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Abstract

A damaged sphincteric unit or support system, unstable urethral deformability or damaged sensory innervation are all potential
causes of a dysfunctional urethral sphincter. With the current improvement in pharmacological targets and urodynamic under-
standing, studies have begun quantifying individual structures and their importance in closure pressure and consequently urethral
continence. However, when it comes to the function of the longitudinal urethral smooth muscle layer, there is currently no
consensus. The intent of this structured review is to critically examine literature regarding the female urethral anatomy and
closure mechanism. We hypothesized that the longitudinal smooth muscle is a prerequisite for sufficient urethral closure and not
merely involved during micturition. Overall opinions on a dysfunctional closure mechanism are controversial. Nonetheless, basic
mechanics may be applied to understand simple urodynamics. With the assumption of longitudinal muscles forming a plug when
contracted, this could have a substantial effect on the continence mechanism.

Keywords Human urethral sphincter function - Longitudinal urethral smooth muscle - Stress urinary incontinence - Urethral
smooth musculature

Abbreviations Introduction

ACH Acetylcholine

CSM Circular smooth muscle layer Understanding the urethral closure mechanism and dysfunc-
EUS External urethral sphincter tion in female stress urinary incontinence (SUI) has been hotly
LSM Longitudinal smooth muscle layer debated by many investigators for decades. Numerous hy-
NANC  Non-adrenergic and noncholinergic potheses have been offered to try to explain the accurate func-

neurotransmitters tion of the urethral structures and the shared impact on a
NE Norepinephrine healthy urinary mechanism. Considering the many contribut-
NO Nitric oxide ing factors behind SUI, nothing less should be expected when
NRI Noradrenaline reuptake inhibitor trying to understand the contribution of each anatomical layer.
SUI Stress urinary incontinence A damaged sphincteric unit or support system, urethral
USM  Urethral smooth muscle layer deformability or damaged sensory innervation are all potential
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causes of an insufficient closure mechanism [1-3]. A recent
structured literature review presented a lack of consensus re-
garding the function of the longitudinal urethral smooth mus-
cle layer (USM). Many scholars concluded significance only
during micturition [4-8] (by shortening the urethra and
pulling down the bladder neck to facilitate urination). Others
were convinced that the peri-luminal location was deliberate
in terms of maximizing coaptation [9-11]. There are inade-
quate detailed observations of this structure. This structured
review is aimed at reviewing the overall urethral anatomy and
innervation and correlating these with biomechanical
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principles and physiological properties of the longitudinal ure-
thral smooth muscle.

It is based on a structured review of English literature
with no preferences of study design. An assortment of
three major databases was eclected to incorporate the
broadest range of articles: PubMed/MEDLINE, Embase
and Web of Science. A clear distinction was made when
selecting articles, between striated and smooth urethral
sphincter as the latter holds longitudinal smooth muscle.
Each search engine was used with four search terms.
[Anatomy and histology of urethra] AND [nerve innerva-
tion of urethra] AND [physiology of urethral smooth mus-
cle] AND [female urethral sphincter] were applied, gener-
ating a total of 5,714 articles. A further selection was made
based on title and abstract, generating 156 articles.
Inclusion criteria were urethral smooth muscle, clinical tri-
als and reviews, human subjects, adult females (+19), and
studies in English. A conclusive number of articles was
selected. Initially, articles on anatomy, physiology, and
nerve innervation of the female urethra were reviewed,
and consensus established. Hereafter, a search for observa-
tional or experimental data regarding the physiology of the
urethral smooth muscle and the urethral closure mecha-
nism was pursued. A timeframe filter of articles from
1950 was placed.

Anatomy of female urethral continence
The urethral closure mechanism

The level of SUI depends upon the ability of the urethra to
maintain a robust urethral closure pressure, during fluctuations
of intra-abdominal pressure [12, 13]. The intraurethral pres-
sure must therefore be higher than or equal to bladder pres-
sure. This pressure is sustained through a combination of
active and passive closure forces generated by the urethral
wall and surrounding structures and mechanisms. During rest,
permanent closure forces seal off the lumen. These are sub-
mucosal vessels, elastin and connective tissue, smooth muscle
layer, and neuronal stimuli [4, 6]. During coughing or sneez-
ing, adjunctive forces add additional support by activating
voluntary muscles of the pelvic floor and intra-abdominal
pressure transmission [14].

