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Official reviewers:  Pál Tod, PhD  

Gábor Turu, PhD 

Head of the Complex Examination Committee: 

György Reusz, MD, PhD, DSc 

Members of the Complex Examination Committee: 

Mihály Kovács, PhD, DSc 

Zoltán Prohászka, MD, PhD, DSc 

Budapest 

2023 

DOI:10.14753/SE.2023.2956



 
 

1 

Table of Contents 

 

1.0 List of Abbreviations ....................................................................................................2 

2.0 Introduction .................................................................................................................3 

2.1 Overview ......................................................................................................................3 

2.2 The Tachykinin Peptides ..............................................................................................3 

2.2.1 The Biosynthesis of Tachykinins ...............................................................................4 

2.2.2 Tachykinin Receptors ...............................................................................................5 

2.2.3 The Role of Neuropeptides in the Lower Urinary Tract ...........................................6 

2.3 Review of the Functions, Biosynthetic Enzymes and Receptors of Prostanoids .........9 

2.3.1 The Role of Prostanoids in the Lower Urinary Tract .............................................10 

2.4 G protein-coupled Signaling Pathways Related to Smooth Muscle Contraction ......10 

2.5 The Epidemiology and the Current Treatment Options of Overactive Bladder 

Syndrome .........................................................................................................................11 

3.0 Objectives ..................................................................................................................14 

4.0 Methods .....................................................................................................................15 

5.0 Results ........................................................................................................................19 

6.0 Discussion ..................................................................................................................26 

7.0 Conclusions ...............................................................................................................32 

8.0 Summary ....................................................................................................................33 

9.0 References ..................................................................................................................34 

10.0 Bibliography of the candidate’s publications ..........................................................48 

11.0 Acknowledgments ....................................................................................................50 

 

 

DOI:10.14753/SE.2023.2956



 
 

2 

1.0 List of Abbreviations 

 

[Ca2+]i: intracellular Ca2+ concentration 

CNS: central nervous system  

CTRL: control 

COX: cyclooxygenase 

DAG: diacylglycerol 

IP3: inositol trisphosphate  

KO: knockout 

LUT: lower urinary tract 

NKA: neurokinin A 

NKB: neurokinin B 

NK1R: NK1 receptor 

NK2R: NK2 receptor 

NK3R: NK3 receptor 

OAB: overactive bladder 

PLC-β: phospholipase C β 

PKC: protein kinase C 

Prostaglandin E2: PGE2 

Prostaglandin F2α: PGF2α 

ROCK: Rho kinase 

SMMHC: smooth muscle myosin heavy chain 

RhoGEF: Rho guanine nucleotide exchange factor 

SP: substance P 

TRPV4: transient receptor potential vanilloid-type 4 

TK: tachykinin 

UBSM: urinary bladder smooth muscle 

VDCC: voltage-dependent Ca2+ channel 
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2.0 Introduction 

 

Medical students are exposed to a wide variety of disease conditions during their 

clinical rotations. We frequently heard that a disease is categorized as severe if it 

significantly shortens the lifespan of the patients (e.g. a malignant tumor) or they 

experience unbearable levels of pain (e.g. severe headache). After these unique 

experiences, the question arises: what does the severity of the disease mean? Is it the 

accompanying pain? Is it the level of invasiveness of the treatment? Is it the reduction of 

the anticipated lifespan or the duration of recovery? In my opinion, all the above can 

contribute to the severity of a disease, yet, we need to consider how much it impacts 

everyday activities, general well-being, and the quality of life of the patients. 

Voiding disorders, despite not affecting the lifespan directly, impair the quality of life 

severely. The focus of my undergraduate and graduate research was on the understanding 

of the signaling pathways of the detrusor muscle with the hope that this knowledge will 

elucidate the pathomechanism of its disorders and contribute to the development of novel 

therapies. 

2.1 Overview 

 

The urinary bladder is a luminous contractile organ under the control of complex 

neuroregulatory circuits. As a part of the lower urinary tract (LUT), the bladder function 

ensures the ability to store higher volumes of urine and void varying amounts on demand 

as well. The balance of these alternating functions is essential for healthy bladder control. 

The malfunction of the urinary bladder can lead to both health-related and social issues. 

Besides the neuronal regulation, locally released mediators – the family of tachykinins 

and prostanoids/isoprostanes – also affect the function of the urinary bladder. In our study, 

we characterized the effects and the signal transduction pathways of these two mediator 

families in inducing the contraction of the urinary bladder. 

2.2 The Tachykinin Peptides 

 

The mammalian tachykinins (TKs) represent one of the largest families of 

neuropeptides and are widely expressed neurotransmitters within the nervous system (1, 
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2). Their common structural motif is the C-terminal Phe-X-Gly-Leu-Met-NH2 amino acid 

sequence, where X indicates an amino acid with a hydrophobic side chain (3). There are 

three classical members of the mammalian TKs: neurokinin A (NKA), neurokinin B 

(NKB) and substance P (SP) (4-6).  

The first discovered TK was SP: Von Euler and Gaddumn characterized the 

spasmogenic and hypotensive effect of SP in 1931, later the peptide was isolated and 

sequenced by Chang et al (4).  In 1973, Erspamer and Melchiorri observed that a group 

of amphibian peptides sharing the Phe-X-Gly-Leu-Met-NH2 motif can elicit rapid, 

twitching contractile movements in smooth muscle, therefore the term TK is coined based 

on their physiological effect (7). The discovery of NKA and NKB happened in the mid-

1980s, and the coding genes of the TKs and their receptors were identified in the same 

decade (8). 

Initially, NKA and SP are thought to be expressed in the primary afferent sensory nerve 

endings that innervate peripheral organs (9-11), however, TKs can be expressed in non-

neuronal tissues too. SP and/or NKA are also present in enterochromaffin cells, intestines, 

airways and the female reproductive organ system (12-16). NKB is expressed in the brain 

and spinal cord (17-19). Hemokinin-1 and endokinin A, B, C or D (are more recently 

discovered TKs) in non-neuronal cells regulate lymphopoesis or have hemodynamic 

effects, respectively (20-22). 

2.2.1 The Biosynthesis of Tachykinins 

 

The biosynthesis of the TKs will be highlighted through the example of NKA based 

on Pennefather et al, 2004 (1). NKA is encoded by the sixth exon of the preprotachykinin-

A gene (along with SP, neuropeptide K and neuropeptide γ), which is located on the 

7q21–q22 chromosomal location (6, 23). The third exon of preprotachykinin-A gene 

encodes SP (6). The synthesis of NKA occurs simultaneously with the synthesis of SP – 

SP and NKA frequently released together from the nerve endings of neurons (24-26). 

After the transcription of PPT-A gene, the pre-mRNA is synthesized that has four splice 

variants. The coding sequence of NKA is presented in the β and γ isoforms (6, 27, 28). 

After the translation of mature mRNA, the prepropeptide is generated that consists of 

a signal peptide, the neuropeptide(s) and spacers. The signal peptide sequence is 16-30 

amino acids long and located on the N-terminal of the peptide. It facilitates the 
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translocation of the forming peptide during the synthesis from the cytoplasmatic 

ribosomes to the endoplasmic reticulum. At the end of synthesis, the signal peptide 

sequence is cleaved off resulting in the propeptide. The propeptide is transported to the 

Golgi apparatus then spacer regions are removed. The borders of the final active 

neuropeptide are indicated by the proximity of two adjacent basic amino acids or by a 

single arginine or lysin residue (20, 22, 24, 29). The biologically active neuropeptides are 

packaged into secretory granules at the Golgi apparatus and they are delivered to the nerve 

terminals via axonal transport (24, 29). The amino acid sequence of processed NKA is 

His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met-NH2, where the phenyl-alanine, glycine and 

leucine are the common motives of TKs. 

