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Abstract 

Chronic intestinal pseudo-obstruction (CIPO) in children, poses significant challenges in 

pediatric gastroenterology due to its irreversible neuromuscular dysfunction, resulting in 

considerable morbidity and mortality. The current standard treatment, parenteral nutrition 

via the venous route, offers limited success, highlighting the need for cost-effective 

alternative therapies. This thesis proposes investigating electrical stimulation of the 

intestine as a potential solution for myopathic CIPO (mCIPO) in children, leveraging 

electroceutics, a novel approach with fewer side effects than conventional drug-based 

therapies. In particular, this work thesis aims to establish foundational empirical evidence 

through in vitro experiments with human smooth muscle cells. Key objectives include 

building an experimental setup for testing cell responsiveness, designing stimulation 

strategies, and validating the approach on mCIPO patient cells. Despite challenges in signal 

detection and variability among patient cells, promising findings demonstrate comparable 

contractions induced by electrical and chemical stimulation, suggesting the potential of 

electroceutical interventions. These findings lay the groundwork for further research into 

electroceutical treatments for mCIPO and gastrointestinal motility disorders. 
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Introduction  

Chronic intestinal pseudo-obstruction (CIPO) in children, also known as PIPO, represents 

a formidable challenge in pediatric gastroenterology. This condition, characterized by its 

irreversible neuromuscular dysfunction, imposes significant morbidity and mortality rates 

on affected individuals. Currently, the cornerstone of treatment for children with PIPO is 

parenteral nutrition administered exclusively via the venous route. However, despite 

advancements in medical interventions, including attempts such as bowel transplantation, 

there remains a profound unmet need in effectively addressing the motility defect and 

improving the quality of life for these young patients and their families. Moreover, the high 

treatment costs associated with existing therapies underscore the urgent necessity for the 

development of cost-effective alternative solutions. In response to this imperative, our 

thesis proposes to explore the potential of electrical stimulation of the intestine as a 

revolutionary therapeutic approach for myopathic CIPO (mCIPO) in children.  

Unlike conventional drug-based therapies, electroceutics offers a novel approach with a 

focus on efficacy and reduced side effects. This emerging technology has already 

demonstrated success in managing neurological disorders such as Parkinsonôs disease and 

epilepsy. Notably, recent research has shed light on the potential of Intestinal Electrical 

Stimulation as a viable solution for addressing intestinal motility disorders, presenting a 

significant breakthrough in the field. In the context of myopathic Chronic Intestinal 

Pseudo-obstruction (mCIPO), characterized by functional smooth muscle contraction 

impairment, the exploration of electroceutical interventions holds particular promise. 

Through a comprehensive review of the current literature and innovative research 

endeavors, we aim to elucidate the feasibility and promise of this novel treatment modality 

therefore contributing to the development of innovative and effective therapeutic strategies 

in pediatric gastroenterology. The core objective of this project is to conduct in vitro 

experiments with human smooth muscle cells, aiming to establish foundational empirical 

evidence. This evidence will serve as a basis for advancing to more intricate models, such 

as in vivo animal studies and subsequent clinical trials. 
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Given the current absence of laboratory evidence demonstrating the potential benefits of 

electrical stimulation in gut muscle function, our proposal strategically aims to fill this 

critical gap. In particular, the primary goals of our thesis encompass: 

1. Building a consolidated in vitro experimental setup for testing the electrical 

responsiveness of human intestinal smooth muscle cells that could allow cell growth, 

stimulation, and monitoring for extended periods. 

2. Designing electrical stimulation strategies to: (i) evaluate the electrophysiological and 

optical responsiveness of the cells in culture, and (ii) induce quantifiable contractions in 

the cells under investigation. 

3. Evaluating cells from both optical and electrophysiological perspectives after 

manipulation through both chemical and electrical modulation. 

4. Validating the effectiveness of the approach on a set of primary cells from mCIPO 

patients and cell lines. 

 

This project arises from the collaboration of dedicated researchers, driven by the 

determination to seek a solution to address a clinically relevant condition such as CIPO, 

and by the belief in the importance of scientific research in providing effective responses 

to this issue. 

This study has benefited from the cooperation of several institutions, each contributing 

expertise and guidance essential to the development and direction of our research. 

Professor Chiappalone provided substantial collaboration with CNR specifically with Dr. 

Viti, in overseeing experimental procedures and facilitating data collection and analysis. 

Gaslini Hospital contributed to this project through the involvement of Dr. Gandullia, 

renowned expert in gastroenterology with national and international recognition. 

This project captivated us right from the start with its ambitious goal and the enthusiasm 

of those involved. Before being able to work independently, we underwent training at the 

CNR, where we were supervised by Dr. Picco. Subsequently, experiments were initially 

conducted at the DIBRIS and later at the CBA (San Martino Hospital). 
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The thesis is organized into the following chapters: 

¶ Chapter 1: Intestinal physiology and pathology and experimental models. This 

chapter provides an overview of the gastrointestinal system and the enteric nervous 

system, highlighting the constituent cells, their functions, interactions, and the 

genetic mutations implicated in the pathogenesis of intestinal pseudo-obstruction. 

Subsequently, it delves into a detailed exploration of this disorder and presents an 

overview of the current state of experimental models involving muscle cells. 

¶ Chapter 2: Materials and methods. This chapter outlines the equipment utilized for 

cell preparations and experiment execution. 

¶ Chapter 3: Data analysis. In this chapter, we detail the analysis of the data obtained 

from the experiments, along with an explanation of the software employed for this 

purpose. 

¶ Chapter 4: Experiments on cellsô adhesion. Chapter detailing the steps taken to 

establish the optimal protocol for intestinal cell adhesion on MEA. 

¶ Chapter 5: Electrical and chemical stimulation experiments: electrophysiological 

readout. This chapter provides descriptions of the initial stimulation protocols 

utilized during the experimentation to achieve an electrophysiological readout, 

accompanied by their corresponding results. 

¶ Chapter 6: Electrical and chemical stimulation experiments: optical readout. In this 

chapter, we present descriptions of the stimulation protocols implemented during 

the experimentation, aimed at acquiring an optical readout. Additionally, we 

provide the overview of the results obtained from these protocols. 

 

 

Through this work, we aim to contribute to the understanding of the therapeutic potential 

of electrical stimulation in promoting intestinal function, thereby advancing 

gastrointestinal health research. 
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Chapter 1 

Intestinal physiology and 

pathology and experimental 

models 

1.1 Intestinal physiology  

1.1.1 Gastrointestinal tract: development and 

function  

The gastrointestinal (GI) tract, also known as the digestive tract or alimentary canal, 

constitutes the system of organs in multicellular animals responsible for ingesting food, 

breaking it down for energy and nutrients, and eliminating residual waste. Key functions 

of the GI tract include digestion, facilitated by motility, secretion, and absorption, with the 

complex coordination of various tissues and cell types determining its diverse patterns of 

function [Liao et al., 2009]. 

The vertebrate GI tract stands out as a crucial and specialized organ system situated behind 

the body wall, distinguished by its considerable length and morphological and functional 

specialization. During development, each segment of the GI tract undergoes distinctive 

changes in mesodermal and endodermal morphology. This initially uniform tube 

differentiates along the anteroposterior (AP) axis into the pharynx, esophagus, stomach 

(foregut), small intestine (midgut), and large intestine (hindgut). These regional variations 

in morphology and function persist throughout life, playing a vital role in maintaining 

normal GI function (Figure 1.1). 
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In particular, the stomach assumes the role of secreting acid and enzymes essential for food 

digestion, accompanied by a hypertrophic muscular structure contributing to mechanical 

digestion. In contrast, the small intestine and colon possess a thin muscular layer crucial 

for the movement and elimination of feces. Additionally, the small intestine and colon play 

pivotal roles in nutrient and water absorption, along with serving as components of the 

immune defense system. 

 

 

 

 

 

 

 

From the histological point of view, the gastrointestinal (GI) tract exhibits four functional 

layersðmucosa, submucosa, muscularis propria, and adventitia or serosaðeach 

displaying distinctive morphological characteristics specific to its location within the GI 

tract (Figure 1.2). 

The innermost layer is the mucosa, directly in contact with the intestinal lumen. It consists 

of epithelial cells supported by connective tissue (lamina propria) and a thin layer of 

smooth muscle known as the muscularis mucosae. The muscularis mucosae plays a crucial 

role in mucosal movement, contributing significantly to gastrointestinal mixing and 

absorption. 

Figure 1.1:  Illustration depicting the organs 

comprising the gastrointestinal tract. 



 12 

Beneath the mucosa lies the submucosa, a layer of loose connective tissue that provides 

structural support. 

The muscularis propria, situated further below, is responsible for the mechanical 

breakdown of food, particularly in the stomach. It facilitates the transit of food along the 

anteroposterior (AP) axis through phasic contractions, regulated by the autonomous enteric 

nervous system (ENS). Generally, the muscularis propria comprises two distinct layers of 

smooth muscle: an inner circular layer and an outer longitudinal layer. 

The GI tract is enclosed by the adventitia or serosa, depending on its anteroposterior 

position. This outer layer serves to prevent friction between the GI tract and surrounding 

tissues or organs. 

During the early stages of embryonic development, the GI tract originates from two 

invaginations of the endoderm, known as the anterior intestinal portal (AIP) and caudal 

intestinal portal (CIP), situated at the anterior and posterior ends of the embryo, 

respectively. The AIP forms initially, closely followed by the development of the CIP. 

These structures elongate in a mirror-like fashion, recruiting the subjacent lateral plate 

splanchnic mesoderm, which will generate smooth muscle. 

Following the fusion of AIP and CIP around the connection with the yolk sac in the middle 

of the embryo body, a straight and uniform primary tube emerges, intimately associating 

the endoderm and visceral splanchnic mesoderm. Post-fusion, the visceral endoderm 

initially exhibits uniformity along its anteroposterior (AP) axis. However, as differentiation 

progresses, morphological variations emerge, leading to the formation of region-specific 

epithelium types. These developmental processes involve reciprocal signals between 

epithelial cells and adjacent mesoderm, essential for normal homeostasis [Le Guen et al., 

2015], as highlighted by numerous studies emphasizing the significance of endoderm-

mesoderm interactions during GI tract development and regionalization [Le Douarin N, 

1964] [Le Douarin N, 1964 [Le Douarin N et al., 1966]. 

In addition to regionalization along the AP axis, the GI tract undergoes differentiation along 

the radial axis, resulting in the sequential development (from outer to inner part of the gut 

wall) of longitudinal and circular muscle layers, the submucosa, and the muscularis 

mucosae, located in close proximity to the epithelial lining [Ramalho-Santos, 2000] [de 

Santa Barbara et al., 2005] [Kosinski et al., 2010] [Mao et al., 2010] [Sukegawa et al., 



 13 

2000]. The initial indication of the differentiation of digestive mesenchymal cells into 

smooth muscle cells (SMCs) is marked by their elongation and clustering. The expression 

of SMC-specific lineage markers, such as aSMA, smooth muscle protein 22 (SM22), and 

Calponin, precedes the acquisition of contractile capabilities [Gabella G., 2002] 

[Notarnicola C. et al., 2012].  

In the colon and small intestine, there is a sequential organization of smooth muscle cells 

(SMCs), resulting in the formation of three discrete layers of muscular tissue. The circular 

smooth muscle layer forms first in the middle of the intestinal mesenchyme, followed 

rapidly by the development of the longitudinal smooth muscle layer in the outer part of the 

mesenchyme. Subsequently, around weeks 14ï20 in humans, the muscularis mucosae 

emerges as the third smooth muscle layer, positioned close to the epithelium [Johnson F., 

1913] [Wallace et al., 2005]. 

 

 

Figure 1.2: Functional layers within the gastrointestinal tract: the mucosa, submucosa, 

muscularis propria, and adventitia or serosa 
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1.1.2 Smooth muscle organization 

Smooth muscle is characterized by the presence of cells expressing Ŭ-smooth muscle actin 

(Ŭ-SMA) [Wilson FJ et al., 2005]. The fundamental physiological role of smooth muscle 

cells is involuntary contraction. Typically composed of multiple cells, contraction of these 

tissues initiates various movements, such as the peristalsis of digested food along the 

gastrointestinal tract or the piloerection of body hair. While all cell types possess some 

degree of actomyosin-based contractility, smooth muscle cells exhibit a distinctive 

contractile apparatus. This apparatus is characterized by smooth muscle-specific actin and 

myosin isoforms and is typically calcium-dependent. However, its activation mechanism 

differs from that of skeletal muscle. Specifically, calcium influx initiates a signaling 

cascade that culminates in the phosphorylation of myosin light chain. This 

phosphorylation, in turn, activates the cross-bridge cycling of myosin heads on actin [Hall 

JE et al., 2011]. 

Upon contraction, smooth muscle cells have the capability to both shorten and augment 

their stiffness [Meiss RA, 2011] [Stephens NL et al., 2011]. This is achieved through 

actomyosin contractility and alterations in the cytoskeleton, such as the repolymerization 

of actin [Tang DD, 2018]. The rigidity of a smooth muscle cell arises from its contractile 

network, which includes actin fibers and myosin, as well as its intermediate filament 

cytoskeleton containing vimentin and desmin [Halpern W et al., 1978] [Ye GJ et al., 2014] 

[Lehman W et al., 2012] [Zhang W et al., 2008] (refer to Figure 1.3).  
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In histological examinations, smooth muscle typically presents as a layer of interconnected, 

elongated cells embedded in connective tissue. The designation "smooth" muscle derives 

from its absence of the distinctive striations observed in histological sections of skeletal 

and cardiac muscle [Wilson FJ et al., 2005]. This absence is attributed to the fact that the 

contractile apparatus of smooth muscle comprises a meshwork of contracting actin and 

myosin filaments, differing from the highly organized and regimented arrangement of 

sarcomeres found in skeletal and cardiac muscle [Jaslove et al., 2018]. 

Many visceral organs feature well-developed layers of smooth muscle surrounding their 

walls, facilitating enduring constriction or dilation crucial for the transport or storage of 

fluids. Within these layers, smooth muscle cells (SMCs) exhibit a distinctive capability to 

transition from a contractile to a synthetic phenotype. Contractile SMCs are identified by 

their elongated spindle-shaped morphology and high expression of specific contractile 

Figure 1.3 : (a) The structure of a smooth muscle cell. The 

contractile apparatus of smooth muscle consists of a 

meshwork of actin and myosin fibres that undergo cross-

bridge cycling upon activation of the cell. This meshwork is 

interconnected with the cytoskeletal network including 

intermediate filaments, cellïmatrix and cellï cell adhesions. 

(b) Detailed view of these interconnections, focusing on 

structural proteins that are frequently used as markers of 

smooth muscle 
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marker proteins. In contrast, synthetic SMCs display reduced expression of these 

contractile markers and demonstrate an increased proliferation rate, high migration rate, 

and pronounced synthesis of extracellular matrix proteins [Rensen SS et al., 2007]. 

The phenotypic plasticity of SMCs is crucial for the adaptation of visceral organs to 

variations in local environmental conditions under normal physiological conditions. The 

modulation of phenotypic class switching is, in part, regulated by the putative RNA-

binding mitochondrial protein limb and CNS expressed 1 (LIX1). This protein is 

prominently expressed in mesenchymal precursor cells with the ability to differentiate into 

contractile smooth muscle, and its levels decrease during the transition from precursor to 

contractile SMC [Vaes et al., 2018]. 

 

 

1.1.3 Enteric nervous system 

Simultaneously with the differentiation of the smooth muscle layer, the initially uniform 

and multi-stratified intestinal endoderm undergoes a transformation into villi projecting 

into the lumen. Specifically, the endoderm evolves into epithelial ridges, which are 

subsequently organized into parallel zigzags and eventually form intestinal villi [Shyer AE 

et al., 2013]. Through chemical and physical ablation of distinct smooth muscle layers, it 

becomes evident that the differentiation of the circular smooth muscle layer is 

indispensable for the development and maintenance of the epithelial ridges, likely by 

imposing mechanical constraints to restrict mesenchymal and endodermal growth. 

Additionally, the longitudinal smooth muscle layer and muscularis mucosae play essential 

roles in the development of zigzags and villi, respectively. The formation of villi is also 

contingent upon localized changes in endodermal and mesenchymal cell proliferation. 

Concomitantly with these initial patterning events, the nascent gastrointestinal (GI) tract 

undergoes colonization by neural crest precursor cells, giving rise to the enteric nervous 

system (ENS), the intrinsic innervation network of the GI tract. In vertebrates, vagal enteric 

neural crest cells (vENCCs) are the primary contributors to the ENS. These cells migrate 

away from the neural tube, entering the esophageal mesenchyme. Their anteroposterior 

(AP) migration along the GI tract is facilitated and regulated through interactions with 

extracellular matrix proteins produced by mesenchymal cells [Breau MA et al., 2009] 

[Akbareian SE et al., 2013]. Eventually, vENCCs populate the entire GI tract, extending 
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from the esophagus to the terminal colon, as well as reaching the lungs and pancreas, two 

associated GI organs. Throughout their migration along the GI tract, neural crest cells 

undergo both proliferation and differentiation, ultimately forming neurons and glial cells ï 

the principal components of the ENS. These cells organize into two concentric ganglionic 

plexuses located within the muscle layers of the gut wall [Furness JB, 2006]. 

The ENS plays a pivotal role in regulating gastrointestinal motility patterns, ensuring the 

appropriate secretion of various electrolytes, enzymes, and mucus depending on the 

anatomo-physiological region. It also coordinates immune and defensive functions within 

the digestive tract [Rao et al., 2016]. The ENS is distributed across the digestive tract in 

two plexuses, depicted in Figure 1.4: the myenteric (or Auerbach's) plexus, which forms 

ganglia located between the longitudinal and circular muscle layers, and the submucosal 

(or Meissner's) plexus, positioned between the mucosa and the inner muscular layer in the 

submucosa [Szylberg et al., 2014] [Schneider et al., 2019]. The myenteric plexus primarily 

regulates muscle contraction, while the submucosal plexus governs secretory functions and 

regulates blood flow [Avetisyan et al., 2015]. 

Figure 1.4: Arrangement of interstitial cells of Cajal (ICC) within the 

submucosal and myenteric plexuses along the digestive tract. The 

plexuses consist of three main cell types: neurons, glial cells, and ICCs. 

Some extensions terminate within the mucosa. ICC-SMP: ICCs of the 

submucosal plexus; ICC-MP: ICCs of the myenteric plexus; ICC-IM: 

ICCs found intramuscularly within the internal and external muscular 

layers; ICC-SS: ICCs located in the serosa. 
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While the ENS functions autonomously, independent of the broader Autonomic Nervous 

System (ANS), stimulations from the sympathetic and parasympathetic systems can either 

amplify or diminish its specific actions, thereby impacting gastrointestinal activity. The 

ENS is comprised of approximately 100 million neurons, a quantity equivalent to that 

found in the spinal cord, earning it the moniker "the second brain." 

While a reciprocal relationship exists between the ENS and the central nervous system 

(CNS), the ENS appears to primarily serve as a receiver of information, given that up to 

90% of the fibers of the vagus nerve are afferent in nature. Stimuli perceived by the CNS 

can initiate vagal reflexes in response to enteric stimuli, thereby regulating gastrointestinal 

motility patterns. This enteric-cerebral signaling plays a crucial role in governing 

sensations such as satiety and nausea. The CNS's influence on the gastrointestinal tract is 

particularly evident in the most proximal and distal sections, where it plays a key role in 

activities like chewing, swallowing, and defecation [Rao et al., 2016]. 

However, the ENS independently manages the functions of the small intestine and colon 

at a local level. Interestingly, even if the CNS is separated from the ENS, the fundamental 

enteric motility persists [Schemann et al., 2019]. Vagal reflexes also play a crucial role in 

regulating gastric motility, allowing an increase in capacity without raising intraluminal 

pressureðan essential aspect for the breakdown and transportation of contents to the 

duodenum [Rao et al., 2016]. 

