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Abstract: The vagina is an essential component of the female reproductive system and is responsible
for providing female sexual satisfaction. Vaginal smooth muscle contraction plays a crucial role in
various physiological processes, including sexual arousal, childbirth, and urinary continence. In
pathophysiological conditions such as pelvic floor disorders, aberrations in vaginal smooth muscle
function can lead to urinary incontinence and pelvic organ prolapse. A set of cellular and sub-
cellular physiological mechanisms regulates the contractile properties of the vaginal smooth muscle
cells. Calcium influx is a crucial determinant of smooth muscle contraction, facilitated through
voltage-dependent calcium channels and calcium release from intracellular stores. Comprehensive
reviews on smooth muscle biophysics are relatively scarce within the scientific literature, likely due
to the complexity and specialized nature of the topic. The objective of this review is to provide a
comprehensive description of alterations in the cellular physiology of vaginal smooth muscle
contraction. The benefit associated with this particular approach is that conducting a comprehensive
examination of the cellular mechanisms underlying contractile activation will enable the creation of
more targeted therapeutic agents to control vaginal contraction disorders.
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1. Introduction

The vagina is a female reproductive organ that undergoes physiological changes throughout a
woman's existence. It exhibits diverse physiological responses to hormonal fluctuations, such as those
observed during puberty, menstruation, pregnancy, and menopause. The vagina is also an essential
component of the female reproductive system and is responsible for providing female sexual
satisfaction [1]. Smooth muscle is found throughout the body and serves a variety of functions [2].
Smooth muscle is an involuntary, non-striated muscle divided into two subgroups: single-unit and
multi-unit smooth muscle. Within single-unit muscle, the whole bundle or sheet of smooth muscle
cells contracts as a syncytium [3]. Vascular smooth muscle is found in the walls of hollow organs,
including the stomach, intestines, bladder, and uterus, as well as walls of blood vessels and lymph
vessels.

Vaginal smooth muscle (VSM) contraction plays a crucial role in various physiological
processes, including sexual arousal, childbirth, and urinary continence. Smooth muscle cells in the
vaginal wall also play a pivotal role in maintaining tissue integrity and responding to mechanical
and biochemical stimuli [4]. A set of cellular and sub-cellular physiological mechanisms regulates the
contractile properties of the VSM cells. Calcium (Ca?) influx is a key determinant of smooth muscle
contraction, facilitated through voltage-dependent calcium channels (VDCC) and Ca?* release from
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intracellular stores [2]. The value of intracellular Ca" concentration is modulated by the coordinated
action of ion channels, neurotransmitters, and hormonal signals, leading to cyclic changes in vaginal
tone and elasticity [4-6]. During sexual arousal, pelvic nerve stimulation triggers the relaxation of
vaginal smooth muscles, facilitating intercourse [7].

Figure 1 shows the schematic illustration of an isolated vaginal smooth muscle cell in both
relaxed and contracted states.
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/6\ Contracted

I

Figure 1. Schematic diagram of vaginal smooth muscle in relaxed and contracted states (Created with
BioRender.com).

In pathophysiological conditions such as pelvic floor disorders, aberrations in vaginal smooth
muscle function can lead to urinary incontinence and pelvic organ prolapse. Dysregulation of VSM
tone and contractility may result from factors such as aging, hormonal changes, childbirth trauma,
or neurological disorders [8,9]. Insights into the biophysical mechanisms governing smooth muscle
contraction not only enhance our fundamental understanding of muscle physiology but also hold
promise for developing novel therapeutic strategies targeting smooth muscle disorders and
dysfunctions [10]. Therefore, it is crucial to understand the underlying cellular and sub-cellular
biophysical processes in VSM physiology for developing targeted therapeutic interventions to
manage pelvic floor disorders and addressing pathological conditions related to reproductive health
effectively.

