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Ageing influences detrusor 
contractions to prostaglandin, 
angiotensin, histamine and 5‑HT 
(serotonin), independent 
to the Rho kinase and extracellular 
calcium pathways
Charlotte Phelps  , Russ Chess‑Williams   & Christian Moro  *

Ageing is associated with deteriorating urinary bladder function and an increasing prevalence of 
disorders such as underactive bladder. There are suggestions that G protein-coupled receptor (GPCR) 
second messenger pathways are altered during ageing, rather than the receptor proteins themselves. 
The aim of this study was to identify age-related variations in GPCR activation systems in urinary 
bladder smooth muscle (detrusor). Isolated porcine detrusor strips were mounted in organ baths and 
contractile responses induced by receptor agonists were assessed and compared between juvenile 
(6 months) and adult (2 years) animals. The effects of drugs disrupting intracellular calcium signalling 
were also studied. Adult tissue was far more sensitive to stimulation by 5-hydroxytryptamine (42% 
greater increase than juvenile), prostaglandin-E2 (26% greater increase), and angiotensin-II (39% 
greater increase), however less sensitive to histamine. Although nifedipine and Y-27632 impacted the 
contraction to all agonists, there were no significant differences between juvenile and adult detrusor. 
Impairment of IP3-mediated calcium release by 2-aminoethyl diphenylborinate had no effect on 
any contractile activity, except for neurokinin-A which inhibited both juvenile and adult detrusor, 
and prostaglandin-E2 which inhibited juvenile. Carbachol, histamine, 5-hydroxytryptamine, and 
angiotensin-II were not affected by the application of 2-aminoethyl diphenylborinate. In conclusion, 
the contractile responses to all the GPCR agonists involved extracellular calcium influx and calcium 
sensitisation, but for prostaglandin-E2 the dependence on calcium from intracellular sources was 
greater in the younger animals.

Underactive bladder (UAB) is a prevalent disorder affecting males and females of all ages. Despite significant 
impacts on quality of life, UAB is frequently misdiagnosed due to the lack of a detailed definition and diagnostic 
criteria in clinical practice, with the pathophysiology remaining poorly understood1. As a result, there are cur-
rently no outcome-validated effective therapeutics for the management or prevention of UAB2. The front-line 
pharmaceutical treatment for UAB is parasympathomimetics (muscarinic agonists), which act to directly stimu-
late muscarinic receptors or inhibit anticholinesterase to increase cholinergic neurotransmission2. However, there 
is a paucity of quality evidence suggesting long-term benefits for this class of medicine3,4, and there are a range 
of adverse effects associated with parasympathomimetic use, such as nausea, vomiting, diarrhea, sweating, and 
salivation, which lead to low adherence rates5.

Diminished urinary bladder function and control is a frequent occurrence among elderly populations6. 
Ageing is associated with various alterations in urinary bladder structure and function, resulting in changes 
to bladder storage, contraction, emptying, and sensitivity7,8. These age-induced alterations contribute to the 
increasing prevalence of lower urinary tract symptoms (LUTS) with progressing age6. In elderly men and women 
with LUTS, over 45% exhibit an underactive bladder, presenting this as an increasingly prevalent problem that 
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commonly results in urinary retention, incomplete bladder emptying, and other bothersome urinary symptoms, 
such as nocturia, urgency, hesitancy, and incontinence9,10. UAB is often a result of detrusor underactivity, which 
is a urodynamic diagnosis characterised by a reduced contraction strength or length of prolonged voiding, 
resulting in incomplete bladder emptying4. However, the direct mechanisms underlying UAB are complex to 
diagnose and manage, and as ageing is a predictor of developing UAB, this highlights the need to further enhance 
understanding of age-related changes in bladder contraction. Furthermore, persistence and adherence to some 
pharmaceutical therapies for bladder contractile disorders increase with age, suggesting variations in bladder 
responses to receptor agonists11,12.

The detrusor smooth muscle remains the primary target in the pharmaceutical therapy of bladder contractile 
disorders13. For UAB patients, the primary treatment goal is to enhance the contractile activity of the urinary 
bladder to increase the strength and duration of contractions to complete bladder emptying14. Smooth mus-
cle contraction is stimulated by an increase in intracellular calcium (Ca2+) via an influx of extracellular Ca2+ 
through voltage-gated Ca2+ channels or triggering its release from intracellular sarcoplasmic reticulum stores. 
The influx of intracellular Ca2+ activates myosin light chain kinase, which phosphorylates myosin light chain 
and promotes the interaction of myosin with actin and subsequent contraction. G protein-coupled receptor 
(GPCR) activation is a primary stimulus for increases in intracellular Ca2+ concentration15. Agonists binding to 
GPCRs activate voltage-dependent Ca2+ channels to increase intracellular Ca2+, which increases the strength and 
force of contraction with the subsequent influx of extracellular Ca2+16. Further, Gq/11-coupled receptors activate 
phospholipase C with the subsequent formation of inositol trisphosphate (IP3) and diacylglycerol to release 
Ca2+ from intracellular stores17. Smooth muscle contraction is also initiated by a Ca2+-independent pathway 
via activation of Rho kinase, achieved by inhibiting the counteracting enzyme myosin light chain phosphatase 
leading to sustained contraction18.

