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1. INTRODUCTION

Structures within the urethra that may contribute to 
maintaining continence and initiating micturition have 
been the subject of several recent studies and reviews [1-4]. 
The prevailing understanding is that the urethral sphincter 
complex comprises the striated external urethral sphincter 
(EUS) surrounding the smooth muscle of the internal 
urethral sphincter (IUS) [4]. It is widely accepted that the 
urethral closing pressure (UCP) is the most essential factor in 
maintaining continence, yet the mechanisms generating this 
pressure remain unclear. In a seminal study, Rud et al. [5] 
employed simultaneous urethrocystometry in five continent 
women undergoing cancer treatment to determine the roles 
of various urethral structural components to intraurethral 
pressure (IUP) at rest. Their urethral pressure profile 
measurements, taken before, during, and after curarization 
and after clamping the arterial blood supply to the urethra, 
led to the conclusion that the striated muscle of the urethra 
and pelvic floor accounted for one-third of the total IUP. 

Meanwhile, the urethral vascular bed, as well as the smooth 
muscles and connective tissues in the urethra and the 
periurethral tissues, contributed to the remaining thirds. 
However, this study could not differentiate the specific 
contributions of the longitudinal and circular smooth muscle 
layers. Pipitone et al. [2] divided the female urethra into five 
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segments, with the first segment comprising the IUS. This 
segment is characterized by a trigonal ring of smooth muscle 
contiguous with the trigonal muscle, along with a detrusor 
loop that passes lateral to and in front of (ventral to) the lumen. 
The subsequent two segments contain varying wall layers: an 
outer circular striated muscle layer surrounding a thin circular 
smooth muscle layer, a thicker longitudinal smooth muscle 
layer, and a vascular plexus. In the fourth segment, a striated 
muscle arch passes over the urethra, forming the compressor 
urethra and urethrovaginal sphincter. The distal segment is 
a fibrous “nozzle” devoid of muscles [2]. Defining the role 
of each component in generating IUP is difficult. Previous 
assertions that (i) the entire urethra acts as a sphincter [6] 
with all structural components contributing to IUP, and 
(ii) urethral pressure results from both urethral muscle 
activity and external pressure forces around the urethra [7], 
have been recently re-evaluated. Venema et al. [3] posited 
that the maximal urethral pressure at rest and during normal 
bladder filling is solely determined by the activity of the 
urethral smooth musculature in females, challenging earlier 
perspectives on urethral pressure dynamics.

This article briefly reviews the primary structural 
components and control mechanisms of the urethra. It also 
questions whether recent efforts to define the contributions of 
various components to urethral function can lead to improved 
pharmacological interventions for urological dysfunctions, 
such as stress urinary incontinence (SUI), or whether they are 
mainly of theoretical interest. The focus will be on articles 
published in the past 5 years (Table 1).

2. STRIATED MUSCLES

Gosling [8,p.1] stated that “urodynamic studies consistently 
demonstrate that maximum closure pressure typically occurs 

in the mid-portion of the urethra, corresponding to the location 
of maximum thickness of the intrinsic urethral striated muscle 
sphincter (rhabdosphincter).” He further suggested that the 
rhabdosphincter is structurally adapted to maintain a relatively 
constant tone, which is essential for urethral occlusion and 
urinary continence at rest. The endopelvic connective tissue 
separates the rhabdosphincter from the extrinsic periurethral 
striated muscles [9,10]. Gosling et al. [9] showed that human 
EUS striated muscle fibers have a typical sarcomeric structure 
rich in mitochondria, suggestive of an oxidative metabolic 
phenotype. Continuous activity of the striated muscle is 
essential to prevent urine leakage. Two major fiber types of 
striated muscle have been demonstrated: type 1 and type 2. 
Type 2 fibers are subdivided into type 2A, 2X, and 2B 
fibers [11]. McCloskey et al. [4] reported that type 1 muscle 
fibers are the dominating type in human EUS, which remains 
unexplained. Compared to type 2 fibers, type 1 fibers are more 
fatigue-resistant under continuous tetanic stimulation, have a 
smaller fiber diameter, and possess a more extensive capillary 
network. They have an oxidative rather than glycolytic 
metabolism. EUS muscle from laboratory animals has a 
preponderance of type 2 fibers. For instance, the rat urethra 
has a significant proportion of 2A fibers, demonstrating 
considerable resistance to fatigue. The disparity between 
human and animal EUS fiber types is striking and should 
be considered when extrapolating data from animal studies 
to human conditions [4]. This difference could be due to the 
quadrupedal posture of animals (for example, sheep, dog, 
rabbit, guinea pig, and rat). In contrast, adult humans stand 
on their hind limbs (legs), which add hydrostatic pressure to 
bladder pressure due to gravity.