2.2.2 Tachykinin Receptors 

 

TKs can bind to three distinct receptor subtypes: NK1R, NK2R, and NK3R (1). At the 

„Substance P and Neurokinins” conference in Montreal in 1986, a nomenclature for the 

receptors was created based on the following criteria 1) ranking order of the potency of 

the different mammalian and non-mammalian natural TKs 2) the effect of different C-

terminal TK fragments 3) the availability of selective agonists which are specifically 

activated one type of the TK receptor (3). 

NK1R is constitutively expressed in the central and peripheral nervous system (CNS 

and PNS) in addition to vascular endothelial cells, smooth muscle and immune cells (30-

34). NK1R expression is inducible in the bone marrow (35). In the peripheral nerve 

system, NK1R mediates several classic TK effects, e.g. the increase of vascular 

permeability and protein extravasation or mucus secretion in airways (31, 36). 

Intrathecally administered NK1R antagonist resulted in the overfilling of the bladder and 

dribbling incontinence suggesting that NK1R is involved in the control of micturition at 

the level of the spinal cord (37). SP exerts its contractile effects in the urinary bladder via 

NK1R (38, 39). 

NK2Rs are abundant in peripheral tissues outside the CNS mediating contractile 

responses in the uterus, intestinal muscle strips, bronchi and notably urinary bladder (30, 

38-42), however, within the CNS it is expressed in the hippocampus, thalamus and 

septum (43). Despite the expression of NK2R being weaker than NK1R and NK3R in the 

CNS (44), their function seems to be significant in regulating complex neuronal functions: 
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the intrastriatal administration of NK2R-specific agonist-induced turning behavior in 

mice, which was dose-dependently inhibited by NK2R specific antagonists (45). 

In contrast, the NK3R is predominantly expressed in the CNS along with a few 

peripheral tissues – skeletal muscle, lung and liver (30, 46). It plays a role in modulating 

intestinal nociceptive signals and there is an emerging role of NK3R antagonists in the 

treatment of menopausal hot flashes (47, 48). All three TK receptors belong to the 

superfamily of G protein-coupled receptors (1). G protein-coupled receptors have 

common structural elements: seven hydrophobic transmembrane helices (TM I-VII) are 

connected via three extracellular (E1, E2 and E3) and three intracellular loops (C1, C2 and 

C3). The N-terminal is extracellular and the C-terminal is within the intracellular space 

(3, 49, 50). 

2.2.3 The Role of Neuropeptides in the Lower Urinary Tract 

 

The urinary bladder, urethra, internal and external urethral sphincters are functional 

and anatomical units of the LUT. Neuropeptides are co-transmitters and paracrine 

signaling molecules released together with the classic cholinergic/adrenergic 

neurotransmitters from the nerve terminals (51). Several neuropeptides – along with TKs 

– regulate the function of the LUT, like VIP (vasoactive intestinal peptide),– PACAP 

(pituitary adenylate cyclase activated polypeptide) and CGRP (calcitonin gene-related 

peptide). Besides nerve terminals, neuropeptides appear in non-neuronal tissues as well: 

e.g. the urothelium of the urinary bladder. Under physiological conditions, neuropeptides 

are localized in afferent and autonomic efferent nerves innervating the urinary bladder, 

urethra and urothelium (52, 53). Inflammation, injury, or disease of the LUT can alter the 

tissue-specific distribution of neuropeptides in these pathological conditions that can 

result in the dysfunction of the LUT with frequent and/or urgent urination, nycturia or 

pain. These symptoms might be associated with the amplification of neuropeptide 

signaling during the operation of the voiding reflex (51). 

The neuronal circuits that control the voiding of the urinary bladder are located in the 

brain and spinal cord. The efferent nerve fibers innervate the smooth and striated muscle 

fibers of the effector organs in the LUT. The regulation of the voiding reflex is similar to 

the mechanism of a toggle switch: the urinary bladder is in either the filling or voiding 

phase. The contraction of the detrusor muscle and urethral sphincter has to follow a 
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reciprocal pattern to maintain the normal function of LUT (54). The urinary bladder's 

smooth muscle has to be in a relaxed state during the filling phase, while the urethral 

outlet has to be closed (55). During the voiding phase, the contraction of the urinary 

bladder and the relaxation of the sphincter is necessary (56). The imbalance of these 

mutually exclusive functions can develop the pathological condition of detrusor sphincter 

dyssynergia (57). 

During intrauterine development and the first year of newborn life, urine is collected 

in the bladder until it reaches the intravesical pressure threshold when involuntary voiding 

happens. Newborns can retain urine during their first two years of life which is termed 

continence. Acquiring continence is a critical milestone in social behavior. The 

synchronized operation of the elements of LUT allows the storage of urine at the lowest 

possible pressure. During voiding, the urine travels from the direction of higher pressure 

towards lower hydrodynamic resistance. Intact regulatory neuronal circuits and a certain 

level of elasticity of the urinary bladder are required for normal LUT functioning (58). 

The micturition reflex is controlled by three nerve outlets of the CNS: 1) sacral 

parasympathetic (pelvic) nerves that innervate the urinary bladder with excitatory nerve 

fibers 2) thoracolumbar (hypogastric) nerves send inhibitory signals towards the urinary 

bladder detrusor muscle, and excitatory signals towards the bladder neck and urethra 3) 

the sacral somatic (pudendal) nerve innervates the perineal muscles and the external 

urethral sphincter. All three regulatory systems contain afferent (sensory) axons as well. 

The center of LUT reflex arches is located in the lumbosacral spinal cord under the 

hierarchical control of supraspinal structures. The reflex pathway of filling is organized 

on the spinal cord level (59). The transneuronal virus tracing approach showed that the 

nuclei of lumbosacral reflexes are connected to supraspinal centers, e.g. the Barrington’s 

nucleus (the pontine micturition center) or raphe nuclei (59, 60). 

The afferent fibers of the urinary bladder are formed from myelinated Aδ fibers and 

unmyelinated C-fibers. The Aδ fibers sense the state of bladder fullness and active 

contraction. The C-fibers are inactive under physiological circumstances and hence 

named “silent fibers”, normally they do not send excitatory signals toward the CNS. 

However, different noxious stimuli (chemical irritation, high mechanical pressure) can 

trigger the firing of these fibers. The Aδ and C-fibers innervate the urothelium, the 

suburothelial space and the muscle layers of the bladder (61, 62). The neurons of the 
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afferent nerves are located in the dorsal root ganglia of the S2–S4 and T11–L2 spinal 

segments. The afferent neuronal pathways project to the dorsal commissure and the 

superficial dorsal horn of the spinal cord, and to the sacral parasympathetic nucleus which 

consists of parasympathetic preganglionic neurons (63). 

The afferent and sensory neurons in the urinary bladder are identified by 

immunohistochemistry labeling based on the expression of neuropeptides: calcitonin 

gene-related peptide, vasoactive intestinal peptide, and NKA along with SP as the 

members of the TK family (64). There are increasing number of evidence suggesting that 

during pathological conditions abnormal afferent nerve activity can cause detrusor 

overactivity and neuropeptides can disturb the regulatory balance with the 

cholinergic/adrenergic systems. Further pathohistological observations support this 

hypothesis: patients with detrusor overactivity exhibit increased density of suburothelial 

afferent nerves that are immunoreactive for CGRP and SP; in addition, botulinum toxin-

treated OAB patients with restored bladder activity have normalized afferent nerve 

density (54, 65). 

TKs are involved in both afferent and efferent reflex pathways in the urinary bladder 

(2, 51). Their sensory functions include the regulation of mechanosensation (66), 

micturition threshold on the supraspinal level (67), and visceral pain (68, 69). On the 

efferent side, TKs can regulate smooth muscle cell activity, nerve excitability, and 

vascular functions (blood flow and plasma protein extravasation) (53). The local 

application of capsaicin can stimulate afferent nerves and release TKs in the urinary 

bladder, which can induce contraction, implicating the dual function of sensory nerves in 

both afferent and efferent pathways (70). 