Pharmaceutical treatments for UAB target the Gq/11-coupled M3 muscarinic receptors within the urinary 
bladder wall2. However, due to low adherence rates from lower-than-expected outcomes and side effects associ-
ated with parasympathomimetic use, there has been increasing interest in novel targets in the urinary bladder for 
future treatment development2. Of particular interest are the Gq/11-coupled receptors, which mediate contractions 
in the bladder. Recent research has highlighted the role of histamine, 5-hydroxytryptamine (5-HT, serotonin), 
neurokinin-A (NKA), prostaglandin E2 (PGE2), and angiotensin-II (ATII) receptors within the various layers 
of the bladder wall contributing to contraction15.

A range of Gq/11 receptors have been observed to mediate contraction in healthy urinary bladders, with 
responses influenced by Ca2+ influx from extracellular sources15, as well as Rho kinase Ca2+-sensitisation 
pathways17. Studies have also shown age-related alterations in GPCR-mediated contractile responses in the 
urinary bladder, for example, muscarinic19, histamine20, 5-HT21, and prostaglandin22. Inhibited GPCR-induced 
contractions may be related to decreased receptor density or down-regulation by ageing23, or may be caused 
by alterations downstream of smooth muscle receptors such as depressed intracellular pathways involved in 
contraction24. It has been suggested that it is not the contractile or cytoskeleton proteins that are affected by 
ageing25, but it is more likely due to alterations in the intracellular mechanisms involving secondary messengers 
that may affect the response of the bladder to agonists24. Ageing has been shown to increase the dependence 
of muscarinic receptor-mediated detrusor smooth muscle contractions on extracellular Ca2+ influx26, and alter 
Ca2+-dependent and -independent contraction pathways27. There are also suggestions that Rho kinase activity 
may be altered with ageing, affecting carbachol-induced contractions of the detrusor smooth muscle28. However, 
age-related alterations to these pathways and their influence on smooth muscle contraction have not been well-
defined across the various other receptor systems.

Porcine tissue has been increasingly used as a research model for healthy human tissue. Although there is 
currently no validated model of underactive bladder that replicates human presentations, assessing the influ-
ence of development between juvenile and adult porcine bladders is likely to provide insights into how age can 
influence receptor activation and contractility in the urinary bladder. This study aimed to assess the influence of 
prominent Gq/11 receptor signalling pathways, chosen for their ability to induce strong contractions of detrusor 
smooth muscle, between juvenile and adult urinary bladders.

Results
GPCR agonist stimulation of detrusor contractile activity
The mean ± SEM baseline tension in the absence of any stimulation for juvenile detrusor tissues was 44.57 ± 0.92 
mN/g (n = 144) and for adult tissues was 38.25 ± 0.93 mN/g (n = 144). Table 1 presents the change in baseline 
tension for juvenile and adult detrusor smooth muscle in response to activation of GPCRs with the agonists car-
bachol (1 μM), histamine (100 μM), 5-HT (100 μM), NKA (300 nM), PGE2 (10 μM), and ATII (100 nM). Juvenile 
tissues showed a significantly greater tension response to histamine (100 μM) compared to adult tissues (n = 22, 
p = 0.04). In detrusor preparations from adult pigs, 5-HT (100 μM, Fig. 1), PGE2 (10 μM), and ATII (100 nM) 
elicited significantly greater tension responses when compared to tissues from juvenile animals (Table 1). There 
was no significant difference between juvenile and adult responses to muscarinic and NKA receptor activation.

Extracellular Ca2+ for GPCR activation of juvenile and adult tissues
In both juvenile and adult detrusor smooth muscle, blocking extracellular Ca2+ influx with nifedipine (1 μM) 
reduced all agonist responses (Fig. 2). In juvenile detrusor, all responses were significantly inhibited by nifedipine 
(p < 0.05 for all, paired Student’s two-tailed t-test), for carbachol (Δ 238.59 ± 60.73 mN/g, 1 μM, n = 8), histamine 
(Δ 38.82 ± 10.66 mN/g, 100 μM, n = 8), 5-HT (Δ 75.56 ± 22.83 mN/g. 100 μM, n = 8), NKA (Δ 22.54 ± 5.91 mN/g, 
300 nM, n = 8), PGE2 (Δ 29.30 ± 4.95 mN/g, 10 μM, n = 8), and ATII (Δ 9.56 ± 3.73 mN/g, 100 nM, n = 8). The 
depressions were also consistent with the adult detrusor, where application of nifedipine (1 μM, p < 0.05 for 
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all) impacted responses to carbachol (Δ 122.80 ± 39.70 mN/g, 1 μM, n = 8), histamine (Δ 10.49 ± 1.48 mN/g, 
100 μM, n = 8), 5-HT (Δ 26.01 ± 9.65 mN/g, 100 μM, n = 8), NKA (Δ 28.49 ± 3.57 mN/g, 300 nM, n = 8), PGE2 
(Δ 17.87 ± 5.92 mN/g, 10 μM, n = 8), and ATII (Δ 15.70 ± 6.27 mN/g, 100 nM, n = 8).

Comparison between juvenile and adult
Responses to each agonist for both age groups were significantly depressed after the application of nifedipine. 
When comparing the magnitude of depression between juvenile and adult tissues, the impact of nifedipine was 
similar between age groups, with no significant differences for any of the agonists (p = NSD for all, unpaired 
Student’s two-tailed t-test).