At rest, the urethral striated muscle contracts, keeping 
the urethra closed and preventing involuntary leakage of 

Table 1. Important recent articles giving new aspects on urethral function/dysfunction
Authors Title Publication Type Comments

Attari et al. [1] On structure-function relationships 
in the female human urethra: A finite 
element model approach

Ann Biomed Eng. 2021 
Aug;49(8):1848-1860

Research 
article

Important aspects of urethral function based on a 
new model

Pipitone et al. [2] Urethral function and failure: A review 
of current knowledge of urethral closure 
mechanisms, how they vary, and how 
they are affected by life events

Neurourol Urodyn. 2021 
Nov;40(8):1869-1879

Review An extensive overview of the known factors related 
to urethral structures and their relations to both 
function and dysfunction

Venema et al. [3] The maximal urethral pressure at rest 
and during normal bladder filling is only 
determined by the activity of the urethral 
smooth musculature in the female

J Clin Med. 2023 Mar 
29;12(7):2575

Review An opinion paper arguing that mid-urethral pressure 
is not generated from forces around the urethra, 
including the external striated sphincter, but rather by 
urethral smooth muscle

McCloskey et al. [4] What do we really know about the 
external urethral sphincter?

Continence
Volume 10, June 2024, 
101223

Review The authors’ contributions to a Roundtable 
Discussion at the 2023 International Continence 
Society Conference in Toronto

van Geelen et al. [6] The female urethra: Urethral function 
throughout a woman's lifetime

Int Urogynecol J. 2023 
Jun;34(6):1175-1186.

Review A constitutional or genetic predisposition, along 
with aging and senescence, are the most prominent 
etiological factors in the development of urinary 
incontinence and other pelvic floor disorders
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urine. Attari et al. [1] used a 3-D multiphysics finite-element 
urethra model to reject the hypothesis that the striated and 
smooth muscles contribute equally to the urethral closure 
pressure. Their simulations indicated that contraction of the 
outer circular striated muscle increased closure pressure. 
Meanwhile, contraction of the inner longitudinal smooth 
muscle reduced closure pressure and shortened urethral 
length. These observations suggest a role in micturition 
initiation. Their model demonstrated that arteriovenous 
pressure is essential in maintaining luminal closure in the 
proximal urethra and functional urethral length. They rejected 
Rud et al.’s [5] hypothesis that the striated and smooth muscles 
(including the vascular plexus) contribute equally to UCP, 
although they acknowledged that their model of a healthy 
urethra did not include the vascular plexus along the entire 
urethra and suggested that integrating vasculature and muscle 
layers could yield more realistic results.

Upon initiating voiding, the central nervous system signals 
the relaxation of the urethral striated muscle, reducing the 
resistance to urine flow. Onuf’s nucleus, a distinct group of 
motor neurons located in the ventral horn of the sacral spinal 
cord (specifically in segments S2 to S4) [12], provides somatic 
motor innervation to the EUS through the pudendal nerve. 
Relaxation of the urethral striated muscle is coordinated 
with detrusor muscle contraction, which ensures efficient 
urine expulsion. Onuf’s nucleus is densely innervated by 
serotonergic (5-HT) and noradrenergic nerve terminals, with 
5-HT released from the brainstem raphe nuclei, binding to 
various receptors (5-HT1A, 5-HT2A, 5-HT2C, 5-HT3, and 
5-HT7) [13]. In rats, Xu et al. [14] identified several groups 
of motor neurons in Onuf’s nucleus that innervate different 
pelvic striated muscles, with differential expression of 5-HT2A 
receptors and 5-HT5A receptors. Notably, 5-HT5A receptors 
are specifically expressed in neurons innervating the EUS and 
bulbospongiosus muscles [14]. Animal studies have shown 
that during the storage phase, serotonin and noradrenaline 
potentiate glutamate effects in stimulating Onuf’s nucleus, 
enhancing acetylcholine release from the pudendal nerve 
and consequently activating nicotinic acetylcholine 
receptor in the rhabdosphincter, resulting in striated muscle 
contraction [13,15]. This understanding underpinned the 
introduction of duloxetine, a dual 5-HT and noradrenaline 
re-uptake inhibitor, to increase IUP and improve SUI. 
Studies of the selective 5-HT2C receptor agonist (TAK-233) 
in female rats and humans demonstrated enhanced striated 
urethra-closing functions during both evoked and momentary 
events [16-18]. Therefore, 5-HT2C receptor agonists may 
offer treatment options for SUI. Kamo et al. [19] showed 
that TAK‐233 lowered the threshold for urethral sphincter 
contraction induced by transcranial magnetic stimulation in 
healthy women, suggesting that 5‐HT2C receptor agonists 
might enhance the active urethral‐closing reflex rather 