Even though the ENS operates independently of the CNS, the proper functioning of the gut 

depends on the integrity of the ENS along its extensions. A disruption in a small section is 

likely to lead to severe consequences for the overall intestinal function [López-Pingarrón 

et al., 2023]. 

In terms of intestinal movements, various circuits within the ENS govern distinct motor 

patterns based on the gut region and physiological conditions [Furness, 2006]. While 

extrinsic innervation also influences esophageal and gastric motility, the ENS 

predominantly dictates propulsive and mixing contractile patterns in the small intestine and 

colon. Although the refinement of circuits responsible for these motor patterns is ongoing, 

a foundational circuit comprising sensory neurons (intrinsic sensory neurons, ISNs; 

intrinsic primary afferent neurons, IPANs), orally directed interneurons, excitatory motor 

neurons, anally directed interneurons, and inhibitory motor neurons could suffice for 

propulsion [Bornstein, 2009]. 
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 The distinct neurochemical identities of each functional class of neurons have been 

extensively characterized, particularly in the guinea-pig ileum [Costa et al., 1996]. It is 

likely that these identities are comparable in other regions and species, although some 

differences in detail have been noted [Qu et al., 2008] [Sang and Young, 1996]. A crucial 

characteristic of this circuit is its polarityðstimuli that excite motor pattern generators 

activate an orally directed (ascending) pathway, leading to smooth muscle contraction. The 

projections of excitatory motor neurons reflect this polarity, as they either enter the circular 

smooth muscle close to their cell bodies or traverse orally along the myenteric plexus for 

several millimeters before entering the smooth muscle, where they intricately branch out 

circumferentially [Costa et al., 1996]. 

To regulate gut motility, enteric nerve circuits collaborate with myogenic control elements, 

particularly interstitial cells of Cajal (ICC) and fibroblast-like cells expressing platelet-

derived growth factor receptor Ŭ (PDGFRŬ) [Blair et al., 2014] [Huizinga and Lammers, 

2009]. Different subtypes of ICC are situated in distinct layers of the gut, playing varying 

roles in both propulsive and segmentation motor patterns [Huizinga and Chen, 2014] 

[Sanders et al., 2006]. Functioning as intestinal pacemaker cells, they are responsible for 

generating intestinal slow waves and other rhythmic contractions of the smooth 

musculature [Der-Silaphet et al., 1998] [Huizinga et al., 2014] [Huizinga et al., 1995] [Kito 

et al., 2005] [Ordog et al., 1999] [Ward et al., 1994]. ICC play a crucial role in facilitating 

both excitatory and inhibitory transmission from enteric neurons to smooth muscle cells, 

thereby serving as mediators that integrate ENS and slow wave activity [Burns et al., 1996] 

[Klein et al., 2013] [Ward et al., 2000]. 
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1.1.4 Interstitial cells of Cajal 

Pacemaker cells of gastrointestinal function, the interstitial cells of Cajal (ICCs) play a 

pivotal role in regulating motility and establishing communication with enterocytes, blood 

vessels, smooth muscle cells, and enteric plexus neurons [Schneider et al., 2019] [Blair et 

al., 2014]. Named after Santiago Ram·n y Cajal, the pioneer of modern neuroanatomy 

[Garcia-Lopez et al., 2010], ICCs undergo differentiation from the mesenchymal lineage 

concurrently with the arrival of neural crest cells in the gut, which initiate differentiation 

into enteric neurons and glia [Radenkovic G. et al., 2018]. 

ICCs can be categorized based on their histological placement. ICC-SM refers to those 

situated in the submucosa, predominantly found in the stomach [Al-Shboul O., 2013]. ICC-

SMP is identified in the colon. ICC-MP corresponds to those located in the myenteric or 

Auerbach plexus. Intramuscular ICCs, termed ICC-IM, further divide into ICC-CM and 

ICC-LM based on their positioning in the circular or longitudinal layers (see Figure 1.5) 

[Mikkelsen H.B., 2010] [Blair PJ et al., 2014]. 

 

 

 

Figure 1.5: Image illustrating different subgroups of 

interstitial cells of Cajal (ICC) and their respective positions 

within the gastrointestinal wall across multiple organs. 

https://www.sciencedirect.com/science/article/pii/S0012160616301105#bbib13
https://www.sciencedirect.com/science/article/pii/S0012160616301105#bbib13
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Significantly, ICCs are not confined to the gut wall; they have also been observed in other 

organs, including the pancreas, bladder, myometrium, myocardium, urethra, fallopian 

tubes, uterus, vagina, and human placenta [Al-Shboul O., 2013] [Streutker C.J et al., 2007] 

[Mostafa R.M. et al., 2010].  

ICCs are characterized as either isolated cells or small groups, possessing elongated 

processes and varicosities that extend between septa, which separate the smooth muscle 

fibers. In investigations focused on ICCs in the rodent gastrointestinal tract, they were 

found distributed throughout the gut in groups of cells sharing similar morphological 

features. Sub-serosa ICCs (ICC-SS) displayed a stellate morphology, while ICC-MP 

associated with Auerbachôs plexus formed networks around myenteric ganglia with a 

multipolar morphology [Streutker C.J et al., 2007]. ICC of the deep muscular plexus (ICC-

DMP) exhibited bipolar structures within the deep muscular layers of the small intestine 

[Mikkelsen H.B., 2010]. 

The revelation of the internal structure of ICCs occurred with the advent of electron 

microscopy [Streutker C.J et al., 2007]. Typically, they exhibit prominent characteristics 

such as a significant number of mitochondria, intermediate filaments, and gap junctions 

[Komuro T., 1999], along with a relatively large nucleus in comparison to the cytoplasm 

[Mostafa R.M. et al., 2010]. Their most notable feature is the reticular organization, 

establishing connections with smooth muscle cells (SMCs) and neurons of the Enteric 

Nervous System (ENS) through gap junctions [Streutker C.J et al., 2007] [Fox S.I., 2011]. 

As previously stated, one primary function of ICCs is serving as pacemaker cells 

[Mikkelsen H.B., 2010]. In electro-physiological studies of the gastrointestinal tract, where 

peristaltic activity has been observed, ICCs have been identified as key contributors [Blair 

et al., 2014] [Pasternak A. et al., 2016]. Specifically, ICC-SM generates slow waves that 

propagate contractions without propelling them, while ICC-MP within Auerbachôs plexus 

is implicated in generating stimulus-dependent propulsive motor complexes [Huizinga et 

al., 2011]. Contrary to initial assumptions that smooth muscle myocytes originated these 

slow waves, it is now understood that ICCs generate them independently [Mostafa R.M. et 

al., 2010]. However, the precise mechanism explaining the pacemaker activity of ICCs is 

still a subject of ongoing research. Another function attributed to ICCs is their role as 

mechanoreceptors, responsible for transducing mechanical stimuli into electrical signals 

that trigger motility in the digestive tract [Kraichely R.E. et al., 2007].  

https://www.sciencedirect.com/science/article/pii/S0012160616301105#bbib13
https://www.sciencedirect.com/science/article/pii/S0012160616301105#bbib13
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1.1.5 Intestinal contraction mechanism 

Smooth muscle cells (SMCs) play a crucial role in generating force and facilitating the 

movement of nutrients and waste products. Interstitial cells, electrically linked to SMCs, 

modulate SMC excitability in real-time. The collaborative activity of SMCs, interstitial 

cells of Cajal (ICC), and platelet-derived growth factor receptor Ŭ positive (PDGFRŬ) cells 

forms a multicellular syncytium called the SMC, ICC, and PDGFRŬ cell (SIP) syncytium 

[Sanders et al., 2012]. SIP cells, innervated by enteric motor neurons, receive and transduce 

neurotransmitter signals. The collective output of the SIP syncytium regulates the moment-

to-moment excitability of SMCs [Sanders et al., 2014]. In most regions of the 

gastrointestinal (GI) tract, the contractile behavior of smooth muscle is characterized by 

phasic rhythmic contraction-relaxation cycles. These phasic contractions, integral to major 

motility patterns like segmentation and peristalsis, are intrinsic to the muscle tissues. 

Electrical slow waves generated by ICC drive the phasic contractions of SMCs [Huizinga 

et al., 1995] [Langton P et al., 1989] [Ward et al., 1994]. ICC form networks within the 

pacemaker regions of the gastrointestinal tract. Once a slow wave is initiated, it actively 

propagates through the ICC network, regenerating cell to cell (Figure 1.6). 

  

Figure 1.6: Origin and propagation of slow waves generated by interstitial 

cells of Cajal (ICCs) and their transmission to smooth muscle cells. 

Smooth muscle cells and ICCs receive signals from the varicosities of 

enteric neurons (depicted in blue). ICC-MP: ICCs of the myenteric plexus; 

ICC-IM: Intramuscular ICCs. 

https://www.sciencedirect.com/science/article/pii/S0012160616301105#bbib93
https://www.sciencedirect.com/science/article/pii/S0012160616301105#bbib93
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The passive conduction of slow waves into smooth muscle cells occurs because SMCs lack 

the specific conductances contributing to slow waves and therefore cannot regenerate them 

(i.e., depolarization of an SMC does not induce a slow wave-like event). Depolarization of 

SMCs by slow waves increases the open probability of L-type voltage-dependent Ca 

channels, which are widely expressed in GI SMCs. In certain SMCs of the small bowel and 

colon, the activation of L-type Ca channels leads to the generation of Ca action potentials, 

superimposed upon the peaks of slow waves. In the stomach, slow waves depolarize SMCs, 

but typically, action potentials are not produced. Regardless, the entry of Ca into SMCs 

triggers contraction (excitation-contraction coupling). In both scenarios, the slow wave 

depolarization/repolarization cycle determines the period of enhanced open probability of 

L-type Ca channels in SMCs (resulting in contraction) and the period of low Ca channel 

open probability (leading to relaxation) [Sanders et al., 2019]. 

The initial component of the slow wave is the driving potential that travels through the 

tissue. The second component, known as the regenerative potential, was initially believed 

to be triggered locally by the depolarization induced by the driving potential. However, it 

was later discovered that it arises from the activation of conductances in intramuscular 

interstitial ICC (ICC-IM) [Cousins HM et al., 2003] [Dickens EJ et al., 2001]. 

The first and second components are also referred to as the upstroke depolarization and 

plateau potential, respectively. 

Slow waves manifest without external inputs from nerves, hormones, or paracrine 

substances in GI muscles. Consequently, these muscles are described as autonomous, and 

the slow waves are characterized as myogenic. The typical slow wave cycle includes a 

phase of relatively stable resting potential, also known as the diastolic period or the period 

of the most negative membrane potential. However, some intracellular electrical recordings 

reveal a gradual inter-slow wave depolarization. 

The upstroke depolarization is temporary, and following its peak, partial repolarization 

takes place before entering a pseudo-stable state referred to as the plateau phase [el-

Sharkawy TY et al., 1978]. The duration of the plateau phase varies, lasting from a second 

to several seconds, contingent on the specific region of the GI tract and the species 

[Szurszewski JH., 1981]. Eventually, the membrane potential exits the plateau phase, and 

repolarization ensues, leading to the restoration of the resting potential, thus concluding 
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the cycle. The frequency of slow waves ranges widely, reaching up to 80 cycles per minute 

in phasic muscles that rely on the summation of excitable events to generate tone [Hall JE 

et al., 2011]. Conversely, in muscles exhibiting well-defined phasic contractions, the 

frequency is much lower, with just a few events per minute. Slower frequencies facilitate 

complete relaxation between contractions and provide time for propulsive events to 

propagate over longer distances. The frequency of slow wave activity is a crucial factor 

because cells with the highest pacemaker activity frequency are the dominant pacemakers 

in specific regions. This means that in certain areas of a system, the cells setting the pace 

for slow wave activity are those that generate pacemaker signals at the highest rate. 

The primary pacemaker in the human stomach is expected to be located in the proximal 

corpus. However, when comparing slow waves recorded from gastric antral and corpus 

muscles, a distinct dominant slow wave frequency gradient is not clearly evident [Rhee PL 

et al., 2011]. Achieving pacemaker dominance at the organ level proves challenging in the 

small intestine due to two key factors: the higher frequency of slow waves compared to the 

stomach and the relatively slow propagation velocity of these waves. The small intestine 

exhibits a faster pace of slow wave activity and a slower speed at which these waves travel 

through the tissue. This combination results in a limitation on the spread of slow wave 

propagation, confining it to relatively small segments of the intestine. The challenge arises 

because when a slow wave event is initiated at any specific point along the intestine, it 

tends to collide with slow waves generated at either more distal (towards the end) or 

proximal (towards the beginning) pacemakers relatively soon. This collision interferes with 

the establishment of clear pacemaker dominance over the entire organ, as the waves 

generated by different pacemakers interfere with each other.  

Several factors influence slow waves and, consequently, motility patterns in the 

gastrointestinal tract. ICC express a diverse range of receptors for neurotransmitters, 

hormones, paracrine substances, and inflammatory mediators. Additionally, they possess 

effector proteins that enable responses to various physical factors, including stretch, 

compression (as observed in muscle contraction), temperature, and pH [Lee MY et al., 

2017]. It's important to note that due to the electrical coupling between SMCs, ICC, and 

platelet-derived growth factor receptor Ŭ positive (PDGFRŬ) cells (SIP syncytium), 

electrophysiological responses of any SIP cell can potentially impact the functions of ICC.  

For instance, neurotransmitters or hormones associated with increased cAMP production 
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and the activation of protein kinase A in SMCs tend to activate potassium (K) channels, 

leading to the hyperpolarization of SMCs [Kito et al., 2005] [Kito et al., 2003] [Lee JY et 

al., 2015] [Koh SD et al., 1998]. Hyperpolarization of SMCs can trigger the activation of 

ICC and may influence voltage-dependent processes within these cells, such as calcium 

entry mechanisms and the propagation of slow waves. This interconnected system 

highlights the complexity of regulatory mechanisms that govern gastrointestinal motility 

[Sanders et al., 2019]. 

 

1.1.6 Role of calcium in muscle contraction 

The significance of calcium (Ca) stores in pacemaker activity holds a fundamental role in 

gastrointestinal (GI) pacemaker function and the reactions to enteric motor 

neurotransmitters. The mechanistic link between electrical rhythmicity and the propagation 

of calcium waves from pacemaker cells is essential, and the frequency of these events may 

be influenced by the rates at which Ca stores release and refill.  

The depolarization of smooth muscle cells triggers action potentials through the activation 

of inward current mediated by L-type voltage-dependent Ca channels [Walsh JV Jr et al., 

1981] [Yoshino M et al., 1997] [Mitra R et al., 1985] [Langton PD et al., 1989]. The 

substantial entry of calcium into SMCs through L-type (dihydropyridine-sensitive) Ca 

channels during action potentials is evident, illustrated by the rapid upstroke velocities of 

action potentials, reaching up to approximately 20 V/s [Kuriyama H et al., 1967]. The 

activation of L-type Ca channels serves as a primary mechanism for the excitation-

contraction coupling of gastrointestinal (GI) SMCs [Ozaki H et al., 1991] [Vogalis F et al., 

1991]. The depolarization of smooth muscle cells enhances the open probability of L-type 

Ca channels, initiating the entry of calcium and subsequent contraction. 

In certain muscles, like those in the stomach's corpus and antrum, the depolarizations of 

smooth muscle cells (SMCs) caused by slow waves are capable of initiating sufficient 

calcium entry, leading to contractions. However, in different areas of the gastrointestinal 

tract, slow waves result in only small amplitude contractions. For substantial contractions 

in these regions, the generation of calcium action potentials is necessary [Sanders KM, 

1983]. 

https://www.sciencedirect.com/science/article/pii/S0012160616301105#bbib105
https://www.sciencedirect.com/science/article/pii/S0012160616301105#bbib105
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1.2 Intestinal pathology 

1.2.1 Visceral myopathy  

The smooth muscle of the gastrointestinal (GI) tract is susceptible to various diseases, and 

our research specifically delved into visceral myopathies. These are uncommon disorders 

marked by significant dysfunction in the smooth muscle of internal organs. This 

dysfunction hampers the efficient movement of air and nutrients through the bowel, 

impedes bladder emptying, and disrupts the normal contraction and relaxation of the uterus. 

Visceral myopathies are challenging to diagnose accurately due to their rarity, the diverse 

range of symptoms they present, and the similarities they share with more prevalent 

gastrointestinal diseases. 

The most debilitating defects result in highly dysfunctional bowel, diminished growth of 

the intrauterine colon (microcolon), and defects in bladder emptying that necessitate 

catheterization. In cases of extreme severity, dysfunction in both the gastrointestinal (GI) 

and genitourinary (GU) tracts is present at birth, coupled with impaired intrauterine colon 

growth, leading to a condition known as megacystis-microcolon-intestinal hypoperistalsis 

syndrome (MMIHS). This early manifestation of the disease is associated with more severe 

pathology and poorer outcomes. Visceral myopathies are characterized by the dysfunction 

of smooth muscle, which, like other muscle types, relies on cytoskeletal proteins in the 

contractile apparatus to generate force. Notably, mutations in genes encoding these 

contractile apparatus proteins are common genetic factors contributing to visceral 

myopathy (VSCM) [Hashmi SK et al., 2021].  

When the primary organ affected is the bowel and microcolon is not present, the condition 

is termed myopathic chronic intestinal pseudo-obstruction. Myopathic CIPO is a rare 

disorder that may initially present in either adults or children. According to a Japanese 

study, the estimated prevalence of CIPO is 0.37 per 100,000 in individuals younger than 

15 years old, with over half developing CIPO during the neonatal period [Cobine CA et 

al., 2017]. Individuals with CIPO typically experience symptoms such as nausea, vomiting, 

constipation, massive abdominal distension, and malnutrition due to their inability to 

tolerate oral feeding. The severity of symptoms varies among affected individuals and 

fluctuates over time in each individual. Due to impaired bowel function, individuals with 
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CIPO often necessitate intermittent use of total parenteral nutrition (TPN) to support their 

growth and ensure survival [Sanders et al., 2012]. TPN, however, poses complications such 

as life-threatening line infections and long-term liver damage. Presently, treatment 

approaches are mainly supportive, with no mechanism-based therapies for myopathic 

CIPO. Multi-visceral transplantation, involving the transplantation of the bowel, liver, and 

other intestinal organs, represents one treatment strategy with a 5-year survival rate of 58% 

[Alvarez, 1922] [Hashmi SK et al., 2021]. Apart from parenteral nutrition, the use of 

feeding tubes in the stomach (gastrostomy) or jejunum (jejunostomy) is often necessary. 

These tubes serve not only for slow drip feeding but also for decompressing the bowel by 

draining air and fluid [Viti F. et al., 2023]. 