Striated urethral sphincter

The external urethral sphincter (EUS), rhabdosphincter or
striated urogenital sphincter (as referred to in older literature)
is the external skeletal layer of the urethra. It extends from the
neck to the perineal membrane and accounts for 20-80% of
the total urethral length [2]. The layer forms a sleeve over the
entire urethra, with the thickest part in the middle third of the
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urethra, the high pressure zone [12]. The muscle can be divid-
ed into three distinct muscles: m. sphincter urethrae, m. com-
pressor urethrae, and the m. urethrovaginal sphincter [15].
According to El-Badawi and Schenk, the EUS is histochemi-
cally triple-innervated. This suggests a coordinated function
with the bladder, bladder neck, and urethral smooth muscle
simultaneously [16].

Urethral smooth muscle

Many agree that the tubular structure of the urethra is a histo-
logical continuation of the frigone [4]. It is composed of two
muscle layers: an inner thick longitudinal smooth muscle layer
(LSM) and an outer thin circular layer (circular smooth muscle
layer [CSM]). The smooth muscle layer is present throughout
the upper four fifths of the urethra [4]. The combined muscle
layer is thickest in the proximal urethra and thins out distally
[15]. This in contrast to the EUS, which is more dense in the
mid-urethral region [2, 17, 18]. The thick inner longitudinal
layer measures approximately 1 mm, with closely packed
muscle fibers [4]. The muscle bundles are extensively sepa-
rated by populous collagen and elastic fibers. The circular
layer surrounds the longitudinal layer and is one tenth the
thickness of the longitudinal layer [4]. Separate circular fibers
are more prominent in the upper portion of the urethra [2].
Posterolaterally, the two smooth muscle layers attach to the
trigonal plate (Fig. 1) [4, 16].

Submucosal vasculature

Luminal to urethral smooth musculature, a thick submucosal
vasculature is present. Three venous systems have been iden-
tified. The longitudinal veins in the proximal plexus are locat-
ed below the internal urethral meatus with a tortuous course.
Berkow used the term a cavernous vascular submucosa [4,
19]. The distal plexus is oriented in different directions and
located above the external urethral meatus. The last venous
system has longitudinal course veins and extends from the
internal to external urethral meatus. The arterial supply con-
sists of branches from the inferior vesical artery, which pene-
trates the deep trigone. Four arteries have been identified: two
muscular branches and two submucosal ones.

Submucosa

In the pre- and postmenopausal urethra, the lumen is initially
slit-like, but becomes increasingly star-shaped beneath the
urogenital diaphragm. The submucosa is composed of loosely
woven connective tissue, numerous longitudinal oriented
muscle bundles, and elastin [4].
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Fig. 1 Cross section of the
human female urethra and
distinct components. Michelle
Alexandra Mistry®
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Epithelium

The proximal urethra is lined with transitional epithelium (also
called urothelium), which distally transforms into
nonkeratinizing squamous epithelium [4].

Bladder neck sphincteric system

The urethra and bladder neck should be considered a synergic
unit, as their anatomy and function work co-dependently upon
one another [15, 20]. The bladder neck is unique as it is a
mixture of various directional muscle components. It is con-
sidered sphincteric as it continues throughout the urethra [15].
Many consider the bladder neck as the location of the predom-
inant continential properties, as the elastic tissues here are
immense [4]. It consists of the distal portion of the detrusor
(including the trigone) and continues into the proximal ure-
thra. Circular and longitudinally oriented muscle fibers are
both present in the trigonal ring, with both layers continuing
as the inner longitudinal and outer circular smooth muscle of
the urethra [4].

Nerve innervation of the female bladder neck
and urethra

The nerve innervation of the female lower urinary tract
consists of combined efforts from the parasympathetic,
sympathetic, and somatic pathways. Each pathway
works harmoniously with the other, interchangeably ac-
tivated during various stages of storage and micturition
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[20, 21]. Pharmacological studies have outlined count-
less targets, neurotransmitters, and integrated reflexes
involved in ensuring proper urethral function and
control.