than merely affecting resting urethral pressure. Meanwhile, 
Klarskov et al. [20] evaluated the effect of ASP2205, a 
selective serotonin agonist, on urethral pressure in healthy 
females, comparing it with duloxetine and placebo. Contrary 
to expectations, the 5‐HT2C receptor agonist resulted in a 
dose‐dependent decrease in urethral pressure compared to 
placebo, while duloxetine significantly increased the opening 
urethral pressure (OUP) during both resting and squeezing 
conditions. Further clinical studies are needed to establish 
whether selective 5-HT2C receptor stimulation positively 
impacts SUI frequency in humans.

The IUP-increasing action of duloxetine is well-
documented, prompting interest in the selective inhibition 
of its components. Reboxetine, a potent and selective 
noradrenaline re-uptake inhibitor, and citalopram, a highly 
selective 5-HT reuptake inhibitor (SSRI), have been shown 
to influence OUP in women as demonstrated by urethral 
pressure reflectometry [21]. Citalopram resulted in a slight 
increase in OUP compared to placebo, which was attributed 
to the complex action of serotonin on the lower urinary 
tract. Increasing the amount of serotonin in the synapse by 
citalopram might increase the activity of both agonistic and 
antagonistic 5‐HT receptors in Onuf’s nucleus, leading to a 
minor increase in urethral pressure. Observations in female 
rats [17] suggest that activation of 5‐HT receptors may 
both inhibit and enhance urethral closure, supporting this 
interpretation. Collectively, these results imply that SSRIs 
are unlikely to decrease urethral pressure and, thus, will not 
induce or aggravate SUI in women.

3. SMOOTH MUSCLES

The spontaneous mechanical activity of the urethral 
longitudinal and circular smooth muscle layers provides 
the basic tone of the urethra [22,23]. These muscle layers 
have different physiological properties, notably a lower 
shortening velocity in circular compared to longitudinal 
smooth muscles [24]. The circular smooth muscle plays a 
significant role in developing and maintaining urethral tone 
and continence [22,25]. Conversely, during the emptying 
phase, the relatively faster longitudinal smooth muscle 
becomes more active. This shortens the urethra and facilitates 
urine flow [22,26]. The hypogastric nerve modulates the 
circular smooth muscle, producing tension that exceeds the 
spontaneous baseline [26].

A contraction of the thick inner longitudinal smooth muscle 
has been shown to reduce the closure pressure and shorten the 
urethral length, indicating its role in initiating micturition [1]. 
Venema et al. [3] concluded, from a comprehensive literature 
review, that maximal urethral pressure at rest and during 
normal bladder filling is primarily dictated by the activity 
of the urethral smooth musculature in females. The smooth 
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muscle activity in the mid-urethra, where the most significant 
sympathetic responses are found, determines the maximal 
pressure. Importantly, human studies have demonstrated an 
absence of striated electromyographic activity in this region, 
with EUS contributing additional urethral pressure only 
during exercise and physical activity [3]. Thus, basic science 
research does not support the idea that mid-urethral pressure 
results from external forces around the urethra, including 
contributions from the striated sphincter.

The primary factor driving contractions in the urethral 
smooth muscle is sympathetic activity, particularly through 
the release of noradrenaline and stimulation of α1-
adrenergic receptors (α1-ARs). Among the three high-
affinity α1-AR subtypes identified in molecular cloning and 
functional studies, the α1A subtype predominates in both 
male and female urethras [27]. The physiological role of 
β-adrenergic receptors (ꞵ-ARs) within the urethra has not 
been established [27,28]. However, stimulation of ꞵ-ARs by 
exogenous agonists can induce urethral relaxation, particularly 
through β3-ARs [29,30]. Immunohistochemical analyses have 
revealed the presence of β3-ARs in the human female urethra, 
particularly in the epithelial layer of the mid-urethra [31], as 
well as in the striated muscle layer at the EUS level. These 
findings provide a mechanistic basis for the clinical use 
of β3-AR agonists, such as mirabegron, which can induce 
relaxation of the urethral smooth muscle [28,32]. Interestingly, 
endogenous catecholamines appear to have limited effects 
on urethral ꞵ-ARs. While ꞵ-AR antagonists have been 
proposed as a treatment for SUI [33], their efficacy has not 
been established. The role of muscarinic receptors (and their 
subtypes) in urethral function is also unclear [27]. Nitric oxide, 
synthesized by nitric oxide synthase in cholinergic nerves, is 
considered the predominant inhibitory neurotransmitter [34]. 
However, there is compelling evidence for other unidentified 
non-adrenergic, non-cholinergic inhibitory mediators, such as 
vasoactive intestinal polypeptide, adenosine 5’-triphosphate, 
and carbon monoxide, which can relax urethral smooth 
muscles [33]. However, their precise roles in urethral function 
remain to be elucidated. Upon stimulation, multiple receptors 
within the urethral musculature can induce either contraction 
(such as vasopressin receptors) or relaxation (for instance, 
ꞵ3-ARs), yet their specific contributions to urethral function 
are not well defined [32].