Individuals with visceral myopathy often experience dilation and inadequate emptying of 

the urinary bladder in cases involving intestinal manifestations. Unfortunately, as hollow 

organs undergo distension, a heightened circumferential force is necessary at a given 

tension to reduce the cross-sectional area of the organ. This phenomenon is governed by 

LaPlace's law, a principle applicable to thin-walled vessels. LaPlace's law outlines the 

relationship between transmural pressure (P), mean radius (R), wall thickness (t), and wall 

tension (T) for different shapes: 

- For a cylinder (e.g., bowel): T = PR/t 

- For a sphere (e.g., bladder): T = PR/2t 

Consequently, when the bowel or bladder undergoes distension, the increased radius (R) 

demands that visceral smooth muscle cells (SMCs) generate more tension (T) to maintain 

the same transmural pressure (P). Additionally, as hollow organs stretch, the decrease in 

wall thickness (t) further escalates the tension (T) required to resist a specific pressure. This 

poses a significant issue in visceral myopathy, where the diminished strength of SMCs 

renders the hollow organ more susceptible to distension. From a treatment perspective, it 

might be advantageous for individuals with visceral myopathy to avoid gas-producing 

foods (fermentable oligosaccharides, disaccharides, monosaccharides, and polyols - 

FODMAPs) or medications (e.g., lactulose). Additionally, the implementation of ostomies, 

which release gas or fluid without the necessity to overcome sphincter skeletal muscle, can 

significantly diminish bowel or bladder distension. This, in turn, enables weak muscles to 

more effectively withstand intraluminal pressure [Hashmi SK et al., 2021]. 
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1.2.2 VSCM diagnosis and treatment 

 

Imaging tests play a pivotal role in the initial diagnosis to delineate anatomy and rule out 

mechanical obstruction, which necessitates immediate surgical intervention to prevent 

fatality. In contrast, surgery is generally not beneficial for symptoms arising from 

myopathy, and the recovery period following surgery is often prolonged for individuals 

with VSCM. Common diagnostic approaches to ascertain visceral anatomy and exclude 

mechanical obstruction involve abdominal computerized tomography (CT with/without 

oral contrast medium) and magnetic resonance imaging (MRI) enterography (MRE). 

Evaluating gastrointestinal (GI) motility can be achieved through gastric emptying tests, 

cine-MRI of the entire gut, and colonic and antroduodenal manometry (ADM). In cases 

where myopathic Chronic Intestinal Pseudo-Obstruction is suspected, a full-thickness 

bowel biopsy may be recommended, using minimally invasive methods such as 

laparoscopic or robot-assisted surgery. The extensive hospitalization periods and the 

necessity for total parenteral nutrition (TPN) contribute to the elevated costs associated 

with the care of CIPO [Viti F. et al., 2023]. 
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1.2.3 Chronic intestinal pseudo-obstruction 

classification 

CIPO is categorized into three main forms: neuropathic, myopathic, and 

mesenchymopathic [Zhu CZ et al., 2020]. These forms result from defects in the enteric 

nervous system, visceral smooth muscle, or interstitial cells of Cajal (ICC), respectively. 

Further classification is made based on whether the cause is known, resulting in primary 

or secondary CIPO, or if the cause remains unknown, leading to idiopathic CIPO. Pediatric 

CIPO is typically primary, with genetic defects contributing to the disease. In contrast, adult 

CIPO often stems from secondary factors like autoimmune diseases, opiate use, or 

infectious causes. Due to the distinct etiological patterns between pediatric and adult-onset 

CIPO, a recent recommendation proposes the use of the term "Pediatric Intestinal Pseudo-

Obstruction" (PIPO) for cases that manifest in childhood [Thapar N et al., 2018] [Hashmi 

SK et al., 2021]. 

 

 

Table 1.1: Histological clasification of chronic intestinal pseudo-obstruction (CIPO) 
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1.2.4 Causes of myopathic CIPO 

Cytoskeletal protein genes associated with myopathic Chronic Intestinal Pseudo-

Obstruction (CIPO) include ACTG2 [Assia et al., 2020] [Wangler MF et al., 2014], ACTA2 

[Lu H et al., 2016] [Moreno CA et al., 2016], MYH11 [Billon C et al., 2020] [Dong W. et 

al., 2019] [Yetman AT. et al., 2018], MYLK, LMOD1 [Halim D et al.,2017], MYL9 

[Moreno CA et al., 2018], and FLNA [Kapur RP. et al., 2010]. 

The primary cause of myopathic CIPO is mutations that affect cytoskeletal proteins within 

the contractile apparatus. Among these, ACTG2 mutations represent approximately 44% 

of reported cases [Milunsky A et al., 2017]. The leading hypothesis proposes that these 

mutations induce smooth muscle weakness by disrupting the contractile apparatus, which 

consists of cytoskeletal proteins. However, our understanding of how these mutations 

specifically lead to myopathy is still limited, as current basic science studies have not fully 

elucidated the mechanisms. Moreover, the observed variations in the severity of symptoms, 

even among individuals with the same gene defect, strongly suggest that factors beyond 

the assumed causative mutations play a significant role in determining the severity of the 

disease. 
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1.2.5 Cytoskeletal proteins organization in bowel 

smooth muscle 

The bowel performs a complex set of functions, including the sensing of intraluminal 

nutrients and the generation of mechanical forces to establish motility patterns. These 

patterns are designed to optimize the digestion and absorption of nutrients, followed by the 

expulsion of waste in the form of undigested residues. Smooth muscle is instrumental in 

this process by actively contracting and relaxing, providing the necessary force for bowel 

motility [Fish EM et al., 2023]. Specifically, the circular muscle contracts to decrease the 

intestinal diameter, while the longitudinal muscle shortens the intestine along its 

longitudinal axis [Viti F. et al., 2023].  

SMCs are equipped with contractile filaments composed of actin and myosin, serving as 

the primary force-generating proteins within these cells. In smooth muscle cells, these 

contractile filaments exhibit an oblique arrangement, with filamentous actin (F-actin) 

anchored by dense bodies and connected to structures in the extracellular matrix (ECM) 

that transmit force [Gunst SJ et al., 2008]. Actin filaments are created through the 

polymerization of globular actin (G-actin) monomers. The F-actin network is intricately 

regulated by proteins that either nucleate, elongate, or cleave F-actin, bundle filaments into 

stress fibers, or organize F-actin into branching networks. These actions collectively 

generate force when combined with myosin heavy chains (MHCs). In the human body, 

there exist six highly homologous isoforms of actin. Cytoplasmic actins (ACTB, ACTG1) 

are present in all cells, while muscle cells express specialized actin isoforms: ACTA1 

(skeletal muscle), ACTC1 (cardiac muscle), and ACTA2 and ACTG2 (vascular and visceral 

smooth muscle) [Sweeney HL et al., 2018]. 

The myosin complex in visceral smooth muscle comprises two myosin heavy chains 

(myosin heavy chain 11, MYH11) and four light chains, which include two essential 

myosin light chain 6 (MYL6) and two regulatory myosin light chain 9 (MYL9). The 

interaction between actin and myosin in smooth muscle is intricately regulated by myosin 

light chain kinase (MYLK), which phosphorylates MYL9. This phosphorylation enables 

the interaction of the myosin head domain with actin filaments, ultimately leading to 

smooth muscle contraction and the generation of force [Hashmi SK et al., 2021]. 
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1.2.5.1 Gamma smooth muscle actin 

Gamma smooth muscle actin (ACTG2) stands out as the primary actin isoform found in 

the smooth muscle cells of visceral organs such as the bowel, bladder, and uterus [Arnoldi 

R, et al., 2013] [Fatigati V et al., 1984] [McHugh KM et al., 1991]. It is believed to play a 

crucial role in mediating the contractility of visceral SMCs through the interaction of actin 

and myosin. Despite ACTG2 mutations being identified as the leading cause of visceral 

myopathies [Milunsky A et al., 2017] [Assia et al., 2020] [Wangler   MF et al., 2015], only 

a limited number of studies have directly investigated the function of ACTG2 in cells. This 

gap in research highlights a need for a more comprehensive understanding of the specific 

cellular mechanisms involving ACTG2, considering its significant implications in the 

context of visceral myopathies.  

Nowadays, there have been reports of 35 distinct missense mutations in ACTG2 among 

individuals with CIPO or MMIHS. These mutations result in alterations in 26 amino acids. 

The distribution of these mutations spans the entire protein, indicating diverse ways in 

which the normal function of ACTG2 can be disrupted. Among the mutated amino acids, 

arginine (R) is the most frequently affected, with R178 and R257 mutations identified in 

over half of the documented CIPO or MMIHS cases. A meta-analysis revealed that R178 

mutations are associated with the most severe form of the disease (MMIHS), often 

detectable before birth [Assia et al., 2020]. On the other hand, R257 mutations typically 

lead to severe pediatric-onset CIPO (PIPO) with the presence of megacystis. Mutations at 

position R148 result in a less severe form, yet still highly debilitating, adult-onset CIPO, 

often impacting multiple members within a family. 
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1.2.5.2 Alpha smooth muscle actin 

Alpha smooth muscle actin (ACTA2) is the primary isoform of smooth muscle actin found 

in vascular smooth muscle, but it is also expressed in visceral smooth muscle [Arnoldi R, 

et al., 2013] [Fatigati V et al., 1984] [Gabbiani G et al., 1981] [Sawtell NM et al., 1989]. 

In smooth muscle cells, ACTA2 thin filaments combine with MYH11 thick filaments to 

form contractile units [Milewicz DM et al., 2017]. Similar to ACTG2 mutations, 

heterozygous missense mutations in ACTA2 lead to smooth muscle disease [Milewicz DM 

et al., 2008]. The majority of ACTA2 mutations increase the susceptibility to vascular 

diseases, including thoracic aortic aneurysms and dissections (TAADs) and 

cerebrovascular events such as strokes. However, mutations in ACTA2 R179 cause 

dysfunction in both visceral and vascular smooth muscle, collectively referred to as 

multisystemic smooth muscle dysfunction syndrome (MSMDS) [Milewicz DM et al., 

2010]. MSMDS typically manifests at birth or in utero and carries a particularly grim 

prognosis due to widespread severe smooth muscle dysfunction. The consequences of 

MSMDS encompass developmental delays and seizures resulting from cerebrovascular 

events, pulmonary hypertension, dyspnea, recurrent respiratory infections, bladder 

hypotonia, intestinal malrotation, and hypoperistalsis. Interestingly, gastrointestinal and 

genitourinary symptoms may precede complications associated with vascular disease. 

Consequently, some patients with the ACTA2 R179H mutation are initially diagnosed with 

conditions like MMIHS or CIPO [Richer J, et al., 2012]. The reason why ACTA2 R179 

mutations can cause both visceral and vascular smooth muscle disease, while other ACTA2 

mutations lead to only vascular disease, is not fully understood. 
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1.2.5.3 Smooth muscle myosin heavy chain 

Currently, there are documented instances of 10 unique mutations in the smooth muscle 

myosin heavy chain (MYH11) linked to visceral myopathies [Dong W. et al., 2019] [Kloth 

K et al., 2019]. Unlike the autosomal dominant mutations observed in ACTG2 and ACTA2, 

the majority of MYH11 mutations linked to visceral myopathies are autosomal recessive 

[Gilbert MA et al., 2020]. Interestingly, certain specific MYH11 mutations seem to induce 

visceral myopathy without any accompanying vascular disease, while a separate set of 

MYH11 mutations is associated with vascular disease. This suggests the possibility that the 

effects of these MYH11 mutations on specific cell types may be influenced by distinct 

biochemical interactions occurring in different types of muscle cells. 

 

1.2.5.4 Smooth muscle myosin light chain 9 

Myosin light chain 9 (MYL9) is responsible for encoding the regulatory myosin light chain 

(rMLC) within the myosin class II in smooth muscle. The functionality of smooth muscle 

myosin is, in part, controlled by the phosphorylation of rMLCs facilitated by myosin light 

chain kinase (MYLK). The phosphorylation process, orchestrated by MYLK, triggers the 

activation of actin-myosin binding and the generation of force. Conversely, the 

dephosphorylation of rMLC induces muscle relaxation. Consequently, a mutation that 

either eliminates or disrupts MYL9 would likely result in a reduction of SMC contractility. 

Currently, two MYL9 mutations have been reported in association with MMIHS [Kandler 

JL, et al., 2020] [Moreno CA et al., 2016] [Hashmi SK et al., 2021]. 
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1.3 In vitro SMCs 

Studying smooth muscle cells (SMCs) in vitro is pivotal for comprehending various 

physiological processes and diseases affecting organs like the gastrointestinal, 

genitourinary, and respiratory systems. In these studies, researchers investigate a range of 

aspects: 

Functional studies focus on understanding SMC contractility under different conditions, 

such as exposure to neurotransmitters, hormones, mechanical or chemical stimuli. 

Researchers also explore ion channel function, analyzing their role in controlling 

membrane potential and contractility [Baker et al., 2015] [Jarrousse C et al., 2004] [Bitar 

KN et al., 1982]. 

Disease modeling employs in vitro models to study the molecular and cellular mechanisms 

underlying diseases such as irritable bowel syndrome (IBS) or bladder dysfunction [van 

Uhm JI et al., 2014] [Ludidi S et al., 2015]. Researchers also investigate the impact of 

genetic mutations associated with smooth muscle disorders on SMC behavior. 

Mechanical and biophysical studies delve into how SMCs respond to mechanical cues, 

contributing to our understanding of processes like peristalsis and bladder filling. Tissue 

engineering involves developing artificial tissues with SMCs for regenerative medicine and 

understanding tissue biomechanics [Fang B et al., 2019] [Isenberg BC et al., 2006]. 

Electrophysiological studies involve recording and analyzing the electrical activity of 

SMCs to understand the role of ion channels in generating action potentials and 

coordinating muscle contractions. Researchers investigate excitation-contraction coupling, 

exploring the coupling between electrical signals and contractile events [Bailleul A. et al., 

2022]  [Stoppel WL et al., 2015]. 

Gene expression and regulation studies involve examining changes in gene expression 

profiles in SMCs under different conditions, aiding in the identification of key regulatory 

pathways. Researchers also explore epigenetic changes influencing SMC phenotype and 

function [Sandison ME et al., 2016]. 

In summary, in vitro studies on smooth muscle cells provide valuable insights into both 

normal physiological processes and pathological conditions, contributing to the 

development of therapeutic strategies and interventions. 
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Various approaches to studying smooth muscle cells in a laboratory setting involve the use 

of both primary cells and immortalized cell lines. Incorporating human primary cells into 

research has the dual benefit of reducing the need for animal experiments and addressing 

ethical concerns associated with such practices. Cultivating human primary cells enables 

investigations using human material, a capability not achievable through in vivo methods. 

This not only aligns with ethical considerations but also enhances the relevance of the 

research by closely mimicking the in vivo biology of cells. Additionally, a decrease in 

reliance on animal experiments corresponds to a notable reduction in experimental costs. 

Employing primary cells obtained directly from human donors produces more dependable 

and contextually relevant results, closely replicating the in vivo biology of cells. 

Nevertheless, primary cells necessitate a considerably lengthier growth period than 

immortalized cell lines and possess limited growth potential, ultimately resulting in their 

eventual decline even under optimal conditions. Additionally, cells obtained from different 

donors showcase diverse reactions to the same stimuli, such as pro-inflammatory 

cytokines. This variability adds another layer of complexity to interpreting experimental 

results. Moreover, while the costs linked to conducting animal experiments exceed those 

of growing primary cells, the expenses related to isolating primary cells can be excessively 

high. Finally, maintaining optimal culture conditions is crucial for primary cells, as 

successive passages may lead to changes in their characteristics [Richter M et al., 2021] 

[Segeritz CP et al., 2017].  

 

Immortalized cell lines refer to cells that have been engineered to proliferate continuously, 

enabling prolonged cultivation. Due to their perpetual division, these cells eventually 

occupy the entire culture vessel. Through a process known as passaging or splitting, 

scientists transfer a portion of the multiplying cells to fresh containers, allowing for 

ongoing growth. 

The use of immortalized cell lines offers several advantages. These lines are extensively 

utilized across diverse experimental settings, ensuring well-established characterizations. 

Additionally, they present homogeneous populations of genetically identical cells, 

facilitating consistent and reproducible outcomes. Immortalized cells exhibit easier 

cultivation compared to primary cultures, displaying robust growth without the need for 

extraction from living animals. 
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However, a notable drawback of immortalized cells is their deviation from "normalcy" as 

they divide endlessly and may express unique gene patterns absent in vivo. Consequently, 

they may lack the typical attributes or functions of ordinary cells. Furthermore, over 

successive passages, cell characteristics may undergo alterations, leading to greater 

distinctions from normal cells. Therefore, it is crucial to periodically validate cultured cell 

characteristics and refrain from employing cells that have undergone excessive passaging. 

To conclude, the choice of in vitro model for studying visceral smooth muscle cells 

depends on the research objectives, the desired level of physiological relevance, and the 

specific characteristics of the target tissue.  

The figure 1.7 represents an example of what our work aims to achieve with intestinal 

smooth muscle cells cultured in vitro derived from a study conducted using C2C12 cells.  

[Bailleul A. et al., 2022] 

Furthermore, we report an example of signals recorded in vitro from smooth muscle cells. 

Specifically, image 1.8 depicts intracellular recording of membrane potential from circular 

smooth muscle cells in the pelvic flexure region of the equine large intestine [Fintl C et al., 

2011]. 

 

 

 

 

 

 

 

Figure 1.7: Example of  C2C12 myoblast line cells plated on MEA. 
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Figure 1.8: Intracellular recording of membrane potential from circular smooth muscle 

cells in the pelvic flexure region of the equine large intestine. Each waveform is 

characterised by a fast depolarising upstroke, rapidly followed by a spike potential 

(arrow), then a variable plateau phase and a slower repolarising phase. The segments of 

recording are from cells (A and B) in different experiments using tissue from different 

Horses 
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Chapter 2 

Materials and methods 

2.1 Microelectrode Arrays 

Microelectrode arrays (MEAs) are made up of cell culture dishes that incorporate a matrix 

of extracellular microfabricated micro-electrodes integrated into the bottom layer, housed 

within a biocompatible insulation substrate to prevent short circuits within the electrolyte 

bath [Kim R et al., 2014] [Frega M, 2016] [Nam Y et al., 2011]. The primary advantage of 

MEA technology lies in its ability to simultaneously record neuronal network activity 

across different micro-electrodes. 

The function of MEAs serves both as a biological interface, offering surfaces for cell 

growth, and as an electronic interface. From a biological standpoint, MEAs provide cells 

with platforms for adhesion and proliferation within the culture dish. On the electronic 

front, MEAs connect with external data acquisition and analysis systems, including 

amplifiers, stimulators, and computers, enabling the recording of detected bioelectrical 

signals and the delivery of electrical inputs to cells cultured on the MEA platform. 

Initially, MEAs were tested with heart cells in the early 1970s [Thomas et al., 1972] and 

later with neuronal cultures [Gross, 1979] [Pine, 1980]. Micro-electrodes are typically 

constructed from materials such as gold (Au), indiumïtin oxide (ITO), titanium nitride 

(TiN), PEDOT-coated gold, or black platinum, providing biocompatibility, long-term 

durability, and low impedance (less than 500 Kɋ at 1 kHz) to facilitate the capture of small 

extracellular signals. 

Conventional single-well MEAs (swMEAs) enable the recording of electrophysiological 

activity from individual neuronal networks with a broad range of resolution. This resolution 

is contingent upon several factors, including the number of micro-electrodes (ranging from 

60 to 256), the diameter of the micro-electrodes (10 to 30 Õm), the inter-electrode spacing 

(ranging from 100 to 500 Õm), the layout (such as single or multiple quadrants), the specific 
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arrangement of the micro-electrodes (e.g., a grid of 8 Ĭ 8 to 6 Ĭ 10 for single quadrant, 5 Ĭ 

6 for two quadrants, 4 Ĭ 4 with a center line of 1 Ĭ 8 for four quadrants), and the recording 

area (0.2 to 2 mm2) [Cerina M et al., 2023]. 

 

MEAs used for our study consist of a square arrangement of electrodes, produced by Multi 

Channel System (MCS, Reutlingen, Germany), measuring (8x8) and constructed from 

titanium nitride (TiN), amounting to a total of 60 electrodes. Among these, one electrode, 

labeled as number 15, functions as the ground electrode; moreover, the four corner 

electrodes are excluded leaving 55 electrodes available for measurement. Silicon nitride 

(SiN) serves as the insulating material. These electrodes, with a diameter of 30 Õm each, 

are positioned at intervals of 200 Õm from one another and, due to their flat configuration, 

exclusively monitor the activity of the surface layer they support.  