Intracellular Ca2+ for GPCR activation of juvenile and adult tissues
After application of an inhibitor of IP3-induced Ca2+ release, 2-APB (300 μM), there was no significant differ-
ence in the change in baseline tension for responses to carbachol (1 μM, n = 8), histamine (100 μM, n = 8), 5-HT 
(100 μM, n = 8), and ATII (100 nM, n = 8) for both juvenile and adult detrusor smooth muscle (Fig. 3). GPCR-
mediated contraction in the presence of 2-APB compared to controls was reduced in both juvenile and adult 
detrusor tissues in response to NKA (300 nM) by 38% (n = 8, p = 0.04) and 31% (n = 8, p = 0.004) respectively, 
with no significant difference between the two groups. However, after the application of 2-APB, a difference was 
recorded between juvenile and adult responses to PGE2 (10 μM, p = 0.03, unpaired Student’s two-tailed t-test). 
While the response to PGE2 activation was inhibited in juvenile samples by 35% (n = 8, p = 0.02), there was no 
inhibition in aged samples (Fig. 3).

Rho kinase pathway for GPCR activation of juvenile and adult tissues
After activation of the six GPCRs with agonists, in the presence of the Rho kinase inhibitor, Y-27632 (1 μM), 
increases in the baseline tension of detrusor smooth muscle tissues for both juvenile and adult samples was 
significantly reduced compared to controls (p < 0.05 for all, paired Student’s two-tailed t-test, Fig. 4). Inhibition 
of GPCR-mediated contractions by Y-27632 for juvenile and adult detrusor samples, respectively, was: 1 μM 
carbachol by 42% and 34% (n = 8); 100 μM histamine by 66% and 61% (n = 6); 100 μM 5-HT by 60% and 52% 
(n = 6); 300 nM NKA by 51% and 52% (n = 8); 10 μM PGE2 by 47% and 43% (n = 8); and 100 nM ATII by 78% and 
54% (n = 8). When comparing the difference between juvenile and adult responses to the inhibition of Rho kinase, 

Table 1.   Comparison of responses to GPCR activation between juvenile and adult detrusor tissues. Data 
reported as mean ± SEM. Bold font indicates statistical significance (p < 0.05, unpaired Student’s two-tailed 
t-test).

Agonist (concentration)

Δ Tension (mN)

n p-valueJuvenile Adult

Carbachol (1 μM) 112.95 ± 12.75 128.18 ± 17.39 24 0.48

Histamine (100 μM) 15.35 ± 2.94 8.63 ± 1.27 22 0.04

5-HT (100 μM) 26.09 ± 4.53 44.82 ± 7.54 22 0.04

NKA (300 nM) 35.99 ± 6.65 52.32 ± 8.50 24 0.14

PGE2 (10 μM) 22.93 ± 1.81 31.15 ± 3.21 24 0.03

ATII (100 nM) 6.40 ± 1.25 10.52 ± 1.50 24 0.04

Figure 1.   Representative experimental trace comparing juvenile (left) and adult (right) detrusor tension 
response to 5-HT (100 μM). Note the significantly greater response in the adult detrusor compared to the 
juvenile detrusor.
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Y-27632 was equally as effective at inhibiting contractile activity between the two age groups, with no significant 
differences (unpaired Student’s two-tailed t-test) between the magnitude of responses to any of the agonists.

Discussion
As the prevalence of underactive bladder increases with age, this study sought to investigate different time points 
to see how receptor-mediated contractile activity of the urinary bladder differs. Using porcine detrusor smooth 
muscle, various G protein-coupled receptor systems and their downstream signalling pathways that contribute 
to detrusor smooth muscle contractions were explored. The findings from this research highlight the varying 
responses to key mediators of contraction between juvenile and adult urinary bladder smooth muscle. Whilst 
the alterations do not appear to be related to Gq/11-coupled second messenger pathways, particularly extracellular 
Ca2+ or Rho kinase, there were differences in the sensitivity to intracellular Ca2+.

The activation of the muscarinic, histamine, 5-HT, NKA, PGE2, or ATII receptors increased the force of 
contraction in both juvenile and adult urinary bladder detrusor smooth muscle. Muscarinic receptors, in par-
ticular the M3 muscarinic receptor remain the most widely studied receptor in the detrusor29 and urothelium/
lamina propria30, as they are primarily responsible for mediating contractions through cholinergic activation, 
and therefore remain the main target for treating bladder contractile disorders31. However, due to the side 
effects and lower-than-expected treatment outcomes associated with muscarinic receptor therapeutics2, there is 
a growing interest in additional receptor systems in the urinary bladder that may present novel targets for future 
pharmaceutical development. Of note, the H1 histamine32, 5-HT2A

33, neurokinin-234, EP1 prostaglandin E235, 
and AT1 angiotensin II15 receptors are known to cause contractions in the urinary bladder, and therapeutics that 
target these Gq/11-coupled receptors could be effective in the treatment of bladder contractile disorders, such as 
underactive bladder.