Hashitani et al. [35] investigated urethral smooth muscle 
vascularity in female rats, focusing on the intramural arteriolar 
network. They dissected the mucosal layer and found that 
nitric oxide released from parasympathetic post-ganglionic 
nerves counteracted sympathetic vasoconstrictions, both 
pre- and post-synaptically, thereby restricting arteriolar 
contractility [35]. The researchers observed that sympathetic 
vasoconstriction was predominantly suppressed by α, 
β-methylene ATP but not by prazosin. The phosphodiesterase 

type 5 inhibitor, tadalafil, was found to diminish these 
vasoconstrictions.

4. VASCULAR PLEXUS

Augsburger and Muller [36] investigated the urethral 
vascular plexus using serial histological sections, vascular 
corrosion casts, and scanning electron microscopy. They 
found that the plexus, located in the lamina propria connective 
tissue between the epithelium and the longitudinal smooth 
muscle layer, consists of blood-filled sinusoids. The proximal 
segment of the plexus is composed of interconnected 
longitudinal tubes, whereas the distal portion adopts a net-
like configuration, continuous with the vestibular plexus. 
Arterial pressure inflates the plexus, with the pressure 
in the intraurethral veins regulated by the arteriovenous 
anastomoses [37]. The vascular plexus is highly developed not 
only to provide simple urethral vascularization [38] but also 
to maintain a watertight seal. The arterial blood inflow causes 
the plexus to expand toward the urethral lumen, constrained 
by a rigid muscular sheath surrounding it. Given that the 
inner diameter of the muscular tube forming the urethra is 
approximately 5 mm, the absence of a sealing mechanism 
would lead to urine leakage [2]. Rud et al. [5] found that the 
(venous) vascular bed was responsible for 30% of the IUP. 
However, as noted by Venema et al. [3], this assertion warrants 
further examination due to the artificial occlusion of vessels 
in Rud et al.’s study [5], which may not only decrease the 
vascular bed’s influence on urethral pressure but could also 
induce hypoxia, thereby impairing the ability of the urethral 
musculature to maintain a tonic response to α-adrenergic 
stimulation and facilitating smooth muscle relaxation.

Research into the pharmacological regulation of vessels 
involved in sinusoidal filling has been proven challenging. 
However, isolated lamina propria preparations from the 
female rabbit urethra, which contained the vascular plexus, 
exhibited both contractile and relaxant properties [39]. 
Contraction responses to noradrenaline were inhibited by 
α-AR blockers, vasoactive intestinal polypeptide, and electrical 
stimulation (mediated by nitric oxide mechanism). Folasire 
et al. [40] explored porcine urethral tissues, both intact and 
denuded of urothelium/lamina propria, concluding that the 
urothelium/lamina propria of the urethra has an inhibitory effect 
on receptor-mediated urethral contraction. This inhibition is due 
to the release of a diffusible factor that is not mediated by nitric 
oxide or prostaglandins, nor is it affected by age.

Studies in both animals and humans have shown that 
estrogen increases vascularity in the periurethral plexus. 
Vascularity can be measured through vascular pulsations using 
methods such as urethral pressure profilometry or Doppler 
velocimetry, and these measurements have been validated by 
immunohistochemical staining [41,42].
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5. DISCUSSION

Surgical interventions such as artificial sphincters and 
slings for SUI, subtotal cystectomies, and the creation of a 
neobladder for severe urge incontinence have demonstrated 
favorable clinical outcomes. Notably, these procedures do not 
require a detailed understanding of the cellular mechanisms 
underlying urethral function, sphincter innervations, or ion 
channels in the sphincter cells. This benefit suggests that 
surgical solutions can effectively address the problem and 
potentially cure the patient. However, a large number of 
patients are either unwilling or unfit for surgery and thus would 
benefit from effective pharmacological treatments. Current 
pharmacological options for lower urinary tract disorders, 
such as duloxetine for SUI, yield only modest effects, 
underscoring the need for more effective interventions. The 
question arises: can efforts to better define the contributions of 
various structural components of the urethra lead to improved 
treatments, or are such efforts mainly of theoretical interest?