Smooth muscle contraction relies on intricate interactions between cytoskeletal elements, ion
channels, hormones, and biochemical and calcium signaling pathways [8,11-13]. The Ca? serves as a
critical mediator, initiating cross-bridge cycling between actin and myosin, ultimately leading to force
development [8,14,15]. Ion channels play a pivotal role in regulating membrane potential,
intracellular Ca? concentration, and, ultimately, smooth muscle contractility [16-18]. Furthermore,
the roles of sodium (Na*), chloride (Cl), and potassium (K*) channels in controlling the membrane
potential are crucial for deciphering the underlying mechanisms of smooth muscle function and its
dysregulation [19-22]. Therefore, understanding the interplay between membrane potential and ion
channels in VSM contraction is paramount for elucidating reproductive physiology and addressing
associated disorders. Additionally, the involvement of smooth muscle tissue's morphological and
structural aspects is also imperative for comprehending its contractile properties and functionality
[11]. The alterations in the structure and function of VSM, such as those induced by prolapse mesh,
underscore the importance of understanding mechanical stimulation in elucidating disease
mechanisms [23].

Comprehensive reviews on smooth muscle biophysics are relatively scarce within the scientific
literature, likely due to the complexity and specialized nature of the topic. While research articles and
studies delve into specific aspects of smooth muscle physiology and biophysics [2], a consolidated
overview that encompasses all facets of smooth muscle biophysics is less common. This scarcity may
stem from the interdisciplinary nature of biophysics, which requires expertise in both biology and
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physics [24]. However, the importance of understanding smooth muscle biophysics in various
physiological and pathological conditions underscores the necessity for more comprehensive reviews
to bridge the gap between basic science and clinical applications. To bridge this divide, the current
review aims to enhance our understanding of the biophysical facets of VSM contraction. It includes
experimental shreds of evidence for biophysical processes in VSM and other smooth muscles and
establishes a model for VSM cell contraction. This understanding offers valuable insights into typical
physiological mechanisms, guiding the development of therapeutic interventions for addressing
reproductive disorders and promoting optimal women's health

2. Materials and Methods

We conducted a thorough investigation using the MEDLINE database via PubMed [25], focusing
on English articles published at any time. We aimed to explore the associations among all types of
smooth muscle ion channels, biophysics, gap junctions, neurotransmitters, neuromodulators, calcium
dynamics, intracellular electrical activities (depolarization, hyperpolarization, action potential, and
slow waves), and experimental and computational studies. Then, we meticulously screened all these
relevant studies. Exclusion criteria comprised non-English articles, conference/symposium abstracts,
and studies duplicating information from other sources. Priority was given to the latest and most
comprehensive manuscripts in cases of overlap. Our selection criteria encompassed original research
articles, including randomized and non-randomized clinical trials, experimental studies, prospective
observational studies, retrospective cohort studies, and case-control studies, along with review
articles exploring the potential impact of ion channels on smooth muscle excitability and contraction
development. Each included article underwent thorough scrutiny, and supplementary references
were consulted to ensure comprehensive coverage. Ultimately, we designed a model workflow
diagram to elaborate on all the essential steps necessary for vaginal smooth muscle contraction.

3. Membrane Potential in Smooth Muscle Contraction

The electrical terms used in excitable cells are membrane potential, resting membrane potential
(RMP), depolarization, hyperpolarization, action potential (AP), slow wave (SW), and bursting firing
patterns [26]. Conduction velocity is also another property to measure the propagation of membrane
potential in all types of excitable cells [27]. The membrane potential, a fundamental aspect of cellular
physiology, plays a crucial role in various cellular processes beyond merely facilitating ion transport
[28]. Recent research highlights its significance in governing diverse cellular functions, including cell
cycle regulation, cell volume control, proliferation, and muscle activity [29]. While traditionally
associated with the generation of AP in excitable cells, such as neurons and muscle cells, emerging
evidence suggests that the RMP exerts profound effects on cell behavior across different cell types
[29]. Biophysical signaling mediated by membrane potential serves as a key regulator of long-term
cellular behavior, contributing significantly to both excitable and non-excitable cell functions [30].
Furthermore, the membrane potential acts as a pivotal determinant of cell-to-cell signaling and
coordination, ultimately influencing broader physiological processes within organisms. It serves as a
medium through which cells communicate with each other and the central nervous system,
facilitating the transmission of messages critical for maintaining homeostasis and orchestrating
various bodily functions [31].

