral neuromodulation are warranted.

The frequency effects were determined by stimulating different dorsal roots in a sequence 

(S1, S2, and then S3). This experimental order may cause a weaker effect for the tests 

performed at a later time. However, this seems unlikely to be a factor because: (1). The 

control CMGs did not change with time (Fig. 3); (2) Data in Figure 2 were obtained after 

repeated stimulation of S1, S2, and S3 dorsal roots, but the same extent of inhibition was 

still obtained by S1 or S2 dorsal root stimulation at 1T intensity (compare data in Figs. 1 and 

2).

In summary, this study in cats established a large animal model of sacral neuromodualation 

of nociceptive bladder overactivity. It will be very useful for future comparative studies to 

understand the different mechanisms underlying sacral neuromodulation of non-nociceptive 

and nociceptive bladder activity. Understanding the mechanisms of sacral neuromodulation 

could further improve this FDA-approved therapy or discover new therapies for OAB.
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FIGURE 1. 
Inhibition of AA irritation-induced bladder overactivity by stimulation of sacral dorsal roots 

S1–S3. (A) Stimulation at threshold (T) intensity and different frequencies (5, 15, 30 Hz) 

was applied during repeated CMGs. The black bar under bladder pressure trace indicates the 

stimulation duration. T = 0.2 V for S1 and S2, T = 6 V for S3. (B–D) Normalized bladder 

capacity measured during repeated CMGs with S1 (B), S2 (C), or S3 (D) dorsal root 

stimulation at different frequencies. *Indicates significantly different from the first control 

(P < 0.05, N = 6, one-way ANOVA).
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FIGURE 2. 
Effect of different stimulation intensities on S1/S2 dorsal root inhibition of bladder 

overactivity induced by AA irritation. (A) Stimulation (5 Hz) at different intensities relative 

to the threshold (T) intensity for evoking reflex twitching of anal sphincter or toe was 

applied during repeated CMGs. The black bar under bladder pressure trace indicates the 

stimulation duration. T = 0.2 V for S1 and S2. (B–C) Normalized bladder capacity measured 

during repeated CMGs with S1 (B) or S2 (C) dorsal root stimulation at different intensities. 

*Indicates significantly different from the first control (P < 0.05, N = 6, one-way ANOVA).
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FIGURE 3. 
Repeated stimulation of sacral dorsal root (DRT) S1–S3 did not produce post-stimulation 

inhibition of bladder overactivity induced by AA irritation. (A) Control CMGs before and 

after repeated (three times at 5, 15, and 30 Hz) S1, S2, or S3 DRT stimulation (2–10 min 

each time). (B) Bladder capacity was not changed after repeated S1, S2, and S3 DRT 

stimulation.
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FIGURE 4. 
Stimulation of S1–S3 ventral roots did not inhibit reflex bladder activity or increase bladder 

capacity during AA irritation. (A) Stimulation at threshold (T) intensity and different 

frequencies (5, 15, 30 Hz) was applied during repeated CMGs. The black bar under bladder 

pressure trace indicates the stimulation duration. T = 0.15 V for S1, T = 0.07 V for S2, and T 
= 0.2 V for S3. (B–D) Normalized bladder capacity measured during repeated CMGs with 

S1 (B), S2 (C), or S3 (D) ventral root stimulation at different frequencies.
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