Gosling [8] posited that the rhabdosphincter is the most 
essential factor in achieving urethral occlusion. In contrast, 
many animal and human studies indicate that the smooth 
muscle activity in the mid-urethra determines the maximal 
UCP. This mid-urethral region is where the highest levels of 
smooth muscle activity and sympathetic innervation occur 
during tone development. Notably, human studies have found 
no evidence of striated electromyographic activity in this 
segment. The EUS, mainly located in the distal urethra, does 
not correspond with the area exhibiting the highest closing 
pressure. However, during EUS contraction, such as during 
exercise or physical stress, the highest urethral pressures are 
indeed recorded in the distal part of the urethra.

Thus, both basic and clinical science research does not 
support the notion that mid-urethral pressure is caused 
by EUS tone. Instead, findings suggest that in females, 
maximal urethral pressure at rest and during bladder filling is 
predominantly dictated by the activity of the urethral smooth 
muscles [3]. A prerequisite for effectively targeting specific 
structural components is that they must be able to respond to 
pharmacological stimulation. If each structural component 
contributes to urethral pressure [5], a question presents itself: 
Could increase stimulation of one component compensate 
for the dysfunction of others? Is it possible to achieve a 
“normalized” function in such patients? Among the various 
structural components, targeting the smooth muscle appears 
to be the most promising approach for increasing IUP.

The pharmacological treatment of SUI aims to enhance 
the tone of both smooth and striated muscles, either directly 
or indirectly. The studied drugs for female SUI treatment have 
included α-AR agonists, β-AR antagonists, β-AR agonists, 
and serotonin-noradrenaline uptake inhibitors. However, the 

limited efficacy and/or adverse effects associated with these 
drugs have constrained their clinical application [28,41]. The 
main factor responsible for contraction in urethral smooth 
muscle is sympathetic activity mediated by noradrenaline 
release and α1-AR stimulation. Efforts to stimulate α1-ARs 
or counteract the relaxant effects of β-ARs have not yielded 
successful outcomes [28,41]. So far, approaches targeting the 
striated muscle (for example, using duloxetine) or the vascular 
plexus (using estrogen) have shown modest success [28,41].

6. FUTURE PERSPECTIVES

It has been well demonstrated that the clinical effects 
of stimulating any single urethral structural component are 
limited, implying that pharmacological treatments may only 
be effective for mild disturbances of urethral function, such 
as SUI. Despite the stagnant success rate in the search for 
novel therapies to improve treatment, as noted by Pipitone 
et al. [2], there remains hope that “advancing our knowledge 
of urethral function and failure may uncover novel therapeutic 
targets.” Significant knowledge gaps persist regarding the 
relative contributions of striated and smooth muscle, the rich 
vascular plexus, and the largely unstudied connective tissue 
within the urethra. Addressing these gaps may or may not 
lead to substantial clinical improvements in pharmacological 
strategies. Nevertheless, further investigation into the 
structures supporting normal urethral function is warranted, 
especially from a physiological perspective. Such studies 
could also provide a foundation for developing regenerative 
medicine techniques applicable to treatment. Promising 
approaches may include not only stem cell injections, which 
have shown positive results in preliminary studies, but also 
the use of stem cell-derived components, such as secretomes 
and chemokines [42-44].

7. CONCLUSION

During exercise and physical stress, the external urethral 
striated sphincter modulates urethral pressure. At rest and 
during bladder filling, maximal urethral pressure is primarily 
determined by the activity of the urethral smooth muscles.

ACKNOWLEDGMENTS

None.

FUNDING

None.

CONFLICT OF INTEREST

The authors declare no conflicts of interest.

Bladder  | Volume 11 | Issue 3 | 5



Andersson and Uvelius Regulation of urethral structural components

AUTHOR CONTRIBUTIONS

Conceptualization: All authors
Investigation: All authors
Writing – original draft: All authors
Writing – review & editing: All authors

ETHICS APPROVAL AND CONSENT TO 
PARTICIPATE

Not applicable.

CONSENT FOR PUBLICATION

Not applicable.

AVAILABILITY OF DATA

Not applicable.