Smooth muscle cells exhibit distinct patterns of electrical activity, including AP and SW, which
play crucial roles in triggering muscle contraction. APs in smooth muscle cells are characterized by
slower kinetics than skeletal muscle, with durations nearly fifty times longer [2]. APs are generated
in the urinary bladder [18,32], vas deferens [33,34], urethra [35,36], and ureter [37,38] smooth muscles.
Slow waves, rthythmic electrophysiological events in the gastrointestinal (GI) tract, are generated and
propagated by interstitial cells of Cajal (ICC), which are electrically coupled to smooth muscle cells
[39]. These slow waves organize primary electrical activity in GI smooth muscles and are essential
for regulating peristalsis and digestive processes [40]. Figure 2 illustrates SW (a) and pacemaking AP
in smooth muscle cells. The RMP is the membrane potential when the cell is not excitable. The
depolarization is the positive shift of the membrane potential from the RMP. When the membrane
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potential returns to the RMP from the peak value of SW/AP, it is known as repolarization. Any
negative membrane potential shift from the RMP is known as hyperpolarization.

Membrane Potential (mV)

Time (ms)

Resting Membrane Potential

Hyperpolarization

Figure 2. Illustration of slow wave (A) and pace-making type action potential (B) in smooth muscle
cells.

Table 1 illustrates the value of RMP, and types of electrical properties generated in major
important smooth muscle cells.

Table 1. Values of RMP in various smooth muscle cells.

Smooth muscle

RMP (mV) AP/SW Reference
type
Urinary bladder A5 t0-55 AP [10]
Vas deferens -60 AP [41]
Ureter -45 AP [42]
Uterine -50 AP [43]
-4 AP 44
Urethra 0 [44]
Portal vein -0 SW [45]
Pulmonary -55 SW [46]
artery
Aorta -50 SW [47]
Colon (GI tract) -60 SW [48]
Seminal vesicles 50 SW [49]

Electrical activity in VSM plays a pivotal role in various physiological functions, including
sexual arousal and childbirth. Research has shown that electrical stimulation can induce contractions
in VSM strips, suggesting the presence of nerve-mediated pathways regulating muscle activity [50].
These contractions are believed to be mediated by cholinergic nerves, indicating the involvement of
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neurotransmitter release in modulating smooth muscle contractility [50]. Furthermore, the electrical
properties of VSM contribute to its viscoelastic response, with smooth muscle contraction leading to
changes in vaginal creep behavior, highlighting the dynamic nature of electrical activities in
regulating tissue mechanics [4].

The membrane potential, primarily controlled by ion channel activity, is a critical determinant
of cellular excitability and contractility in VSM cells. Research indicates that changes in membrane
potential, induced by various stimuli such as hormonal fluctuations or mechanical stretch, play a
significant role in modulating the responsiveness of vaginal smooth muscle [19]. For instance,
depolarization of the smooth muscle cell membrane can increase cellular responsiveness, leading to
enhanced contractile activity, while hyperpolarization may reduce smooth muscle relaxation [51].
Unfortunately, like the urinary bladder, ureter, vas deference, and gut smooth muscle, intracellular
electrophysiology for VSM cells is not well investigated. Shafik, One lab [52,53] have recorded both
extracellular SW and AP bursting from the VSM using the electroretinogram method. They have also
suggested that the RMP of the VSM be like that of the uterine smooth muscle, i.e., at — 50 mV. The
mean velocity for the human VSM cell is mentioned as 4.3 cm/s.

