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Abstract

Chronic intestinal pseudobstruction (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, gratemitrition

via the venous route, offers limited success, highlighting the need foeftestive
alternative therapies. This thesis proposes investigating electrical stimulation of the
intestine as a potential solution for myopathic CIPO (mCIPO) ildrem, leveraging
electroceutics, a novel approach with fewer side effects than conventionabaded
therapiesin particular, this workhesis 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 validatinige approach on mCIPO patient cells. Despite challenges in signal
detection and variability among patient cells, piing 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 mCIP@dagastrointestinal motility disorders.



Introduction

Chroni c i ntoebssttirnuaclt iposne u(d®l PO) in children,

a formidable challenge in pediatric gastro
irreversible neuromuscul ar dysf untcatliiotny, rian
on affected individual s. Currently, the <co
parenter al nutrition administered excl usi\
advancements in medical intbeowehtitoasspilaan
there remains a profound unmet need in ef
i mproving the quality of Iife for these yol
treatment costs associdatresdowiethh hexiustgiemg n
devel opmeaftf eocft icvoestal t ernative solutions.

thesis proposes to explore the potenti al

revolutionary t heyrogppaetuntiicc CapPpQO ofancChl PfQo)r imm c

Unl i ke conwvkeaagadntah e rda puige s , el ectroceutics

de mo

k

focus on efficacy and reduced side effec:
nstrated success i n managing neurol ogi
e

epi l psy. Notabl vy, recent research has she
Stimulation as a viable solution for addre
significant breakthrough in theidilkhdestlin
Psewdbstruction (mCl PO), characterized by

i mpairment, the exploration of el ectroceu

Through a comprehensive review afesteheciltu
endeavors, we aim to elucidate the feasibil
therefore contributing to the development ¢

in pediatric gastroenterokcocgy.i sThe ocomdual

experiments with human smooth muscle cell s
evidence. This evidence wil/l serve as a ba
as in vivo animal stwdaks.and subsequent c



Given the current absence of | aboratory ev

el ectrical stimulation in gut muscle funct
critical gap. I n particular, the primary g
1.Buil ding a consolidated i n vitro exper.i
responsiveness of human intestinal smoot h
stimulation, and monitoring for extended p
2 . Designing electrical stimulation strate
optical responsiveness of the cells in cul
the cells under investigation.

3. Evaluating cell s from both optical ar
mani pul ation through both chemical and el e
4 . Validating the effectiveness of the apfg
patients and cel |l l i nes.

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 sfientific 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 Chiappalon@ovided substantial collaboration wi@NR specifically withDr.

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 idoagn

This projectcaptivatedus 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 atite DIBRIS and later at the CBA (San Martino Hospital).



The thesis is organized into the foll owing
T Chapter 1: Il nt e sptaitrhaoll oglyy sainadl oegxypiead n dne n
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system, highlighting the constituent C ¢
genetic mutations iIimplicated-obstrhet pan
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overview of the current state of experi

T Chapter 2: Materials and methods. This
cell preparations and experiment execut

T Chamw@t ebat a lannalhyysi sc.hapter, we detail th
from the experi ments, along with an exp
pur pose.

T Chapdt eExperi ments on cellsbé adhesi on. (
establish the opti mal protocol for inte

T ChapbtElrectri cal and chemical stimul ati ol
readout . This chapter provides descript
utilized during the experimentation to
accompani e de sbpyo ntdhienigr rceosrurl t s .

T Chappt eEl ectrical and chemical sltn muHiad i
chapter, we present descriptions of the
the experimentation, ai med at acquirin
proviaweerntwhhieew of the results obtained fi

Through this work, we aim to contribute to
of el ectrical stimulati on I n promoting
gastrointestinal heal th research.



Chapter 1
Intestinal physiology and

pathology and experimental

models

1.1Intestinal physiology

1.1.1Gastrointestinal tract: development and

function

The gastrointestinal (GI) tract, al so kno
constitutes the system of organs in multioc
breaking it down for energy and hubhctitéeohs,
of the GI tract include digestion, facilit:

complex coordination of wvarious tissues an

function [Liao et al., 2009].