REFERENCES
1. Attari A, DeLancey JO, Ashton-Miller JA. On structure-function 

relationships in the female human urethra: A finite element 
model approach. Ann Biomed Eng. 2021;49(8):1848-1860.

 doi: 10.1007/s10439-021-02765-4
2. Pipitone F, Sadeghi Z, DeLancey JOL. Urethral function and 

failure: A review of current knowledge of urethral closure 
mechanisms, how they vary, and how they are affected by life 
events. Neurourol Urodyn. 2021;40(8):1869-1879.

 doi: 10.1002/nau.24760
3. Venema PL, Kramer G, van Koeveringe GA, Heesakkers JPFA. 

The maximal urethral pressure at rest and during normal bladder 
filling is only determined by the activity of the urethral smooth 
musculature in the female. J Clin Med. 2023;12(7):2575.

 doi: 10.3390/jcm12072575
4. McCloskey KD, Kanai A, Panicker JN, Hashitani H, Fry CH. 

What do we really know about the external urethral sphincter? 
Continence, 10: 101223.

5. Rud T, Andersson KE, Asmussen M, Hunting A, Ulmsten U. 
Factors maintaining the intraurethral pressure in women. 
Invest Urol. 1980;17(4):343-347.

6. van Geelen H, Sand PK. The female urethra: Urethral 
function throughout a woman’s lifetime. Int Urogynecol 
J. 2023;34(6):1175-1186.

 doi: 10.1007/s00192-023-05469-6
7. Hinata N, Murakami G. The urethral rhabdosphincter, levator 

ani muscle, and perineal membrane: A review. Biomed Res Int. 
2014;2014:906921.

 doi: 10.1155/2014/906921
8. Gosling JA. The structure of the bladder neck, urethra and 

pelvic floor in relation to female urinary continence. Int 
Urogynecol J Pelvic Floor Dysfunct. 1996;7(4):177-178.

 doi: 10.1007/BF01907068
9. Gosling JA. The structure of the female lower urinary tract and 

the pelvic foor. Urol Clin North Am. 1985;12:207-214.
10. Delancey JOL. Structural aspects of the extrinsic continence 

mechanism. Obstet Gynecol. 1988;72:296-301.
11. Sawano, S., Mizunoya W. History and development of staining 

methods for skeletal muscle fiber types. Histol Histopathol. 
2022;37(6):493-503.

 doi: 10.14670/HH-18-422
12. Schellino R, Boido M, Vercelli A. The dual nature of onuf’s 

nucleus: Neuroanatomical features and peculiarities, in health 
and disease. Front Neuroanat. 2020;14:572013.

 doi: 10.3389/fnana.2020.572013
13. Panicker JN. The Onuf’s nucleus, serotonin and spinal cord 

injury. BJU Int. 2019;123(4):716-717.
 doi: 10.1111/bju.14634
14. Xu C, Giuliano F, Sun XQ, et al. Serotonin 5-HT2A and 5-HT5A 

receptors are expressed by different motoneuron populations in 
rat Onuf’s nucleus. J Comp Neurol. 2007;502(4):620-634.

 doi: 10.1002/cne.21344
15. Michel MC, Peters SL. Role of serotonin and noradrenaline in 

stress urinary incontinence. BJU Int. 2004;94 Suppl 1:23-30.
 doi: 10.1111/j.1464-410X.2004.04811.x
16. Mbaki Y, Ramage AG. Investigation of the role of 5‐HT2 

receptor subtypes in the control of the bladder and the 
urethra in the anaesthetized female rat. Br J Pharmacol. 
2008;155(3):343‐356.

 doi: 10.1038/bjp.2008.27311
17. Miyazato M, Kaiho Y, Kamo I, et al. Role of spinal serotonergic 

pathways in sneeze‐induced urethral continence reflex in rats. 
Am J Physiol Ren Physiol. 2009;297(4):F1024‐F1031.

 doi: 10.1152/ajprenal.00297.2009
18. Suzuki T, Shimizu T, Kwon J, et al. Role of the serotonergic 

system in urethral continence reflexes during sneezing in rats. 
Am J Physiol Ren Physiol. 2018;315(1):F79‐F85.

 doi: 10.1152/ajprenal.00614.2017
19. Kamo I, Nagata H, O’Connell G, et al. Increasing effects of 

selective 5‐hydroxytryptamine type 2C receptor stimulation on 
evoked momentary urethral closure in female rats and humans. 
J Pharmacol Exp Ther. 2021;378(2):60‐68.

 doi: 10.1124/jpet.121.00057
20. Klarskov N, Van Till O, Sawyer W, Cernus D, Sawyer W. Effect 

of a 5‐HT2c receptor agonist on urethral closure mechanism in 
healthy women. Neurourol Urodyn. 2019;38(6):1700‐1706.