Recent studies have explored the therapeutic potential of electrical stimulation for pelvic floor
rehabilitation, indicating its predictive role in enhancing muscle contraction force and detrusor
function [54]. Moreover, advancements in non-invasive techniques for measuring electrical signals in
uterine smooth muscle have contributed to a deeper understanding of the role of electrical activity in
reproductive physiology [55]. Pathophysiological conditions can lead to modifications in the
signaling cascades involved in initiating and sustaining contraction and relaxation [56].

4. Ion Channel Biophysics in Smooth Muscle

Ion channels are integral membrane proteins that regulate the flow of ions across cell
membranes, thereby playing fundamental roles in various physiological processes, including
neuronal signaling, muscle contraction, and hormone secretion. These channels exhibit diverse
structural and functional characteristics, with significant types including voltage-gated, ligand-gated,
and mechanically-gated ion channels [57]. Voltage-gated ion channels, such as voltage-gated Na*
channels, voltage-gated K* channels, voltage-gated CI- channels, and voltage-gated Ca? channels
respond to changes in membrane potential, enabling rapid AP generation and propagation in
excitable cells like neurons and muscle cells [58]. Specific neurotransmitters or ligands, such as
nicotinic acetylcholine receptors, activate ligand-gated ion channels, leading to ion flux and
subsequent cellular responses. Mechanically gated ion channels, like those found in sensory neurons,
open in response to physical stimuli such as pressure or stretching, transducing mechanical signals
into electrical signals [59]. Various mechanisms, including protein phosphorylation, protein-protein
interactions, and changes in intracellular ion concentrations, tightly regulate the activity of ion
channels. Protein phosphorylation, for instance, can modulate ion channel function by altering their
conformation or membrane localization [59].

Additionally, intracellular ion concentrations, such as Ca?- play critical roles in regulating ion
channel activity. Changes in Ca?* levels can directly influence ion channel gating or indirectly affect
channel function by activating Ca?sensitive signaling pathways [60]. Overall, the intricate regulation
of ion channels ensures precise control over cellular excitability and function, highlighting their
importance in maintaining physiological homeostasis [61].

Various types of ion channels play crucial roles in regulating membrane potential and
intracellular Ca? concentration in smooth muscle cells. Notably, the differential expression patterns
of ion channels and their regulation by signaling pathways can lead to distinct contractile or relaxant
responses, influencing muscle tone and contraction [62]. These channels, embedded within the
sarcolemma, control the flow of ions across the cell membrane, influencing membrane potential and
intracellular Ca?* concentrations, which are critical determinants of muscle contraction [16]. Sodium
ion channels are integral to the physiological function of smooth muscle, including that of the vagina.
These channels regulate membrane potential, intracellular calcium concentration, and contractility
[16]. Voltage-gated K+ (Kv) channels contribute to repolarization during the AP, aiding in



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 March 2024 d0i:10.20944/preprints202403.1690.v1

maintaining RMP and controlling excitability [63]. Voltage-dependent Ca?*-activated K+ (KCa)
channels also influence membrane potential and intracellular Ca?* concentration, affecting smooth
muscle excitability and contractility [63]. Moreover, transient receptor potential (TRP) channels,
including TRPC, TRPM, and TRPV subtypes, regulate smooth muscle excitability by modulating Ca?*
influx and membrane potential [64]. The significance of ion channels in contraction dynamics extends
beyond their role in initiating and propagating electrical signals. These channels contribute to fine-
tuning contractile responses by integrating various signaling pathways and responding to
mechanical forces. For example, TRP channels, activated by mechanical stimuli, participate in cellular
Ca? signaling and homeostasis, potentially influencing smooth muscle contraction [65]. Chloride ion
channels play a crucial role in the physiological function of smooth muscle cells, including those
found in the vagina. These channels regulate ion movement across the cell membrane, influencing
membrane potential and contractility [66]. Leak ion channels, a non-specific ion channel, play a
crucial role in the electrical activity of smooth muscle, particularly in uterine smooth muscle during
pregnancy [67]. The store-operated system is an intriguing mechanism that takes place within cells.
Upon activation of intracellular Ca? reserves, a significant amount of Ca?* will exit the cell. Research
has revealed that emptying the reserves does initiate the entry of Ca?* ions. The channels in this
process are called calcium release-activated channels (CRAC) in various smooth muscles [68].
According to several reports, the lower urinary tract which includes VSM consists of a set of ion
channels, such as voltage-gated Ca? channel (T and L type), voltage-gated K* channel (Kir, KATP,
Kvl, Kdr), voltage-gated Na* channel, voltage-gated Cl- channel Ca*-activated K+ (KCa) channels
(large conductance and small conductance) CRAC channel, TRPM channel, and leak channels [69-
71]. The Kir, KATP, KA, and Kdr are inward rectifying, ATP-gated, A-type, and delayed rectifier-
type voltage-gated K* channels. The large and small conductance-based Ca2+activated K* channels
are also known as BKCa and SKCa.