 

 

 

Figure 2.1: MEA and representation of the disposition of its electrodes 
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To facilitate cell growth, the surface MEAs is coated with a variety of biomolecules. This 

is necessary as the bare insulation surface lacks the ability to support cell adhesion. The 

majority of these cell adhesive biomolecules are derived from conventional culture 

techniques employed with glass or plastic culture dishes. 

 

2.2 Glass coverslips 

The round slides utilized in laboratory settings are circular glass plates employed for 

various purposes, such as microscopic analysis and sample preparation. These slides can 

be made of either borosilicate or soda-lime glass, depending on the specific requirements 

of the laboratory. The choice of materials is based on their optical transparency and 

chemical resistance. When it comes to dimensions, these round slides come in various 

sizes, with common diameters being 12, 15, or 18 millimeters. Their thickness is generally 

thin, typically around 1 millimeter, to facilitate easy observation under a microscope. 

Prior to use, it is crucial to meticulously clean the slides to prevent any contamination. This 

cleaning process typically involves washing with distilled water and mild detergents. In 

some cases, specific treatments such as immersion in acidic or alkaline solutions are 

applied to eliminate any residues. 

For cell culture applications, these round slides may undergo surface treatments to enhance 

cell adhesion. Treatments involving substances like poly-lysine or collagen are commonly 

used to promote effective cell attachment. 

Designed to be compatible with standard incubators, these slides allow cell cultures to be 

maintained under controlled conditions, including temperature, humidity, and carbon 

dioxide concentration. To prevent microbiological contamination during cell culture, round 

slides specifically intended for cell cultures are often supplied in a sterile condition. These 

coverslips are engineered to fit seamlessly into standard culture plates, which can have 

diverse configurations such as multiwell plates or plates with compartments. In the realm 

of applications, round slides for cell cultures find widespread use in various scientific 

disciplines, including cellular and molecular biology, immunology, and pharmacology. 

They serve as essential tools for studying cell behavior in controlled in vitro environments.  



 42 

In our specific investigation, we employed glass slides measuring 15 mm and compared 

them with MEAs during experiments aimed at refining the plating protocol for intestinal 

smooth muscle cells.  

 

2.3 Acquisition system  

In our experiments, we utilized two distinct recording systems:  

¶ MEA2100-System  

¶ MEA2100-mini-System 

The MEA100-System consists of several components: MEAs, headstage, interface board, 

PC with software (MC rack), temperature controller. In addition, our experimental set-up 

included a heated chamber in order to replicate the conditions found in an incubator. 

The MEA2100-Mini-System comprises the same components of the MEA2100-System 

but thanks to the compact size of the headstage, the system enables recordings in confined 

areas, such as within microscopes or inside a humid incubator. Moreover, the present 

system employs distinct acquisition and stimulation software, namely the Multi-Channel 

Experimenter. 

2.3.1 Headstage 

The headstage serves as the central component of the system. It encases the MEA, amplifies 

and digitizes the signals, and incorporates an integrated stimulus generator. Once MEA is 

placed in the headstage the contact pads surrounding the MEA establish connections with 

the contact pins.  

The system, featuring an integrated amplifier, guarantees amplification of recorded signals 

in close vicinity to the signal source, effectively mitigating noise interference. Following 

this, data is sampled at a frequency of 50 kHz per channel across all channels concurrently. 
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Various types of headstages exist. For the MEA2100 system, a headstage with two 

positions for MEAs was employed, whereas for the MEA2100 Mini system, a headstage 

with a single position was utilized. 

 

 

 

 

 

 

 

2.3.2 Temperature and gas controllers 

Recordings conducted with the MEA2100-System maintained a constant temperature of 

37ÁC. This was achieved through the utilization of a temperature controller, which 

regulates a heating element situated within the headstage. Additionally, to mimic the 

conditions of the incubator, we employed a chamber capable of maintaining a continuous 

flow of gases (20% O2, 75% N2, and 5% CO2). Both gas and temperature controls were 

used to ensure the cells remained under optimal culture conditions. 

Figure 2.2: different headstage types 

 

Figure 2.3: temperature controller 
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2.3.3 Software 

MC-rack and Multi Channel Experimenter are the acquisition softwares provided by 

Multichannel Systems for recording data from multi-channel boards. They display the time 

windows of signals from all 60 electrodes on the monitor, enabling real-time monitoring of 

signal trends during recording. 

 

The Multi Channel Experimenter functions with virtual instruments, allowing users to 

combine and save them as experiments for future reference. Upon launching the software, 

all accessible instruments are displayed as blue icons on the left side of the screen. Users 

can easily drag and drop each icon into the main window, as depicted in Figure 2.5. 

Many instruments feature color-coded data ports, with upper-side ports indicating data 

input to the instrument and lower-side ports representing data outputs. To establish 

connections, it is necessary to draw a connection line between a data output and one or 

more corresponding data inputs, ensuring that the colors match. This enables the flow of 

data along these lines, traversing from the data source through the various instruments. 

After designing a configuration of instruments, it is possible to save it for future use. This 

configuration is referred to as an "Experiment" and can be saved or loaded from the main 

menu bar. Experiment files have the file extension *.mse. 

All channels are visible during data acquisition, and a specific channel can be chosen to 

appear in the Zoom Display below (Figure 2.6). Each display has independent controls for 

pausing/resuming and scaling. Both displays offer similar scaling and zoom functions. 

Figure 2.4: Initial page of MCRack and display of stimulation 

channels. 
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Beneath each display, it is possible to modify the x- and y-axis scaling. Moreover, it is 

feasible to pause and resume data displays while the data acquisition is ongoing without 

disrupting the actual data recording process.  

 

 

Figure 2.5: program opening window and initial setting steps 

Figure 2.6: Channelsô display 
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The toggling of individual channels can be accomplished by clicking on them. 

Deactivated channels are not displayed or recorded. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: channels toggling 

Figure 2.8:  Configuration of instruments used in our experiments and display screen showing the 

60 channels. 
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2.4 Microscopy 

2.4.1 Inverted microscopy 

Inverted microscopy is a prevalent technique employed for live cell imaging, whereby the 

observation of living cells occurs through the lower surface of a cell culture vessel. In the 

configuration of an inverted microscope, the condenser lens and transmitted light source 

are situated above the specimen, whereas the objective, fluorescence light source, and 

mirror turret are positioned beneath it.  

Inverted microscopy offers numerous advantages over conventional upright microscopy.  

In vessels conducive to inverted microscopy, the majority of cells naturally settle at the 

vessel's base and, in the absence of suspension cells, adhere to the surface, thereby 

occupying a singular focal plane. Cells cultured in such vessels benefit from increased 

access to medium compared to those confined between a coverslip and a slide. 

Additionally, top access to samples facilitates procedures such as medium exchange or the 

utilization of micropipettes. Moreover, a pivotal advantage lies in the assurance of sterility, 

as direct contact between the objective and the sample is avoided, ensuring sterile working 

conditions. 

 

Figure 2.9: upright vs inverted microscope 
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2.4.2 Phase contrast microscopy 

Unstained living cells exhibit minimal light absorption, which leads to negligible 

differences in intensity distribution within the image. Consequently, these cells are scarcely 

visible or entirely imperceptible when observed through a brightfield microscope. Phase-

contrast microscopy, an optical technique, transforms phase shifts in light passing through 

a transparent specimen into variations in brightness within the image. When light traverses 

cells, imperceptible phase shifts occur, which are invisible to the human eye. In a phase-

contrast microscope, these phase shifts are translated into changes in amplitude, resulting 

in observable differences in image contrast. 

Phase contrast microscopy operates through the utilization of partially coherent 

illumination emitted by a tungsten-halogen lamp. This light is directed through a collector 

lens and concentrated onto a specialized annulus, known as the condenser annulus, which 

is positioned in the substage condenser front focal plane. 

The wavefronts passing through the annulus illuminate the specimen, interacting with its 

structures and phase gradients. Some of the light passes through undeviated, while others 

are diffracted and undergo phase retardation due to the specimen's characteristics. 

The undeviated and diffracted light collected by the objective lens is separated at the rear 

focal plane by a phase plate. This separated light is then focused at the intermediate image 

plane, where it ultimately forms the final phase-contrast image that is observed through the 

eyepieces.  
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Figure 2.10 On the right, the numbered components of a phase-contrast microscope are shown. 

On the left, the inverted phase-contrast microscope used in our experiments with numbers 

indicating the position of the various components. 
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Our experimental setup involved the utilization of the inverted phase contrast Olympus 

IX51 microscope (Evident, Hamburg, Germany) integrated with the MEA2100-Mini-

System (Multi Channel Systems, Reutlingen, Germany), as illustrated in Figure 2.11. This 

configuration enabled simultaneous optical recording and pharmacological/electrical 

stimulation, facilitating the monitoring of the percentage of cell contraction following 

treatment. 

High-resolution imaging of Human Internal Intestinal Smooth Muscle Cells (HISMCs) 

plated on glass coverslips or MEAs was conducted using the Olympus CPlan N 10X/0.25 

PhC air objective (Evident, Hamburg, Germany). Image acquisition was carried out using 

a 2-megapixel 12-bit Moticam CMOS camera (Motic Hong Kong Limited, Hong Kong) in 

conjunction with Motic Images Plus 2.0 image acquisition software (Motic Hong Kong 

Limited, Hong Kong).  

 

 

 

 

 

 

 
Figure 2.11: experimental set-up of a video 

acquisition, through the Olympus IX51 microscope, 

during an electrical stimulation, delivered through the 

MEA2100-Mini -System placed on the microscope 

stage 
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Chapter 3 

Data analysis 
The initial approach we pursued to analyze cellular responses involved modifying the 

analysis protocol designed for electrophysiological neuronal signals to suit our specific 

dataset. Unfortunately, we encountered a challenge when we couldn't detect reliable 

electrophysiological signals in response to the administered stimulations. As a result, we 

had to devise a new analytical method. Consequently, we shifted our attention towards 

utilizing an optical readout technique, allowing us to quantify the cellular response based 

on visual contraction.  

Contraction percentages were measured through the utilization of custom image analysis 

scripts implemented in ImageJ and MATLAB (The MathWorks, Natick, MA, USA). The 

visualization of the results and their respective statistical tests was instead carried out using 

the software OriginLab. 

 

3.1 ImageJ 

ImageJ is a widely-used open-source software that enables users to visualize, inspect, 

quantify, and validate scientific image data. The software facilitates image analysis, 

allowing users to extract meaningful information from images in a reproducible manner. 

This reproducibility is crucial for ensuring the reliability and accuracy of scientific 

findings. One of the key advantages of ImageJ is its open-source nature, which means that 

the algorithms and parameters used in image analysis are transparent and consistent, 

contributing to its widespread adoption in the scientific community. 

In modern research, there is a growing need for efficient and robust methods to manipulate, 

interpret, and visualize complex multidimensional imaging data. ImageJ meets this need 

by providing tools for tasks such as quantifying the proximity of fluorescent-labeled 

proteins, tracking cell trajectories over time, automating cell counting, and characterizing 

cells.  
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These capabilities make ImageJ invaluable for a wide range of biological studies and other 

scientific disciplines. 

ImageJ supports various image formats, including TIFF, GIF, JPEG, BMP, DICOM, FITS, 

and raw data, and it can handle images with different bit depths (8-bit, 16-bit, and 32-bit). 

Additionally, ImageJ utilizes multithreading, allowing users to perform operations 

concurrently with other tasks. Furthermore, the software offers features for calculating area 

and pixel value statistics for user-defined regions of interest (ROIs), enhancing its 

analytical capabilities. 

When starting the software, a window appears with a menu bar, a toolbar, a status bar, and 

a progress bar (Figure 3.1). 

 

 

 

 

 

  

The toolbar contains tools for making selections, zooming in and out of images, scrolling, 

and changing colors, among other functions. Clicking on a specific tool will display its 

description in the status bar (Figure 3.2). 

 

 

 

 

 

Figure 3.1: Opening window of ImageJ 

 

Figure 3.2: Toolbar of ImageJ 
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One of the most powerful tools within the ImageJ software are "macros". An ImageJ macro 

is a script or series of commands written in the ImageJ1 macro language to automate 

repetitive tasks or perform complex image processing operations within the ImageJ 

software. Generating an ImageJ macro can be accomplished using either the embedded 

macro recorder or by manually scripting. The recorder permits to capture a sequence of 

actions executed in ImageJ, subsequently converting them into a macro.  

ImageJ macros serve as powerful tools for automating both repetitive and intricate image 

analysis tasks, ultimately optimizing workflows and alleviating the time and effort required 

for manual operations. This is achieved through the recording of commands or the creation 

of custom scripts. 

 

One notable feature of macros is their exceptional level of customization. In fact, it is 

possible to precisely tailor scripts to meet specific analysis requirements by incorporating 

a variety of ImageJ functions, adjusting parameters, and implementing conditional 

statements. This adaptability ensures that the analytical process aligns closely with the 

unique needs of different datasets. Additionally, macros contribute significantly to the 

reproducibility of image analysis. By furnishing a standardized set of instructions, they 

facilitate the seamless sharing of analysis procedures, fostering consistency in results 

across diverse datasets. This not only streamlines internal workflows but also contributes 

to the reliability and credibility of scientific research. The design of the ImageJ Macro 

language further enhances accessibility. Its user-friendly nature empowers researchers to 

effortlessly create and modify scripts without the need for extensive programming 

knowledge. This inclusivity ensures that a broader range of users, regardless of their 

programming proficiency, can effectively harness the capabilities of macros in their 

research endeavors. Lastly, the versatility of macros extends to a wide array of image 

processing tasks. From fundamental operations like filtering and thresholding to more 

advanced functions such as particle analysis and image segmentation, macros prove 

adaptable to the diverse needs of scientific applications. This flexibility positions macros 

as valuable assets in addressing the complex and varied demands of image analysis in 

scientific research [Schroeder et al., 2020]. 
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3.1.1 ImageJ data analysis 

Our analysis aimed to calculate the percentage of cell contraction resulting from 

stimulations. Due to challenges posed by the high cellular density, which made it difficult 

to identify individual cell boundaries, we opted for simplicity by calculating the percentage 

of contraction based on the total area occupied by the cells in the image. As a result, we 

subtracted the background area from the total image area to obtain the total cell area in both 

pre- and post-stimulation images.  

Now, we're going to explore the methodology we created using ImageJ to meticulously 

quantify areas devoid of cellular presence in an image following a segmentation approach. 

Segmentation plays a crucial role in image analysis by identifying and delineating objects 

of interest. Specifically, it is employed to isolate and measure distinct regions within 

images, like cells or tissues. This functionality enables the analysis of the distribution, 

morphology, and other features of biological entities within their respective samples.  

The methodology follows a step-by-step process, including image conversion, edge 

detection, color mapping, thresholding, outlier removal, and particle analysis. The primary 

goal is to present an effective approach for accurately identifying and quantifying non-

cellular regions within an image.  

1. Image Preprocessing: Initiating the workflow involves preparing the image for 

analysis. The image is transformed into an 8-bit format to enhance computational 

efficiency and reduce memory usage. This conversion simplifies pixel values 

within the image, creating a range of 0 to 255 and facilitating subsequent processing 

steps. 

2. Edge Detection: To accentuate boundaries between cells and surrounding empty 

spaces, the technique of edge detection is employed. ImageJ's edge detection 

algorithms, such as the Sobel or Canny operators, are applied to enhance contrast 

along cell boundaries, emphasizing the spatial information critical for precise 

segmentation. 

3. Color Mapping: A lookup table with 16 colors is then applied to the image to 

visually enhance the distinction between cell regions and empty spaces. This color 

mapping facilitates better visualization and interpretation of the segmented areas, 

offering a qualitative representation of the cellular landscape. 
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4. Thresholding for Segmentation: To separate cells from the background, a 

thresholding approach is employed. The threshold is carefully chosen to 

differentiate between foreground (cells) and background (empty spaces). This 

binary segmentation lays the foundation for subsequent analyses by distinctly 

defining regions of interest. 

5. Outlier Removal: To refine the segmentation results and eliminate potential 

artifacts, an outlier removal step is implemented. This involves filtering out small, 

isolated regions that may not correspond to meaningful cellular or empty space 

structures. ImageJ's particle filter functions effectively clean the segmented image, 

improving the accuracy of subsequent analyses. 

6. Particle Analysis: Finally, the segmented image undergoes particle analysis to 

quantify the areas not occupied by cells. ImageJ's particle analysis tool measures 

various parameters, including the area and location of identified particles. 

Extracting information about the empty spaces provides a quantitative assessment 

of non-cellular regions within the image. 

 

All these steps have been incorporated into a macro, which is illustrated in the figure 3.3.  

Once the values of empty areas in the image were obtained, they were saved as Excel files 

and subsequently analyzed using Matlab. 

 

 

 

 

Figure 3.3: Example of a macro in which all the steps of the analysis are saved. 
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The procedure described above was employed for the analysis of all preparations, with the 

exception of one. In this particular case, given the reduction in the density of plated cells, 

it was feasible to calculate the percentage of contraction in the length of individual cells. 

Therefore, following the conversion of the image to 8-bit, we utilized the 

"Freehand/Straight Line Selection tool" and the "Measure" function to measure the length 

of the cells. In this case as well, the obtained results were saved in Excel files for subsequent 

analysis. 

 

3.2 MATLAB  

MATLAB stands out as a high-performance language designed for technical computing, 

seamlessly integrating computation, visualization, and programming within an intuitive 

environment. This environment facilitates the expression of problems and solutions in 

familiar mathematical notation. Common applications of MATLAB include math ad 

computation, algorithm development, modeling, simulation, prototyping, data analysis, 

exploration, visualization, scientific and engineering graphics, and application 

development, including Graphical User Interface (GUI) building. MATLAB operates as an 

interactive system, utilizing arrays as its basic data element, eliminating the need for 

dimensioning. This feature accelerates the resolution of technical computing problems, 

particularly those formulated with matrix and vector expressions. The efficiency gained is 

substantial when compared to writing equivalent programs in noninteractive languages like 

C or Fortran. 

The name MATLAB is derived from "MATrix LABoratory," reflecting its origin in 

providing accessible matrix software developed by the LINPACK and EISPACK projects, 

which were at the forefront of matrix computation software. A distinctive aspect of 

MATLAB is its family of application-specific solutions known as toolboxes. These 

toolboxes, crucial for most MATLAB users, enable the acquisition and application of 

specialized technology. Comprising comprehensive collections of MATLAB functions 

(M-files), toolboxes extend the MATLAB environment to address specific classes of 

problems. Toolboxes are available in diverse areas such as signal processing, control 

systems, neural networks, fuzzy logic, wavelets, simulation, and many others. 
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3.2.1 MATLAB data analysis 

The results obtained from the analysis performed with ImageJ (see Section 3.1.1) were 

imported into Matlab. 

Each imported Excel file included a column of values corresponding to the areas of Regions 

of Interest (ROIs) identified in the images. These values, representing the areas of 

individual portions devoid of cells within the images, were then aggregated in Matlab. The 

purpose of this summation was to derive the total background area, i.e. the portion of the 

image not occupied by cells. This process was executed for each sample in the images 

captured before and/or after the stimulation. Essentially, it allowed for the computation of 

the overall background area concerning the absence of cells before and after the 

experimental stimulation. Subsequently, subtracting the background area from the total 

image area enabled us to determine the actual area occupied by the cells. These area 

measurements were subsequently employed to quantify the percentage of cell contraction 

induced by the stimuli. 

Below, we provide in detail the sequence of steps used in the various analyses performed. 

 

Analysis of electrical stimulations 

For electrical stimulation, to measure the percentage of contraction, three distinct images 

were taken, for each MEA, at specific time points: two before stimulation (t  = 0 s and t  

=2 min) and one after stimulation (t  = 16 min).  Upon analysis of the three images and 

extraction of the respective area values, we calculated ȹpre and ȹpost for each sample. 