Across the GPCRs explored, developmental differences were identified in detrusor contractile activity in 
response to some of the agonists. Contractile responses to histamine in the adult detrusor were significantly 
smaller when compared to contractions observed in juveniles, which is consistent with findings by Stromberga 
et al.20. This could be explained by reduced compliance in the adult detrusor as a result of a greater deposition 

Figure 2.   The influence of 1 μM nifedipine on GPCR-mediated contractile responses in juvenile (upper chart) 
versus adult (lower chart) detrusor smooth muscle (n = 8 for all). *p < 0.05, **p < 0.01, ***p < 0.001 (paired 
Student’s two-tailed t-test). Data reported as mean ± SEM. As carbachol induced a stronger contraction than the 
other receptors, the y-axis for this data set was expanded.
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of collagen in the aged bladder36,37. In contrast, the urinary bladder of adult detrusor responded to a variety of 
agonists, including 5-HT, PGE2, and ATII, to a higher degree than the juvenile detrusor. It is known that these 
agonists are involved in bladder contraction, and the finding that the detrusor contractile response is more 
sensitive with age may indicate involvement in bladder dysfunction.

Beyond receptor activation, intracellular signalling mechanisms contributing to contraction could also be 
accessible targets for pharmaceutical development38, and these may also be altered with age. Extracellular Ca2+, 
intracellular Ca2+, and Rho kinase are important components of the Gq/11-coupled contraction pathway39, and 
alterations to the availability of these molecules for contraction may contribute to the development of bladder 
contraction disorders.

The contribution of extracellular Ca2+ and Rho kinase for contractions was consistent across both juvenile and 
adult detrusor, indicating that extracellular Ca2+ entry into the tissue via voltage-gated Ca2+ channels and Ca2+ 
sensitisation via the Rho kinase pathway is unlikely to be impaired with age for various Gq/11 receptors known 
to cause contraction. The influence of Ca2+ from intracellular sources for agonist-induced contractions of tissues 
was minimal, and this was similar for the two age groups. This highlights that there is a stronger dependence 
on extracellular Ca2+ and Rho kinase for mediating muscarinic, histamine, 5-HT, and ATII detrusor contrac-
tions. Impairment of IP3-mediated Ca2+ release with 2-APB inhibited contractions induced by NKA for both 
juvenile and adult detrusor samples and juvenile samples inhibited in response to PGE2. These findings are 
unique to these receptors in the detrusor, as the influence of intracellular Ca2+ release was found to be minimal 
for neurokinin and prostaglandin receptors in the urothelium and lamina propria17. The finding that there was 
decreasing sensitivity to intracellular Ca2+ in response to PGE2-mediated contractions during ageing indicates 
an age-related difference in the Gq/11 second messenger pathway. The EP1 prostaglandin E2 receptor may be of 
particular interest in future studies, as the magnitude of inhibition was significantly greater in juvenile detrusor 
than adult detrusor. This may be supported by findings that urinary bladder PGE2 levels are negatively correlated 
with age40,41, and as such, further investigations focussing on the receptor expressions could assist. One hypothesis 
for this age-related difference is that the juvenile detrusor may be more dependent on IP3-mediated Ca2+ release 
for PGE2-induced contractions, whereas activation of the prostaglandin receptors in the adult detrusor relies on 
an increase in extracellular Ca2+, which may activate ryanodine receptors to induce intracellular Ca2+ release42.

Figure 3.   The influence of 300 μM 2-APB on GPCR-mediated contractile activity in juvenile (top) versus adult 
(bottom) detrusor smooth muscle (n = 8 for all). *p > 0.05 (paired Student’s two-tailed t-test). Data reported as 
mean ± SEM.
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Limitations and future directions
Although a viable and well-validated model, porcine tissue may not directly correlate to human function, and 
experiments that replicate this study on human tissue would be of interest. It is also unclear which age would be 
equivalent to a 2-year-old sow. These animals are past their reproductive prime, and often referred to as the older 
pigs. However, it would likely not be correct to classify these animals as “elderly”. As such, the terms juvenile 
and adult were used throughout, and future studies could investigate different age groups. Further, finding the 
molecular mechanisms involved in the differences observed would present an interesting direction for future 
investigations, as well as comparing different animal models. Lastly, future studies could explore age-related 
alterations in the signalling pathways associated with GPCR-mediated contractions across the various tissue 
layers in the urinary bladder, such as the urothelium and lamina propria.

The increased contraction to 5-HT, PGE2, and ATII, and decreased sensitivity to histamine in older tissue, 
may provide insights into potential systems that could contribute to dysfunction in the contractility of the urinary 
bladder. In most cases, these observed alterations do not appear to be related to Gq/11-coupled second messenger 
pathways that involve extracellular Ca2+ or Rho kinase, highlighting a potentially important age-related altera-
tion. Alternatively, the decreased sensitivity to intracellular Ca2+ in response to PGE2-mediated contractions in 
aged tissues, compared to juvenile samples may also warrant further investigation. Overall, juvenile and adult 
bladders demonstrate clear differences in their ability to contract in response to agonist stimulation, suggesting 
additional mechanisms that may contribute to bladder contractile dysfunction.

Methods
Tissue collection
Porcine urinary bladders from Large White-Landrace-Duroc cross-bred pigs (Suf scrofa domestica) were obtained 
from the local abattoir after slaughter for the routine commercial provision of food. Juvenile samples were taken 
from prepubescent pigs aged 6 months old at 80 kg live weight, and adult samples from sow pigs aged 2–3 years 
old at 200 kg live weight. After collection from the abattoir, tissues were transported in a portable cooler in cold 
Krebs–Henseleit bicarbonate solution (Krebs, composition in mM: NaCl 118.4; NaHCO3 24.9; d-glucose 11.7; 

Figure 4.   The influence of 1 μM Y-27632 on contractile activity in juvenile (top) versus adult (bottom) detrusor 
smooth muscle in response to agonists carbachol (n = 8), histamine (n = 6), 5-HT (n = 6), NKA (n = 8), PGE2 
(n = 8), and ATII (n = 8). *p > 0.05, **p > 0.01 (paired Student’s two-tailed t-test). Data reported as mean ± SEM.
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KCl 4.6; MgSO4 2.41; CaCl2 1.9; and KH2PO4 1.18) maintained at 4 °C to the University research facilities and 
used within three hours of the animal’s slaughter.