The vertebrate GlI tract stands out as a cr
the body wall, di stinguished by its consid
specialization. During devel opmeditst ienaccthi vs
changes i n mesoder mal and endoder mal mo r

di fferentiates along the anteroposterior (
(foregut), smal/l intestine (miodgat) vaanat.
in morphol ogy and function persist t hrougt

nor mal Gl function (Figure 1.1).
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Il n particular, the stomach assumes the rol e

di gesti on, accompanied by a hypertrophic
di gestion. I n contrast, the small ayerestiur
for the movement and elimination of feces.
pivot al roles in nutrient and water absor g

i mmune defense system.

mouth
teeth
—~ . salivary glands
tongue — — pharynx
epiglottis
——esophagus
liver
stomach

gallbladder
pancreas
large
intestine
small
intestine
appendix

—rectum
anus

Figurel.1: lllustration depicting the organ
comprising the gastrointestinal tract.

From the histvoleavgi ¢ dole maistntr oomt esti nal ( GI
| aydentusc 0 s a, submucosa, muscul ari sdeprchpri a
di splaying distinctive morphol ogi cal char a
tract (Figure 1.2).

The innermost | ayer is the mucosa, directl:
of epithelial cells supported by connect i
smooth muscle known as the musculami srmgc a:
role in mucosal movement, contributing si

absorption.
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Beneath the mucosa | ies the submucosa, a |

structural support.
The muscul ari s propri a, situated further
breakdown of food, particularly in the sto

anteroposterior (AP) axis throughspédatserci c«

nervous system (ENS). Generally, the muscu
smooth muscle: an inner circular | ayer and
The GlI tract is enclosed by the adventit.i
position. This outer | ayer serves to preve

ti ssues or organs.

During the early stages of embryonic deve

i nvaginations of the endoder m, known as th
intestinal port al (Cl P), situated at t he
respectivel y. The AI'P forms initially, cl o:

These structur esl ieleonfgaasthei oinn, a emirmundrn ng t

splanchnic mesoderm, which will generate s
Foll owing the fusion of AIP and CIP around
of the embryo body, a straight and uniform

the endoderm and vi scer-fadsisopnl,a ntchee rem sneero

initially exhibits uniformity along its ant
progresses, mor phol ogi cal vari at i-omec iefmea ¢
epithelium types. These developmehsalbepwe
epithelial cells and adjacent mesoderm, es
2015] , as highlighted by numerous studies
mesoderm interactions during nGI[ UWer alzd u adreivne
1964] [Le Do¢bwar DouMyri ho®Nd et al ., 1966] .

Il n addition to regionalization along the AF
the radial axi s, resulting in the sequent.
wal |) of l ongi tudi nal and cidculhaer mssall &
mucosae, l ocated in cl ose pr eSxanniotsy, t200 0tOH e
Santa Barbara et al ., 2005] [ Kosi nski et @
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2000] . The initial indication of the diff.

smooth muscle cells (SMCs) is marked by th
of SMCci fic |ineage markers, such asdaSMA,
Cal poni n, precedes t he acquisition of co
[ Notarnicola C. et al., 2012].

I n the colon and small intestine, there is
(SMCs), resulting in the formation of thre
smooth muscle | ayer forms firsytmei,n ftoHd omie

rapidly by the development of the | ongitud]
mesenchyme. Subsequint liyn humamd, wtele&k smusic
emerges as the third smooth neusiculne [lJaoyhenrs,or
1913] [Wall ace et al ., 2005].