Interstitial cells of Cajal (ICC) are the leading specialized cells responsible for pace-making
activities in smooth muscle cells. These cells act as pacemaker cells and transmit electrical signals
through gap junctions to nearby smooth muscle cells [39]. These ICCs produce regular
depolarizations called slow waves, which trigger contractions in neighboring smooth muscle cells.
Gap junctions are of utmost importance in facilitating the transmission of electrical activities between
ICCs and smooth muscle cells, hence permitting synchronous contractions, and coordinated
physiological responses [72].

Table 2 illustrates the role of various ion channels in smooth muscle AP/SW generation.

Table 2. Role of ion channels in AP/SW generations.

Ion channel type Role in AP/SW

Ca* channels Depolarization, RMP, AP firing

Na* channels Depolarization, AP firing

K* channels Repolarization, Hyperpolarization, RMP

CI- channels Repolarization, RMP

TRP channels Depolarization, RMP, AP firing

Leak channels RMP

5. Calcium Dynamics in VSM Contraction

Calcium signaling pathways are pivotal in various cellular processes, serving as a universal
signaling mechanism in eukaryotic cells [73]. These pathways regulate diverse functions such as
muscle contraction, neurotransmitter release, gene expression, and cell proliferation and
differentiation [74]. Intracellular Ca?* levels are tightly controlled by a delicate balance between Ca?*
influx through various channels and Ca?" efflux through pumps and exchangers. The dynamic
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changes in Ca? concentration are a molecular switch, triggering downstream signaling events that
orchestrate cellular responses to internal and external stimuli [75]. Changes in membrane potential,
induced by factors such as the firing of AP or activation of stretch-dependent ion channels, can trigger
or regulate smooth muscle contraction [8]. This phenomenon, known as excitation-contraction
coupling, involves linking alterations in membrane potential to intracellular Ca%* concentration
changes, ultimately leading to force generation [76].

Sarcoplasmic reticulum (SR) calcium dynamics are pivotal in regulating smooth muscle
contraction. The SR, a specialized organelle in smooth muscle cells, serves as the primary intracellular
calcium store and orchestrates calcium signaling events crucial for contractility. Dynamic changes in
SR calcium levels, governed by calcium release and reuptake mechanisms, finely tune smooth muscle
contraction and relaxation. Calcium release from the SR into the cytoplasm initiates muscle
contraction by binding to contractile proteins, while subsequent calcium reuptake into the SR via
calcium-ATPase pumps facilitates muscle relaxation. This intricate interplay between SR calcium
release and reuptake ensures precise control over smooth muscle contractile activity, contributing to
various physiological functions, including vascular tone regulation and organ motility [77]. The
process of sarcoplasmic calcium-induced calcium release (CICR) is a critically important mechanism
that regulates smooth muscle contraction, playing a vital role in numerous physiological processes.
Following the depolarization of the cell membrane, voltage-gated calcium channels facilitate the
entry of calcium ions into the smooth muscle cell, thereby activating ryanodine receptors (RYRs)
located on the sarcoplasmic reticulum (SR) membrane. This triggers a series of events in which
calcium released from the SR triggers the activation of nearby RYRs, resulting in a coordinated and
intensified release of calcium called CICR. The elevated calcium concentration in the cytosol triggers
contractile protein activation, leading to smooth muscle contraction. The CICR protein is crucial in
controlling vascular tone, gastrointestinal motility, and other functions that rely on smooth muscle.
This emphasizes its importance in physiological processes [76,78].

