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Abstract

Introduction

Current treatments for overactive bladder (OAB) are often discontinued due to side effects

or lack of efficacy. The goal of this study was to determine if combining a phosphodiesterase

type 4 inhibitor (PDE4i); with a type 5 inhibitor (PDE5i); would have a beneficial effect on

OAB symptoms and if a reduced dose of PDE4i in combination with PDE5i could also pro-

vide a beneficial effect in OAB. We hypothesized that PDE5i and PDE4i combination treat-

ment could be utilized to reduce non-voiding contractions and smooth muscle disruption in a

rat model of OAB.

Methods

Fifty-eight age-matched Sprague-Dawley rats underwent PBOO and daily gavage with

PDE4i alone (roflumilast; 1mg/kg), PDE5i alone (tadalafil;10mg/kg), high dose combination

(PDE4i 1mg/kg, PDE5i 10mg/kg), low dose combination (PDE4i 0.2mg/kg, PDE5i 10mg/

kg), or vehicle for 28 days. Fourteen animals underwent sham PBOO with vehicle. Rats

underwent conscious and anesthetized cystometry 28 days after PBOO and were eutha-

nized for qualitative bladder histology. One-way ANOVA on ranks with a Dunn’s post hoc

test was used to indicate statistically significant differences between groups (p<0.05).

Results

Bladder & urethral weight was significantly increased after PBOO with vehicle, PDE4i alone,

and PDE5i alone, but not with either combination treatment. Frequency of non-voiding
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contractions during both conscious and anesthetized cystometry increased significantly

after PBOO with vehicle, but not after PDE4i or high dose combination treatments compared

to sham PBOO. Threshold pressure for voiding was significantly decreased with high dose

combination compared to vehicle. PBOO treated with PDE4i alone or high dose combination

showed less bladder smooth muscle fibrosis than vehicle, PDE5i alone, or low dose combi-

nation treatments.

Conclusion

A PDE4i and PDE5i combination treatment has potential benefit in reducing OAB symp-

toms, but future research is needed.

Introduction

Overactive Bladder (OAB) is defined as urgency, with or without urge incontinence, usually

with frequency and nocturia, and affects both men and women at approximately 16% [1,2].

Non-voiding contractions (NVC) are a sign of detrusor overactivity and the primary indica-

tors of OAB, although the causes are not well understood [3]. Current treatments are effective

in reducing NVC, however the side effects of anti-muscarinics often lead to discontinuation.

The β3-adrenergic receptor agonist, Mirabegron, results in detrusor relaxation from increased

cAMP, but has unwanted side effects i.e. increased heart rate and blood pressure [3]. Intravesi-

cal injection of onabotulinum toxin A is an alternative treatment but it is invasive, repeated

treatments are needed, and it can result in underactive bladder [4,5]. Phosphodiesterase type 5

inhibitors (PDE5i) have also been shown to relieve lower urinary tract symptoms in patients

with benign prostatic hyperplasia (BPH) [3].

A number of animal models are used to simulate OAB [6,7]. Hypersensitivity models can

be created using different agents, but more closely simulate cystitis than OAB [6]. New models

are being created, which could model OAB more closely, but further research is needed on

these models before testing new potential therapeutics [8]. The partial bladder outlet obstruc-

tion (PBOO) model of OAB in female rats is well validated and demonstrates increased NVC

and changes in bladder physiology similar to those seen with OAB in both men and women

[6,9,10].

Phosphdiesterases (PDEs) degrade cyclic nucleotides: either cAMP (PDE4) or cGMP

(PDE5) or both (PDE3) [4,11,12]. PDE4 and PDE5 are expressed in bladder smooth muscle

[13]. PDE4 inhibitors (PDE4i) relax bladder smooth muscle in vitro and could be effective in

relieving symptoms of OAB [14]. PDE4i treatments decrease NVC and residual volume in

PBOO models [10,11]. However, PDE4 are present in the nervous system and PDE4i in

humans can cause nausea and gastrointestinal disruption, so minimizing the dose is important

[15]. PDE5i are less effective in treating OAB, but have fewer side effects [3]. The goals of this

study were to determine if the combination of a PDE5i and PDE4i would have a beneficial

effect on OAB symptoms and if a reduced dose of PDE4i in combination with PDE5i could

also provide a beneficial effect in OAB. We hypothesized that PDE5i and PDE4i combination

treatment could be utilized to reduce non-voiding contractions and smooth muscle disruption

in a rat PBOO model of OAB.