NKA and SP (released as cotransmitters from capsaicin-sensitive sensory nerves) are 

reported to induce detrusor muscle contraction through NK1Rs and NK2Rs in rats (38). 

NK2Rs are expressed in the human urinary bladder as well and have been shown to 

mediate the contractile effects of NKA and its synthetic analog in the detrusor muscle 

(71, 72). Based on the effects of intravesical NKA/SP administration, NK2Rs are also 

present in the urothelium (66, 73). 

The role of NK2R in the micturition reflex is controversial under physiological 

conditions (66, 74). NK2R was shown to be involved in the regulation of bladder voiding 

reflexes (74),  and its inhibition reduced the amplitude of detrusor muscle contractions in 
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experimental bladder obstruction and cystitis models (37, 74, 75). Furthermore, in 

capsaicin-induced hyperactivity model in rats, the NK2R antagonist SR 48965 

ameliorated the hyperactive reflexes without interfering physiological micturition (76). 

This indicates the importance of NK2R in bladder overactivity (77). Under pathological 

conditions (e.g., injury and inflammation), TKs have been reported to alter their 

expression pattern in neurons; hence, TK and NK2R signaling might be amplified in 

bladder dysfunctions (e.g., OAB) (51, 78). 

2.3 Review of the Functions, Biosynthetic Enzymes and Receptors of 

Prostanoids 

 

Prostanoids are a family of lipid mediators which includes prostaglandins (PGE2, 

PGF2α, PGI2, PGD2) and thromboxane A2. They have relevant roles in both physiological 

and pathological conditions acting as either autocrine or paracrine signaling molecules. 

Prostanoids are involved in complex and diverse (patho)physiological processes, like 

inflammation, pain sensation, regulation of renal function, cardiovascular homeostasis, 

platelet aggregation and asthma (79). 

Prostanoids are derived from arachidonic acid and a key step of the synthesis is an 

enzymatic conversion by cyclooxygenases (COX), lipoxygenases, or epoxygenases. The 

COX enzyme has two isoforms, COX-1 and COX-2. COX-1 is constitutively expressed 

in most cells and plays a major role in the housekeeping functions of prostanoids (e.g. 

hemostasis). COX-2 is inducible and its expression and activity increase during 

inflammation and potentially in oncogenesis, however, the functions of the COX enzymes 

can overlap. 

Prostaglandins bind and activate seven transmembrane G protein-coupled receptors 

similar to TKs. The prostanoid receptor subfamily is formed from eight members (DP, 

EP1–4, FP, IP, and TP), with the more recent addition of CRTH2. Their classification is 

based on the ligand binding affinity to different prostanoids. The coding genes of 

receptors share 20-30% homologous sequence among the different types. The 

(patho)physiological actions of prostanoids can be highly variable, depending on the 

binding affinity of ligands, the receptor expression of target cells, the intracellular 

signaling of receptors, and the microenvironment where the target cell is exposed to 

prostanoids (80). 
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2.3.1 The Role of Prostanoids in the Lower Urinary Tract 

 

The forthcoming overview on the role of prostanoids in bladder physiology is based 

on the review by Rahnama’I et al, 2012 (81). Animal studies carried out in the early 1970s 

have shown that prostaglandins were released into circulation as a result of bladder 

distension (82). Mechanical irritation of the bladder epithelium also triggers the release 

of prostanoids (83). Intraarterial infusion of prostaglandin E2 and F2α (PGE2 and PGF2α) 

decreases the threshold micturition volume suggesting a regulatory role of prostaglandins 

in bladder contraction under physiological conditions (84).  

Human detrusor muscle produces PGE2 and PGF2α‐like substances (85). There are 

conflicting findings about PGE2 as a biomarker for OAB syndrome: increased urinary 

levels of PGE2 and PGF2α show positive correlation with the incidence of OAB syndrome, 

however, other studies failed to show any significant association with detrusor 

overactivity, increased bladder sensation and interstitial cystitis (86, 87). In addition, E. 

coli-induced inflammation increased COX-2 expression and PGE2 synthesis in the 

urinary bladder (88, 89).  COX‐2 inhibition prevents and reverses the urodynamic 

changes in the inflammatory cystitis model of rats induced by surgery, 

lipopolysaccharides or cyclophosphamide (90). Different prostanoid receptor antagonists 

showed efficiency in reducing and restoring bladder overactivity in animal models (EP1, 

EP3, EP4) (91-93) shedding light on potential future pharmacological intervention targets 

to treat malfunctional voiding. PGE2 can act on capsaicin-sensitive sensory nerves as well 

highlighting a further link between prostanoid and TK signaling (94). Notably, these 

experiments and observations suggest that both prostaglandins and TKs play a pathogenic 

role in bladder hyperactivity during inflammation. 

2.4 G protein-coupled Signaling Pathways Related to Smooth Muscle 

Contraction 

 

 The seven transmembrane domain G protein-coupled receptors (a receptor family that 

includes NK and prostanoid receptors too) can elicit contraction via two main signaling 

pathways in smooth muscle cells (Figure 1.) (95).  

Smooth muscle contraction is mediated via Ca2+-dependent or independent pathways, 

eventually by the simultaneous activation of both. The Ca2+-dependent pathway is 
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initiated by the binding of Gq/11-protein to the cytoplasmic domain of seven 

transmembrane receptors. Consecutively, the Gq/11-protein acquires the active 

conformational state by binding and hydrolyzing GTP. The Gq/11-protein activates 

phospholipase C β (PLC-β), which hydrolyzes phosphatidylinositol 4,5-bisphosphate into 

inositol-trisphosphate (IP3) and diacyl-glycerol (DAG). IP3 binds the IP3 receptor on the 

sarcoplasmic reticulum, which releases Ca2+ into the cytoplasm. After binding four Ca2+ 

ions, calmodulin activates the myosin light chain kinase and turns on the cross-bridge 

cycle. Simultaneously, DAG activates protein kinase C (PKC) that participates indirectly 

in eliciting contraction. 

In Ca2+ independent pathway, the starting point is similarly the activated membrane 

receptor, but instead of the Gq/11-proteins, the G12/13-proteins contribute to the contraction 

of smooth muscle cells. In further detail, the G12/13-protein activates the guanine 

nucleotide exchange factor of the Rho small GTP binding protein (RhoGEF). RhoGEF 

accelerates the switch of GDP to GTP of Rho which facilitates its transition to the active 

conformation. Rho activates the Rho kinase (ROCK). ROCK phosphorylates and 

therefore inhibits the myosin light chain phosphatase. Finally, the myosin light chain 

phosphatase is not able to remove the phosphate group from the myosin light chain, thus 

maintaining the activity of the cross-bridge cycle. Crosstalk can take place between the 

Ca2+-dependent and independent pathways via CPI-17 (95). 

2.5 The Epidemiology and the Current Treatment Options of 

Overactive Bladder Syndrome 

 

OAB syndrome is a clinical condition that is related to our research project (96). OAB 

is defined as the symptoms of frequency (> 8 micturition / 24 h) and urgency, with/without 

incontinence (97, 98). An additional criterium is the absence of local pathological (e.g. 

urinary tract infection, stones, interstitial cystitis) or metabolic conditions (e.g. diabetes 

mellitus) that can explain the symptoms of OAB (98-100). OAB impairs the quality of 

life of the affected patients (101). In human urinary bladders, NKA, NKB, and SP induce 

detrusor muscle contraction under physiological conditions; furthermore, their potency is 

amplified in the neurogenic bladders of patients with spinal cord lesions (102). 

Interestingly, NK2R agonists have been recently considered as a potential therapy to elicit 

on-demand voiding in individuals with spinal cord injuries (103). 
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Figure 1. G protein-coupled signal transduction pathways lead to the activation of 

the cross-bridge cycle during smooth muscle contraction. 