Furthermore, dysregulation of calcium signaling pathways has been implicated in numerous
diseases, including cancer, neurodegenerative disorders, and cardiovascular diseases [79]. For
instance, aberrant calcium signaling contributes to uncontrolled cell proliferation, apoptosis
resistance, and metastasis in cancer [79]. Understanding the intricate mechanisms of calcium
signaling and its dysregulation in disease states holds promise for developing targeted therapies to
restore cellular homeostasis and treat a wide range of pathologies [80].

6. The Model of Generation of Tension Generation in VSM Cell

Figure 3 illustrates a schematic representation of the sequential processes entailed in the
production of active tension within the vaginal smooth muscle. Both variables possess the potential
for modulation and may play a role in the development of abnormal vaginal contractile function.
Nevertheless, the pathophysiology of each step in the development of vaginal smooth muscle has not
been thoroughly investigated. Instead, these findings are based on analyzing other smooth muscle
models that have been experimentally validated. A red color number in the circle denotes the steps.
The AV is known as a rise in membrane potential.

1. The final stage in generating tension involves an increase in the sarcoplasmic concentration of
Ca?. The myofibrils exhibit a comparable sensitivity to Ca?, as shown in other muscles,
necessitating a Ca?" concentration of around one mmol/L for half-maximal activation. Calcium
ions Ca? form complexes with a soluble protein called calmodulin. This complex triggers a series
of processes that activate a part of the myosin molecule by phosphorylation. As a result, actin
and myosin can interact, requiring ATP.

2. Sarcoplasmic Ca? is derived from the SR, an intracellular reservoir. Ca? ions are transported
from the storage site to the sarcoplasm by Ca?* channels, which intracellular agents” control. The
formation of tension is influenced by various factors that affect the buildup or release of calcium
in the SR. Any disruption to the cellular metabolic mechanisms that produce ATP would
undermine their effectiveness. The release of Ca* from the SR can often be accomplished
through one of two methods. An increase in the Ca? concentration near the SR triggers further
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release of Ca*. The CICR mechanism is usually initiated by a Ca?" flux across the surface
membrane, although this is not always true.

3. Thereis a possibility of an elevation in the concentration of a diffusible second messenger, which
connects the surface membrane with the release of intracellular Ca?. The primary mechanism in
typical human vagina smooth muscle involves the binding of purinergic or acetylcholine (ACh)
to the P2X or M3 muscarinic receptor, which triggers a series of membrane-bound processes
resulting in the synthesis of inositol trisphosphate (IP3). Alterations can significantly influence
the release of intracellular Ca?* in the sensitivity or gain of this mechanism.

4. Three reasons can cause a rise in the membrane potential AV. The membrane potential can be
propagated from cell 2 to cell one via the gap junction as the VSM behaves like a syncitium.
Activating pacemaking cell ICC can also trigger a rise in membrane potential. The extracellular
ATP might bind to the purinergic receptor (P2X) and open a non-specific cation channel to
permit the influx of any positive ion (X*), which can cause a rise in membrane potential. The
resultant depolarization can open L-type Ca? channels, initiate Ca?* influx, and trigger AP.

5. The parasympathetic nerves innervate the smooth muscle, and varicosites are the sites where
the neurotransmitters are released. The number and distribution of excitatory nerves or the
quantity of transmitter released modulate the membrane potential of the VSM. The
neurotransmitted might be purinergic or cholinergic cotransmitters.

6. The Ca* is filled in the SR lumen through a highly efficient ATP-dependent calcium pump,
which transports calcium against a concentration gradient.