 doi: 10.1002/nau.24045
21. Christoffersen T, Kornholt J, Riis T, Sonne J, Sonne DP, 

Klarskov N. Effect of single doses of citalopram and reboxetine 
on urethral pressure: A randomized, double-blind, placebo-
and active-controlled three-period crossover study in healthy 
women. Neurourol Urodyn. 2022;41(6):1482-1488.

 doi: 10.1002/nau.24985
22. Andersson PO, Malmgren A, Uvelius B. Functional responses 

of different muscle types of the female rat urethra in vitro. Acta 
Physiol Scand. 1990;140(3):365-372.

 doi: 10.1111/j.1748-1716.1990.tb09011.x
23. Brading AF, Teramoto N, Dass N, McCoy R. Morphological 

and physiological characteristics of urethral circular and 
longitudinal smooth muscle. Scand J Urol Nephrol Suppl. 
2001;(207):12-18; discussion 106-125.

 doi: 10.1080/003655901750174818
24. Arner A, Mattiasson A, Radzizewski P, Uvelius B. Shortening 

6 Bladder  | Volume 11 | Issue 3 |

http://dx.doi.org/10.1007/s10439-021-02765-4
http://dx.doi.org/10.1002/nau.24760
http://dx.doi.org/10.3390/jcm12072575
http://dx.doi.org/10.1007/s00192-023-05469-6
http://dx.doi.org/10.1155/2014/906921
http://dx.doi.org/10.1007/BF01907068
http://dx.doi.org/10.14670/HH-18-422
http://dx.doi.org/10.3389/fnana.2020.572013
http://dx.doi.org/10.1111/bju.14634
http://dx.doi.org/10.1002/cne.21344
http://dx.doi.org/10.1111/j.1464-410X.2004.04811.x
http://dx.doi.org/10.1038/bjp.2008.27311
http://dx.doi.org/10.1152/ajprenal.00297.2009
http://dx.doi.org/10.1152/ajprenal.00614.2017
http://dx.doi.org/10.1124/jpet.121.00057
http://dx.doi.org/10.1002/nau.24045
http://dx.doi.org/10.1002/nau.24985
http://dx.doi.org/10.1111/j.1748-1716.1990.tb09011.x
http://dx.doi.org/10.1080/003655901750174818


Andersson and Uvelius Regulation of urethral structural components

velocity is different in longitudinal and circular muscle layers 
of the rabbit urethra. Urol Res. 1998;26(6):423-426.

 doi: 10.1007/s002400050080
25. Bridgewater M, MacNeil HF, Brading AF. Regulation of tone 

in pig urethral smooth muscle. J Urol. 1993;150(1):223-228.
 doi: 10.1016/s0022-5347(17)35451-4
26. Mattiasson A, Andersson KE, Andersson PO, Larsson B, 

Sjögren C, Uvelius B. Nerve-mediated functions in the circular 
and longitudinal muscle layers of the proximal female rabbit 
urethra. J Urol. 1990;143(1):155-160.

 doi: 10.1016/s0022-5347(17)39901-9
27. Michel MC, Vrydag W. Alpha1-, alpha2- and beta-

adrenoceptors in the urinary bladder, urethra and prostate. Br J 
Pharmacol. 2006;147 Suppl 2(Suppl 2):S88-S119.

 doi: 10.1038/sj.bjp.0706619
28. Michel MC, Cardozo L, Chermansky CJ, et al. Current 

and emerging pharmacological targets and treatments of 
urinary incontinence and related disorders. Pharmacol Rev. 
2023;75(4):554-674.

 doi: 10.1124/pharmrev.121.000523
29. Yamanishi T, Yasuda K, Kitahara S, Nakai H, Yoshida K, 

Iizuka H. Effects of 138-355, a beta3-adrenoceptor selective 
agonist, on relaxation of the human detrusor muscle in vitro. 
Neurourol Urodyn. 2006;25(7):815-819.

 doi: 10.1002/nau.20231
30. Alexandre EC, Kiguti LR, Calmasini FB, et al. Mirabegron 

relaxes urethral smooth muscle by a dual mechanism involving 
β3-adrenoceptor activation and α1-adrenoceptor blockade. Br 
J Pharmacol. 2016;173(3):415-428.

 doi: 10.1111/bph.13367
31. Kummeling MT, Buijs JT, Wisse LJ, et al. Initial report on 

distribution of β3-adrenoceptor in the human female urethra. 
Neurourol Urodyn. 2020;39(1):125-132.

 doi: 10.1002/nau.24183
32. Zeng J, Ekman M, Grossi M, et al. Vasopressin-induced 

mouse urethral contraction is modulated by caveolin-1. Eur J 
Pharmacol. 2015;750:59-65.

 doi: 10.1016/j.ejphar.2015.01.029
33. Canda AE, Cinar MG, Turna B, Sahin MO. Pharmacologic 

targets on the female urethra. Urol Int. 2008;80(4):341-354.
 doi: 10.1159/000132690
34. Andersson KE, Persson K. Nitric oxide synthase and nitric 

oxide-mediated effects in lower urinary tract smooth muscles. 
World J Urol. 1994;12(5):274-280.

 doi: 10.1007/BF00191207
35. Hashitani H, Mitsui R, Hirai Y, Tanaka H, Miwa-Nishimura K. 