The Gq/11-protein induces contraction in a Ca2+ dependent manner whereas the G12/13-

protein activates the Ca2+-independent pathway. The pathways are connected via CPI-17 

protein. GPCR: G protein-coupled receptor, PLC-β: phospholipase C β, CaM: 

calmodulin, MLCK: myosin light chain kinase, MLCP: myosin light chain phosphatase, 

ROCK: Rho kinase. 

 

The epidemiology of OAB syndrome has been investigated by multiple studies. In the 

European population, the prevalence of at least one OAB-related symptom was 16.6% 

based on telephone and in-person surveys. The prevalence is increased in both sexes with 

age. The overall prevalence of OAB was higher in women compared to men (women: 

17.4% vs. men: 15.6%) (98). 

The National Overactive Bladder Evaluation program surveyed the population of the 

United States by telephone. The predicted overall prevalence by the program was 16.9% 

in women and 16.0% in men. An additional difference between the sexes was the higher 

association rate of urging incontinence with OAB syndrome in women than men. OAB 

Myosin 
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syndrome was associated with lower quality of life, higher depression scores, and poorer 

quality of sleep compared to control groups (104). To sum up, we can state that both 

studies estimated the prevalence of OAB syndrome in a similar range (16–17%). 

OAB syndrome makes everyday activities burdensome, including occupation, social 

activities, traveling, sexual life, and even sleep. Further consequences of the syndrome 

can be additional fear of odor, anxiety and frustration (105). 

There is no available definitive and curative solution for OAB syndrome currently. 

Treatments are aimed to reduce the frequency and severity of symptoms. First-line 

treatment is commonly behavioral therapy that is technically side effect free. The second 

line of treatment is pharmacological management with potential adverse events. The 

widely used anti-muscarinergic compounds can have numerous adverse events, e.g. dry 

mouth, constipation or dyspepsia since muscarinergic receptors are widely expressed in 

different organ systems too. For moderate and severe OAB syndrome, invasive 

approaches represent the third line of interventions, e.g. injection of onabotulinumtoxin 

into detrusor muscle, sacral neuromodulation, or the stimulation of peripheral tibial nerve 

(106). 
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 3.0 Objectives 

 

In the urinary bladder, the exact mechanism of TK signal transduction is still 

unexplored. Data in the literature indicate that NK2Rs play an important role in the 

pathogenesis of OAB (37, 51, 77). Therefore, our main aim was to characterize the 

signaling of TKs, specifically NK2Rs, in the urinary bladder smooth muscle (UBSM), 

providing a theoretical basis for the development of future medications for bladder 

disorders, including OAB. 
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4.0 Methods 

 

All procedures were carried out according to the guidelines of the Hungarian Law of 

Animal Protection (28/1998) and were approved by the Hungarian National Scientific 

Ethical Committee on Animal Experimentation (PEI/001/2709-13/2014). 

Experiments were carried out on urinary bladders of adult male wild-type (C57BL/6 

mice from Charles River Laboratories, Isaszeg, Hungary) and genetically modified mice. 

The mouse line with smooth muscle-specific inducible deletion of the Gq/11 signaling 

pathway [Gα-q/11 knockout (KO)] was generated on the Gαq/11-deficient (G11
–/–) 

background (107) with floxed alleles of the genes coding Gαq (Gnaqflox/flox) and expressed 

a fusion protein of the Cre recombinase with a modified estrogen receptor binding domain 

(Cre-ERT2) (108) under the control of the smooth muscle myosin heavy chain (SMMHC) 

promoter (109). Deletion of Gnaq was induced by intraperitoneal tamoxifen treatment (1 

mg/day for 5 consecutive days) as previously described (109). Tamoxifen-treated 

SMMHC-CreERT2–/–;Gnaqflox/flox;Gna11+/+ mice served as controls and are referred to as 

Gαq/11-CTRL. Similarly, G12/13-KO mice were generated with the floxed alleles of Gα13 

(Gna13) on the background of null alleles of Gα12 (Gna12). The smooth muscle-specific 

deletion of Gα13 was achieved by the SMMHC promoter-driven Cre expression (110).  

Mice were euthanized by cervical dislocation under anesthesia, and the urinary 

bladders were removed and placed into Krebs solution (119 mM NaCl, 4.7 mM KCl, 1.2 

mM KH2PO4, 2.5 mM CaCl2, 1.2 mM MgSO4, 20 mM NaHCO3, 0.03 mM EDTA, and 

10 mM glucose, pH 7.4) at room temperature. Under a dissection microscope, the serosal 

surface was cleaned from adipose and connective tissue. The urothelial layer was also 

removed to prevent the potential release of paracrine factors from the mucosal epithelium 

as a result of tachykinin administration (36) and to avoid tension changes related to 

myofibroblasts (47). Bladders were pinned down at the trigonal area. We cut from the 

dome of the bladder towards the urethral opening ensuring that the majority of a strip 

consists of the detrusor muscle. Bladders were cut into four strips of equal length for 

myography, whereas for the RhoA activity assay, half-bladders were used. Intracellular 

Ca2+ measurements were performed on incised whole urinary bladders without 

urothelium as well. 

Detrusor muscle contraction force was registered by myographs (type 610 M, Danish 

Myo Technology, Aarhus, Denmark) under isometric conditions. Smooth muscle strips 
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were suspended in chambers filled with 8 ml of 37°C Krebs solution equilibrated with a 

gas mixture of 5% CO2-95% O2. Before every experiment, urinary bladder strips were 

rested for 30 min during which passive tension was adjusted to 5 mN. After this 

equilibration period, bladder strips were exposed to 124 mmol/l K+-containing Krebs 

solution (made by iso-osmolar replacement of Na+ by K+ to test the reactivity of the 

smooth muscle). After several washes with normal Krebs solution, the contractile effect 

of TKs [NKA/NKB/SP/[β-Ala8]-NKA(4–10) at 10-5 M], carbamylcholine chloride 

[carbachol (10-6 M)] was determined. Some of the strips were preincubated with one of 

the following inhibitors: MEN10376 [NK2R-specific antagonist, 3 X 10-5 M, 15 min, 

(111)], U-73122 [PLC-β inhibitor, 10-5 M, 35 min, (112)], edelfosine [PLC-β inhibitor, 

10-5 M, 35 min, (113)], thapsigargin [SERCA inhibitor, 2 X 10-6 M, 20 min, (114)], Y-

27632 [Rho kinase (ROCK) inhibitor, 10-5 M, 5 min, (115)], diltiazem [blocker of L-type 

voltage-dependent Ca2+ channels (VDCC), 5 X 10-5 M, 15 min, (116)], or Ca2+-free Krebs 

solution (10 min). When DMSO or ethanol was the solvent of the inhibitor, the vehicle 

was applied in matched concentration as a control. Finally, bladder strips were exposed 

to 124 mmol/l K+-containing Krebs solution to retest the reactivity of the smooth muscle. 

TK-induced tension changes were normalized to the reference contraction induced by 124 

mM K+-containing Krebs solution. MP100 system and AcqKnowledge3.72 software from 

Biopac System (Goleta, CA) were used for the acquisition and analysis of myographic 

measurements. To eliminate tension oscillations, the smoothening function of the 

software was applied to recordings. 

To measure intracellular Ca2+ concentration ([Ca2+]i), freshly dissected tissue was 

prepared as described above, urinary bladders were slightly stretched and fixed on plastic 

rings with needles. For loading with fluorescent dye, samples were incubated for 60 min 

in HBSS with 5 µM fluo-4-AM (with added 0.02 m/v% pluronic F-127 and 1.8 mM 

probenecid), which was followed by a one hour washout period. During both processes, 

the plate shaker was set to 300 rpm at 35°C. Ca2+ signals evoked by [β-Ala8]-NKA(4–10) 

were normalized to the amplitude of [Ca2+]i induced by ionomycin (5 X 10-7 M). The 

viability of bladder samples was tested by the administration of ATP (10-5 M) in those 

cases when [β-Ala8]-NKA(4–10) failed to induce any Ca2+ signal. The excitation 

wavelength of fluorescence was 494 nm, and the detection wavelength was 516 nm. To 
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acquire images and analyze data, a Nikon Eclipse Ti-S microscope linked to a TILL 

Oligochrome light source and TILL Photonics Live Acquisition software was used. 