Tissue preparation
Strips measuring 2.0 cm × 0.5 cm were dissected longitudinally from the urinary bladder dome. The detrusor 
smooth muscle was carefully isolated from the urothelium, lamina propria, and serosal tissue layers using fine 
scissors43. Adjacent paired tissue strips were mounted and suspended in 10 mL organ baths (Labglass, Brisbane, 
Australia) containing Krebs bicarbonate solution at a constant temperature of 37 °C and gassed with carbogen 
(95% oxygen and 5% carbon dioxide). After mounting, tissues were equilibrated for 15 min, and each bath was 
washed through with warmed Krebs a total of three times prior to the addition of any pharmaceuticals. The 
tension placed on the tissues was manually adjusted to 20mN using a moveable isometric force transducer 
(MCT050/D, ADInstruments, Castle Hill, Australia) with a fine adjustment level. At the conclusion of each 
experiment, tissue strips were dried and weighed, and the mean net weight of porcine detrusor tissue for juvenile 
samples was 0.39 ± 0.01 g (n = 288) and for adult samples was 0.52 ± 0.01 g (n = 288), with significant differences 
between specimens (p < 0.01, unpaired Student’s two-tailed t-test). As such, data has been presented as millinew-
ton force per gram tissue weight (mN/g) to accommodate for the different weights. The number of tissues (n) 
is quoted from paired tissue strips, therefore the number of animals (N) used can be calculated by using n ÷ 2.

Measurements and data collection
After equilibration, selective inhibitors of extracellular Ca2+ influx, intracellular Ca2+ release, or Rho kinase 
were added separately to tissues for 30 min and contractile responses were assessed by performing single-dose 
agonist studies. After equilibration, a single dose of a selective GPCR agonist was added to both the control and 
experimental tissues after equilibration. Baseline tension was measured with an isometric force transducer and 
recorded on a Powerlab system using Labchart v7 software (ADInstruments). Changes in baseline tension were 
expressed as millinewton force per gram tissue weight (mN/g).

Pharmaceutical agents
Carbamylcholine chloride (carbachol), histamine dihydrochloride (histamine), and 2-aminoethyl diphenylb-
orinate (2-APB) were obtained from Sigma-Aldrich (Missouri, US). Neurokinin-A (NKA) and nifedipine were 
from Tocris Bioscience (Bristol, UK). Serotonin hydrochloride (5-HT) was from Toronto Research Centre 
(Toronto, CA). Angiotensin II (ATII) and prostaglandin E2 (PGE2) were obtained from Cayman Chemicals 
(Michigan, US), and Y-27632 hydrochloride (Y-27632) from AdooQ BioScience (Irvine, CA). PGE2 and nifedi-
pine were dissolved in 100% ethanol, 2-APB was dissolved in dimethyl sulfate, and all other pharmaceutical 
agents were soluble in distilled water. Nifedipine was stored in the dark until the final application in the organ 
bath to ensure no adverse light impacts and experiments were concluded within a 30-min period. Concentrations 
chosen for the agonists and antagonists were selected based on their selectivity at each receptor to produce a 
submaximal contraction (~ 80%) and consistent with concentrations used in previous studies using porcine tissue.

Statistical analysis
Statistical analysis of data was undertaken using GraphPad Prism version 10 (San Diego, CA). Results were 
presented as mean ± standard error of the mean (SEM). A paired Student’s two-tailed t-test was used to com-
pare tissue responses to their direct controls, and an unpaired Student’s two-tailed t-test was applied to make 
comparisons between juvenile and adult groups. In all cases, p < 0.05 was considered statistically significant.

Ethics
As no animals were bred, harmed, culled, interfered, or interacted with as part of this research project, animal 
ethics approval was not required. Experimental protocols remained in accordance with the Australian Code of 
Practice for the Care and Use of Animals for Scientific Purposes44.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.

Received: 5 September 2023; Accepted: 13 October 2023

References
	 1.	 Yu, Y. D. & Jeong, S. J. Epidemiology of underactive bladder: Common but underresearched. Investig. Clin. Urol. 58, S68-s74. 

https://​doi.​org/​10.​4111/​icu.​2017.​58.​S2.​S68 (2017).
	 2.	 Moro, C. et al. The effectiveness of parasympathomimetics for treating underactive bladder: A systematic review and meta-analysis. 

Neurourol. Urodyn. 41, 127–139. https://​doi.​org/​10.​1002/​nau.​24839 (2021).
	 3.	 Chancellor, M. B. et al. Underactive bladder; review of progress and impact from the International CURE-UAB Initiative. Int. 