7. The decaying of the Ca2+ transient, which occurs after the generation of AP or SW, ceases the
VSM contraction. The activation of the Ca?* channel and generation of AP/SW open the various
K+ channels to repolarize the membrane, bringing the membrane potential to the RMP. After
completing the contraction, the VSM cell returns to the relaxed state.

Sarcoplasmic

: Ca?*
Reticulum Ca?* Pump @

Figure 3. A schematic representation of the factors involved in contractile activation and relaxation of
vaginal smooth muscle. The numbers refer to the steps explained in the text.

7. Experimental and Computational Techniques for Studying VSM Contraction

In vitro studies utilizing experimental techniques offer valuable insights into understanding
vaginal smooth muscle contraction. These techniques involve the isolation of vaginal tissue strips,
which are then subjected to controlled conditions to evaluate contractility. For instance, Cellai et al.
conducted in vitro contractility studies on vaginal strips to assess the influence of testosterone on
nitric oxide-induced relaxation [81]. By measuring the contractile responses under various
experimental conditions, researchers can elucidate the signaling pathways and regulatory
mechanisms involved in vaginal smooth muscle contraction. Such studies contribute to the
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development of pharmacological interventions targeting vaginal disorders associated with smooth
muscle dysfunction.

Furthermore, methodologies such as inflation-extension testing provide a comprehensive
evaluation of vaginal tissue mechanics and contractility. Utilizing in vivo pressure measurements
and biaxial testing, studies have explored the viscoelastic properties and contractile behavior of
vaginal smooth muscle [4]. These experimental approaches enable the characterization of mechanical
properties and responses to various stimuli, shedding light on the physiological and pathological
mechanisms underlying vaginal function. Overall, in vitro studies employing experimental
techniques play a crucial role in advancing our understanding of vaginal smooth muscle contraction
and hold promise for future therapeutic strategies.

In vivo, approaches utilizing experimental techniques offer valuable insights into understanding
vaginal smooth muscle contraction within its physiological context. Studies have employed
methodologies such as in vivo pressure measurements and multiaxial loading to evaluate the
contribution of smooth muscle to vaginal viscoelastic response [4]. By conducting experiments
directly within living organisms, researchers can assess the dynamic interactions between smooth
muscle fibers and surrounding tissues, providing a comprehensive understanding of vaginal
function and mechanics. Moreover, investigations utilizing in vivo models allow for studying smooth
muscle contraction under physiological conditions, considering factors such as pregnancy and aging.
These studies contribute to elucidating the role of smooth muscle in maintaining vaginal integrity
and function throughout various life stages [4]. By combining in vivo experimental approaches with
clinical observations, researchers can develop more effective therapeutic strategies for addressing
vaginal disorders associated with smooth muscle dysfunction.

Computational modeling offers a powerful approach to studying vaginal smooth muscle
contraction, allowing researchers to simulate and analyze complex physiological processes with
precision. There are a lot of computational models established for different types of smooth muscle
electrophysiology [10,82-94]. By integrating experimental data and physiological parameters, these
models can elucidate the underlying mechanisms governing smooth muscle function in the vaginal
wall. For instance, finite element analysis (FEA) has been employed to characterize the mechanical
behavior of pelvic floor muscles during vaginal contractions, providing insights into the strains
induced in the vaginal tissue [95]. These computational approaches enable researchers to explore
various factors influencing smooth muscle contraction, such as hormonal changes, pregnancy, and
aging, providing a comprehensive understanding of vaginal biomechanics.

Furthermore, computational models allow for the prediction of the effects of different
interventions or pathologies on vaginal smooth muscle function. By simulating scenarios in silico,
researchers can assess the efficacy of potential treatments for conditions like pelvic organ prolapse or
urinary incontinence, guiding the development of targeted therapeutic strategies [95]. These models
serve as valuable tools for both basic research and clinical applications, offering a cost-effective and
non-invasive means of studying vaginal smooth muscle contraction and its implications for women's

health.