Efferent pathways: pelvic nerve

Efferent parasympathetic fibers originate from the
intermediolateral column in S2—S4 of the spinal cord and
come together as the pelvic nerve. Upon termination on post-
ganglionic neurons in the pelvic ganglion and detrusor, para-
sympathetic preganglionic axons release acetylcholine (ACH)
[20]. Modulatory mechanisms at the synapse exist in the form
of muscarinic, adrenergic, purinergic, and enkephalinergic in-
fluence [20, 21]. Gosling et al. noted an extensive cholinergic
parasympathetic nerve supply of the urethral smooth muscle,
identical to that which supplies the detrusor [20, 22]. Other
authors have observed noradrenergic nerve terminals [23, 24].
Simultaneously, parasympathetic fibers reach urethral smooth
muscle where nitric oxide synthase is found. Nitric oxide
(NO) is synthesized prior to release, causing proximal urethral
relaxation simultaneous with bladder contraction (Fig. 2)
[20-22].

Hypogastric nerve
The sympathetic preganglionic neurons, or the hypogastric
nerve, are located in the intermediolateral column of T10—

L2 [20]. Before reaching the urethral smooth musculature,
synaptic circuits are established the inferior mesenteric
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Fig. 2 Parasympathetic nerve innervation of the lower urinary tract.
Fibers from the spinal cord (S2-S4) travel to synapse at the pelvic gan-
glion and further terminate in the bladder detrusor and urethral muscles.

ganglion, paravertebral ganglia, and pelvic ganglia. The actual
effector transmission is carried out by norepinephrine (NE),
and the bladder neck and in particular the urethra (proximal to
the mid-urethral region) have a dense population of -
adrenoceptors [20, 21, 25, 26]. 1- and 2-adrenoceptors are
both present in the human urethral smooth muscle, with the
former being predominant [20]. Activation of the -
adrenoceptors results in a collective smooth muscle contrac-
tion and rise in the intraurcthral pressure. In addition,
Nakamura et al. demonstrated inhibitory functions of 2-
adrenoceptor and 1-adrenoceptor on parasympathetic neurons
[27]. -adrenoceptors are also present in the lower urinary tract.
Three subtypes are found (1, 2, and 3) with the latter most
predominant in the human detrusor [21]. 2-adrenoceptors are
found in the bladder neck and an administering of 2-agonists
or NE results in relaxation (Fig. 3).

Pudendal nerve

Voluntary or somatic control originates from motor neurons in
Onuf’s nucleus of the anterior horn of segments S2—S4 in the
spinal cord [20]. Onuf’s nucleus has a dense population of
noradrenergic and serotonergic terminals. The pudendal nerve
releases Ach, which binds directly to nicotinic receptors (N1)
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This leads to simultaneous contraction of the bladder and relaxation of the
urethra. Ach acetylcholine, ATP adenosine triphosphate, No nitric oxide.
Michelle Alexandra Mistry®

on striated muscle fibers of the EUS and periurethral muscles of
the pelvic floor, leading to an voluntary, amplified contraction
for continence (Fig. 4) [20, 21].

Additional neuromodulators
Non-adrenergic and noncholinergic transmitters

Additional neuromodulators have been identified as alter-
ing the autonomic neural response. Non-adrenergic and
noncholinergic neurotransmitters (NANC) can be either
excitatory or inhibitory [27]. NO is found in urothelium
and afferent nerves. It is the major inhibitory NANC of
the bladder and urethral systems [22, 28]. Postsynaptic
purinergic receptors are also present on detrusor smooth
muscle [21, 29] suggesting that extracellular adenosine tri-
phosphate might be an additional neurotransmitter.
Vasoactive intestinal peptide was found in the human
urogenital system, causing smooth muscle relaxation [20].
Tachykinins such as substance P, neurokinin A, and
neurokinin B are rapid effectors shown to cause rapid
urethral contraction [20].
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Fig. 3 Sympathetic nerve innervation of the lower urinary tract.
Fibers from the spinal cord (T10-L2) travel to synapse with postgangli-
onic neurons in the inferior mesenteric, paravertebral, and pelvic ganglia.
This leads to bladder detrusor relaxation and urethral smooth muscle

Afferent fibers to the urethra

Afferent parasympathetic fibers in the lower urinary tract are
located in the suburothelial layer and detrusor muscle, as a
nerve plexus. These fibers can either be myelinated A-fibers
or C fibers [21]. From the urethra and bladder, the fibers travel
back to the spinal cord as either the pelvic or the hypogastric
nerves. The suburothelial plexus is sparse in the dome of the
bladder, denser towards the bladder neck, and very extensive
in the trigone [23]. These fibers detect stretching and overall
fulness of the urogenital tissues.