Neurourol. J. 24, 3–11. https://​doi.​org/​10.​5213/​inj.​20400​10.​005 (2020).
	 4.	 Osman, N. I., Esperto, F. & Chapple, C. R. Detrusor underactivity and the underactive bladder: A systematic review of preclinical 

and clinical studies. Eur. Urol. 74, 633–643. https://​doi.​org/​10.​1016/j.​eururo.​2018.​07.​037 (2018).
	 5.	 Osman, N. I. & Chapple, C. R. Are there pharmacotherapeutic options for underactive bladder?. Eur. Urol. Focus 4, 6–7. https://​

doi.​org/​10.​1016/j.​euf.​2018.​03.​012 (2018).
	 6.	 Suskind, A. M. Frailty and lower urinary tract symptoms. Curr. Urol. Rep. 18, 67. https://​doi.​org/​10.​1007/​s11934-​017-​0720-9 

(2017).

https://doi.org/10.4111/icu.2017.58.S2.S68
https://doi.org/10.1002/nau.24839
https://doi.org/10.5213/inj.2040010.005
https://doi.org/10.1016/j.eururo.2018.07.037
https://doi.org/10.1016/j.euf.2018.03.012
https://doi.org/10.1016/j.euf.2018.03.012
https://doi.org/10.1007/s11934-017-0720-9


8

Vol:.(1234567890)

Scientific Reports |        (2023) 13:18062  | https://doi.org/10.1038/s41598-023-44916-8

www.nature.com/scientificreports/

	 7.	 Jiang, Y.-H. & Kuo, H.-C. Video-urodynamic characteristics of non-neurogenic, idiopathic underactive bladder in men: A com-
parison of men with normal tracing and bladder outlet obstruction. PLOS ONE 12, e0174593. https://​doi.​org/​10.​1371/​journ​al.​
pone.​01745​93 (2017).

	 8.	 Kiba, K. et al. Clinical features of detrusor underactivity in elderly men without neurological disorders. Low Urin. Tract Symptom 
14, 193–198. https://​doi.​org/​10.​1111/​luts.​12424 (2022).

	 9.	 Jeong, S. J. et al. Prevalence and clinical features of detrusor underactivity among elderly with lower urinary tract symptoms: A 
comparison between men and women. Korean J. Urol. 53, 342–348. https://​doi.​org/​10.​4111/​kju.​2012.​53.5.​342 (2012).

	10.	 Taylor, J. A. 3rd. & Kuchel, G. A. Detrusor underactivity: Clinical features and pathogenesis of an underdiagnosed geriatric condi-
tion. J. Am. Geriatr. Soc. 54, 1920–1932. https://​doi.​org/​10.​1111/j.​1532-​5415.​2006.​00917.x (2006).

	11.	 Carlson, K. V. et al. Persistence with mirabegron or antimuscarinic treatment for overactive bladder syndrome: Findings from the 
PERSPECTIVE registry study. Low Urin. Tract Symptom 13, 425–434. https://​doi.​org/​10.​1111/​luts.​12382 (2021).

	12.	 Yeowell, G. et al. Real-world persistence and adherence to oral antimuscarinics and mirabegron in patients with overactive bladder 
(OAB): A systematic literature review. BMJ Open 8, e021889. https://​doi.​org/​10.​1136/​bmjop​en-​2018-​021889 (2018).

	13.	 Joseph, S., Maria, S. A. & Peedicayil, J. Drugs currently undergoing preclinical or clinical trials for the treatment of overactive 
bladder: A review. Curr. Ther. Res. 96, 100669. https://​doi.​org/​10.​1016/j.​curth​eres.​2022.​100669 (2022).

	14.	 Bayrak, Ö. & Dmochowski, R. R. Underactive bladder: A review of the current treatment concepts. Turk. J. Urol. 45, 401–409. 
https://​doi.​org/​10.​5152/​tud.​2019.​37659 (2019).

	15.	 Phelps, C., Chess-Williams, R. & Moro, C. The dependence of urinary bladder responses on extracellular calcium varies between 
muscarinic, histamine, 5-HT (serotonin), neurokinin, prostaglandin, and angiotensin receptor activation. Front. Physiol. 13, 598. 
https://​doi.​org/​10.​3389/​fphys.​2022.​841181 (2022).

	16.	 Kishii, K., Hisayama, T. & Takayanagi, I. Comparison of contractile mechanisms by carbachol and ATP in detrusor strips of rabbit 
urinary bladder. Jpn. J. Pharmacol. 58, 219–229. https://​doi.​org/​10.​1254/​jjp.​58.​219 (1992).

	17.	 Phelps, C., Chess-Williams, R. & Moro, C. The role of intracellular calcium and Rho kinase pathways in G protein-coupled receptor-
mediated contractions of urinary bladder urothelium and lamina propria. Am. J. Physiol. Cell Physiol. 324, C787–C797. https://​
doi.​org/​10.​1152/​ajpce​ll.​00441.​2022 (2023).

	18.	 Anjum, I. Calcium sensitization mechanisms in detrusor smooth muscles. J. Basic Clin. Physiol. Pharmacol. 29, 227–235. https://​
doi.​org/​10.​1515/​jbcpp-​2017-​0071 (2018).

	19.	 Yu, H. I., Wein, A. J. & Levin, R. M. Contractile responses and calcium mobilization induced by muscarinic agonists in the rat 
urinary bladder: Effects of age. Gen. Pharmacol. 28, 623–628. https://​doi.​org/​10.​1016/​s0306-​3623(96)​00400-4 (1997).

	20.	 Stromberga, Z., Chess-Williams, R. & Moro, C. Alterations in histamine responses between juvenile and adult urinary bladder 
urothelium, lamina propria and detrusor tissues. Sci. Rep. 10, 1–9. https://​doi.​org/​10.​1038/​s41598-​020-​60967-7 (2020).