8. Clinical Implications and Future Directions

The pathophysiology of vaginal disorders holds significant clinical implications for women's
health. The therapeutic targeting of membrane potential and ion channels holds significant clinical
implications across various medical fields. For instance, ion channels play crucial roles in cellular
excitability, neurotransmission, and muscle contraction, making them attractive targets for
pharmacological interventions [96]. Modulating ion channel activity can lead to the development of
novel therapies for neurological disorders, cardiovascular diseases, and cancer [97]. Additionally,
targeting mitochondrial ion channels shows promise in cancer therapy, offering a potential strategy
to eliminate cancer cells selectively [98]. These advancements underscore the clinical relevance of
understanding ion channel function and developing targeted therapeutics to address various
pathological conditions.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 March 2024 d0i:10.20944/preprints202403.1690.v1

10

Looking ahead, future directions in therapeutic targeting of membrane potential and ion
channels involve exploring innovative approaches to modulate ion channel activity with higher
specificity and fewer side effects. Advancements in drug discovery technologies, such as high-
throughput screening and computational modeling, enable the identification of novel ion channel
modulators [99]. Moreover, personalized medicine approaches may facilitate the development of
tailored ion channel-targeted therapies based on individual patient profiles, optimizing treatment
efficacy and minimizing adverse effects.

Future research directions in the pathophysiology of vaginal smooth muscle contraction aim to
deepen our understanding of the mechanisms underlying pelvic floor disorders and to identify novel
therapeutic targets. Investigating the molecular signaling pathways involved in regulating vaginal
smooth muscle tone and contractility could provide insights into the pathogenesis of conditions such
as pelvic organ prolapse (POP) and stress urinary incontinence (SUI) [100]. Additionally, exploring
the role of hormonal influences, neurotransmitters, and extracellular matrix components in
modulating vaginal smooth muscle function may offer new avenues for intervention and treatment
strategies [7]. Furthermore, future research efforts could focus on developing innovative diagnostic
techniques and therapeutic modalities targeting vaginal smooth muscle dysfunction. Advancements
in imaging technologies, such as high-resolution ultrasound and magnetic resonance elastography,
may enable non-invasive assessment of vaginal biomechanics and contractile function [101].
Moreover, developing precision medicine approaches tailored to individual patient characteristics
and disease phenotypes holds promise for optimizing treatment outcomes and minimizing adverse
effects [7]. Collaborative efforts between clinicians, researchers, and industry stakeholders are
essential for translating these insights into clinically relevant applications, ultimately improving the
management and outcomes of vaginal disorders.

9. Conclusion

The vagina plays a pivotal role in sexual intercourse, serving as a conduit for sperm to travel to
the uterus and fallopian tubes for fertilization. Additionally, it functions as the birth canal during
childbirth, facilitating the passage of the baby from the uterus to the outside world. Vaginal smooth
muscle significantly contributes to regulating vaginal tone, thereby maintaining vaginal structure
and function. Its contractile activity is essential for various physiological processes within the vagina,
including supporting childbirth and sexual function. Fundamental research on vaginal smooth
muscle contraction is crucial for understanding its role in vaginal viscoelasticity and structural
integrity, which informs potential treatments for conditions like pelvic floor disorders. The study of
electrophysiology in excitable cells enhances our comprehension of cellular function, uncovering ion
channel biophysics, calcium dynamics, and neural control mechanisms as potential drug targets.
However, smooth muscle electrophysiology research lags behind cardiac and neuronal
electrophysiology due to challenges in isolating viable cells and applying electrophysiological
techniques. Moreover, there lacks a single comprehensive review of vaginal smooth muscle
electrophysiology to elucidate underlying ion channel biophysics and calcium dynamics. To address
this gap, we present a detailed review of vaginal smooth muscle contraction electrophysiology,
drawing from experimental, clinical, and computational studies to develop a model explaining the
essential steps in vaginal smooth muscle contraction. These steps provide valuable directions for
future research, enabling the exploration of new pharmacological targets for vaginal smooth muscle
disorders.
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