ȹpre represents the percentage change in cell area before stimulation, specifically between 

time points t  and t . This value was determined using the formula:  

 

ЎÐÒÅ  ρππ ɀ !ÒÅÁÔρȾ !ÒÅÁÔπρzππ 

 

In a parallel manner, ȹpost symbolized the percentage alteration in area caused by the 

stimulation, encompassing the time span between time points t  and t . This calculation was 

determined by the formula: 

 

ЎÐÏÓÔ  ρππ ɀ !ÒÅÁÔςȾ !ÒÅÁÔρρzππ 
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The obtained ȹpre values were employed as a control parameter to establish a baseline for 

comparison with the post-stimulation values resulting from electrical (ȹpost) stimulations. 

Additionally, to evaluate the impact of stimulation intensity on the extent of contraction, 

we computed the contraction percentage following each of the two stimulation phases, at 

5 Hz and 10 Hz respectively. To accomplish this objective, two images were acquired for 

each stimulation frequency. Specifically, the percentage of contraction, ( ЎυὌᾀȟЎρπὌᾀ), 

induced was determined by comparing the cell area in the image before and after the 

stimulation, during the baseline phase. Subsequently, these values were presented in a box 

plot to illustrate the discrepancies resulting from the two stimulation frequencies. 

 

Ў  ρππ ὃὶὩὥ  ὃὶὩὥϳ ρzππ 

Ў  ρππ ὃὶὩὥ  ὃὶὩὥϳ ρzππ 

 

Another analysis conducted was the quantification of contraction in individual cells 

induced by electrical stimulation. In this instance, following a similar approach as 

previously, we examined both the change in length before and after the stimulation 

protocol, as well as the change in length resulting from the individual stimulus frequencies 

(5-10 Hz). This was accomplished by calculating the percentage difference between the 

length of each discernible cell before and after stimulation. 

The benefit of this evaluation lies in obtaining a more precise quantification. This is due to 

the fact that, in this scenario, we measure the contraction specifically associated with the 

individual cell directly affected by the stimulation. In the other case, by considering the 

entire region occupied by cells (including those not subjected to stimulation), the 

information about the actual extent of contraction induced by stimulation is mitigated. 

This quantification was achievable only in preparations exhibiting low cellular density, 

facilitating precise stimulations. In those cases, stimuli were delivered exclusively from 

electrodes covered by clearly distinguishable cells. 
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Analysis of chemical stimulations 

Concerning the experiments involving chemical stimulation (with calcium and carbachol), 

we adopted a method akin to our approach for electrical stimulations; specifically, we 

considered three distinct images at specific time points: two before stimulation (t  = 0 s and 

t  = 30 s) and one after stimulation (t  = 20 min). again, upon analysis of the three images 

and extraction of the respective area values, we calculated ȹpre and ȹpost for each sample.  

The obtained ȹpre values were employed as a control parameter to establish a baseline for 

comparison with the post-stimulation values resulting from chemical (ȹpost) stimulations. 

 

3.3 Statistical analysis 

The diverse data acquired from the analysis were imported into OriginLab to generate 

result graphs and conduct statistical tests. In particular, several statistical tests were 

performed depending on the nature of the data: 

- KruskalïWallis test 

- Welch ANOVA 

In all tests performed, a significance level of Ŭ set at 0.05 was adopted. 

 

KruskalïWallis test 

The KruskalïWallis test is a statistical technique utilized to compare two or more groups 

based on a continuous or discrete variable. Unlike parametric tests such as ANOVA, it is 

non-parametric, which means it does not make assumptions about the distribution of the 

data. It is often considered as analogous to the one-way analysis of variance (ANOVA) but 

applied to ranked data. 

Instead of analyzing raw data, the KruskalïWallis test works with ranked data, which 

makes it more robust in situations where the data distribution deviates from normality. 

The null hypothesis (H0) of the KruskalïWallis test states that there is no difference in the 

population medians among the groups being compared. 

 The alternative hypothesis (H1) suggests that there is at least one group whose population 

median differs from that of another group. By comparing the calculated test statistic (H) 
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with a critical value from a chi-squared distribution, it is possible to determine whether 

there are significant differences among the groups.  

If the p-value associated with the test statistic is below a predetermined significance level 

(usually Ŭ = 0.05), the null hypothesis is rejected, indicating that there are significant 

differences among the groups. 

 

Welch ANOVA 

Welch ANOVA, also known as Welch's test, is a statistical procedure used for comparing 

the means among groups when the assumption of equal variances is violated. It extends the 

conventional Analysis of Variance (ANOVA) method and offers a robust alternative in 

situations where variance equality across groups is not observed. 

Assumptions of Welch ANOVA include independence of observations within each group, 

approximate normality of data within groups, and relaxation of the assumption of equal 

variances, allowing for heteroscedasticity. 

The hypotheses tested in Welch ANOVA are similar to those in traditional ANOVA: the 

null hypothesis posits no significant differences among group means, while the alternative 

hypothesis suggests at least one group mean differs significantly from the others. These 

hypotheses are evaluated using an F-statistic, with significance typically set at Ŭ = 0.05. 
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Chapter 4 

Experiments on cellsô 

adhesion 

4.1 HISMC culture  

For our study, we used commercial primary Human Intestinal Smooth Muscle Cells 

(HISMCs) (ScienCell Research Loboratories, USA). HISMC from ScienCell 

Research Laboratories are isolated from human intestine, cryopreserved at passage 

one and delivered frozen. HISMC are guaranteed to further expand for 15 population 

doublings under the conditions provided by ScienCell Research Laboratories. 

 

4.1.1 Subculture protocol 

Once 90% confluence was reached in a T-25 flask, HISMCs were considered 

prepared for subculturing. The initial step involved discarding the culture medium 

and gently washing the cells with Dulbecco's Phosphate-Buffered Saline (DPBS). 

Subsequently, 2.5 ml of DPBS and 2.5 ml of trypsin/Ethylenediaminetetraacetic acid 

(T/E) solution were introduced into the flask. The flask was then incubated for 1 to 

2 minutes, allowing the cells to fully round up. The trypsin/EDTA solution was 

aliquoted from the flask into a 15 ml centrifuge tube containing 2.5 ml FBS. Next, 

2.5 ml of trypsin/EDTA neutralization solution (TNS) was introduced into the flask, 

followed by an additional minute of incubation. After incubation, residual cells were 

detached by gently tapping the side of the flask, and the resultant solution was 

transferred to the 15 ml centrifuge tube. Centrifugation at 1000 rpm for 5 minutes 

was performed, obtaining a cell pellet. This pellet was then resuspended in 1 or 2 ml 

of culture medium. 
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At this point, the trypan-blue exclusion test was utilized to evaluate cell viability, 

based on the principle that viable cells exhibit resistance to certain dyes, contrasting 

with non-viable counterparts. Specifically, a mixture comprising equal parts of 

trypan blue and cell suspension was prepared. Subsequently, utilizing a pipette, a 10 

ɛl aliquot of the trypan blue/cell mixture was applied to each chamber of the 

hemacytometer, which was then positioned on the microscope stage.  

 

 

 

The enumeration of viable cells in both chambers ensued, followed by the 

computation of the mean of the derived values. Ultimately, the determination of the 

cell count per milliliter was accomplished as  

 

ÔÈÅ ÁÖÅÒÁÇÅ ÃÏÕÎÔ Ø ÄÉÌÕÔÉÏÎ ÆÁÃÔÏÒ Ø ρπ 

 

Once the average number of cells per ml has been calculated, the solution containing 

cells and culture medium is diluted to achieve the desired cell density for plating 

MEA and slides, as well as for seeding a new flask for culture maintenance. 

All steps of the cellular preparation are illustrated in Figure 4.2. 

Figure 4.1: trypan-blue exclusion test and cell count using a 

hemacytometer. 
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4.2 MEAsô sterilization protocol 

The MEA preparation protocol involves several phases. Initially, the MEA is cleaned using 

a solution of deionized water and 2% soap. Subsequently, the soap is removed by rinsing 

again with deionized water, and the cleanliness of the device is checked under a 

microscope. At this point, the MEA is dried using nitrogen. Once dry, it undergoes a plasma 

treatment (Colibrì system, Gambetti); in particular, the system uses low-frequency (LF) 

power signals (50 kHz) to generate plasma within its process chamber. The generated 

plasma leads to the creation of reactive ionic species that act on the first monolayers of the 

substrate surface to be treated. This improves cell adhesion on the device. Finally, the MEA 

is sterilized in an oven at 120°C for 3 hours. 

 

 

Figure 4.2: SMCs preparation protocol steps: washing cells with DPBS, cells detachment 

throught trypsin and  TNS, centrifugation, and resuspension in culture medium. Cell 

viability is assessed with the trypan-blue exclusion test before adjusting cell density for 

plating and maintenance. 
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4.3 Coating identification 

Given the lack of literature information on the use of intestinal muscle cells for experiments 

on MEA, finding the right coating to promote their adhesion has required several 

experimental trials. Throughout these experiments, diverse substances were evaluated at 

varying concentrations and cellular densities (Figure 4.3). 

The subsequent section provides an exhaustive exposition regarding the array of coatings 

that underwent testing. 

 

 

 

 

 

 

 

 

Figure 4.3: schematic sequence of the tested coatings. Different colored markers 

were utilized to differentiate between the various substances used. Specifically, 

PLL (Poly-L-lysine), PDL (Poly-D-lysine), PLO (Poly-L-ornithine), and h-Lam 

(laminin). Concentration levels and durations of substance coating applications 

are also provided, with the abbreviation O/N denoting overnight. 
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4.3.1 Experiments using PDMS ring 

The preliminary adhesion experiments involved the application of 

polydimethylsiloxane (PDMS) rings onto the MEAs (Figure 4.4). These rings were 

attached subsequent to plasma treatment and preceding oven sterilization. Their 

purpose was to concentrate the coating and subsequently facilitate the adhesion of 

cells onto the active electrode regions. 

 

 

4.3.1.1 PDL (20µg/ml) 2.5h 

Initially, we decided to refer to the guidelines for the use of HISMC in flasks, which utilize 

poly-L-lysine as an adhesion substance. As poly-D-lysine was available in our laboratory, 

we utilized it at the concentration outlined in the protocol for poly-L-lysine. Therefore, a 

coating of poly-D-lysine (PDL) diluted in DPBS at a concentration of 20 µg/ml was tested 

on MEAs. The coating was left to act for 2.5 hours. This particular coating prevented 

cellular adhesion to the surface; thus, by Day in Vitro (DIV) 1, the cells were observed to 

be detached and nonviable (see Figure 4.5). 

 

 

 

Figure 4.4: PDMS ring on MEA to isolate 

the active area covered by electrodes 
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4.3.1.2 PDL (20µg/ml) O/N 

In light of the findings, the first course of action taken to resolve the issue was to prolong 

the duration of the coating process, transitioning from 2.5 hours to an overnight coating 

period. In this case as well, the cells did not adhere to the surface, aggregating into clusters 

(Figure 4.6). 

Figure 4.5: cells detached and nonviable at DIV1 following 

2.5 hours coating of PDL (Poly-D-lysine) at a 

concentration of 20 µg/ml 

Figure 4.6: cells detached and aggregated into clusters 

at DIV4 following an overnight coating of PDL (Poly-

D-lysine) at a concentration of 20 µg/ml 
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4.3.1.3 PDL (50 µg/ml) O/N 

At this stage, we elected to elevate the concentration of polylysine from 20 µg/ml to 50 

µg/ml, allowing the coating to incubate overnight. Despite cellular adhesion, it was 

observed that adherence was not uniform across the entirety of the electrode surface. 

Moreover, by DIV 3, cells commenced clustering, thereby exacerbating the uneven 

distribution pattern. 

In this instance, employing identical coating conditions, glass slides were also coated to 

investigate whether the issue stemmed from the coating used or the surface of the 

MEA/electrodes (Figure 4.7). By DIV 1, cells on the glass slides displayed similar 

criticalities observed on the MEA (Figure 4.8). Consequently, a decision was made to 

explore an alternative coating approach. 

 

 

 

 

 

 

 

 

 

Figure 4.7:  distribution and morphology of cells at DIV 1 

on MEA with PDL (Poly-D-lysine) 50µg/ml O/N 

(overnight) coating 
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Figure 4.8: distribution and morphology of cells at DIV 1 on 

coverslip with PDL (Poly-D-lysine) 50µg/ml O/N (overnight) 

coating 
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4.3.1.4 Mix PLO (50 µg/ml) h-Lam (50µg/ml) O/N 

At this point, we decided to follow the coating protocol used in our laboratory for neuronal 

cultures. Thus, we prepared a solution containing polyornithine (PLO) and laminin (hLam), 

both at a concentration of 50 µg/ml, and allowed it to incubate both on the MEA and glass 

coverslips overnight. 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: comparison of MEA at DIV 1 and DIV 4 plated with PLO (Poly-L-ornithine) and 

hlam (laminin) coating 

 

Figure 4.10 comparison of MEA at DIV 1 and DIV 3 plated with PLO (Poly-L-ornithine) and 

hlam (laminin) coating 
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In this case as well, similar results were obtained between the MEAs and glass slides, but 

different outcomes were observed among various preparations. Although the coating 

ensured good initial cell adhesion in the majority of plated MEAs, over the course of the 

days in vitro, the evolution of cultured cells varied. While improvement in culture was 

noted in some instances, in others, cells began to detach or aggregate into clusters (Figure 

4.9, 4.10). 

This coating was also applied to plate cells from patients with visceral myopathy. In 

contrast to observations in all other preparations with the same coating, these cells did not 

adhere to the MEA surface from the initial day in vitro. Instead, they formed clusters around 

the edge of the PDMS ring (Figure 4.11). 

 

 

 

 

Figure 4.11: comparison between the center and the proximity of the PDMS ring in the same 

MEA plated with patient cells. Cells were plated after an O/N (overnight) coating of PLO (Poly-

L-ornithine) and hlam (laminin) 
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4.3.1.5 PLL (50µg/ml) O/N 

Given the inconsistency in results observed with the PLO and hLam mix and the limited 

adhesion on MEA treated with poly-D-lysine, we opted to experiment with poly-L-lysine 

instead. We diluted PLL in DPBS to a concentration of 50 µg/ml and allowed it to incubate 

overnight on both MEA and control glass coverslips. Nevertheless, we still noticed cells 

tended to detach or aggregate towards the edge of the PDMS ring. 

 

 

4.3.2 Experiments on glass coverslips  

Before proceeding with a new plating on MEA, considering the similarity in the previous 

results obtained between MEA and slides, we opted to conduct experiments solely on slides 

treated with ethanol and HCl to enhance surface hydrophilicity. In these new experiments, 

we used PLL as the adhesion substance to align with the established protocol for HISMC 

cell culture in flasks. PLL was diluted in both DPBS and sterile water at a concentration of 

20 µg/ml and left to incubate for either 1.5 hours or overnight (Figures 4.12, 4.13, 4.14, 

4.15). 

Additionally, suspecting that the PDMS ring might attract cells more strongly than the 

stiffer surfaces of MEA and slides, potentially causing detachment or aggregation, we 

chose to remove it from half of the slides used to test this hypothesis. 

From the conducted experiments, it became evident that the coating of PLL diluted in 

DPBS promoted cell adhesion on slides lacking the ring, while it caused clustering along 

the edges of the ring on slides where it was present. This phenomenon was consistent 

whether the coating was left to act for 1.5 hours or overnight. Similarly, the PLL coating 

diluted in water yielded comparable outcomes when left overnight, with clustering 

observed. However, when the PLL coating diluted in water was applied for 1.5 hours, it 

resulted in robust cell adhesion without clustering, regardless of the presence of the ring on 

the slides. Overall, the experiments demonstrated that the presence of the small ring 

actually encouraged cell detachment and clustering towards it. This suggests that the ring 

may have influenced cell behavior, potentially causing the observed clustering 

phenomenon.  

 



 72 

 

 

 

Figure 4.12: difference of cellsô condition between a coverslip with PDMS ring (left) and a 

coverslip without ring (right). Both coverslips were previously coated for 1.5h with Poly-L-lysine 

(20 µg/ml) diluted in DPBS 

Figure 4.13: difference of cellsô condition between a coverslip with PDMS ring (left) and a 

coverslip without ring (right). Both coverlips were previously coated overnight with               

Poly-L-lysine (20 µg/ml) diluted in DPBS 
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Figure 4.14 difference of cellsô condition between a coverslip with PDMS ring (left) and a 

coverslip without ring (right). Both coverlips were previously coated for 1.5h with Poly-L-lysine 

(20 µg/ml) diluted in sterile water 

Figure 4.15 difference of cellsô condition between a coverslip with PDMS ring (left) and a 

coverslip without ring (right). Both coverlips were previously coated overnight with               

Poly-L-lysine (20 µg/ml) diluted in sterile water 
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4.3.3 Experiments without PDMS ring 

Henceforth, the subsequent platings on MEAs were conducted without utilizing the ring, 

and the devices were pre-treated with ethanol with the aim of creating a more favourable 

environment for cell adhesion and growth on the MEA surfaces.  

 

 

4.3.3.1 PLL (20µg/ml) in DPBS  

On the MEA plates treated with this coating, although cell adhesion was satisfactory on 

day 1, there was a subsequent deterioration observed in the following days, leading to cell 

detachment. This deterioration occurred regardless of the duration of the coating 

application (1.5 hours or overnight). The results are reported in Figures 4.16, 4.17. 

 

 

 

 

Figure 4.16:  evolution of cellsô adhesion between DIV 1 (left) and DIV 3 (right) on MEA coated 

for 1.5h with Poly-L-lysine (20 µg/ml) diluted in DPBS 
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4.3.3.2 PLL (20 Õg/ml) in sterile H O 

 

Under these circumstances, it is important to differentiate between the outcomes based on 

the duration of the coating application. The PLL and sterile water coating applied for 1.5 

hours consistently demonstrated strong cell adhesion from day one, with subsequent 

uniform cell growth across all MEA electrodes (Figure 4.18). Furthermore, under these 

specific coating conditions, cells derived from patients with visceral myopathy, which is 

attributed to the R257 mutation within the ACTG2 gene, were able to adhere onto both 

MEAs and glass slides (Figure 4.19). 

 

 

 

Figure 3.17: evolution of cellsô adhesion between DIV 1 (left) and DIV 3 (right) on MEA coated 

overnight with Poly-L-lysine (20 µg/ml) diluited in DPBS 
Figure 4.17: evolution of cellsô adhesion between DIV 1 (left) and DIV 3 (right) on MEA coated 

overnight with Poly-L-lysine (20 µg/ml) diluted in DPBS 
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Figure 4.18: evolution of cellsô adhesion between DIV 1 (left) and DIV 12 (right) on MEA coated 

for 1.5h with Poly-L-lysine (20µg/ml) diluted in sterile water 

Figure 4.19: patient cellsô adhesion on a treated MEA coated 

for 1.5h with Poly-L-lysine (20 µg/ml) diluted in sterile water 
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On the other hand, the overnight coating yielded varied results. While initial cell adhesion 

was suboptimal in the first few days, cultures displayed growth in subsequent days 

following plating, albeit requiring additional growth time and still failing to achieve 

uniform electrode coverage (Figure 4.20). 

 

 

4.4 Cellsô density 

Another aspect considered during the various experiments was cell density, which is crucial 

for optimizing cell culture conditions. Due to the lack of information on previous studies 

involving the use of intestinal smooth muscle cells on MEA, we initially adopted the 

protocol used in our laboratory for neurons as a reference model. Consequently, 20,000-

15000 cells/well were initially plated in the first preparations (Figure 4.21). However, this 

density was found to be too high as the cells tended to detach and cluster rather than evenly 

cover the electrode surface. Furthermore, the elevated quantity impeded the differentiation 

of individual cell shapes, presenting a challenge. 