Nitrergic inhibition of sympathetic arteriolar constrictions in 
the female rodent urethra. J Physiol. 2024;602(10):2199-2226.

 doi: 10.1113/JP285583
36. Augsburger H, Müller U. Investigation of the female canine 

urethral vascular plexus using light and scanning electron 
microscopy: A contributing factor to urinary continence. Cells 
Tissues Organs. 2000;167(4):239-246.

 doi: 10.1159/000016786
37. Huisman AB. Aspects on the anatomy of the female urethra 

with special relation to urinary continence. Contrin Gynecol 
Obstet. 1983;10:1-31.

38. Beco J, Léonard D, Léonard F. Study of the female urethra’s 
submucous vascular plexus by color Doppler. World J Urol. 
1998;16(3):224-228.

 doi: 10.1007/s003450050057
39. Mattiasson A, Andersson KE Sjögren C. Contractant and 

relaxant properties of the female rabbit urethral submucosa. 
J Urol. 1985;133(2):304-310.

 doi: 10.1016/s0022-5347(17)48928-2
40. Folasire OS, Chess-Williams R, Sellers DJ. Inhibitory effect 

of the urothelium/lamina propria on female porcine urethral 
contractility & effect of age. Clin Exp Pharmacol Physiol. 
2017;44(9):954-960.

 doi: 10.1111/1440-1681.12779
41. Andersson KE, Cruz Miranda Rodrigues F, Cardozo L, et al. 

(2023) Pharmacological treatment of urinary incontinence. 
In: Cardozo L, Rovner E, Wagg A, Wein A, Abrams P. 
Incontinence. 7th ed. ICS, ICUD; 2023.

42. Williams JK, Dean A, Badlani G, Andersson KE. Regenerative 
medicine therapies for stress urinary incontinence. J Urol. 
2016;196(6):1619-1626.

 doi: 10.1016/j.juro.2016.05.136
43. Barakat B, Franke K, Schakaki S, Hijazi S, Hasselhof V, 

Vögeli TA. Stem cell applications in regenerative medicine for 
stress urinary incontinence: A review of effectiveness based on 
clinical trials. Arab J Urol. 2020;18(3):194-205.

 doi: 10.1080/2090598X.2020.1750864
44. Mariotti G, Salciccia S, Viscuso P, et al. Regenerative 

medicine-based treatment of stress urinary incontinence with 
mesenchymal stem cells: A systematic review and meta-
analysis. Curr Stem Cell Res Ther. 2023;18(3):429-437.

 doi: 10.2174/1574888X17666220616100621

This article is an open access article distributed under the terms and 
conditions of the Creative Commons Attribution 4.0 International 
License (https://creativecommons.org/licenses/by/4.0/) 

Bladder  | Volume 11 | Issue 3 | 7

http://dx.doi.org/10.1007/s002400050080
http://dx.doi.org/10.1016/s0022-5347(17)35451-4
http://dx.doi.org/10.1016/s0022-5347(17)39901-9
http://dx.doi.org/10.1038/sj.bjp.0706619
http://dx.doi.org/10.1124/pharmrev.121.000523
http://dx.doi.org/10.1002/nau.20231
http://dx.doi.org/10.1111/bph.13367
http://dx.doi.org/10.1002/nau.24183
http://dx.doi.org/10.1016/j.ejphar.2015.01.029
http://dx.doi.org/10.1159/000132690
http://dx.doi.org/10.1007/BF00191207
http://dx.doi.org/10.1113/JP285583
http://dx.doi.org/10.1159/000016786
http://dx.doi.org/10.1007/s003450050057
http://dx.doi.org/10.1016/s0022-5347(17)48928-2
http://dx.doi.org/10.1111/1440-1681.12779
http://dx.doi.org/10.1016/j.juro.2016.05.136
http://dx.doi.org/10.1080/2090598X.2020.1750864
http://dx.doi.org/10.2174/1574888X17666220616100621