Materials and methods

All work was approved by the Cleveland Clinic Institutional Animal Care and Use committee

(IACUC). Fifty-eight female Sprague-Dawley rats (225-250g) received PBOO and received
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either: vehicle (2-Hydroxyethyl cellulose solution);(n = 11), PDE4i alone (roflumilast; 1mg/

kg);(n = 13), PDE5i alone (tadalafil;10mg/kg);(n = 12), high dose combination treatment

(PDE4i 1mg/kg, PDE5i 10mg/kg);(n = 10), or low dose combination treatment (PDE4i 0.2mg/

kg, PDE5i 10mg/kg);(n = 12). Fourteen sham PBOO rats received vehicle treatment. Treat-

ments were started the day after PBOO, in a blinded manner. Animals were treated daily via

gavage (0.4 ml) for 28 days. Twenty-six days after PBOO or sham PBOO a suprapubic bladder

catheter was implanted followed by functional testing and euthanasia 2 days later. Female rats

were used because the PBOO model of OAB is the most commonly done and most well vali-

dated in female rats [6,10,16,17].

All treatments were prepared at Eli Lilly, labeled in a blinded fashion, and shipped to the

Cleveland Clinic. Treatments were stored at 4˚C and were continually stirred.

PBOO was performed as previously described [7]. In brief, under isoflurane anesthesia

(2%), the abdomen was shaved and a longitudinal mid-line incision was created 1.5 cm above

the urethral meatus. The bladder and bladder neck were then isolated. A 1.1 mm rod was

placed beside the urethra and 4–0 prolene suture was tied tightly around both the urethra and

the rod. The rod was then removed creating, a loose ligature around the urethra, and the liga-

ture was not removed prior to euthanasia. The abdominal muscle and skin were then closed

separately. The abdominal incision was closed and Buprenorphine (0.03mg/kg) was given sub-

cutaneously twice daily for two days after surgery as a postoperative analgesic.

Twenty-six days after the PBOO surgery, animals were re-anesthetized for suprapubic blad-

der catheter implantation, which was done as previously described [18]. An incision was made

1.5 cm above the urethral meatus. After the bladder was isolated, a 4–0 silk purse-string suture

was placed in the dome of the bladder. An incision in the center of the purse-string suture was

made, through which the catheter (PE-50 tubing with a flared tip) was implanted. The catheter

was then tunneled subcutaneously to the back of the animal’s neck and sealed. Bladder size at

the time of implant surgery was not recorded.

Twenty-eight days after PBOO, rats were placed in a modified metabolic cage with a beaker

on a force transducer (Model FT10; Grass Instruments, West Warwick, RI) placed underneath

to measure voided volume. The suprapubic catheter was connected to a syringe pump (Model

200; KD Scientific, New Hope, PA) and a pressure transducer (Model PT300; Grass Instru-

ments). To accommodate the difference in bladder size between sham PBOO and PBOO ani-

mals, bladders of sham PBOO animals were filled with saline at 5ml/hr. and bladders of PBOO

animals at 7.5 ml/hr. Motion and other artifacts were noted.

Pressure and force data were amplified (Model P122; Grass Instruments) and digitized

(10 samples/sec) using a Dash8Xe (AstroMed, West Warwick, RI). Post-void residual volume

(PVR) was collected by stopping the flow of saline and disconnecting the catheter from the

pump immediately after a void. PVR was collected by gravity filling a pre-weighed falcon

tube with urine via the catheter. The tube was weighed and urine was assumed to have the

density of water. The first bladder fill allowed the bladder to acclimate to bladder filling and

was not included in the analysis. Three filling and voiding cycles with PVR were recorded

from each animal. Voided volume, threshold pressure, peak voiding pressure, volume filled,

capacity, PVR, duration of voiding cycle, and number of NVC both per void and per minute,

were calculated for each voiding cycle. Peak voiding pressure was the highest pressure at the

instant of a void. Threshold pressure was the lowest pressure just preceding peak voiding

pressure. An NVC consisted of an increase in pressure greater than 20% from baseline,

defined as the bladder pressure just prior to a potential NVC presented by an increase in

pressure, that did not result in a void, which is similar to other studies in the field (10, 11,

30). Voiding cycle duration started when filling recommenced after PVR collection, and

ended with the end of the next void. Volume filled was calculated from the filling rate and
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the time after PVR collection until the start of a void. Capacity for each void was calculated

by adding voided volume and PVR.

After conscious cystometry, rats were anesthetized with urethane intraperitoneally (1.2g/

kg) for anesthetized cystometry and the catheter was connected to the urodynamic system

with the animals placed supine. Both conscious and anesthetized cystometry were utilized

because both have previously been used to assess OAB symptoms [10,19]. Urethane was used

as it does not affect bladder reflexes or filling [20]. Three filling and voiding cycles were col-

lected from each animal. Voided volume and PVR were not measured during anesthetized

cystometry. Animals were observed and voids were noted. Threshold pressure, peak voiding

pressure, volume filled, duration of voiding cycle and number of NVC both per void and per

minute, were calculated for each voiding cycle as described above.