Afferent fibers to the striated urethral sphincter

The afferent fibers of the EUS leave through the pudendal
nerve towards the sacral region of the spinal cord. The inter-
action of the smooth muscle in the bladder and urethra, striat-
ed muscles, and peripheral neural control all help to store or
eliminate urine. These are regulated or inhibited through sev-
eral supraspinal centers. The binary function of the lower uri-
nary tract requires intricate regulation of the neuronal input
through reflexes [23].

Aia CONTRACTS

contraction. This increases bladder capacity and intraurethral pressure
for continence. NE norephinephrine, (32, 33 beta-adrenoceptors, /A al-
pha-adrenoceptors. Michelle Alexandra Mistry®

Storage

During storage, the bladder maintains a low and constant pres-
sure by allowing the detrusor fibers to accommodate increasing
volume through stretching and simultaneously inhibiting the
parasympathetic input to the bladder [21]. As the volume in-
creases, afferent volume receptors (A-fibers) in the bladder wall
are activated and turn on an intersegmental spinal reflex
pathway [30]. The afferent signals travel back to the spinal cord,
and trigger activation of the sympathetic input to the bladder.
This leads to inhibition of the bladder activity and a contraction
of the bladder neck and proximal urethra. While this is taking
place, afferent bladder fibers co-activate pudendal motor neu-
rons on their circuit into the spinal cord. In addition, the acti-
vated pudendal motor neurons stimulate the striated EUS, pro-
viding additional force for maintenance of urinary continence.
This reflex is known as the guarding reflex [20, 21].

Micturition

In an appropriate setting, elimination of urine occurs by
voluntary activation of the micturition reflex. Here, an

@ Springer



68

Int Urogynecol J (2020) 31:63-71

BRAIN

SPINAL CORD

Fig. 4 Somatic nerve innervation of the lower urinary tract. Motor
neurons of the anterior horn in the spinal cord are densely populated with
noradrenergic and serotonergic terminals. These form the pudendal nerve;

inhibitory input to the somatic center and a stimulatory
input to the parasympathetic center is generated. This leads
to a relaxation of the urethra and contraction of the bladder
[20].

Evidence regarding urethral smooth muscle

A structured literature review was launched with the aim
of finding studies that identified differences in the USM
arrangements. Variances in USM receptor presentation or
verified antagonistic activation was of particular interest.
No study assessing the actual impact of LSM was found.
Most authors believe that contraction of the LSM opened
and shortened the urethra, by pulling down the bladder
neck during micturition [4, 15]. Others denied this entirely
and reasoned that the unique organization with an inner
longitudinal filler and surrounding circular structure is
crucial for optimal continence and sphincter mechanism
[9]. Pharmacological studies have provided insight into
the effect of the receptors and thus the different muscle
layers.
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which innervates the skeletal (voluntary) muscle of the external urethral
sphincter. This can add additional muscle strength during continence.
Michelle Alexandra Mistry®

Cholinergic influence on the urethral pressure

Ek et al. demonstrated a large number of cholinergic nerves in
the urethral smooth muscle, suggesting the influence of
antimuscarinic drugs [25]. Fesoterodine is an antimuscarinic
drug. The drug had previously been shown to increase the max-
imal urethral pressure in an animal study [31]. However, in a
small study of women with SUI, administration of fesoterodine
did not change urethral tone in the resting stage nor did it
decrease the numbers of SUI episodes. Similar findings were
confirmed by Ek et al., who in addition studied all parts of the
urethra distal to the bladder neck junction. ACH was also ad-
ministered, producing no effect or a slight contraction [25].

Adrenergic influences on the urethral pressure

A tight concentration of -adrenoceptors has been found along
the entire length of the female urethra. Ek et al. showed a uni-
form response to adrenoceptor-stimulating drugs [25]. The re-
sultant contraction was responsible for maintaining intraurethral
pressure along the entire length of the urethra. In the same study,
phentolamine, a reversible nonselective -adrenergic antagonist
was also examined and found to decrease the urethral pressure
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profile across the entire length [25]. The idea of smooth muscle
playing a role in resting urethral pressure was confirmed in a
study by Reitz et al. Tamsulosin, a selective alpha-blocker, sig-
nificantly reduced urethral pressure over the entire urethral
length [32]. The EUS can be stimulated through Onuf’s nucleus
in the spinal cord and the urethral pressure can thereby be in-
creased. Both serotonin—noradrenaline reuptake inhibitor and
noradrenaline reuptake inhibitors (NRIs) have an effect on ure-
thral tone. Reboxetine (RBX), a NRI, seems to be the most
efficient drug, with the highest opening urethral pressures [33].