Activated RhoA protein was quantified with a pull-down ELISA kit. Briefly, urinary 

bladder strips were prepared as described above. After 30 min of equilibration, bladder 

strips were stretched to 5 mN in myograph chambers containing normal Krebs solution. 

After the addition of 10-5 M [β-Ala8]-NKA(4–10), when bladders reached maximal 

contraction, they were snap-frozen in liquid N2. To quantify the amount of activated and 

total RhoA protein, a RhoA G-LISA Activation Assay Kit and Total RhoA ELISA Assay 

Kit were used, respectively. In addition to the recommended assay protocols, lysis buffer 

was supplemented with protease and phosphatase inhibitors (1% Cytoskeleton protease 

inhibitor cocktail, 50 mM sodium fluoride, 1% phosphatase inhibitor cocktail, and 1 mM 

4-nitrophenyl phosphate). Activated RhoA-GTP values were normalized to the total 

RhoA content. Baseline and its paired NK2R-activated sample RhoA activity 

measurements were performed from the two halves of the same urinary bladder. 

During data analysis, “phasic contraction” was defined as the peak value of developed 

tension, whereas “tonic contraction” was characterized by the amplitude of contraction at 

the fifth minute after the addition of TKs. The same evaluation protocol was used for both 

myography and intracellular Ca2+ level measurements. Representative original traces as 

well as average curves of contractions and Ca2+ responses are presented on the left side 

of the figures. For the description of case numbers, the following formula was used: n x/y, 

where x represents the number of bladder strips/specimens obtained from y animals. All 

data are presented as means SD. 

For statistical analysis, all data sets were first subjected to the D’Agostino-Pearson 

normality test. If the normal distribution of the data was verified, the P values were 

determined by a Student’s unpaired t-test or one-way ANOVA, depending on the number 

of experimental groups, whereas the Mann-Whitney test or Kruskal-Wallis test was used 

if the normality test failed. Statistical analysis and graph plotting were performed with 

GraphPad Prism software (v.6.07, GraphPad Software, La Jolla, CA). P < 0.05 was 

considered a statistically significant difference. 

Fluo-4-AM, probenecid, and ionomycin were purchased from ThermoFisher 

Scientific (Waltham, MA). Fluo-4-AM and probenecid were dissolved freshly before 

experiments. Ionomycin was dissolved in ethanol and stored at 10-3 M concentration. 
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NKA trifluoroacetate, NKB trifluoroacetate, SP acetate, MEN10376, and [β-Ala8]-

NKA(4–10) were purchased from Bachem (Bubendorf, Switzerland). NKA 

trifluoroacetate, NKB trifluoroacetate, and SP acetate are referred to as NKA, NKB, and 

SP, respectively, in this article. NKA, NKB, and [β-Ala8]-NKA(4–10) were dissolved in 

DMSO to make a 1,000-fold concentrated stock solution. SP was dissolved in distilled 

water and MEN10376 was dissolved in saline (stock solution concentrations: 10-2 M for 

SP and 3 x 10-3 M for MEN10376). U-73122 and edelfosine were purchased from Tocris 

(Bristol, UK). U-73122 was dissolved in DMSO and edelfosine in ethanol both to 10-2 M 

stock solutions. Y-27632 and thapsigargin were purchased from Cayman Chemical (Ann 

Arbor, MI) and dissolved in saline (Y-27632: 10-3 M, and thapsigargin: 10-2 M. ATP was 

dissolved in HBSS, and the concentration of its stock solution was 10-3 M. RhoA G-LISA 

Activation Assay Kit (Colorimetric format, catalog no. BK124), Total RhoA ELISA 

Assay (catalog no. BK150), and Cytoskeleton protease inhibitor cocktail (catalog no. 

PIC02) were purchased from Cytoskeleton (Denver, CO). All other reagents and 

chemicals were purchased from Sigma-Aldrich (St. Louis, MO). Diltiazem was dissolved 

in saline immediately before use. Carbachol was dissolved in saline to 10-3 M stock 

solution. PGE2 and PGF2 were purchased from Cayman Chemical and stock solutions 

were constituted at 10-2 M in DMSO. HBSS without phenol red was purchased from 

Lonza (Basel, Switzerland). When organic solvents were used, vehicle treatment served 

as a control. 
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5.0 Results 

 

First, we evaluated the role of NK2R in mediating the effects of TKs. NKA, NKB, and 

SP induced strong contractions (Figure 2./A–C) in which a phasic and a tonic component 

could be discriminated. The phasic contractions, characterized by the maximal elevation 

of the tension, were markedly inhibited by the NK2R-specific antagonist MEN10376 in 

the case of all three TKs (Figure 2./A–C). In contrast, the amplitude of the tonic 

contractions, determined at 5 mins, remained unaltered in the presence of MEN10376 in 

the case of NKA and NKB, whereas it was abolished in the case of SP. Since all TKs 

increased UBSM tension in a MEN10376-reversible manner, it was concluded that the 

NK2R is likely to play an important role in the control of urinary bladder functions. 

Since the main goal of the present study was to investigate the intracellular signaling 

pathways mediating the detrusor muscle contraction in response to NK2R activation, we 

next tested the effects of NK2R-specific agonist [β-Ala8]-NKA(4–10). In our 

experimental setup, we found that it induced dose-dependent contractions with an EC50 

value of 3.18 M and a maximum effect (Emax) value of 36.1%. (normalized to K+-

induced contraction) Importantly, both phasic and tonic components of the contraction 

induced by the submaximal concentration (10-5 M) of [β-Ala8]-NKA(4–10) were 

diminished by MEN10376 (Figure 2./D). Therefore, in further experiments, 10-5 M [β-

Ala8]-NKA(4–10) was used to activate specifically NK2R-mediated signaling in the 

UBSM. 

Next, we aimed to identify the G-proteins mediating the effect of NK2Rs in UBSM. 

To examine the contribution of the Gq/G11 signaling pathway, the consequences of Gαq/11 

deletion on NK2R-mediated smooth muscle contraction and Ca2+ signaling were 

analyzed. In Gαq/11-KO animals, both phases of the contraction response induced by [β-

Ala8]-NKA(4–10) were eliminated (Figure 3/A). [β-Ala8]-NKA(4–10) not only elicited 

contraction but also triggered [Ca2+]i increase, which also disappeared in Gαq/11-KO 

bladders (Figure 3/B). Taken together, these results indicate that Gq/11 proteins have an 

exclusive role in mediating the intracellular signaling of NK2Rs in the UBSM. 
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Figure 2. Role of NK2Rs in mediating tachykinin-induced detrusor muscle 

contraction.  

NKA, NKB, and SP induced contraction in the mouse urinary bladder, which was 

attenuated markedly by the NK2R-specific antagonist MEN10376 (A–C). The NK2R-

specific agonist-induced similar contraction, an effect that was abolished by MEN10376 

(D). Individual traces are presented on the left followed by the averaged curves. NS, not 

significant. **P < 0.01; ****P < 0.0001 (A and B: Mann-Whitney test; C and D: Student’s 

t-test). Case numbers were as follows: in A, n = 26/14 for CTRL and n = 6/6 for 

MEN10376; in B, n = 13/12 for CTRL and n = 6/6 for MEN10376; in C, n = 19/15 for 

CTRL and n = 10/7 for MEN10376; and in D, n = 15/12 for CTRL and n = 12/9 for 

MEN10376. 
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Figure 3. Gq/11 proteins mediate intracellular signaling of NK2R in the UBSM 

muscle.  