Mucosa
Epithelium
Lamina propria
Muscularis
mucosae
Mesentery
Vein
B Artery
S ———" Lymph vessel
Submucosa

Submucosal gland

Blood vessel Lumen

Submucosal nerve plexus

Muscularis
Inner circular layer

Myenteric nerve plexus

Outer longitudinal layer

Serosa

Figure 1.2:Functional layers within the gastrointestinal tract:rthecosa, submucos:i
muscularis propria, and adventitia or serosa
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l1.2585mooth muscle organi zat

Smooth muscle is character i z-smbothomuscleacen pr e s
( 3MA) [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 traabdr the piloerection of body haivwWhile all cell types possess some
degree of actomyosibased contractility, smooth muscle cells exhibit a distinctive
contractile apparatus. This apparatus is characterized by smooth 1spescie actin and

myosin isoforms and is typically calciudependent. 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 .ch@ims
phosphorylation, in turn, activates the crbssige cycling of myosin heads on adiiall

JE etal., 20111

Upon contraction, smooth muscle cells have the capability to both shorten and augment
their stiffness[Meiss RA, 2011] [Stephens Net 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 desitlialpern W et al., 1978] [Y&J et al., 2014]
[Lehman W et al., 20]4Zhang W et al., 2008 refer toFigure 1.3).

14



(@) £4ap junction

myosin adhesion nucleus

plaque

myosin
. actin-associated proteins
dense body including transgelin
proteins

including

calponin caldesmon,

actin leiomodin and smoathelin

actimn

desmin and vimentin

focal adhesion intermediate filament
proteins
including

meta-vinculin

and LPP

cell membrane

extracellular

4 matrix fibre

Figure 1.3 : (a) The structure of a smooth muscle Thé.
contractile apparatus of smooth muscle consists of a
meshwork of actin and myosin fibres that undergo eross
bridge cycling upon activation of the cell. This meshwor
interconnected with the cytoskeletal network including
intermediate filaments, célinatrix and cell cell adhesions
(b) Detailed view of these interconnections, focusing on
structural proteins that are frequently used as markers of
smooth muscle

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 histologicabisedif skeletal

and cardiac musclgVilson 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 andimespted arrangement of
sarcomeres found in skeletal and cardiac myseldove et al., 2018]

Many visceral organs feature weléveloped 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 synthegpicenotype Contractile SMCs are identified by

their elongated spindighaped morphology and high expression of specific contractile

15



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 prof{@easen SS et al., 2007]

The phenotypic plasticity of SMCs is crucial for the adaptation of visceral organs to
variationsin local environmental conditions under normal physiological conditibhe
modulation of phenotypic class switching is, 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 dea@ehsing the transition from precursor to
contractile SM(Vaes et al., 2018].

1.1.3 Enteric nervous system

Simultaneously with the differentiation of the smooth muscle layer, the initially uniform
and multistratified intestinal endoderm undergoes a transformation into villi projecting
into the lumen. Specifically, the endoderm evolves into epithelial ridghghware
subsequently organized into parallel zigzags and eventually form intestinggijier AE

et al., 2013] Through chemical and physical ablation of distinct smooth muscle layers, it
becomes evident that the differentiation of the circular smoutiscle 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 mucdéspessential

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.
Concomitantlywith these initial patterning events, the nascent gastrointestinal (Gl) tract
undergoes colonization by neural crest precursor cells, giving rise to the enteric nervous
system (ENS), the intrinsic innervation network of the Gl tract. In vertebrates evdagat

neural crest cells (VENCCSs) 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 Gl tract is facilitated and regedathrough interactions with
extracellular matrix proteins produced by mesenchymal ¢Blisau MA et al., 2009]
[Akbareian SEet al., 2013] Eventually, vENCCs populate the entire Gl trasttending

16



from the esophagus to the terminal colon, as well as reaching the lungs and pancreas, two
associated Gl organs. Throughout their migration along the GI tract, neural crest cells
undergo both proliferation and differentiation, ultimately forming neurongbalccellst

the principal components of the ENS. These cells organize into two concentric ganglionic
plexuses located within the muscle layers of the gut[walnhess JB, 2006]