 

Figure 4.20: evolution of cellsô adhesion between DIV 1 (left) and DIV 8 (right) on MEA coated 

overnight with Poly-L-lysine (20µg/ml) diluted in sterile water 
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This aspect was particularly critical for our experiments as it was imperative to discern 

cell profiles for accurate contraction quantification. Due to this reason, the density was 

progressively decreased in various preparations until reaching approximately 2000/4000 

cells/well. This density enabled individual cells to grow in a directed manner while 

maintaining an elongated shape similar to that observed in flasks (Figure 4.22). 

 

 

 

 

 

Figure 4.21: cellsôdensity 20000 cells/well. Comparison between DIV 1 (left) and DIV 4 (right) 

Figure 4.22: cellsô density 2000cells/well 
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4.5 Devices treatment for increasing 

hydrophilicity  

To enhance the hydrophilicity of MEAs and glass coverslips, an additional treatment was 

implemented, supplementing the standard cleaning and sterilization protocol for these 

devices. Specifically, the coverslips underwent acid washing with HCl and 70% ethanol, 

repeated three times with intermittent rinses using sterile water. This process not only 

improves coverslip cleanliness but also etches the glass, enhancing its suitability as a 

substrate for cellular attachment. However, due to the potential for HCl to damage the MEA 

electrodes, this acid treatment was omitted for these devices. Consequently, the MEA were 

solely treated with 70% ethanol, followed by rinsing with sterile water, repeated three times 

to ensure thorough cleaning. All the steps involved are represented in the Figure 4.23. 

 

 

 

Figure 4.23: Details of the treatment applied on MEAs and coverslips to increase the 

hydrophilicity of their surfaces 
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4.6 Database of the coating procedures 

In order to obtain a comprehensive understanding of all the experiments conducted across 

different coating conditions, their respective durations, and cell densities, a summarizing 

table has been created. The table (of which a small portion is shown in Figure 4.24.) 

includes the following fields: 

- The first column, named Conditon contains a descriptive name indicating the 

coating type used and the cellular density. 

- Following is a series of four columns identified as Poly-L-lysine, Poly-D-lysine, 

Polyornithine, and Laminin , indicating the respective concentrations of PLL, 

PDL, PLO and HLam when present. 

- The information in the sixth column indicates the quantity of cells plated per device. 

- The subsequent two columns, identified as #MEA  and #Coverslips, furnish details 

regarding the quantity of MEAs and slides that have been plated for each specific 

coating condition. The information encompasses specifics such as the dates on 

which the plating occurred and the passage details of the cells used in the process. 

Furthermore, in the case of MEAs, the unique identification number for each device 

is explicitly provided. 

- The last column, named Image results, contains a brief qualitative description of 

the results obtained on MEA and coverslips for each specific considered condition. 

Figure 4.24 : Table summarizing the conditions of coating and cellular density tested in our 

experiments. Only the first four rows, out of eighteen, were reported to semplify the visualization 
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4.7 Coating results  

 

In table 4.1, we provide the Survival Rate (SR, %) and the corresponding number of tested 

cultures (in square brackets) for the different coating types that were evaluated. In the first 

two coating protocols (identified as grey rows), we did not incorporate the surface 

treatment with ethanol and/or HCl (refer to section 4.6), which we decided to include for 

all subsequent types of coating (designated as white rows). 

Given the obtained results (100% SR for both coverslips and MEAs), it has been concluded 

that the most effective coating consists of PLL diluted in sterile water at a concentration of 

20 µg/ml. This solution should be applied for 1.5 hours on MEA surfaces pre-treated with 

ethanol. Following the coating, 2000-4000 cells should be plated on each device. These 

optimized conditions enable the formation of uniform networks on the electrode surface, 

featuring elongated and directed cells. 

 

 

Table 4.1: Types of coating procedures and their respective survival rates on various 

substrates (coverslips and MEAs). The highlighted rows in grey refer to protocols that 

did not involve treatment with ethanol/HCl (cf. section 4.6) 
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Chapter 5 

Electrical and chemical 

stimulation experiments: 

electrophysiological 

readout 

The potential treatment for mCIPO could involve an innovative electroceutical approach, 

utilizing electrical rather than pharmacological interventions. Recent successful 

applications of electroceutics in spinal cord stimulation for injury recovery, stroke 

rehabilitation, and Parkinson's disease treatment are documented in current scientific 

literature [Lorach et al., 2023] [Powell et al., 2023] [Milekovic et al., 2023]. However, 

there is a lack of laboratory evidence exploring the advantages of electrical stimulation for 

gut muscles. Therefore, we aimed at filling this crucial gap by establishing an in vitro 

experimental model of human origin. Our primary objective was to gather conclusive 

evidence supporting our scientific hypothesis, which suggests that inducing intestinal 

muscle contraction through electrical stimulation can be an effective approach. 

Additionally, we aimed to compare this electrical stimulation-induced contraction with that 

induced through chemical stimulation.  

Our initial efforts involved conducting experiments to assess the electrophysiological 

reactions of smooth muscle cells following electrical or chemical stimulations. However, 

since the anticipated results were not obtained, the approach was adjusted to analyze the 

cellular response using optical methods instead. 
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5.1 Stimulation protocols 

5.1.1 Electrical protocols 

Due to the absence of specific electrical stimulation protocols for intestinal cells on MEA, 

we began our research by examining existing literature for information regarding 

stimulations applied to muscle cells, specifically myocardial cells. This exploration aimed 

to identify parameters that would be most suitable for our purposes. Essential factors for 

evaluation included the amplitude, shape, and duration of the pulse, along with the 

frequency pattern of the pulse train.  

All the gathered information has been compiled into an Excel table to facilitate 

visualization. Specifically, the table (Figure 4.1) is organized as follows: 

- Cellsô type, where we report information related to the type of stimulated cells. 

- Pulse shape, where it is indicated whether the pulse is monophasic or biphasic.  

- Stimulation period in milliseconds.  

- Pulse amplitude in Volts. 

- Frequency in Hertz. 

- References where we cite the paper from which the information was obtained. 

- Various information, such as details about the stimulation pattern, the obtained 

results, etc. 
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Following these parameters and adapting them to the available instrumentation, we have 

developed an initial protocol organized as follows: 

- 10 minutes of spontaneous activity 

- 4 cycles of 2 minutes each, interspersed with 2 minutes of baseline activity, at a 

frequency of 1 Hz (biphasic pulse, duration 520 ɛs) with the following amplitudes: 

o 2V 

o 3V 

o 4V 

o 5V 

- 5 minutes of spontaneous activity 

- 5 minutes of high-frequency stimulation (1s ON at 20 Hz and 4s OFF) (biphasic 

pulse, duration 520 ɛs, amplitude to be defined based on the observed responses in 

the preceding cycles) 

- 5 minutes of spontaneous activity 

Figure 5.1: Summary table of electrical stimulation parameters for muscle cells found in 

the literature 
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During the baseline phases of the recordings, only small random signals were observed, 

but they were infrequent and not consistently repeated over time. Furthermore, no 

emergence of electrical activity was noted following the stimulation. 

 

 

 

 

 

 

 

 

 

Figure 5.2: Visual representation of the first tested protocol 
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In light of the absence of detectable and reliable electrical activity subsequent to the 

previously described protocol, a determination was made to implement a revised protocol 

featuring a series of multiple high-frequency stimuli. This adjustment aimed to evaluate 

whether a more robust stimulation could be more effective in eliciting a measurable 

response from the cells under investigation. Specifically, the new protocol was conceived 

as: 

- 10 minutes of spontaneous activity 

- 2 minutes at 5V with 1 Hz  

- 2 minutes of baseline activity  

- 4 cycles of 5 minutes each, with a frequency of 20 Hz and random packets 

(amplitude 5 V) of:  

o 20 pulses  

o 10 pulses  

o 5 pulses  

o 3 pulses  

- After the first 3 cycles of 5 minutes, 2 minutes of baseline activity were recorded 

- After the last high-frequency cycle, 10 minutes of baseline activity 
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Despite implementing the high-frequency protocol, no activity was observed. 

Consequently, a novel protocol was devised, consisting of two separate sessions (morning 

and afternoon) within the same day and repeated for two consecutive days on each matrix. 

In each experimental session, only one stimulation parameter was altered at a time. This 

approach aimed to systematically evaluate potential variations in cellular response by 

isolating and modifying individual stimulation parameters during experimentation. 

 

Specifically, between morning and afternoon, the pulse duration was changed from 260 

µs to 520 µs, while from one day to the next, the stimulus frequency was modified from 1 

Hz to 10 Hz. The details of the stimulations are shown in the figure 5.4. 

 

Figure 5.3: Visual representation of the high-frequency protocol. 
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Figure 5.4: Visual representation of the protocol with details of the parameter changes 
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Until now, all the described protocols have involved executing stimulations using only one 

electrode. This was based on the assumption that any contraction triggered by the 

stimulation in a single cell could potentially be transmitted to neighboring cells. 

Furthermore, all electrical stimulation protocols included an initial adjustment phase for 

the MEA cultures, lasting 10 minutes, to allow the cells to stabilize following their transfer 

from the incubator to the acquisition system. 

 

5.1.2 Chemical protocol 

Following the electrical stimulation, each MEA was subsequently exposed to chemical 

stimulation as well. The purpose of these stimulations was to trigger contraction in the cell 

culture, which could be observed through an electro-physiological response recorded by 

our acquisition system. To accomplish this, well-known chemicals documented in the 

literature for their ability to induce cell contraction were employed:  

- Carbachol (CCh) starting with a concentration of 20 ɛM and then reaching 50 ɛM 

in the subsequent experiments 

-  Potassium chloride (KCl) starting with a concentration of 60 mM and then reaching 

100 mM in the subsequent experiments 

The chemical stimulation protocol involved an initial adjustment phase for the MEA 

cultures, lasting 10 minutes, to allow the cells to stabilize after being moved from the 

incubator to the acquisition system. After the initial 10 minutes, the chemical substance 

was administered via pipette directly onto the culture medium, and the subsequent 20 

minutes were recorded. 
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5.2 Results 

All the protocols outlined previously were implemented across a total of 24 matrices. 

Regrettably, the various stimulations did not produce the anticipated outcomes. 

Specifically, no electrophysiological responses were recorded from the electrodes 

following either electrical or chemical stimulation. Although occasional small signals were 

observed mainly during the baseline phases (Figure 5.5), before or after the stimulations, 

they were predominantly random and not consistently recurring over time. Furthermore, in 

the case of electrical stimulations, these signals did not coincide with the stimulation 

electrodes. 

 

 

Figure 5.5: Examples of signals detected in two different matrices during the baseline activity 

phase. The matrices belong to different preparations and were stimulated with various protocols. 
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All the electrical and chemical experiments detailed up to this point were carried out 

utilizing the MEA2100 system (described in Chapter 2), enabling the stimulation and 

concurrent recording of electrophysiological activity across different matrices. Despite 

replicating the controlled environment of the incubator during these stimulations, no 

discernible signal was detected from the cell culture. Consequently, a strategic shift was 

undertaken, retaining electrical stimulation while opting to optically evaluate the 

contractions induced by stimulation rather than pursuing a response solely in terms of 

electrophysiological signals.  
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Chapter 6 

Electrical and chemical 

stimulation experiments: 

optical readout 
As noted at the end of the previous chapter, since we couldn't detect reliable electro-

physiological signals using the acquisition system, we decided to take a different approach. 

We aimed to investigate whether stimulations induced contractions even when no electro-

physiological response was observed. To explore this, we shifted our focus to visually 

detectable changes in the culture. 

For this reason, we opted to change the stimulation system, transitioning to system 

MEA2100-mini, as detailed in Chapter 2. The compact design of this system permitted its 

placement on the microscope stage, facilitating the capture of video recordings of the 

cultures during stimulations. These videos were then analyzed as described in Chapter 3. 

However, the choice of changing the acquisition system came with certain trade-offs. The 

MEA2100-mini system lacked the capability of incorporating gas and temperature 

controllers, meaning that a controlled environment could not be maintained. Consequently, 

the duration of experimental protocols had to be reduced. Furthermore, unlike the initial 

setup that preserved culture sterility even post-stimulation, allowing for the reuse of MEAs 

in various experiments, the use of system MEA2100-mini limited us to a single stimulation 

experiment. In this context, we had to separate matrices for electrical stimulation from 

those designated for chemical stimulation. This was a departure from the initial setup where 

each matrix underwent chemical stimulation following multiple sessions of electrical 

stimulation. 
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6.1 Electrical protocol 

Considering what has been said, we reduced the duration of the electrical stimulation 

protocol to 16 minutes, structured in these phases: 

- 2 minutes of baseline activity 

- 2 minutes of stimulation at 4V and a frequency of 5Hz (monophasic pulse, 

duration 520 ɛs) 

- 5 minutes of baseline activity 

- 2 minutes of stimulation at 4V and a frequency of 10Hz 

- 5 minutes of baseline activity 

 

In this new experimental phase, to emphasize the visually detectable contraction, we opted 

to stimulate from multiple electrodes. This change aimed to strengthen the correlation 

between the observed changes in the network and the stimulation process. By stimulating 

from multiple electrodes, we sought to enhance the reliability of our observations regarding 

the visually detectable contractions in the network. 

Figure 6.1: Visual representation of the shorted optimized protocol 
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6.1.1 Vitality test 

To verify that electrical stimulation did not induce cell death or damage, we conducted 

viability tests using SYTOX Blue. SYTOX Blue serves as a straightforward and 

quantitative single-step indicator for detecting dead cells, compatible with flow cytometers 

equipped with violet lasers. This high-affinity nucleic acid stain efficiently permeates cells 

with compromised plasma membranes while remaining unable to cross intact cell 

membranes. Following a brief incubation with SYTOX Blue stain, the nucleic acids of 

deceased cells emit a vibrant blue fluorescence upon excitation with 405 nm violet laser 

light. 

Consequently, after the electrical stimulation, we introduced 2 µl of SYTOX into the 

culture. Following a 30-minute incubation period, we captured fluorescence images, and 

no evidence of dead cells was observed.  

In Figure 6.2, we present the outcome of the vitality test conducted on a MEA following 

electrical stimulation. The image specifically indicates the electrodes used for stimulation, 

where no fluorescent cells were detected. Indeed, if the cells were dead, they should appear 

fluorescent blue like that body present in the upper image in Figure 6.2. The lower image 

in the same Figure 6.2 shows the presence of cells throughout the matrix and particularly 

around the stimulation electrodes indicated by the arrows. Therefore, since fluorescence 

allows observing only the cells penetrated by a fluorescent substance like in this case 

SYTOX, from the comparison between the two images, it emerges that the stimulation did 

not induce cell death. This absence of cellular mortality is a significant observation in our 

study, demonstrating the effectiveness of electrical stimulation in maintaining cell 

viability. 
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Figure 6.2: The upper image displays the outcome of the vitality test using SYTOX. 

It highlights the stimulation electrodes, where no dead cells (fluorescent in blue) are 

visible. The lower image depicts the matrix's appearance after electrical stimulation. 

Similarly, the arrows indicate the electrodes through which the electrical stimuli 

were administered. 
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6.2 Chemical protocol 

To assess the extent of contraction induced by electrical stimulation, lacking other 

references in the literature, we also conducted chemical stimulations using substances 

known to induce contraction in cells [Mitsui et al., 1990] [Takeuchi et al., 2001]. 

The substances used for this purpose are: 

- Carbachol (CCh)  

- Calcium  

The chemical stimulation was carried out by placing the MEA or the coverglass under the 

microscope to capture its video. After identifying the targeted stimulation area, a 30-second 

period was initially used as a control. Subsequently, a chemical substance was introduced 

using a pipette and allowed to act for 20 minutes. In the case of CCh, it was directly added 

to the culture medium at a concentration of 50 ɛM. For calcium stimulation, the culture 

medium was replaced with a physiological solution containing 2 mM of calcium, and it 

was left to act for at least 30 minutes in the incubator before the actual stimulation. After 

the incubation and monitoring period, a specific amount of calcium was added to achieve 

a final concentration of around 10 mM, and video recording continued for the next 20 

minutes. 
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6.3 Database and data organization 

To monitor the outcomes of diverse stimulation protocols, we meticulously documented 

all details related to each matrix and every stimulation phase in an Excel spreadsheet. This 

comprehensive approach provided us with an overview of the tested protocols described in 

this and the previous chapter. Noteworthy details in this table include information about 

stimulus parameters, stimulation and excluded electrodes, the type of coating applied, and 

comments regarding the presence or absence of activity. 

 

 

 

 

 

Figure 6.3: excerpt from the above-described database 
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6.4 Results 

The dataset for experiments relying on optical readout was structured as follows: 

- 11 coverslips/MEAs were subjected to calcium stimulation at a concentration of 10 

mM; 

- 9 coverslips/MEAs underwent stimulation with CCh at a concentration of 50 ʈM; 

- 24 MEAs underwent electrical stimulation. Among these 8 MEAs were plated with 

patient cells. 

However, due to the suboptimal quality of the acquired images, certain samples were 

discarded, and consequently, not subjected to analysis.  

To gain a deeper understanding of the results, the data obtained from each stimulated 

sample across different experimental conditions were represented using boxplots. By using 

boxplots, it is possible to visually inspect the distribution of data within each experimental 

condition and compare key statistical measures such as means and medians. Additionally, 

boxplots provide insights into the spread and variability of the data, as well as the presence 

of any outliers.  

In the box plots, we have opted to illustrate the data using the following features: the 

interquartile range (represented by the box spanning the 25th to 75th percentiles), standard 

deviation (shown as whiskers), mean (depicted as a square), median (displayed as a line), 

and the minimum and maximum values (indicated by crosses). 

To evaluate the impact of the stimulation protocols, we carried out the subsequent 

comparisons: 

- Electrical vs chemical stimulation in line cells 

- Control vs electrical and chemical stimulation in line cells 

- Electrical stimulation in patients vs line cells 

- Electrical vs chemical stimulation in patient cells 

- Control vs electrical and chemical stimulation in patient cells 

- 5Hz vs 10 Hz stimulation in line and patient cells 

Finally, regarding the statistical analysis, we conducted non-parametric Kruskal-Wallis test 

and Welch ANOVA test. Statistical significance levels were set at p < 0.05. Asterisks above 

the plots indicate statistically significant differences. 
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Electrical vs chemical stimulation in line cells 

 

 

To evaluate the impact of electrical stimulation, we utilized the results obtained from the 

chemical protocol as a point of reference for comparison. Through the analysis of a boxplot, 

which visually presents the distribution of data, we observed similarities between the 

central tendencies (means and medians) of the two groups (Figure 6.4). This indicates a 

comparable effect of electrical stimulation to that of the chemical protocol. Furthermore, 

statistical tests were conducted to validate these findings.  

 

Figura 6.4: boxplots of the percentage variations of contraction (Var_contraction) upon 

chemical/electrical manipulation. In the boxplots, the data are rapresented with the percentile 25-75 

(box), the SD (wiskers), the mean (square), the median (line), the minimum and maximum (crosses) 

values and outliers (star). 
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Control vs electrical and chemical stimulation in line 

cells 

 

 

 

 

Figura 6.5: boxplots of the percentage variations of contraction (Var_contraction) upon electrical 

manipulation and control condition. In the boxplots, the data are rapresented with the percentile 25-

75 (box), the SD (wiskers), the mean (square), the median (line), the minimum and maximum 

(crosses) values and outliers (star). * refers to p < 0,05. 
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In Figure 6.5 and 6.6, boxplots are presented to visually depict the percentage contraction 

values of cell areas across distinct stimulation conditions. These conditions include 

calcium, carbachol, and electrical stimulation, all compared against a control group without 

any stimulation. The notation of square brackets within the figure indicates statistically 

significant differences between the carbachol and control groups, as well as between the 

electrical stimulation and control groups. 