A: in Gαq/11-KO mice, the contraction completely disappeared in both phases. B: both the 

peak and plateau of the intracellular Ca2+ signal were eliminated in Gαq/11-KO urinary 

bladders. ***P < 0.001; ****P < 0.0001 (Mann-Whitney test). Case numbers were as 

follows: in A, n = 10/9 for the Gαq/11 CTRL group and n = 17/9 for the Gαq/11-KO group; 

and in B, n = 8/4 for the Gαq/11 CTRL group and n = 8/4 for the Gαq/11-KO group. 

 

To exclude the potential overlapping function of multiple G proteins in eliciting 

contraction, we investigated the effects of genetic G12/13 deletion on [β-Ala8]-NKA(4–10) 

induced contraction. To answer our question, we generated Gα12/13-KO mice with a 

similar approach as we applied in Gαq/11-KO. Bladders of G12/13-KO mice showed no 

significant difference in the phasic or tonic phase of contraction compared to G12/13-CTRL 

mice (phasic: Gα12/13-CTRL: 32.0±2.7% vs. Gα12/13-KO: 29.8±2.9%, P = 0.578; tonic: 

Gα12/13-CTRL: 20.2±2.0% vs. Gα12/13-KO: 15.7±1.5%, P = 0.094; n=12 bladder strips, 

three biological replicates each group; Student’s t-test). It appears that Gq/11 solely 

mediates NK2R signaling in urinary bladder smooth muscle ex vivo. 

Although NK2R is coupled exclusively to Gq/11 ex vivo in detrusor muscle, in other 

systems G12/13 protein and the Ca2+ independent pathway can also elicit smooth muscle 

contraction. Prostaglandins can induce contraction via the FP receptor under 

physiological conditions (117). TP receptor has been shown to exert its effects via G12/13 

proteins in platelets (118). We hypothesized prostaglandins mediate contraction via the 
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Gα12/13-Rho-ROCK pathway in the urinary bladder smooth muscle. The contractile 

responses evoked by prostaglandins (PGE2 and PGF2α, 10-5 M) were reduced in Gα12/13-

KO animals and in the presence of ROCK inhibitor Y-27632 to a similar magnitude 

suggesting the conventional activation of Ca2+ independent pathway (Figure 4.). 

Therefore, the predominance of the Gq/11 pathway, as observed in the case of NK2R, is 

not a general phenomenon for all GPCR-mediated UBSM contractions.  

 

 

Figure 4. Prostaglandin E2 and F2α induce urinary bladder smooth muscle 

contraction primarily via Gα12/13-Rho-ROCK pathway. 

A, C: In Gα12/13-KO mice the contractile effects of PGE2 and PGF2α were reduced 

compared to Gα12/13-CTRL animals. B, D: Rho-kinase inhibition by Y-27632 (10-5 M, 20 

min incubation) comparably decreased the amplitude of contraction responses to Gα12/13-

KO mice. * P < 0.05, ** P < 0.01, *** P < 0.001 (Mann-Whitney test). Case numbers 

were as follows: A: n = 6-8, B: n = 5-6, C: n = 6-7, D: n = 5-6. PGE2 and PGF2α: 

prostaglandin E2 and F2α. 

 

Our next aim was to identify the downstream signaling partner(s) of Gq/11 proteins in 

mediating NK2R-induced UBSM contraction. Gq/11 proteins are linked primarily to PLC-

β, which can evoke intracellular Ca2+ release by producing IP3. However, two different 

types of PLC-β inhibitors (U-73122 and edelfosine) both failed to have any effect on 

contraction force, either in the acute (Figure 5./A) or during the tonic (Figure 5./B) phase 
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of contraction. Therefore, PLC-β does not appear to be involved in the Gq/11-mediated 

signal transduction pathway of the UBSM. 

Next, we aimed to figure out whether the source of the Ca2+ signal is intracellular or 

extracellular. Intracellular Ca2+ store depletion by thapsigargin, which inhibits SERCA, 

did not alter the contractile effect of [β-Ala8]-NKA(4–10) (Figure 5./A and B). In contrast, 

the removal of Ca2+ from Krebs solution resulted in a marked reduction of the contraction 

force in both the phasic and tonic phase of the response (Figure 6.), indicating the 

predominant role of Ca2+ influx from the extracellular space in mediating UBSM 

contraction upon activation of NK2Rs. 

Figure 5. Ineffectiveness of PLC-β inhibition or intracellular Ca2+ store depletion on 

NK2R-mediated detrusor muscle contraction.  

Neither PLC-β inhibitors (U-73122 and edelfosine) nor the depletion of intracellular Ca2+ 

stores (by thapsigargin) altered the contractile response to [β-Ala8]-NKA(4–10) 

administration. NS, not significant (one-way ANOVA). Case numbers were as follows: n 

= 42/29 for CTRL, n = 14/11 for U-73122, n = 7/7 for edelfosine, and n = 21/11 for 

thapsigargin. 

 

Figure 6. Role of extracellular Ca2+ in mediating [β-Ala8]-NKA(4–10)-induced 

urinary bladder contraction.  

Lack of extracellular Ca2+ markedly reduced both the “peak” and “plateau phase” of 

contraction force. ****P < 0.0001 (Student’s t-test). Case numbers were as follows: n = 

20/20 for CTRL and n = 20/20 for Ca2+-free medium. 
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Different Ca2+ channels have been implicated in regulating the tone of the UBSM, of 

which VDCCs appear to have the most widespread biological function (119). Therefore, 

we aimed to evaluate their role in NK2R-mediated UBSM contraction. The VDCC 

blocker diltiazem induced similar inhibition of the contractile effect of [β-Ala8]-NKA(4–

10) as was observed in the absence of extracellular Ca2+ (Figure 7.). Taken together, these 

results indicate that Ca2+ influx through VDCCs mediates the contractile effect of NK2R 

stimulation. 

 

Figure 7. Involvement of VDCCs in NK2R-mediated detrusor muscle contraction. 

Urinary bladder strips treated with the VDCC blocker diltiazem showed diminished 

contraction in both phases. ****P < 0.0001 (Student’s t-test). Case numbers were as 

follows: n = 8/8 for CTRL and n = 10/10 for diltiazem. 

 

Interestingly, neither removal of extracellular Ca2+ nor administration of diltiazem was 

able to diminish the effect of [β-Ala8]-NKA(4–10) as completely as the deletion of Gαq/11 

proteins did, indicating the presence of an alternative intracellular signaling mechanism. 

We hypothesized that this might be the RhoA-ROCK signaling pathway since a previous 

study indicated its importance in the regulation of UBSM tone (120). Indeed, 

administration of [β-Ala8]-NKA(4–10) increased RhoA activity in the UBSM of CTRL 

mice, whereas this effect was absent in the urinary bladders of Gαq/11-KO animals (Figure 

8./A). In addition, the ROCK inhibitor Y-27632 reduced the amplitude of [β-Ala8]-

NKA(4–10)-induced contraction during both the phasic and tonic phases (Figure 8./B). 

The combination of Y-27632 with the removal of extracellular Ca2+ or administration of 

diltiazem abolished completely the contractile effect of [β-Ala8]-NKA(4–10) (Figure 

8./B). Therefore, our results indicate that NK2Rs simultaneously activate VDCC-

mediated Ca2+ influx and the RhoA-ROCK signaling pathway, both of which contribute 

significantly to UBSM contraction. 
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Figure 8. Role of the RhoA-Rho kinase pathway in mediating detrusor contraction 

by [β-Ala8]-NKA(4–10). 