Rats were euthanized by CO2 immediately after anesthetized cystometry. The lower urinary

tract (LUT) consisting of the bladder and urethra were harvested en bloc, patted dry, and

excess fat was removed. The bladder and urethra were weighed together. The bladder was then

filled with one ml of 10% formalin and immersion fixed overnight. Specimen were embedded

in paraffin, sectioned (5 μm) and stained with Masson’s trichrome. Histology was qualitatively

analyzed in a blinded manner. A few animals that chewed off their catheters before functional

testing could not be included in functional outcomes (PBOO with vehicle: 2; PDE5i alone: 2;

PDE4i alone: 6; high dose combination: 2; low dose combination: 1), but their organs were

harvested and weighed.

Quantitative outcome values calculated for each voiding cycle were averaged to create a

mean value for each outcome for each rat, which was then averaged to create a mean and stan-

dard error of the mean (SEM) for each group. Each parameter was analyzed independently for

outliers, which were removed if they were greater than 2 standard deviations from the mean. A

one-way ANOVA on ranks followed by a Dunn’s post hoc test was used to determine differ-

ences between all groups with P< 0.05 indicating a statistically significant difference. Quantita-

tive data is presented as mean ± SEM, as recommended by Cumming et al [21]. For the tables

the number of animals per group per variable are within the parenthesis. The study was

designed with NVC per void during conscious cystometry as the primary outcome and was

stopped once it was achieved, resulting in additional outcomes having higher standard error.

Results

The high dose combination group had a morbidity rate of fifty-four percent because of signifi-

cant weight loss, while the other groups did not have any morbidity. Example conscious cysto-

metry tracings show an increase in number of NVC per void in PBOO + vehicle and PDE5i

alone compared to sham PBOO (Fig 1). Examples were chosen based on the number of NVC

to best represent the mean per group. There were significantly fewer NVC per void during

conscious cystometry in sham PBOO rats (12.4 ± 4.3 /void) compared to those with PBOO

receiving vehicle (34.7 ± 5.9 /void) or PDE5i alone (32.5 ± 8.6 /void; Fig 2A). There was no sig-

nificant difference in number of NVC per void between rats with PBOO receiving PDE4i

alone (16.9 ± 3.7 /void), high dose combination (18.8 ± 3.7 /void) or low dose combination

(20.4 ± 4.9 /void) treatment compared to sham PBOO animals, indicating decreased OAB in

these groups. Nonetheless the frequency of NVC (per minute) was not significantly different

between the groups (Table 1).

PVR during conscious cystometry of sham PBOO (0.05 ± 0.02 ml) rats was significantly less

than that of rats with PBOO treated with vehicle (1.88 ± 0.38 ml) or PDE5i alone (1.48 ± 0.41

ml; Fig 2B). There was no significant difference in PVR between rats with sham PBOO or

PBOO + vehicle or PDE4i alone (1.66 ± 0.68 ml), high dose combination (1.46 ± 0.45 ml), or
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low dose combination (1.48 ± 0.43ml) treatment. Bladder capacity of sham PBOO rats was

0.58 ± 0.31ml, which was significantly less than rats with PBOO and vehicle (3.78 ± 0.71 ml;

Fig 2C). However, bladder capacity was not significantly different between sham PBOO and

PBOO with PDE4i alone (3.47 ± 1.20 ml) or PDE5i alone (3.14 ± 0.70 ml), high dose combina-

tion (2.86 ± 0.65 ml), or low dose combination (2.96 ± 0.85 ml) treatment.

Average volume filled during conscious cystometry in the PBOO and vehicle group

(2.24 ± 0.5 ml) was significantly greater than that of sham PBOO rats (0.67 ± 0.6 ml; Fig 2D).

No other groups were significantly different from one another.

Fig 1. Examples of bladder pressure during conscious cystometry in rats receiving: Sham partial bladder outlet

obstruction (PBOO) + vehicle (SPBOO + V) (A), PBOO + vehicle (PBOO + V) (B), PBOO + PDE5i (C), PBOO

+ PDE4i (D), PBOO + high dose combination treatment (E), and PBOO + low dose combination treatment (F).