The ENSplays a pivotal role in regulating gastrointestinal motility patterns, ensuring the
appropriate secretion of various electrolytes, enzymes, and mucus depending on the
anatomephysiological region. It also coordinates immune and defensive functions within
the digestive tradiRao et al., 2016]The ENS is distributed across the digestive tract in
two plexuses, depicted in Figuted: the myenteric (or Auerbach's) plexus, which forms
ganglia located between the longitudinal and circular muscle layers, eisglimucosal

(or Meissner's) plexus, positioned between the mucosa and the inner muscular layer in the
submucosSzylberget al., 2014] $chneideet al., 2019] The myenteric plexus primarily
regulates muscle contraction, while the submucosal plexus governs secretory functions and

regulates blood flof/Avetisyanet al., 2015]

Lumen

(f’l.\ i '(‘j«'\‘i Villous

\ N \ " L{i plexus
i)

(
)l
Mucosa | AV
|
W

Submucosal plexus

internal

Muscular .
Mpyenteric plexus
external

Serosa = Ui -
Figure 1.4: Arrangement of interstitial cells of Cajal (ICC) within t
submucosal and myenteric plexuses along the digestive tract. The
plexuses consist of three main cell types: neurons, glial cells, and
Some extensions terminate within the muctS&-SMP: ICCs of the
submucosal plexus; IGRIP: ICCs of the myenteric plexus; 1G®!:
ICCs found intramuscularly within the internal and external musc
layers; ICCGSS: ICCs located in the serosa.
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While theENS 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 omprised 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 EMNS 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 na8imauli perceived by the CNS

can initiate vagal reflexes in response to enteric stimuli, thereby regulating gastrointestinal
motility patterns. This entericerebral signaling plays a crucial role in governing
sensations such as satiety and nausea. Thes@MNIBence on thgastrointestinal tract is
particularly evident in the most proximal and distal sections, where it plays a key role in
activities like chewing, swallowing, and defecat[&®ao et al., 2016].

However, theENS independently manages the functions of the small intestine and colon
at a local level. Interestingly, even if t&d&Sis separated from the ENS, the fundamental
enteric motility persistfSchemann et al., 2019y agal reflexes also play a crucial role in
regulating gastric motility, allowing an increase in capacity without raising intraluminal
pressurd an essential aspect for the breakdown and transportation of contents to the
duodenuniRao et al., 2016]

Even though th&ENSoperates independently of tB&S, the proper functioning of the gut
depends on the integrity of tBeNS along its extensions. A disruption in a small section is
likely to lead to severe consequences for the overall intestinal fujctipezPingarron

et al., 2023]

In terms of intestinal movements, various circuits within ENS govern distinct motor
patterns based on the gut region and physiological condiffeummess, 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 motorpatseongoing,

a foundational circuit comprising sensory neurons (intrinsic sensory rsgul8Ns;
intrinsic primary afferent neurons, IPANS), orally directed interneurons, excitatory motor
neurons, anally directed interneurons, and inhibitory motor neurons could suffice for

propulsion[Bornstein, 200].

18



The distinct neurochemical identities of each functional class of neurons have been
extensively characterized, particularly in the guipenileum[Costa et al., 19961t is

likely that these identities are comparable in other regions and species, although some
differences in detail have been nof€l et al., 200B[Sang and Young, 1996A crucial
characteristic of this circuit is its polariystimuli that excite motor pattern generators
activate an orally directed (ascending) pathway, leading to smuagcle 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 theagth muscle, where they intricately branch out
circumferentiallyfCosta et al., 1996