 

 

Figura 6.6: boxplots of the percentage variations of contraction (Var_contraction) upon chemical 

manipulation and control condition. In the boxplots, the data are rapresented with the percentile 

25-75 (box), the SD (wiskers), the mean (square), the median (line), the minimum and maximum 

(crosses) values and outliers (star). * refers to p < 0,05. 
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Electrical stimulation in patient vs line cells 

 

 

The majority of our experimental trials employed line cells due to the limited availability 

of patient cells. However, we managed to prepare patient cells afflicted with visceral 

myopathy (R257 mutation). Remarkably, when subjected to the identical electrical 

stimulation protocol outlined earlier in this chapter, these patient cells exhibited results 

statistically comparable to those observed in the cell line cells (Figure 6.7). 

Visual results of induced contraction on both cell lines and patient cells are reported in the 

figures 6.14 and 6.15. 

 

Figure 6.7: boxplots of the percentage variations of contraction (Var_contraction) upon electrical 

manipulation compared between line cells and patients cells. In the boxplots, the data are 

rapresented with the percentile 25-75 (box), the SD (wiskers), the mean (square), the median (line), 

the minimum and maximum (crosses) values and outliers (star). 
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Electrical vs chemical stimulation in patient cells 

 

 

Replicating the approach taken with the line cells, we conducted comparisons of 

contraction results achieved through both electrical and chemical stimulations using patient 

cells (Figure 6.8). Similarly, statistical analyses confirmed a noteworthy resemblance 

between the two trends. 

 

 

Figure 6.8:boxplots of the percentage variations of contraction (Var_contraction) upon 

chemical/electrical manipulation in experiments conducted in patients cells. In the boxplots, the 

data are rapresented with the percentile 25-75 (box), the SD (wiskers), the mean (square), the 

median (line), the minimum and maximum (crosses) values and outliers (star). 
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Control vs electrical and chemical stimulation in 

patient cells 

 

 

 

 

Figura 6.9: boxplots of the percentage variations of contraction (Var_contraction) upon electrical 

manipulation and control condition in experiments conducted in patients cells. In the boxplots, the 

data are rapresented with the percentile 25-75 (box), the SD (wiskers), the mean (square), the 

median (line), the minimum and maximum (crosses) values and outliers (star). * refers to p < 0,05. 
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In Figure 6.10, a deviation from the findings observed in line cells (Figure 6.6) is evident. 

Specifically, the patient cells under investigation exhibited statistically significant 

differences not only in contraction outcomes induced by electrical stimulation (Figure 6.9) 

or carbachol compared to the control group, but also in the comparison between calcium-

induced results and the control. 

 

Figura 6.10: boxplots of the percentage variations of contraction (Var_contraction) upon 

chemical manipulation and control condition in experiments conducted in patients cells. In 

the boxplots, the data are rapresented with the percentile 25-75 (box), the SD (wiskers), the 

mean (square), the median (line), the minimum and maximum (crosses) values and outliers 

(star). * refers to p < 0,05. 
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Besides assessing the overall impact of electrical stimulation, we also examined the 

contraction responses elicited by various stimulation frequencies (5-10 Hz). This analysis 

was conducted for both cell line and patient cell preparations. Additionally, for the cell line 

cells, we extended this evaluation to include not only the contraction of the total cell 

population area but also contraction based on the variation of cellsô lengths taken 

individually. 

 

5Hz vs 10 Hz stimulation in line and patient cells: area 

analysis 

 

 

Figure 6.11: boxplots of the percentage variations of contraction (Var_contraction) upon electrical 

manipulation with 5 Hz and 10 Hz in experiments conducted in line cells. In the boxplots, the 

data are rapresented with the percentile 25-75 (box), the SD (wiskers), the mean (square), the 

median (line), the minimum and maximum (crosses) values and outliers (star). * refers to               

p < 0,05. 
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As depicted in Figures 6.11 and 6.12, stimulation at 5 and 10 Hz resulted in a noticeable 

and statistically significant contraction compared to the control condition. Nevertheless, 

the statistical analyses conducted did not reveal significant differences in the contractions 

induced by the two stimulation frequencies. 

 

 

 

Figure 6.12: boxplots of the percentage variations of contraction (Var_contraction) upon 

electrical manipulation with 5 Hz and 10 Hz in experiments conducted in patients cells. In 

the boxplots, the data are rapresented with the percentile 25-75 (box), the SD (wiskers), the 

mean (square), the median (line), the minimum and maximum (crosses) values and outliers 

(star). * refers to p < 0,05. 
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5Hz vs 10 Hz stimulation in line cells: length analysis 

 

The findings observed in the analysis of the percentage variation of cell areas induced by 

different stimulation frequencies, as discussed earlier, can also be applied to the results 

presented in Figure 6.13. This figure illustrates the analyses conducted on the variations in 

the lengths of individual cells following stimulation. In this case, as well, a substantial 

distinction is evident between the contraction induced by the stimulations and the control 

condition, indicating a statistically significant difference. However, there are no significant 

variances observed among the contractions induced by the various stimulation frequencies 

(5-10 Hz). 

Figure 6.13: boxplots of the percentage variations of cellsô length (Var_length) upon electrical 

manipulation with 5 Hz and 10 Hz in experiments conducted in line cells. In the boxplots, the 

data are rapresented with the percentile 25-75 (box), the SD (wiskers), the mean (square), the 

median (line), the minimum and maximum (crosses) values and outliers (star). * refers to             

p < 0,05. 
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Line cells and patient cells contraction after electrical 

stimulation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.14: Comparison of line cells before (above) and after (below) 

electrical stimulation. The red arrows highlight the cells affected by the 

stimulation. 
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Figure 6.15: Comparison of line cells before (above) and after (below) 

electrical stimulation. The red arrows highlight the cells affected by the 

stimulation. 
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Comments 

In summary, these results suggest that electrical stimulation can elicit contractions akin to 

those evoked by standard chemical stimuli. Additionally, it was noted that stimulations at 

frequencies of 5 and 10 Hz yield contractions of similar intensity. Moreover, experiments 

conducted on patient cells validate the results observed in the initial cell line experiments. 
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Conclusions 

This work represents a significant step forward in enabling electroceutical testing of 

Human Intestinal Smooth Muscle Cells (HISMC). We have introduced the first tools 

designed specifically for this purpose, relying on a commercially available primary line of 

healthy HISMC, which, to our knowledge, had never been tested on Microelectrode Arrays 

(MEA) before. Throughout our research, we encountered various challenges in establishing 

suitable methods for electrical stimulation of these cells, including determining the optimal 

coating for cell adhesion and identifying the ideal confluence for testing HISMC on MEA 

platforms.  

In particular, numerous experiments were conducted to determine the ideal timing and 

quantities of adhesion substances, the treatments necessary for the devices, and the 

appropriate cell density to promote optimal culture growth. Through these efforts, we were 

able to establish a standardized protocol for cell plating on MEA platforms. Specifically, it 

has been determined that the most efficient coating involves Poly-L-Lysine (PLL) diluted 

in sterile water at a concentration of 20 Õg/ml. This solution should be applied for 1.5 hours 

onto MEA surfaces pre-treated with ethanol. Subsequently, 2000-4000 cells should be 

plated on each device. These refined conditions facilitate the development of consistent 

networks on the electrode surface, characterized by elongated and oriented cells. 

These achievements are significant contributions of our work and have enabled us to 

conduct experiments in a context where literature support was lacking 

After determining the optimal culture conditions, our attention turned to devising a suitable 

electrical protocol capable of eliciting a measurable contraction detected through 

electrophysiological readout. However, due to the inability to detect reliable signals, we 

opted to alter our approach. This decision led us to develop a new stimulation protocol and, 

importantly, to modify our method of analyzing cell responses. Specifically, we shifted our 

focus from acquiring electrophysiological signals to quantifying contractions as a response 

to stimulation. 

By following this experimental protocol and analysis approach, we were able to confirm 

the following: 
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- The contraction induced by electrical stimulation, as described in Chapter 6, yields results 

comparable to those induced by chemical stimulation. This is a promising finding, as it 

demonstrates similar levels of contraction achieved through a novel method compared to 

well-known chemical inducers reported in the literature. 

- The results obtained from cell lines closely resemble those from patient cells. However, 

while the contraction in cell lines appears more localized around the stimulated electrodes, 

it is more unpredictable and extends beyond the stimulation electrodes in patient cells. 

- Analysis of contraction induced by different stimulation frequencies did not reveal 

statistically significant differences. Specifically, the magnitude of contraction induced by 

stimulation at 5 Hz was comparable to that induced at 10 Hz. 

Given the challenges in acquiring patient cells, it is noteworthy that most of our 

experiments utilized cell lines. As a result, the two groups (cell line and patient) have 

different sample sizes, warranting a review of the results concerning patient cells through 

dataset expansion. It is also important to clarify that our tests with patientsôcells exclusively 

assessed cells with the R257 mutation, and the reproducibility of the obtained results may 

be limited due to variability not only among cells with different mutations but also within 

the same genetic mutation family. 

Moreover, considering that in our experiments we observed a percentage variation in the 

stimulated area for which no reliable electrophysiological signal was detected, future 

studies may involve the use of acquisition systems with a higher signal-to-noise ratio. This 

is because the electrophysiological responses of these cells may have lower values 

compared to those detectable by the system we used. 

 

To conclude, these findings are pivotal as they pave the way for further investigations into 

the development of an electroceutical approach for treating myopathic Chronic Intestinal 

Pseudo-obstruction (mCIPO) and other gastrointestinal motility disorders.  

 



 114 

Bibliography 

[Akbareian SE et al., 2013] Akbareian SE, Nagy N, Steiger CE, Mably JD, Miller SA, 

Hotta R, Molnar D, Goldstein AM (2013) Enteric neural crest-derived cells promote their 

migration by modifying their microenvironment through tenascin-C production. Dev Biol 

382(2):446ï456. 

[Al -Shboul O., 2013] Al-Shboul, O. The importance of interstitial cells of cajal in the 

gastrointestinal tract. Saudi J. Gastroenterol. 2013, 19, 3ï15 

[Alvarez, 1922] Alvarez WCaM LJ. Action current in stomach and intestine. Am J 

Phys.1922;58:476ï93. 

[Arnoldi R, et al., 2013] Arnoldi R,Hiltbrunner A,Dugina V,Tille J-C,Chaponnier 

C.Smooth muscle actin isoforms: a tug of war between contractionand compliance.Eur J 

Cell Biol92: 187ï200, 2013. 

[Assia et al., 2020] Assia Batzir N,Kishor Bhagwat P,Larson A,Coban Akdemir Z,Bagğaj  

M,Bofferding  L,etal.;Baylor-Hopkins  Center  forMendelian  Genomics.  Recurrent  

arginine  substitutions  in  theACTG2gene are the primary driver of disease burden and 

severityin visceral myopathy.Hum Mutat41: 641ï654, 2020. 

[Avetisyan et al., 2015] Avetisyan, M.; Schill, E.M.; Heuckeroth, R.O. Building a second 

brain in the bowel. J. Clin. Investig. 2015, 125, 899ï907. 

[Bailleul A. et al., 2022] A. Bailleul et al., "Bioimpedance Spectroscopy Helps Monitor the 

Impact of Electrical Stimulation on Muscle Cells," in IEEE Access, vol. 10, pp. 131430-

131441, 2022, doi: 10.1109/ACCESS.2022.3228479. 

 

[Baker et al., 2015] Baker, Salah A., et al. "Temporal sequence of activation of cells 

involved in purinergic neurotransmission in the colon." The Journal of physiology 593.8 

(2015): 1945-1963. 

[Billon C et al., 2020] Billon C,Molin A,Poirsier C,Clemenson A,Dauge C,Grelet 

M,Sigaudy S,Patrier S,Goldenberg A,Layet V,Tantau J,Fleury C,Livard A,Diguet A,Fritih 

R,Verspyck E,Rendu J,Boutaud L,Tessier  A,Thomas  S,Razavi  F,Achaiaa  

A,ElkhartoufiN,Hakkakian L,Magnin E,Bole-Feysot C,Masson C,Ville Y,Roth P,Prieur 

F,Bessieres B,Bonniere M,Attie-Bitach T.Fetal megacystis-microcolon:  genetic  



 115 

mutational  spectrum  and  identification  ofPDCL3 as a novel candidate gene.Clin 

Genet98: 261ï273, 2020 

[Bitar KN et al., 1982] Bitar KN, Makhlouf GM. Receptors on smooth muscle cells: 

characterization by contraction and specific antagonists. Am J Physiol. 1982 

Apr;242(4):G400-7. doi: 10.1152/ajpgi.1982.242.4.G400. PMID: 6278962. 

[Blair PJ et al., 2014] Blair PJ, Rhee PL, Sanders KM, Ward SM. The significance of 

interstitial cells in neurogastroenterology. J Neurogastroenterol Motil. 2014 Jul 

31;20(3):294-317.  

[Bornstein, 2009] J.C. Bornstein. Autonomic nervous system: gastrointestinal control 

L.R. Squire (Ed.), Encyclopedia of Neuroscience, Academic Press, Oxford (2009), 

pp. 929-939 

[Blair et al., 2014] P.J. Blair, P.L. Rhee, K.M. Sanders, S.M. Ward. The significance of 

interstitial cells in neurogastroenterology. J. Neurogastroenterol. Motil., 20 (2014), 

pp. 294-317 

[Breau MA et al., 2009] Breau MA, Dahmani A, Broders-Bondon F, Thiery JP, Dufour S 

(2009) Beta1 integrins are required for the invasion of the caecum and proximal hindgut 

by enteric neural crest cells. Development 136(16):2791ï2801. 

[Burns et al., 1996] A.J. Burns, A.E. Lomax, S. Torihashi, K.M. Sanders, S.M. Ward. 

Interstitial cells of Cajal mediate inhibitory neurotransmission in the stomach. Proc. Natl. 

Acad. Sci. USA, 93 (1996), pp. 12008-12013 

[Cerina M et al., 2023] Cerina, Marta, Maria Carla Piastra, and Monica Frega. "The 

potential of in vitro neuronal networks cultured on Micro Electrode Arrays for biomedical 

research." Progress in Biomedical Engineering (2023). 

[Chen J. D. et al., 2017] J. D. Chen, J. Yin, and W. Wei, "Electrical therapies for 

gastrointestinal motility disorders," Expert review of gastroenterology & hepatology, vol. 

11, no. 5, pp. 407-418, 2017. 

[Cobine CA et al., 2017] Cobine CA, Hannah EE, Zhu MH, Lyle HE, Rock JR, Sanders 

KM, et al. ANO1 in intramuscular interstitial cells of Cajal plays a key role in the 

generation of slow waves and tone in the internal anal sphincter. J Physiol. 

2017;595(6):2021ï41. 

[Costa et al., 1996] 

M. Costa, S.J. Brookes, P.A. Steele, I. Gibbins, E. Burcher, C.J. Kandiah. Neurochemical 

https://www.sciencedirect.com/science/article/pii/S0012160616301105#bbib21
https://www.sciencedirect.com/science/article/pii/S0012160616301105#bbib13
https://www.sciencedirect.com/science/article/pii/S0012160616301105#bbib37


 116 

classification of myenteric neurons in the guinea-pig ileum Neuroscience, 75 (1996), 

pp. 949-967 

[Cousins HM et al., 2003] Cousins HM, Edwards FR, Hickey H, Hill CE, Hirst GD. 

Electrical coupling between the myenteric interstitial cells of Cajal and adjacent muscle 

layers in the guinea-pig gastric antrum. J Physiol. 2003;550(Pt 3:829ï44. 

[Der-Silaphet et al., 1998] T. Der-

Silaphet, J. Malysz, S. Hagel, A.L. Arsenault, J.D. Huizinga. Interstitial cells of Cajal 

direct normal propulsive contractile activity in the mouse small intestine 

Gastroenterology, 114 (1998), pp. 724-736 

[de Santa Barbara et al., 2005] de Santa Barbara, Pascal, et al. "Bone morphogenetic protein 

signaling pathway plays multiple roles during gastrointestinal tract development." 

Developmental dynamics: an official publication of the American Association of 

Anatomists 234.2 (2005): 312-322. 

[Dickens EJ et al., 2001] Dickens EJ, Edwards FR, Hirst GD. Selective knockout of 

intramuscular interstitial cells reveals their role in the generation of slow waves in mouse 

stomach. J Physiol. 2001;531(Pt 3:827ï33. 

[Dong W. et al., 2019] Dong W,Baldwin C,Choi J,Milunsky JM,Zhang J,Bilguvar K,Lifton 

RP,Milunsky A.Identification of a dominantMYH11causalvariant in chronic intestinal 

pseudo-obstruction: results of whole-exome  sequencing.Clin  Genet96:  473ï477,  2019. 

[el-Sharkawy TY et al., 1978] el-Sharkawy TY, Morgan KG, Szurszewski JH. Intracellular 

electrical activity of canine and human gastric smooth muscle. J Physiol. 1978;279:291ï

307. 

[Fang B et al., 2019] Fang B, Liu Y, Zheng D, Shan S, Wang C, Gao Y, Wang J, Xie Y, 

Zhang Y, Li Q. The effects of mechanical stretch on the biological characteristics of human 

adipose-derived stem cells. J Cell Mol Med. 2019 Jun;23(6):4244-4255. doi: 

10.1111/jcmm.14314. Epub 2019 Apr 24. PMID: 31020802; PMCID: PMC6533502. 

[Fatigati V et al., 1984] Fatigati V,Murphy RA.Actin and tropomyosin variants in 

smoothmuscles. Dependence on tissue type.JBiolChem259: 14383ï14388, 1984 

[Fintl C et al., 2011] Fintl C, Pearson GT, Mayhew IG, Hudson NP. In vitro electrical 

activity of the equine pelvic flexure. Equine Vet J Suppl. 2011 Aug;(39):145-8. 

[Fish EM et al., 2023] Fish EM, Burns B. Physiology, Small Bowel. [Updated 2022 Oct 

14]. In: StatPearls [Internet]. Treasure Island (FL): StatPearls Publishing. 2023.   

https://www.sciencedirect.com/science/article/pii/S0012160616301105#bbib44


 117 

[Fox S.I., 2011] Fox, S.I. Human Physiology, 12th ed.; McGraw Hill: New York, NY, 

USA, 2011. 

[Frega M, 2016] Frega M 2016 Neuronal Network Dynamics in 2D and 3D in vitro 

Neuroengineered Systems 

[Furness JB, 2006] Furness JB (2006) The organisation of the autonomic nervous system: 

peripheral connections. Auton Neurosci 130(1ï2):1ï5. 

[Furness, 2006] Furness, 2006 J.B. Furness. The Enteric Nervous System. Blackwell 

Publication, Malden, Massachusetts (2006) 

[Gabella G., 2002] Gabella, Giorgio. "Development of visceral smooth muscle." Vertebrate 

myogenesis (2002): 1-37. 

[Gabbiani G et al., 1981] Gabbiani G,Schmid E,Winter S,Chaponnier C,de Ckhastonay 

C,Vandekerckhove J,Weber K,Franke WW.Vascular smooth musclecells differ from other 

smooth muscle cells: predominance of vimen-tinfilaments and a specific alpha-type 

actin.Proc Natl Acad Sci USA78: 298ï302, 1981. 

[Garcia-Lopez et al., 2010] Garcia-Lopez, P.; Garcia-Marin, V.; Freire, M. The histological 

slides and drawings of Cajal. Front. Neuroanat. 2010, 4, 9. 

[Gilbert MA et al., 2020] Gilbert MA,Schultz-Rogers L,Rajagopalan R,Grochowski 

CM,Wilkins BJ,Biswas S,Conlin LK,Fiorino KN,Dhamija R,Pack MA,Klee EW,Piccoli 

DA,Spinner NB.Protein-elongating mutations inMYH11are implicated in a dominantly 

inherited smooth muscle dys-motility syndrome with severe esophageal, gastric, and 

intestinaldisease.Hum Mutat41: 973ï982, 2020. 