The scale bar indicates 1 minute. Arrows indicate four example non-voiding contractions.

https://doi.org/10.1371/journal.pone.0220788.g001
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Fig 2. Primary results of conscious cystometry including: Number of non-voiding contractions per void (A), post-void residual volume (B),

bladder capacity (C), fill volume (D) and bladder/urethral weights (E) for rats receiving: Sham partial bladder outlet obstruction(PBOO) and

vehicle (SPBOO + V), PBOO and vehicle (PBOO + V), PBOO and PDE5i alone (PBOO + PDE5i), PBOO and PDE4i alone (PBOO + PDE4i),

PBOO and high dose combination treatment (PBOO + high dose combination treatment) and PBOO and low dose combination treatment

(PBOO + low dose combination treatment). Data is presented as mean ± standard error of the mean per group. The number of animals per group per

variable are displayed in the box above each bar. �indicates a statistically significant difference compared to SPBOO + V.

https://doi.org/10.1371/journal.pone.0220788.g002
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Bladder and urethral weight of sham PBOO rats was 0.56 ± 0.05 g, significantly less than

that of rats with PBOO receiving vehicle (1.23 ± 0.19g), PDE4i alone (1.22 ± 0.10g) or PDE5i

alone (1.03 ± 0.13g) (Fig 2E). There were no significant differences between LUT weight of

rats with PBOO and vehicle and those of with PBOO receiving PDE4i alone or PDE5i alone.

LUT weight of rats with PBOO and both combination treatments was not significantly differ-

ent from that of either sham PBOO or PBOO with vehicle.

Example anesthetized cystometry data (Fig 3) shows an increase in NVC in PBOO with

vehicle, PBOO with PDE5i alone and PBOO with the low dose combination treatment groups

compared to sham PBOO. Examples were chosen based on the number of NVC to best repre-

sent the mean per group. The number of NVC per void during anesthetized cystometry in

rats with sham PBOO (0.48 ± 0.2 /void) was significantly less than that of rats with PBOO

receiving vehicle (7.04 ± 1.3 /void), PDE5i alone (6.11 ± 2.3 /void), or low dose combination

(7.7 ± 1.5 /void) treatments (Fig 4A). There were no significant differences between sham

PBOO and PBOO with PDE4i alone (2.5 ± 1.0 /void) or high dose combination (2.6 ± 0.7

/void) treatments.

The number of NVC per minute during anesthetized cystometry was significantly increased

in PBOO animals treated with vehicle (1.8 ±. 0.6/min), PDE5i alone (1.4 ± 0.2 /min) or low

dose combination treatment (1.7 ± 0.2 /min) compared to sham PBOO (0.2 ± 0.1 /min; Fig

4B). There were no significant differences in number of NVC per minute between sham

PBOO and PBOO with PDE4i alone (0.9 ± 0.3 /min) or high dose combination (1.0 ± 0.2

/min) treatment.

There was a significant decrease in threshold pressure during anesthetized cystometry in

rats with PBOO receiving high dose combination treatment (7.7 ±. 0.6 cm H20) compared to

PBOO with vehicle (14.4 ±. 2.5 cm H20), PDE5i alone (12.6 ±. 1.0 cm H20) and low dose com-

bination (13.2 ±. 1.4 cm H20) treatment (Fig 4C). Threshold pressures of rats with PBOO

receiving PDE4i alone (9.2 ±. 2.8 cm H20) or high dose combination treatments were not sig-

nificantly different compared to rats with sham PBOO (9.5 ±. 0.9 cm H20). Other outcomes

were not significantly different between the groups (Table 2).

Bladder wall thickness increased after PBOO in all groups compared to sham PBOO + (Fig

5). Less fibrosis was observed in the bladders of PBOO animals treated with PDE4i alone or

high dose combination compared to PBOO rats with sham treatment, PDE5i alone, or low

dose combination.

Table 1. Additional outcomes of conscious cystometry.

Animal Group Non-voiding Contractions per

Minute (N)

Voided Volume (ml)

(N)

Threshold Pressure (cm H20)

(N)

Peak Voiding Pressure (cm

H20)(N)

SPBOO + V 1.53 ± 0.29 (14) 0.40 ± 0.07 (14) 12.96 ± 1.07 (14) 26.82 ± 1.64 (14)

PBOO + V 2.22 ± 0.21(10) 0.20 ± 0.04 (10) 15.42 ± 2.26 (10) 31.39 ± 3.87 (10)

PBOO + PDE5i 2.17 ± 0.27 (10) 0.24 ± 0.04 (10) 17.25 ± 2.44 (10) 33.46 ± 3.03 (10)

PBOO + PDE4i 1.23 ± 0.10 (7) 0.39 ± 0.15 (7) 15.57 ± 3.67 (7) 31.27 ± 3.53 (7)

PBOO + high dose combination

treatment

1.76 ± 0.23 (8) 0.22 ± 0.04 (8) 15.68 ± 2.16 (8) 28.37 ± 2.42 (8)

PBOO + low dose combination

treatment

2.17 ± 0.39 (10) 0.28 ± 0.05 (10) 15.59 ± 2.09 (10) 30.80 ± 2.28 (10)