A: effects of Gαq/11 protein deficiency on RhoA activation. RhoA activity was expressed 

as normalized to baseline. B: inhibitory effects of the Rho kinase inhibitor Y-27632 alone 

or in combination with Ca2+-free medium or diltiazem. *P < 0.05; **P < 0.01 (A: Kruskal-

Wallis test; B: two-way ANOVA with a Bonferroni’s post hoc test). Case numbers were 

as follows: in A, n = 49/49 for CTRL, n = 20/19 for Y-27632, n = 10/10 for Y-27632 + 

Ca2+-free medium, and n = 12/12 for Y-27632 + diltiazem; and in B, n = 8/8 for the Gαq/11 

CTRL group and n = 6/6 for the Gαq/11-KO group. 
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6.0 Discussion 

 

The contractile effect of TKs in the UBSM has been previously described; however, 

there are only a few studies that have provided a mechanistic explanation of their 

intracellular signaling under physiological conditions. We demonstrated that NKA, NKB, 

and SP exert sustained contraction through NK2Rs on smooth muscle cells in mouse 

urinary bladder. Selective NK2R activation induced a Ca2+ signal with matching kinetics 

of the contraction curve that is mediated by Gq/11 proteins. In contrast, prostaglandins 

elicit contraction mostly via the G12/13-Rho-ROCK pathway. Surprisingly, inhibitors of 

the PLC-β-mediated intracellular Ca2+-releasing pathway (U-73122, edelfosine, and 

thapsigargin) failed to influence the amplitude of contraction force either in phasic or 

tonic phase. Contrariwise, our results indicate that extracellular Ca2+ enters the cytoplasm 

via VDCCs and activates the cross-bridge cycle upon activation of NK2Rs. In addition, 

Gq/11-mediated activation of the RhoA-ROCK pathway has a major contribution to 

detrusor muscle contraction. 

TKs play a complex role in the regulation of detrusor muscle tone. Their effects are 

mediated by NK receptors of the urothelium and nerve fibers as well as the UBSM itself 

(2, 121, 122), of which the latter was the focus of the present study. Experiments with 

urothelium-denuded smooth muscle strips excluded urothelium-mediated indirect actions 

in our experimental setup. Treatment of urinary bladders with pharmacological inhibitors 

of muscarinergic and purinergic receptors did not alter the NK2R-induced contraction 

response suggesting that nerve fiber-derived acetylcholine or ATP does not contribute 

(data not presented in the dissertation). 

NKA, NKB, and SP induced characteristic contraction response with two distinct 

phases: 1) a phasic, transient phase and 2) a tonic, sustained response consistently with a 

previous publication (38). The rank order of potency was NKA, NKB, and SP, analogous 

to humans (123). MEN10376 inhibited the first phase of the NKA and NKB response. 

Furthermore, in SP-induced contraction, NK2Rs contributed to both phasic and tonic 

contraction (38, 124). Interesting to observe the different inhibitory effects of 

MEN10376: this suggests that NK2R is involved in the tonic phase of the SP-induced 

contraction as well, or there is receptor desensitization involved in the SP induced 

response. Consequently, the NK2R is involved in mediating the effect of all three TKs 
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and therefore could potentially be involved in bladder hyperactivity in those cases when 

TK and/or NK2R expression is upregulated. As expected from the in vivo experiments 

(77), selective activation of NK2Rs with [β-Ala8]-NKA(4–10) resulted in a contraction 

curve similar to TK-evoked responses and was abolished by MEN10376, enabling us to 

selectively examine the intracellular signaling pathways of the NK2R in our experiments 

with this compound. Importantly, our unpublished observations indicated a very similar 

contractile effect of [β-Ala8]-NKA(4–10), both in terms of amplitude and temporal 

pattern, in human detrusor muscle to that shown in the present study, underlining the 

human relevance of our findings. 

In in vitro systems, it has been previously described that, depending on their actual 

conformational state, NK2Rs can couple to both Gs and Gq/11 proteins (125, 126). We 

examined the relevance of G proteins in the urinary bladder in an ex vivo model with 

conditional KO mice and provided direct evidence, for the first time, that downstream 

signaling of NK2Rs in detrusor muscle solely depends on the Gq/11 pathway, which is a 

critical element of both NK2R-induced [Ca2+]i increase, RhoA activation, and contraction 

force. 

PLC-β is classically regulated by Gq/11 proteins (127) and hydrolyzes 

phosphatidylinositol 4,5-bisphosphate to IP3 and DAG. According to the well-established 

concept, IP3 binds to the IP3 receptor of intracellular Ca2+ stores and triggers the release 

of Ca2+ from the sarcoplasmic reticulum, leading to the activation of the cross-bridge 

cycle. Catalioto et al. (128) expressed NK2Rs in Chinese hamster ovary cells and 

demonstrated its linkage to PLC-β. Consequently, receptor activation increased the 

intracellular level of IP3. In contrast to our expectations based on data obtained through 

in vitro experiments, inhibition of PLC-β failed to alter NK2R-mediated detrusor muscle 

contraction. Interestingly, carbachol-induced detrusor muscle contraction, which is 

mediated by Gq/11-coupled M3 muscarinic receptors, is also resistant to pharmacological 

inhibition of PLC-β (129, 130), indicating the presence of a similar alternative pathway 

in both cholinergic and tachykinin-induced intracellular signaling. In addition, 

thapsigargin treatment was also ineffective, indicating little or no involvement of 

sarcoplasmic Ca2+ release in mediating the effect of NK2R activation. Therefore, the 

common and classical motives of Gq/11 signaling, PLC-β and intracellular Ca2+ release 

from the sarcoplasmic reticulum, do not appear to be linked to NK2Rs in the UBSM. 
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Quinn et al. (131) found that Ca2+-free medium fully abolished, whereas nifedipine 

decreased the NKA and SP-induced contraction in rat detrusor smooth muscle tissue in 

vitro. In hamster urinary bladder strips, nifedipine almost completely suppressed the 

contractile response to [β-Ala8]-NKA(4–10) (122). Most recently, Grundy et al. (132) 

found in isolated mouse bladders that NKA simultaneously increased intravesical 

pressure and afferent nerve firing, effects that were both sensitive to the NK2R antagonist 

GR159897 and nifedipine. Therefore, whole tissue and organ systems appear to operate 

with completely different signaling pathways compared with Chinese hamster ovary cells, 

in which the application of verapamil did not influence NKA-induced responses (128). 

Based on previous data from the literature, we assumed that Ca2+ entry through VDCCs 

from the extracellular space is the major source of the internal Ca2+ increase when NK2Rs 

are activated. In our experiments, both Ca2+-free Krebs solution and the VDCC inhibitor 

diltiazem reduced the contraction markedly, although they failed to induce complete 

blockade as observed in rat detrusor muscle (131). These discrepancies can be attributed 

to differences in the animal species or experimental protocols. Our results are in line with 

the previously established role of extracellular Ca2+ in inducing contraction force via 

VDCCs in response to cholinergic stimulation (133). The relationship between NK2Rs 

and VDCCs might explain why diltiazem improved the symptoms and restored impaired 

voiding parameters in patients with OAB (134). 

An intriguing question, which unfortunately could not be answered by our 

experiments, is the link between NK2R-activated Gq/11 proteins and VDCCs. Transient 

receptor potential vanilloid-type 4 (TRPV4) channels have been recently implicated to 

play a major role in the physiological regulation and dysfunctions of micturition (135-

137). Activation of TRPV4 channels induces detrusor muscle contraction in a VDCC-

dependent manner (138), and it has been recently shown that stimulation of Gq/11 protein-

coupled receptors may activate TRPV4 channels either via IP3 production or depletion of 

plasma membrane phosphatidylinositol 4,5-bisphosphate (139, 140). However, both IP3 

production and phosphatidylinositol 4,5-bisphosphate depletion require PLC-β 

activation, which appears not to be involved in NK2R-mediated UBSM contraction. 

Interestingly, Gq/11-coupled M3 muscarinic receptor-mediated detrusor muscle 

contraction has also been reported to develop in a PLC-β-independent and VDCC-

dependent manner (129, 133, 141). In that case, a signaling complex consisting of VDCC, 
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PKC, and phospholipase D has been proposed to mediate VDCC activation (142). 