	21.	 Saito, M., Kondo, A., Gotoh, M., Kato, K. & Levin, R. M. Age-related changes in the response of the rat urinary bladder to neuro-
transmitters. Neurourol. Urodyn. 12, 191–200. https://​doi.​org/​10.​1002/​nau.​19301​20214 (1993).

	22.	 Morita, T., Wheeler, M. A. & Weiss, R. M. Age-related changes in contractile force of rabbit detrusor muscle to prostaglandin E1, 
E2 and F2 alpha. Urol. Int. 42, 44–48. https://​doi.​org/​10.​1159/​00028​1848 (1987).

	23.	 Mansfield, K. J. et al. Muscarinic receptor subtypes in human bladder detrusor and mucosa, studied by radioligand binding and 
quantitative competitive RT-PCR: Changes in ageing. Br. J. Pharmacol. 144, 1089–1099. https://​doi.​org/​10.​1038/​sj.​bjp.​07061​47 
(2005).

	24.	 Durlu-Kandilci, N. T., Denizalti, M. & Sahin-Erdemli, I. Aging changes agonist induced contractile responses in permeabilized 
rat bladder. Age 37, 69. https://​doi.​org/​10.​1007/​s11357-​015-​9807-8 (2015).

	25.	 Sjuve, R., Uvelius, B. & Arner, A. Old age does not affect shortening velocity or content of contractile and cytoskeletal proteins in 
the rat detrusor smooth muscle. Urol. Res. 25, 67–70. https://​doi.​org/​10.​1007/​bf009​41909 (1997).

	26.	 Gomez-Pinilla, P. J., Pozo, M. J. & Camello, P. J. Aging differentially modifies agonist-evoked mouse detrusor contraction and 
calcium signals. Age 33, 81–88. https://​doi.​org/​10.​1007/​s11357-​010-​9163-7 (2011).

	27.	 Gomez-Pinilla, P. J. et al. Melatonin restores impaired contractility in aged guinea pig urinary bladder. J. Pineal Res. 44, 416–425. 
https://​doi.​org/​10.​1111/j.​1600-​079X.​2007.​00544.x (2008).

	28.	 Kirschstein, T. et al. Age-dependent contribution of Rho kinase in carbachol-induced contraction of human detrusor smooth 
muscle in vitro. Acta Pharmacol. Sin. 35, 74–81. https://​doi.​org/​10.​1038/​aps.​2013.​126 (2014).

	29.	 Chess-Williams, R. Muscarinic receptors of the urinary bladder: Detrusor, urothelial and prejunctional. Auton. Autacoid Pharmacol. 
22, 133–145 (2002).

	30.	 Moro, C., Uchiyama, J. & Chess-Williams, R. Urothelial/lamina propria spontaneous activity and the role of M3 muscarinic recep-
tors in mediating rate responses to stretch and carbachol. Urology 78, e9-15. https://​doi.​org/​10.​1016/j.​urolo​gy.​2011.​08.​039 (2011).

	31.	 Veer, V., Chess-Williams, R. & Moro, C. Antimuscarinic actions on bladder urothelium and lamina propria contractions are similar 
to those observed in detrusor smooth muscle preparations. Neurourol. Urodyn. 42, 1080–1087. https://​doi.​org/​10.​1002/​nau.​25176 
(2023).

	32.	 Stromberga, Z., Chess-Williams, R. & Moro, C. Histamine modulation of urinary bladder urothelium, lamina propria and detrusor 
contractile activity via H1 and H2 receptors. Sci. Rep. 9, 3899. https://​doi.​org/​10.​1038/​s41598-​019-​40384-1 (2019).

	33.	 Moro, C., Edwards, L. & Chess-Williams, R. 5-HT2A receptor enhancement of contractile activity of the porcine urothelium and 
lamina propria. Int. J. Urol. 23, 946–951. https://​doi.​org/​10.​1111/​iju.​13172 (2016).

	34.	 Grundy, L. et al. NKA enhances bladder-afferent mechanosensitivity via urothelial and detrusor activation. Am. J. Physiol. Renal 
Physiol. 315, F1174-f1185. https://​doi.​org/​10.​1152/​ajpre​nal.​00106.​2018 (2018).

	35.	 Stromberga, Z., Chess-Williams, R. & Moro, C. Prostaglandin E2 and F2alpha modulate urinary bladder urothelium, lamina 
propria and detrusor contractility via the FP receptor. Front. Physiol. 11, 1–11. https://​doi.​org/​10.​3389/​fphys.​2020.​00705 (2020).

	36.	 Nordling, J. The aging bladder: A significant but underestimated role in the development of lower urinary tract symptoms. Exp. 
Gerontol. 37, 991–999. https://​doi.​org/​10.​1016/​S0531-​5565(02)​00094-3 (2002).

	37.	 Lepor, H., Sunaryadi, I., Hartanto, V. & Shapiro, E. Quantitative morphometry of the adult human bladder. J. Urol. 148, 414–417. 
https://​doi.​org/​10.​1016/​s0022-​5347(17)​36619-3 (1992).

	38.	 Christ, G. J. & Andersson, K. E. Rho-kinase and effects of Rho-kinase inhibition on the lower urinary tract. Neurourol. Urodyn. 
26, 948–954. https://​doi.​org/​10.​1002/​nau.​20475 (2007).