Sham partial bladder outlet obstruction (PBOO) and vehicle (SPBOO + V), PBOO and vehicle (PBOO + V), PBOO and PDE5i alone (PBOO + PDE5i), PBOO and

PDE4i alone (PBOO + PDE4i), PBOO and high dose combination treatment (PBOO + high dose combination treatment) and PBOO and low dose combination

treatment (PBOO + low dose combination treatment). The number of animals per group per variable are within the parenthesis.

https://doi.org/10.1371/journal.pone.0220788.t001
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Fig 3. Examples of anesthetized cytometry bladder pressure for each group: Sham partial bladder outlet

obstruction (PBOO) and vehicle treatment (SPBOO + V) (A), PBOO with vehicle (PBOO + V) (B), PBOO with

PDE5i treatment (C), PBOO with PDE4i treatment (D), PBOO with high dose combination treatment (E), and

PBOO with low dose combination treatment (F). The scale bar indicates 1 minute. Arrows indicate example non-

voiding contractions.

https://doi.org/10.1371/journal.pone.0220788.g003
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Fig 4. Primary results of anesthetized cystometry including: Number of non-voiding contraction per void (A),

Non-voiding contraction per minute (B), and threshold voiding pressure (C) in rats receiving: Sham partial

bladder outlet obstruction (PBOO) and vehicle (SPBOO +V), PBOO and vehicle (PBOO + V), PBOO and PDE5i

alone (PBOO + PDE5i), PBOO and PDE4i alone (PBOO + PDE4i), PBOO and high dose combination treatment

(PBOO + high dose combination treatment) and PBOO and low dose combination treatment (PBOO + low dose

combination treatment). Data is presented as mean ± standard error in each group. The number of animals per group

Overactive bladder and phosphodiesterase type 4 inhibitor and phosphodiesterase type 5 inhibitor
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Discussion

PDE5i can be used to treat symptoms of bladder outlet obstruction in patients with BPH [22].

PDE5i have been shown to increase nitric oxide (NO) signaling and bladder relaxation in a rat

PBOO model [23]. In addition, PDE4i have been shown to relax bladder smooth muscle in

vitro and decrease NVC and residual volume in PBOO models [10–12,24]. Strips of human

bladder muscle had greater relaxation with intact urothelium than without urothelium when

treated with PDE4i, suggesting that since NO is produced in the urothelium, NO signaling

could enhance the effects of PDE4i treatment [13,14]. However, PDE4i treatment has signifi-

cant side effects. Both cAMP and cGMP can cause relaxation of smooth muscle through acti-

vation of protein kinase A (PKA) (cAMP) and protein kinase G (PKG) (cGMP) [25]. The

combination of both PDE4i and PDE5i could potentially be given orally and provide symp-

tomatic relief at a lower dosage than either one given individually. The aims of the study were

to determine if there are beneficial effects on OAB symptoms with combination PDE4i and

PDE5i and if those effects could be achieved with a reduced PDE4i dose combined with

PDE5i. We hypothesized that PDE5i and PDE4i combination treatment could be utilized to

reduce non-voiding contractions and smooth muscle disruption in a rat PBOO model of

OAB.

The doses chosen for this study were selected based on previous publications using PDE4i

and PDE5i [11,26]. Clinically, 10 mg of tadalafil has been shown to be safe and effective, while

10mg/kg has previously been used to investigate the effects of tadalafil in rodent experiments

[26–28]. Previous investigations of PDE4i in rodent PBOO models have used a range of doses

between 0.1mg/kg– 1mg/kg and roflumilast has been shown to be safe in rodents [10,11,29].

We demonstrated an increase in the number of NVC per void in conscious cystometry

after PBOO, demonstrating consistency of the model [30]. PDE5i alone did not decrease the

frequency of NVC, while treatments containing PDE4i restored NVC to those of sham PBOO

animals, consistent with previous reports that have shown PDE4i treatment can reduce the

number of NVC [10,11]. Nishiguchi et al. showed that PDE4i can reduce NVC at doses as low

as 0.1 mg/kg when injected before cystometry [10]. Similarly, our results demonstrate that

PDE4i reduces NVC. However, we did not test our PDE4i low dose (0.2 mg/kg) alone, which

would have determined if the reduction detected in the low dose combination was because of a

per variable are displayed in the box above each bar. �indicates a statistically significant difference compared to SPBOO

+ V; ˚ indicates a statistically significant difference compared to PDE4i high dose combination treatment.

https://doi.org/10.1371/journal.pone.0220788.g004

Table 2. Additional outcomes of anesthetized cystometry.