However, in our experimental setting, the potent and specific PKC inhibitor GF109203X 

was able to alter NK2R-mediated detrusor contractions only in micromolar 

concentrations, which simultaneously inhibited the contractile effect of 124 mM KCl, 

indicating a PKC-independent nonspecific action. Therefore, further studies will be 

required to identify the signaling between NK2R-activated Gq/11 proteins and VDCCs.  

As neither extracellular Ca2+ depletion nor VDCC blockade was sufficient to abolish 

NK2R-mediated detrusor muscle contraction, the potential role of a Ca2+-independent 

signaling was also addressed in the present study. Wibberley et al. (143) demonstrated a 

high expression level of ROCK isoforms in the rat urinary bladder. In addition, the RhoA-

ROCK pathway has been recently implicated in both the physiology and pathophysiology 

of urinary bladder functions (144-146). Since NKA also activates ROCK in the urinary 

bladder (147), we hypothesized that NK2R might mediate RhoA activation. We have 

demonstrated the coupling of NK2R to RhoA-ROCK in two ways: with the application 

of the pharmacological inhibitor of ROCK (Y-27632) and by direct measurement of 

activated RhoA levels. Taken together, our results indicate that Gq/11 mediates RhoA 

activation in the urinary bladder in response to NK2R stimulation. A recently described 

and specifically Gq/11-activated RhoGEF in smooth muscle, p63RhoGEF, might be a 

potential link between Gq/11 proteins and the RhoA-ROCK pathway (148).  

Activated RhoGEFs promote the exchange of GTP to GDP of RhoA protein. By 

binding and hydrolyzing GTP, RhoA can act as a downstream effector in indirectly 

inhibiting the dephosphorylation of myosin to induce smooth muscle contraction. 

Multiple RhoGEF mRNA isoforms are expressed in rat detrusor, trigonal and urethral 

tissue: e.g. p115RhoGEF, PDZ-RhoGEF and LARG. Western blot analysis confirms the 

presence of these proteins, albeit these proteins are traditionally linked to the G12/13 

pathway (149). The expression of p63RhoGEF – a different isotype – is also characterized 

in human J82 bladder carcinoma cells (149). However, there is no current study 

investigating its presence either on mRNA or protein levels in UBSM. Momotani et al., 

2022 showed that p63RhoGEF is expressed in multiple mouse and human vascular 

smooth muscle cell lines, derived from the aorta, pulmonary artery, brain vascular area, 

etc. The suppression of p63RhoGEF expression by the short hairpin RNA approach 

inhibited the Gq/11-linked ET-1 mediated contraction response suggesting that 
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p63RhoGEF is part of the Gq/11 downstream signaling cascade. In the same study, 

introducing the p63RhoGEF331–580 mutant form (the binding domain to Gq/11 protein based 

on crystallographic studies) to the smooth muscle cells resulted in decreased levels of 

RhoA-GTP as well (148). A similar link can also connect Gq/11 and RhoA in the detrusor 

muscle, which requires further experiments to prove its existence even utilizing smooth 

muscle-specific KO mouse models. 

Prostaglandins (PGE2 and PGF2α) mediated detrusor contraction ex vivo 

correspondingly with previously published results from animal and human studies (84, 

94, 150). We can conclude from the G12/13-KO and ROCK inhibition experiments that 

prostanoids mediate contraction via the Ca2+ independent pathway in contrast to the 

NK2R-initiated response. Notably, since neither the genetic (G12/13-KO) nor the 

pharmacological (Y-27632) interventions resulted in the complete abolishment of the 

contractile response evoked by prostaglandins, we can speculate that alternative routes 

must exist along with the Ca2+ independent pathway. Interestingly, ROCK activation 

appears to be context independent in UBSM: both Gq/11 and G12/13 initiated signaling 

converge towards the same regulatory pathway. 

In conclusion, TKs have a unique signal transduction pathway in the urinary bladder, 

which involves Gq/11 proteins, VDCCs, RhoA, and ROCK but not the common Gq/11-

mediated downstream signaling mechanism via PLC-β and sarcoplasmic reticulum Ca2+ 

release (Figure 9.). The detailed characterization of UBSM NK2R signaling may help to 

better understand the pathomechanism of OAB syndrome. Our work provided a 

framework to be further validated in the animal models of OAB syndrome. In the future, 

local or systemic small molecule inhibitor or genetic targeting of NK2R, VDCC and 

ROCK in the UBSM might be favorable treatment strategies. 
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Figure 9. Summary of NK2R signal transduction in the UBSM muscle.  

Tachykinins (NKA, NKB, SP) activate seven transmembrane NK2Rs on smooth muscle 

cells, which transmit signals exclusively through Gq/11 protein, evoking an [Ca2+]i increase 

and contraction. Surprisingly, neither of the classical Gq/11 signaling elements (PLC-β or 

sarcoplasmic reticulum Ca2+ release) are involved in the contraction. Ca2+ enters the 

cytoplasm from the extracellular space through VDCCs and activates the cross-bridge 

cycle, which results in contraction. Gq/11 proteins activate RhoA, probably via 

p63RhoGEF, which amplifies the response. The signal transduction of the NK2R in the 

urinary bladder is different in many points from classical Gq/11 signaling. ROCK: Rho 

kinase; MLCP: myosin light-chain phosphatase; MLCK: myosin light-chain kinase; 

CaM: calmodulin. 
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7.0 Conclusions 

 

In our experiments, we aimed to investigate the intracellular signaling of TK-induced 

urinary bladder smooth muscle contraction under physiological conditions.  

Our results indicate that: 

 

• All three TKs (NKA, NKB and SP) elicit detrusor contraction via NK2R which is 

coupled exclusively to Gq/11 protein 

 

• PLC-β and intracellular Ca2+ release is not involved in the contractile response 

 

• VDCC mediates contraction induced by NK2R activation 

 

• Both the enzymatic assay readout and treatment with pharmacological inhibitor 

suggest that Gq/11 protein activates the Rho-ROCK pathway 

 

• Prostaglandins mediate UBSM contraction via G12/13-Rho-ROCK signaling. 
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8.0 Summary 

 

TKs are involved in both the physiological regulation of urinary bladder functions and 

the development of OAB syndrome. The aim of our project was to investigate the signal 

transduction pathways of TKs in the detrusor muscle to provide potential pharmacological 

targets for the treatment of bladder dysfunctions associated with enhanced TK production. 

Contraction force, intracellular Ca2+ concentration, and RhoA activity were measured in 

the mouse UBSM. TKs and the NK2R-specific agonist [β-Ala8]-NKA(4–10) evoked 

contraction, which was inhibited by the NKR2 antagonist MEN10376. In Gαq/11-deficient 

mice, [β-Ala8]-NKA(4–10)-induced contraction and the intracellular Ca2+ concentration 

increase were abolished. In Gα12/13-KO mice, the contractile response was unaltered. 

Although Gq/11 proteins are linked principally to PLC-β and IP3-mediated Ca2+ release 

from intracellular stores, we found that PLC-β inhibition and sarcoplasmic reticulum Ca2+ 

depletion failed to have any effect on contraction induced by [β-Ala8]-NKA(4–10). In 

contrast, lack of extracellular Ca2+ or blockade of VDCC suppressed contraction. 

Furthermore, [β-Ala8]-NKA(4–10) increased RhoA activity in the UBSM in a Gq/11-

dependent manner and inhibition of Rho kinase with Y-27632 decreased contraction 

force, whereas the combination of Y-27632 with either VDCC blockade or depletion of 

extracellular Ca2+ resulted in complete inhibition of [β-Ala8]-NKA(4–10)-induced 

contractions. In summary, our results indicate that NK2Rs are linked exclusively to Gq/11 

proteins in the UBSM and that the intracellular signaling involves the simultaneous 

activation of VDCC and the RhoA-Rho kinase pathway. These findings may help to 

identify potential therapeutic targets of bladder dysfunctions associated with the 

upregulation of TKs. 
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