	39.	 Mizuno, N. & Itoh, H. Functions and regulatory mechanisms of Gq-signaling pathways. Neurosignals 17, 42–54. https://​doi.​org/​
10.​1159/​00018​6689 (2009).

	40.	 Kuhlik, A. B., Epstein, F. H., Elahi, D. & Clark, B. A. Urinary prostaglandin E2 and dopamine responses to water loading in young 
and elderly humans. Geriatr. Nephrol. Urol. 5, 79–83. https://​doi.​org/​10.​1007/​BF015​07838 (1995).

	41.	 Aoki, K. et al. A higher level of prostaglandin E2 in the urinary bladder in young boys and boys with lower urinary tract obstruc-
tion. Biomed. Res. 30, 343–347. https://​doi.​org/​10.​2220/​biome​dres.​30.​343 (2009).

	42.	 Shibuya, I. et al. Prostaglandin E2 induces Ca2+ release from ryanodine/caffeine-sensitive stores in bovine adrenal medullary cells 
via EP1-like receptors. J. Neurochem. 73, 2167–2174 (1999).

	43.	 Moro, C. & Phelps, C. Urothelium removal does not impact mucosal activity in response to muscarinic or adrenergic receptor 
stimulation. Tissue Barriers https://​doi.​org/​10.​1080/​21688​370.​2022.​20992​14 (2022).

	44.	 Queensland Government. Using animals for scientific purposes. https://​www.​busin​ess.​qld.​gov.​au/​indus​tries/​farms-​fishi​ng-​fores​
try/​agric​ulture/​lives​tock/​animal-​welfa​re/​anima​ls-​scien​ce/​using-​anima​ls (2015).

https://doi.org/10.1371/journal.pone.0174593
https://doi.org/10.1371/journal.pone.0174593
https://doi.org/10.1111/luts.12424
https://doi.org/10.4111/kju.2012.53.5.342
https://doi.org/10.1111/j.1532-5415.2006.00917.x
https://doi.org/10.1111/luts.12382
https://doi.org/10.1136/bmjopen-2018-021889
https://doi.org/10.1016/j.curtheres.2022.100669
https://doi.org/10.5152/tud.2019.37659
https://doi.org/10.3389/fphys.2022.841181
https://doi.org/10.1254/jjp.58.219
https://doi.org/10.1152/ajpcell.00441.2022
https://doi.org/10.1152/ajpcell.00441.2022
https://doi.org/10.1515/jbcpp-2017-0071
https://doi.org/10.1515/jbcpp-2017-0071
https://doi.org/10.1016/s0306-3623(96)00400-4
https://doi.org/10.1038/s41598-020-60967-7
https://doi.org/10.1002/nau.1930120214
https://doi.org/10.1159/000281848
https://doi.org/10.1038/sj.bjp.0706147
https://doi.org/10.1007/s11357-015-9807-8
https://doi.org/10.1007/bf00941909
https://doi.org/10.1007/s11357-010-9163-7
https://doi.org/10.1111/j.1600-079X.2007.00544.x
https://doi.org/10.1038/aps.2013.126
https://doi.org/10.1016/j.urology.2011.08.039
https://doi.org/10.1002/nau.25176
https://doi.org/10.1038/s41598-019-40384-1
https://doi.org/10.1111/iju.13172
https://doi.org/10.1152/ajprenal.00106.2018
https://doi.org/10.3389/fphys.2020.00705
https://doi.org/10.1016/S0531-5565(02)00094-3
https://doi.org/10.1016/s0022-5347(17)36619-3
https://doi.org/10.1002/nau.20475
https://doi.org/10.1159/000186689
https://doi.org/10.1159/000186689
https://doi.org/10.1007/BF01507838
https://doi.org/10.2220/biomedres.30.343
https://doi.org/10.1080/21688370.2022.2099214
https://www.business.qld.gov.au/industries/farms-fishing-forestry/agriculture/livestock/animal-welfare/animals-science/using-animals
https://www.business.qld.gov.au/industries/farms-fishing-forestry/agriculture/livestock/animal-welfare/animals-science/using-animals


9

Vol.:(0123456789)

Scientific Reports |        (2023) 13:18062  | https://doi.org/10.1038/s41598-023-44916-8

www.nature.com/scientificreports/

Acknowledgements
The first author was supported by an Australian Government Research Training Program Scholarship.

Author contributions
Research was conceived and designed by C.P. and C.M. C.P. performed experiments and prepared figures. C.P. 
and C.M. analysed data and drafted the manuscript. C.P., C.M., and R.C.W.: interpreted results of experiments; 
edited and revised the manuscript; and approved the final version of the manuscript for submission.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Ageing influences detrusor contractions to prostaglandin, angiotensin, histamine and 5-HT (serotonin), independent to the Rho kinase and extracellular calcium pathways
	Results
	GPCR agonist stimulation of detrusor contractile activity
	Extracellular Ca2+ for GPCR activation of juvenile and adult tissues
	Comparison between juvenile and adult

	Intracellular Ca2+ for GPCR activation of juvenile and adult tissues
	Rho kinase pathway for GPCR activation of juvenile and adult tissues

	Discussion
	Limitations and future directions
	Methods
	Tissue collection
	Tissue preparation
	Measurements and data collection
	Pharmaceutical agents
	Statistical analysis
	Ethics

	References
	Acknowledgements