Animal Group Fill volume (ml) (N) Peak Voiding Pressure (N)

SPBOO + V 0.43 ± 0.08 (10) 24.04 ± 2.60 (10)

PBOO + V 0.33 ± 0.07 (8) 24.51 ± 3.77 (8)

PBOO + PDE5i 0.48 ± 0.08 (10) 20.96 ± 1.90 (10)

PBOO + PDE4i 0.41 ± 0.07 (6) 17.77 ± 2.36 (6)

PBOO + high dose combination treatment 0.31 ± 0.05 (10) 21.74 ± 4.44 (10)

PBOO + low dose combination treatment 0.68 ± 0.13 (11) 22.82 ± 2.14 (11)

Sham partial bladder outlet obstruction (PBOO) and vehicle (SPBOO + V), PBOO and vehicle (PBOO + V), PBOO

and PDE5i alone (PBOO + PDE5i), PBOO and PDE4i alone (PBOO + PDE4i), PBOO and high dose combination

treatment (PBOO + high dose combination treatment) and PBOO and low dose combination treatment (PBOO

+ low dose combination treatment). The number of animals per group per variable are within the parenthesis.

https://doi.org/10.1371/journal.pone.0220788.t002
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decreased dose of PDE4i or the combination of PDE4i and PDE5i, although the results of the

Nishiguchi et al. study suggest we would have seen a decrease in NVC. The purpose of the

study was to determine if the combination treatment would have a functional effect. A future

study to determine the mechanism of action would include a PDE4i low dose alone group.

Neither the low or high dose combination groups were significantly different from either the

Sham PBOO or PBOO with vehicle in conscious cystometry outcomes, indicating that the

combination treatments partially recovered bladder function.

Anesthetized cystometry showed a significant increase in NVC both per min and per void

in PBOO with vehicle compared to sham PBOO, again demonstrating consistency of the

model [31]. PDE5i alone and the low dose combination treatment were not effective in reduc-

ing NVC per minute or per void, demonstrating that PDE4i alone and the high dose combina-

tion treatment were more effective in reducing NVC during anesthetized cystometry in

comparison to conscious cystometry, possibly due to reduced motion artifact during anesthe-

tized cystometry enabling greater precision of measurement. Our PDE4i results are similar to

the effects seen in a cystitis model with increased NVC, in which intravesical PDE4i decreased

the number of NVC [32]. Likewise, we observed a significant decrease in threshold pressure

during anesthetized cystometry in rats treated with the high dose combination treatment

Fig 5. Examples of Masson’s trichrome-stained transverse sections of bladder from animals in all experimental

groups: Sham partial bladder outlet obstruction (PBOO) and vehicle (SPBOO + V), PBOO and vehicle (PBOO

+ V), PBOO and PDE5i alone (PBOO + PDE5i), PBOO and PDE4i alone (PBOO + PDE4i), PBOO and high dose

combination treatment (PBOO + high dose combination treatment) and PBOO and low dose combination

treatment (PBOO + low dose combination treatment). Scale Bar is 100 μm in length. Collagen signifying fibrosis is

stained blue, muscle is stained red.

https://doi.org/10.1371/journal.pone.0220788.g005
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compared to PBOO with vehicle, PDE5i alone or low dose combination treatments. Similarly,

intravesical PDE4i treatment resulted in decreased threshold pressure during anesthetized

cystometry in the cystitis model [32]. Since PDE4i was administrated intravesically in the cysti-

tis study, a dose comparison with our study is not possible [32].

PVR measured during conscious cystometry was increased after PBOO treated with vehicle

or PDE5i alone compared to sham PBOO. In contrast when PBOO was treated with PDE4i

alone, low or high dose combination treatments PVR was not significantly different from that

of Sham PBOO or PBOO with vehicle. In Nishiguchi’s study PDE4i demonstrated a significant

decrease in PVR at 1mg/kg, but there was not a significant decrease at lower doses: 0.1 or 0.5

mg/kg, suggesting our low dose (0.2mg) would not have an effect on PVR either; however it is

important to mention that in the Nishiguchi study PDE4i was administered via IV injection at

the time of cytometry [10]. While previous studies have not reported the effects of PDE5i on

PVR after PBOO, in our study the addition of a low dose (0.2mg/kg) of PDE4i to PDE5i,

improved the effectiveness of the PDE5i dose at reducing PVR.

Similar to previous studies, we demonstrated a significant increase in LUT weight after

PBOO [31]. Treatment with either PDE5i or PDE4i alone after PBOO did not decrease LUT

weight indicating that neither PDEi alone reduced the increase in bladder size due to the

PBOO, consistent with Kang et al., who showed that Mirodenafil, a PDE5i, did not signifi-

cantly decrease bladder weight after PBOO [33]. Similarly, Matsumoto et al. showed that a dif-

ferent PDE5i, Vardenafil, did not significantly reduce bladder weight after PBOO. However,

Kawai et al. showed that Tadalafil, a PDE5i, significantly reduced bladder size after PBOO

[16,34]. These results indicate more research is needed to determine which PDE5i is more

effective in reducing bladder weight. Studies investigating PDE4i and PBOO did not report

bladder weight.