The theory of a sphincter: arrangement
of the sphincter components

A sphincter is a mechanical arrangement of active and passive
structures enclosing a tubular lumen. Mechanically, an annu-
lar shape enables a tube to seal and open in response to chang-
es of tubal components. For instance, in the urethra, the lumen
and resulting closure pressure must therefore reflect changes
in muscle fiber lengths, the resulting forces thereof and struc-
tural arrangements of urethral components. The circumferen-
tial length is directly proportional to the size of the lumen. If
the sphincter only consisted of circular fiber, a closure of the
lumen would require a contraction to zero length [9]. This is
because the length around a closed lumen is zero. Practically,
such a contraction cannot be carried out by circular fibers
alone. Therefore a central filler substance must be present in
order to enable circular fibers to compress the lumen width.

Because muscle fibers are incompressible matter, when
they contract, they become thicker, forming a plug in the ure-
thra (Fig. 5).

It is hypothesized that a central filler volume determines
opening and closing. This central filler volume must consist of

Fig. 5 Relaxed urethra.
Longitudinal smooth muscle
fibers are relaxed, which allows
the pressure of urine to flow
through and open the lumen.
Contracted urethra. When
longitudinal smooth muscle fibers
are contracted, the muscle fibers

sealing as a plug with additional

!!

are shortened in length. Located i
close to the lumen, they end up iy

all peri-luminal structures: LSM, submucous plexus, submu-
cosa, and epithelium [9]. In the example of a Charriére 24
hematuria cathether, the cross-section is equivalent to
50 mm [2]. If the central filler volume is 1 mm [2] circular
fibers are required to stretch seven times their length to enable
placement of the catheter. This would cause breakage of the
circular fibers owing to overstretching. However, considering
a central filler volume of 12 mmz, circular fibers are only
required to double to increase the lumen to approximately
50 mm?. This suggests that the central filler volume might
determine the sphincter’s ability to open and close as the vol-
ume affects the length/force relationship of the circular muscle
fibers. This is in a similar manner to blood-filled heart cham-
bers affecting the contraction ability of cardiac muscle fibers
(Frank—Starling mechanism). The central filler principle is
presumably also used during urethral bulking, where bulking
material (briefly) increases the strength of the urethral sphinc-
ter [11].

In addition, Rud et al. demonstrated that urethral blood
pressure was responsible for approximately one third of the
maximum urethral pressure [34]. The submucosal plexus is
postulated to be important in a similar manner to blood flow
enabling a penile erection. Zinner et al. concluded that both
volume and plasticity were vital to urethral continence. The
inner soft tissue was studied in a model and confirmed the
importance of the viscoelastic properties of each urethral com-
ponent [10]. Submucosal veins are plastic and conformable.
Zinner et al. established three essential factors pertaining to
continence: wall tension or external compression, filler mate-
rial, and inner urethral softness. These all correspond to ure-
thral components [10].

An anatomical study of urethral sphincteric function was
sought and elaborated through this literature review. The exact
biomechanical interaction needs further functional studies in

pressure from the circular smooth N | "
muscle fibers. This ensures proper "
closure of the lumen. Michelle
Alexandra Mistry®
RELAXED URETHRA CONTRACTED
URETHRA
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humans to quantify the contribution of each tissue layer such
as the epithelium, vessels, elastin, and connective tissue.
Nevertheless, contraction of the LSM increases the central
filler volume, resulting in luminal obstruction. This suggests
that the LSM might be active throughout continence and re-
laxed when voiding. Thus, the LSM and CSM functions are
synergic as they share equal nerve innervation. This has been
confirmed upon stimulation or inhibition, where the resting
urethral pressure either increased or decreased, further proving
combined smooth muscle activation or inhibition.

Conclusions

Through a structured review of current literature on urethral
anatomy and function combined with biomechanical consider-
ations, we believe that the longitudinal smooth muscle is in fact
crucial for urethral continence. The contracted longitudinal fi-
bers become a thick plug when contracted and strengthen the
sphincter mechanism. The plug mechanism would also im-
prove coaptation of the luminal mucosal folds, with an overall
improvement of the sealing mechanism. Further experimental
in vivo studies would be needed to verify these conclusions.
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