[Gross, 1979] Gross, Guenter W. "Simultaneous single unit recording in vitro with a 

photoetched laser deinsulated gold multimicroelectrode surface." IEEE Transactions on 

Biomedical Engineering 5 (1979): 273-279. 

[Gunst SJ et al., 2008] Gunst SJ,Zhang W.Actin cytoskeletal dynamics in smooth muscle:a 

new paradigm for the regulation of smooth muscle contraction.Am  J  Physiol  Cell  

Physiol295:  C576ïC587,  2008. 

[Halim D et al.,2017] Halim D,Brosens E,Muller F,Wangler MF,Beaudet AL,Lupski 

JR,Akdemir ZHC,Doukas M,Stoop HJ,de Graaf BM,Brouwer RWW,van Ijcken WFJ,Oury 

J-F,Rosenblatt J,Burns AJ,Tibboel D,Hofstra RMW,Alves MM.Loss-of-function variants 

inMYLKcause re-cessive megacystis microcolon intestinal hypoperistalsis syndrome.Am 

J Hum Genet101: 123ï129, 2017. 



 118 

[Hall JE et al., 2011] Hall JE, Guyton AC. 2011. Guyton and Hall textbook of medical 

physiology, 12th edn, p. 1091 Philadelphia, PA: Saunders/Elsevier. 

[Hall JE et al., 2014] Hall KA, Ward SM, Cobine CA, Keef KD. Spatial organization and 

coordination of slow waves in the mouse anorectum. J Physiol. 2014;592(17):3813ï29. 

[Halpern W et al., 1978] Halpern W, Mulvany MJ, Warshaw DM. 1978. Mechanical 

properties of smooth muscle cells in the walls of arterial resistance vessels. J. Physiol. 275, 

85ï101. (10.1113/jphysiol.1978.sp012179) 

[Hashmi SK et al., 2021] Hashmi SK, Ceron RH, Heuckeroth RO. Visceral myopathy: 

clinical syndromes, genetics, pathophysiology, and fall of the cytoskeleton. Am J Physiol 

Gastrointest Liver Physiol. 2021 Jun 1;320(6):G919-G935. doi: 

10.1152/ajpgi.00066.2021. Epub 2021 Mar 17. PMID: 33729000; PMCID: PMC8285581. 

[Huizinga and Chen, 2014] J.D. Huizinga, J.H. Chen. The myogenic and neurogenic 

components of the rhythmic segmentation motor patterns of the intestine. Front. 

Neurosci., 8 (2014), p. 78 

[Huizinga and Lammers, 2009] J.D. Huizinga, W.J. Lammers. Gut peristalsis is governed 

by a multitude of cooperating mechanisms. Am. J. Physiol. Gastrointest. Liver 

Physiol., 296 (2009), pp. G1-G8 

[Huizinga et al., 1995] 

J.D. Huizinga, L. Thuneberg, M. Kluppel, J. Malysz, H.B. Mikkelsen, A. Bernstein. 

W/kit gene required for interstitial cells of Cajal and for intestinal pacemaker activity. 

Nature, 373 (1995), pp. 347-349 

[Huizinga et al., 2011] Huizinga, J.D.; Martz, S.; Gil, V.; Wang, X.Y.; Jimenez, M.; 

Parsons, S. Two independent networks of interstitial cells of Cajal work cooperatively with 

the enteric nervous system to create colonic motor patterns. Front. Neurosci. 2011, 5, 93. 

[Huizinga et al., 2014] 

J.D. Huizinga, J.H. Chen, Y.F. Zhu, A. Pawelka, R.J. McGinn, B.L. Bardakjian, S.P. Pars

ons, W.A. Kunze, R.Y. Wu, P. Bercik, A. Khoshdel, S. Chen, S. Yin, Q. Zhang, Y. Yu, Q

. Gao, K. Li, X. Hu, N. Zarate, P. Collins, M. Pistilli, J. Ma, R. Zhang, D. Chen. The 

origin of segmentation motor activity in the intestine. Nat. Commun., 5 (2014), p. 3326 

Isenberg BC, Williams C, Tranquillo RT. Small-diameter artificial arteries engineered in 

vitro. Circ Res. 2006 Jan 6;98(1):25-35.  

https://www.sciencedirect.com/science/article/pii/S0012160616301105#bbib90
https://www.sciencedirect.com/science/article/pii/S0012160616301105#bbib92
https://www.sciencedirect.com/science/article/pii/S0012160616301105#bbib93
https://www.sciencedirect.com/science/article/pii/S0012160616301105#bbib91


 119 

[Isenberg BC et al., 2006] Isenberg BC, Williams C, Tranquillo RT. Small-diameter 

artificial arteries engineered in vitro. Circ Res. 2006 Jan 6;98(1):25-35. doi: 

10.1161/01.RES.0000196867.12470.84. PMID: 16397155. 

[Jarrousse C et al., 2004] Jarrousse C, Lods N, Michel F, Bali JP, Magous R. Cultured 

gastrointestinal smooth muscle cells: cell response to contractile agonists depends on their 

phenotypic state. Cell Tissue Res. 2004 May;316(2):221-32.  

[Jaslove et al., 2018] Jaslove, Jacob M., and Celeste M. Nelson. "Smooth muscle: a stiff 

sculptor of epithelial shapes." Philosophical Transactions of the Royal Society B: 

Biological Sciences 373.1759 (2018): 20170318. 

[Johnson F., 1913] Johnson, Franklin Paradise. "The development of the mucous 

membrane of the large intestine and vermiform process in the human embryo." American 

Journal of Anatomy 14.2 (1913): 187-233. 

[Kandler JL, et al., 2020] Kandler JL,Sklirou  E,Woerner  A,Walsh  L,Cox  E,Xue  

Y.Compound heterozygous loss of function variants inMYL9in a childwith  megacystis-

microcolon-intestinal  hypoperistalsis  syndrome.Mol Genet Genomic Med8: e1516, 2020. 

[Kapur RP. et al., 2010] Kapur RP,Robertson SP,Hannibal MC,Finn LS,Morgan 

T,vanKogelenberg M,Loren DJ.Diffuse abnormal layering of small intesti-nal smooth 

muscle is present in patients withFLNAmutations and x-linked intestinal pseudo-

obstruction.Am J Surg Pathol34: 1528ï1543, 2010. 

[Kim R et al., 2014] Kim R, Joo S, Jung H, Hong N and Nam Y 2014 Recent trends in 

microelectrode array technology for in vitro neural interface platform Biomed. Eng. Lett. 

4 129ï41 

[Kito et al., 2003] Kito Y, Suzuki H. Modulation of slow waves by hyperpolarization with 

potassium channel openers in antral smooth muscle of the guinea-pig stomach. J Physiol. 

2003;548(Pt 1):175ï89. 

[Kito et al., 2005] Y. Kito, S.M. Ward, K.M. Sanders. Pacemaker potentials generated by 

interstitial cells of Cajal in the murine intestine. Am. J. Physiol. Cell Physiol., 288 (2005), 

pp. C710-C720 

[Klein et al., 2013] 

S. Klein, B. Seidler, A. Kettenberger, A. Sibaev, M. Rohn, R. Feil, H.D. Allescher, J.M. 

Vanderwinden, F. Hofmann, M. Schemann, R. Rad, M.A. Storr, R.M. Schmid, G. Schnei

der, D. Saur. Interstitial cells of Cajal integrate excitatory and inhibitory neurotransmission 

with intestinal slow-wave activity. Nat. Commun., 4 (2013), p. 1630 

https://www.sciencedirect.com/science/article/pii/S0012160616301105#bbib105
https://www.sciencedirect.com/science/article/pii/S0012160616301105#bbib105


 120 

[Kloth K et al., 2019] Kloth K,Renner S,Burmester G,Steinemann D,Pabst B,Lorenz 

B,Simon R,Kolbe V,Hempel M,Rosenberger G.16p13.11 microdele-tion uncovers loss-of-

function of aMYH11missense  variant  in apatient  with  megacystis-microcolon-intestinal-

hypoperistalsis  syn-drome.Clin Genet96: 85ï90, 2019 

[Kraichely R.E. et al., 2007] Kraichely, R.E.; Farrugia, G. Mechanosensitive ion channels 

in interstitial cells of Cajal and smooth muscle of the gastrointestinal tract. 

Neurogastroenterol. Motil. 2007, 19, 245ï252. 

[Koh SD et al., 1998] Koh SD, Bradley KK, Rae MG, Keef KD, Horowitz B, Sanders KM. 

Basal activation of ATP-sensitive potassium channels in murine colonic smooth muscle 

cell. Biophys J. 1998;75(4):1793ï800. 

[Komuro T., 1999] Komuro,T. Comparative morphology of interstitial cells of Cajal: 

Ultrastructural characterization. Microsc. Res. Tech. 1999, 47, 267ï285. 

[Kosinski et al., 2010] Kosinski, Cynthia, et al. "Indian hedgehog regulates intestinal stem 

cell fate through epithelialī mesenchymal interactions during development." 

Gastroenterology 139.3 (2010): 893-903. 

[Kuriyama H et al., 1967] Kuriyama H, Osa T, Toida N. Electrophysiological study of the 

intestinal smooth muscle of the guinea-pig. J Physiol. 1967;191(2):239ï55. 

[Langton P et al., 1989] Langton P, Ward SM, Carl A, Norell MA, Sanders KM. 

Spontaneous electrical activity of interstitial cells of Cajal isolated from canine proximal 

colon. Proc Natl Acad Sci U S A. 1989;86(18):7280ï4. 

[Langton PD et al., 1989] Langton PD, Burke EP, Sanders KM. Participation of Ca currents 

in colonic electrical activity. Am J Phys. 1989;257(3 Pt 1):C451ï60. 

[Le Douarin N et al., 1966] Le Douarin, N., and C. Bussonnet. "Early determination and 

inductive role of the pharyngeal endoderm in the chick embryo." Comptes Rendus 

Hebdomadaires des Seances de L'academie des sciences. Serie D: Sciences Naturelles 

263.17 (1966): 1241-1243. 

[Le Douarin N, 1964] Le Douarin N, 1964 Ledouarin, N. "Induction of prehepatic 

endoderm by mesoderm of the cardiac region in the chick embryo." Journal of embryology 

and experimental morphology 12 (1964): 651-664. 

[Le Douarin N, 1964] LEDOUARIN, N. "The experimental isolation of the mesenchyme 

of the liver and the role of the mesodermal component of the liver in Its organogenesis." 

Journal of embryology and experimental morphology 12 (1964): 141-160. 



 121 

[Le Guen et al., 2015] Le Guen, Ludovic, et al. "Mesenchymalïepithelial interactions 

during digestive tract development and epithelial stem cell regeneration." Cellular and 

molecular life sciences 72 (2015): 3883-3896. 

[Lee MY et al., 2017] Lee MY, Ha SE, Park C, Park PJ, Fuchs R, Wei L, et al. 

Transcriptome of interstitial cells of Cajal reveals unique and selective gene signatures. 

PLoS One. 2017;12(4):e0176031. 

[Lee JY et al., 2015] Lee JY, Ko EJ, Ahn KD, Kim S, Rhee PL. The role of K(+) 

conductances in regulating membrane excitability in human gastric corpus smooth muscle. 

Am J Physiol Gastrointest Liver Physiol. 2015;308(7):G625 33. 

[Liao et al., 2009] Liao, Dong-Hua, Jing-Bo Zhao, and Hans Gregersen. "Gastrointestinal 

tract modelling in health and disease." World Journal of Gastroenterology: WJG 15.2 

(2009): 169. 

[López-Pingarrón et al., 2023] López-Pingarrón, Laura, et al. "Interstitial Cells of Cajal 

and Enteric Nervous System in Gastrointestinal and Neurological Pathology, Relation to 

Oxidative Stress." Current Issues in Molecular Biology 45.4 (2023): 3552-3572. 

[Lorach et al., 2023] H. Lorach et al., "Walking naturally after spinal cord injury using a 

brainïspine interface," Nature, pp. 1-8, 2023. 

[Lu H et al., 2016] Lu H,Fagnant PM,Krementsova EB,Trybus KM.Severe 

moleculardefects exhibited by the R179H mutation in human vascular smoothmusclea-

actin.JBiolChem291: 21729ï21739, 2016. 

[Ludidi S et al., 2015] Ludidi S, Jonkers D, Elamin E, Pieters HJ, Schaepkens E, Bours P, 

Kruimel J, Conchillo J, Masclee A. The intestinal barrier in irritable bowel syndrome: 

subtype-specific effects of the systemic compartment in an in vitro model. PLoS One. 2015 

May 15;10(5):e0123498. doi: 10.1371/journal.pone.0123498. PMID: 25978614; PMCID: 

PMC4433176. 

[Mao et al., 2010] Mao, Junhao, et al. "Hedgehog signaling controls mesenchymal growth 

in the developing mammalian digestive tract." Development 137.10 (2010): 1721-1729. 

[McHugh KM et al., 1991] McHugh KM,Crawford K,Lessard JL.A comprehensive 

analysis ofthe developmental and tissue-specific expression of the isoactinmultigene 

family in the rat.Dev Biol148: 442ï458, 1991. 

[Meiss RA, 2011] Meiss RA. 2011. Mechanical properties of gastrointestinal smooth 

muscle. Comp. Physiol. 2011(Suppl. 16), 273ï329. ( 10.1002/cphy.cp060108) 



 122 

[Mikkelsen H.B., 2010] Mikkelsen, H.B. Interstitial cells of Cajal, macrophages and mast 

cells in the gut musculature: Morphology, distribution, spatial and possible functional 

interactions. J. Cell Mol. Med. 2010, 14, 818ï832. 

[Milekovic et al., 2023] T. Milekovic et al., "A spinal cord neuroprosthesis for locomotor 

deficits due to Parkinsonôs disease," Nature Medicine, pp. 1-12, 2023. 

[Milewicz DM et al., 2008] Milewicz DM,Guo D-C,Tran-Fadulu V,Lafont AL,Papke 

CL,Inamoto S,Kwartler CS,Pannu H.Genetic basis of thoracic aorticaneurysms and 

dissections: focus on smooth muscle cell contractiledysfunction.Annu Rev Genomics Hum 

Genet9: 283ï302, 2008 

[Milewicz DM et al., 2010] Milewicz DM,Østergaard JR,Ala-Kokko LM,Khan N,Grange 

DK,Mendoza-Londono R,Bradley TJ,Olney AH,Ades L,Maher JF,Guo D,Buja LM,Kim 

D,Hyland JC,Regalado ES.De novoACTA2mutation causes a novel syndrome of 

multisystemic smooth muscledysfunction.Am J Med Genet A152: 2437ï2443, 2010 

[Milewicz DM et al., 2017] Milewicz DM,Trybus KM,Guo D-C,Sweeney HL,Regalado 

E,Kamm K,Stull JT.Altered smooth muscle cell force generation as adriver  of  thoracic  

aortic  aneurysms  and  dissections.ArteriosclerThromb Vasc Biol37: 26ï34, 2017 

[Erratum inArterioscler ThrombVasc Biol37: e12, 2017].  

[Milunsky A et al., 2017] Milunsky A,Baldwin C,Zhang X,Primack D,Curnow 

A,MilunskyJ.Diagnosis of chronic intestinal pseudo-obstruction & megacystisby 

sequencing the ACTG2 gene.J Pediatr Gastroenterol Nutr65:384ï387, 2017. 

[Mitra R et al., 1985] Mitra R, Morad M. Ca2+ and Ca2+-activated K+ currents in 

mammalian gastric smooth muscle cells. Science. 1985;229(4710):269ï72. 

[Mitsui et al., 1990] M. Mitsui and H. Karaki, "Dual effects of carbachol on cytosolic Ca2+ 

and contraction in intestinal smooth muscle," American Journal of Physiology-Cell 

Physiology, vol. 258, no. 5, pp. C787-C793, 1990. 

[Moreno CA et al., 2016] Moreno CA,Metze K,Lomazi EA,Bertola DR,Barbosa 

RHA,Cosentino V,Sobreira N,Cavalcanti DP.Visceral myopathy: clinicaland molecular 

survey of a cohort of seven new patients and state ofthe art of overlapping phenotypes.Am 

J Med Genet A170: 2965ï2974, 2016 

[Moreno CA et al., 2018] Moreno CA,Sobreira N,Pugh E,Zhang P,Steel G,Torres 

FR,Cavalcanti DP.Homozygous deletion inMYL9expands the molecu-lar  basis  of  

megacystis-microcolon-intestinal  hypoperistalsis  syn-drome.Eur J Hum Genet26: 669ï

675, 2018. 



 123 

[Mostafa R.M. et al., 2010] Mostafa, R.M.; Moustafa, Y.M.; Hamdy, H. Interstitial cells 

of Cajal, the Maestro in health and disease. World J. Gastroenterol. 2010, 16, 3239ï3248. 

[Nam Y et al., 2011] Nam Y and Wheeler B C 2011 In vitro microelectrode array 

technology and neural recordings Crit. Rev. Biomed. Eng. 39 45ï61 

[Notarnicola C. et al., 2012] Notarnicola, Cécile, et al. "The RNA-binding protein 

RBPMS2 regulates development of gastrointestinal smooth muscle." Gastroenterology 

143.3 (2012): 687-697. 

[Ordog et al., 1999] T. Ordog, S.M. Ward, K.M. Sanders. Interstitial cells of cajal generate 

electrical slow waves in the murine stomach. J. Physiol., 518 (1999), pp. 257-269 

[Ozaki H et al., 1991] Ozaki H, Stevens RJ, Blondfield DP, Publicover NG, Sanders KM. 

Simultaneous measurement of membrane potential, cytosolic Ca2+, and tension in intact 

smooth muscles. Am J Phys. 1991;260(5 Pt 1):C917ï25. 

[Pasternak A. et al., 2016] Pasternak, A.; Szura, M.; Gil, K.; Matyja, A. Interstitial cells of 

Cajal-systematic review. Folia Morphol. 2016, 75, 281ï286. 

[Pine, 1980] Pine, Jerome. "Recording action potentials from cultured neurons with 

extracellular microcircuit electrodes." Journal of neuroscience methods 2.1 (1980): 19-31. 

[Powell et al., 2023] M. P. Powell et al., "Epidural stimulation of the cervical spinal cord 

for post-stroke upper-limb paresis," Nature medicine, vol. 29, no. 3, pp. 689-699, 2023. 

[Qu et al., 2008] 

Z.D. Qu, M. Thacker, P. Castelucci, M. Bagyanszki, M.L. Epstein, J.B. Furness. 

Immunohistochemical analysis of neuron types in the mouse small intestine. Cell Tissue 

Res., 334 (2008), pp. 147-161 

[Radenkovic G. et al., 2018] Radenkovic, G.; Radenkovic, D.; Velickov, A. Development 

of interstitial cells of Cajal in the human digestive tract as the result of reciprocal induction 

of mesenchymal and neural crest cells. J. Cell Mol. Med. 2018, 22, 778ï785. 

[Ramalho-Santos, 2000] Ramalho-Santos, Miguel, Douglas A. Melton, and Andrew P. 

McMahon. "Hedgehog signals regulate multiple aspects of gastrointestinal development." 

Development 127.12 (2000): 2763-2772. 

[Rao et al., 2016] Rao, M.; Michael, D. The bowel and beyond: The enteric nervous system 

in neurological disorders. Nat. Rev. Gastroenterol. Hepatol. 2016, 13, 517ï528. 

[Rensen SS et al., 2007] Rensen SS, Doevendans PA, van Eys GJ. Regulation and 

characteristics of vascular smooth muscle cell phenotypic diversity. Neth Heart J 15: 100ï

108, 2007. 

https://www.sciencedirect.com/science/article/pii/S0012160616301105#bbib148