In our study, LUT weight after PBOO and either low or high dose combination treatment

was not significantly different from sham PBOO, indicating that combination treatment could

potentially lessen the effects of PBOO. Matsumoto et al. tested cilostazol, a PDE3i, which did

not significantly reduce bladder weight after four weeks of treatment [17]. It is unclear if the

combination of PDE4i, which increases cAMP, and a PDE5i, which increases cGMP, would

have a similar effect as a PDE3i, which increase cAMP and cGMP. Dosing in our study may

have been higher since Cilostazol was mixed in the food and exact mg/kg dosing was not stated

in the Matsumoto et al. study [17].

An increase in LUT weight was supported by an increase in bladder capacity and fill vol-

ume after PBOO with vehicle treatment, but not with any of the PDEi treatments. LUT

weight, capacity and fill volume were secondary measures and our project was not powered

to show a significant difference; however we did show a difference between sham PBOO

and PBOO with vehicle, similar to prior studies [35]. Beamon et al did not show a decrease

in capacity with a PDE5i, supporting our findings [35]. It is important to note that the filling

rates used in this study are not physiological filling rates and that, while different filling

rates for the Sham PBOO and PBOO groups have previously been utilized, it could be a lim-

itation. Previous work by Lluel et al., did not see changes in bladder function when increas-

ing flow rate in PBOO animals, suggesting it would not have affected the results in this

study [36].

Masson’s trichrome staining demonstrated less fibrosis with PDE4i alone or high dose com-

bination treatment after PBOO compared to PBOO with vehicle. In addition, there was an

increase in fibrosis in PBOO with vehicle compared to sham PBOO, with the PDE5i alone

group being comparable to PBOO and vehicle. This is in contrast to Beamon et al. who

reported that PDE5i reduced fibrosis [35]. The difference of these results could be explained

by the difference in length of treatment time between the studies: 6 weeks in Beamon et al.
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and 4 weeks in our study. Had we utilized a longer treatment time in our study we may have

observed similar results.

A limitation of our study design was not including a low dose PDE4i treatment group,

since Nishiguchi et al. demonstrated PDE4i decreased NVC at 0.1mg/kg [10]. The inclusion of

a low dose PDE4i treatment group may have allowed us to determine if the effects of the low

dose combination treatment group were due to synergistic effects of the combination treat-

ment. Our study was intended to determine any benefits of a PDE4i and PDE5i combination

treatment on voiding function after PBOO. Additionally, the study was designed with NVC

per void during conscious cystometry as the primary outcome and was stopped once it was

achieved, resulting in additional outcomes having higher standard error. Additionally, animals

in the high combination group had increased morbidity as many lost weight, animals that lost

more than 10% of their initial body weight were removed from the study early. An additional

limitation to the study is that we did not quantitatively analyze collagen content in the histo-

logical sections. Future studies are needed to investigate the mechanism of action of the com-

bination treatment.

Conclusion

Both combination treatments were more effective in improving bladder function than PDE4i,

PDE5i alone or vehicle. Conscious cystometry demonstrated both combination treatments

had similar effects, while the high dose combination treatment was more effective than the low

dose combination treatment at reducing NVC in anesthetized cystometry; however the high

dose combination had a higher morbidity rate. Therefore, a lower PDE4i dose may be more

effective with a higher PDE5i dose, but further testing is needed.

Acknowledgments

We would like to thank Dan Li Lin for training in surgical techniques.

Author Contributions

Data curation: Brian M. Balog, Pooja Sheth.

Formal analysis: Brian M. Balog, Abhilasha Tangada, Pooja Sheth, Margot S. Damaser.

Investigation: Brian M. Balog, Abhilasha Tangada, Qi-Xiang Song.

Methodology: Brian M. Balog, Abhilasha Tangada, Qi-Xiang Song, Bruna M. Couri, Margot

S. Damaser.

Project administration: Brian M. Balog, Abhilasha Tangada, Qi-Xiang Song, Bruna M. Couri,

Leah L. Porras, Gary G. Deng, Margot S. Damaser.

Resources: Leah L. Porras, Gary G. Deng.

Supervision: Margot S. Damaser.

Validation: Brian M. Balog.

Writing – original draft: Brian M. Balog, Abhilasha Tangada, Qi-Xiang Song, Bruna M.

Couri, Margot S. Damaser.

Writing – review & editing: Brian M. Balog, Abhilasha Tangada, Qi-Xiang Song, Bruna M.

Couri, Leah L. Porras, Gary G. Deng, Margot S. Damaser.

Overactive bladder and phosphodiesterase type 4 inhibitor and phosphodiesterase type 5 inhibitor

PLOS ONE | https://doi.org/10.1371/journal.pone.0220788 August 28, 2019 13 / 15

https://doi.org/10.1371/journal.pone.0220788


References
1. Stewart WF, Van Rooyen JB, Cundiff GW, Abrams P, Herzog AR, Corey R, et al. Prevalence and bur-

den of overactive bladder in the United States. World J Urol. 2003; 20: 327–336. https://doi.org/10.

1007/s00345-002-0301-4 PMID: 12811491

2. Abrams P, Cardozo L, Fall M, Griffiths D, Rosier P, Ulmsten U, et al. The standardisation of terminology

in lower urinary tract function: report from the standardisation sub-committee of the International Conti-

nence Society. Urology. 2003/02/01. 2003; 61: 37–49. https://doi.org/10.1016/s0090-4295(02)02243-4

PMID: 12559262

3. Abraham N, Goldman HB. An update on the pharmacotherapy for lower urinary tract dysfunction. Expert

Opin Pharmacother. 2014; 1–15. https://doi.org/10.1517/14656566.2015.977253 PMID: 25351368

4. Kanai A, Zabbarova I, Oefelein M, Radziszewski P, Ikeda Y, Andersson KE. Mechanisms of action of

botulinum neurotoxins, beta3-adrenergic receptor agonists, and PDE5 inhibitors in modulating detrusor

function in overactive bladders: ICI-RS 2011. Neurourol Urodyn. 2012; 31: 300–308. https://doi.org/10.

1002/nau.21246 PMID: 22275187

5. Phelan MW, Franks M, Somogyi GT, Yokoyama T, Fraser MO, Lavelle JP, et al. Botulinum toxin ure-

thral sphincter injection to restore bladder emptying in men and women with voiding dysfunction. J Urol.

2001/03/21. 2001; 165: 1107–1110. PMID: 11257648

6. Parsons BA, Drake MJ. Animal models in overactive bladder research. Handb Exp Pharmacol. 2011;

15–43. https://doi.org/10.1007/978-3-642-16499-6_2 PMID: 21290220

7. Damaser MS, Brzezinski K, Longhurst PA. Filling mechanics of obstructed and de-obstructed rat uri-

nary bladders. Neurourol Urodyn. 1999; 18: 659–671. https://doi.org/10.1002/(SICI)1520-6777(1999)

18:6<659::AID-NAU17>3.0.CO;2-C PMID: 10529715

8. Wrobel A, Lancut M, Rechberger T. A new model of detrusor overactivity in conscious rats induced by

retinyl acetate instillation. Journal of pharmacological and toxicological methods. 2015; 74: 7–16.

https://doi.org/10.1016/j.vascn.2015.04.006 PMID: 25957030

9. O’Connor LT, Vaughan ED, Felsen D. In vivo cystometric evaluation of progressive bladder outlet

obstruction in rats. Journal of Urology. 1997; 158: 631–635. https://doi.org/10.1016/S0022-5347(01)

64573-7 PMID: 9224382

10. Nishiguchi J, Kwon DD, Kaiho Y, Chancellor MB, Kumon H, Snyder PB, et al. Suppression of detrusor

overactivity in rats with bladder outlet obstruction by a type 4 phosphodiesterase inhibitor. BJU Int.

2006/12/13.; 99: 680–686. https://doi.org/10.1111/j.1464-410X.2006.06643.x PMID: 17155980

11. Kaiho Y, Nishiguchi J, Kwon DD, Chancellor MB, Arai Y, Snyder PB, et al. The effects of a type 4 phos-

phodiesterase inhibitor and the muscarinic cholinergic antagonist tolterodine tartrate on detrusor over-

activity in female rats with bladder outlet obstruction. BJU Int. 2007/12/12. 2008; 101: 615–620. https://

doi.org/10.1111/j.1464-410X.2007.07307.x PMID: 18070178

12. Zhai K, Chang Y, Wei B, Liu Q, Leblais V, Fischmeister R, et al. Phosphodiesterase types 3 and 4 regu-

late the phasic contraction of neonatal rat bladder smooth myocytes via distinct mechanisms. Cell Sig-

nal. 2014; 26: 1001–1010. https://doi.org/10.1016/j.cellsig.2014.01.020 PMID: 24463006

13. Rahnama’i MS, Uckert S, Hohnen R, van Koeveringe GA, Ückert S, Hohnen R, et al. The role of phos-
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