To regulate gut motility, enteric nerve circuits collaborate with myogenic control elements,
particularly interstitial cells of Cajal (ICC) and fibrobldste cells expressing platelet
derived growth f ac {Bti etale201d[ptizinga att LgnfBr§ F R U)
2009. Different subtypes of ICC are situated in distinct layers of the gut, playing varying
roles in both propulsive and segmentation motor pattgiuszinga and Chen, 2014
[Sanders et al., 20D6Functioning as intestinal pacemaker £elhey are responsible for
generating intestinal slow waves and other rhythmic contractions of the smooth
musculatur¢Der-Silaphet et al., 1998Huizinga et al., 2014 Huizinga et al., 1999 Kito

et al., 200p[Ordog et al., 1999Ward et al., 19944 ICC play a crucial role in facilitating

both excitatory and inhibitory transmission from enteric neurons to smooth muscle cells,
thereby serving as mediators that integetsand slow wave activitjBurns et al., 1996

[Klein et al., 201B[Ward et al.2004.
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1.1.4Interstitial cells of Cajal

Pacemaker cells of gastrointestinal functi
pivot al role in regulating motility and es"
vessels, smooth muscle cells, .ankBHE®ijerfet
al . ,] .20Maé4med after Santiago Ram-n y Cajal,
[ GarLwipez et al ., 2010] , | CCs undergo di ff e
concurrently with the arrival of neur al cr
i nto enteric neur ons and glia [ Rade

| CCs can be categorized base8Moneftdres rt dit
Situated in the submucosa, -Bhbdomi @ant2918}
SMP is ideetddli-®wRl. atnC@esponds to those | oc.

Auer bach plexus. I ntr-BMus€tutl ahelt & ya ntide r ma
| CCM based on their positioning in the cir
[ Mi kkel 2®&10H. BBl air PJ et al ., 2014].

Subserosal ICC (ICC-SS)

ICC of the deep
muscular plexus
(ICC-DMP)

Intramuscular ICCinthe o uscular ICC in the

longitudinal muscle layer circular muscle layer  Submucosal ICC
e (ICC-1M) (ICC-SM)

Figure 1.5: Image illustrating different subgroups of

interstitial cells of Cajal (ICC) and their respective posit
within the gastrointestinal wall across multiple organs.
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Significantly, | CCs are not confined to th

orgamsc,l uding the pancreas, bl adder, my o me
tubes, wuterus, vagiShab o ualn dO.h,u nRaOnl 3p]l a[cSetnrteau t|
[ Mostafa R. M. et al., 2010].

| CCs are characterized as =either i sol ated

processes and varicosities that extend bet
fibers. I n investigations focusedy owerle&€Cs
found distributed throughout t he gut i n g
featur-€esr osSaubl-LLL)s dilLLl ayed a steldMPte mor
associated with Auerbachods plexus formed |
mul ti polar morphology [Streutker C.J- et al
DMP) exhibited bipolar structures within t

[ Mi kKkel sen H. B. ,

The revelation of the retdemwndlh <threu catdwreent
mi croscopy [ Streutker C.J et al ., 2007] . T
such as a significant number of mitochondr
[ Komuro T., 1999], ragleoma cwietuls a nr eloantpiav @ Is\yo
[ Mostafa R. M. et al ., 2010] . Their mo st n
establishing connections with smooth muscl

Nervous System ( ENS[)Sttrhe wtukgehr g@.pJ jeutn cali.o,n sz
As previously stated, one primary functio
[ Mi kkel sen H.Bphy280b0Opgikalekéoadies of the
peristaltic aecrtvievdi,t yl (hGass hbaeveen boebesn B ldaeinrt i f i
et al]. ,[ Pa0slt4der nak A. et -8M. geflO6d6lesSpkowf
propagate contractions wiMPhwut hpnopakl bagh

i's implicated i-the memdckeamntt i mrgopulisnuMa smot or

al20,11]. Contrary to initial assumptions t|
sl ow waves, it Iis now understood that | CCs
al ., 2010] . However, the precise medlsani sm
still a subject of ongoing research. Anot/
mechanoreceptor s, responsi ble for transduc
that trigger motility in the .digestive tra
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1.1.5 Intestinal contraction mechanism

Smooth muscle cells (SMCs) play a cruci al
movement of nutrients and waste product s.
modul ate SMC esc¢imeabiTlhiet ycoiln abearfatta rvset iatcita
cells of Cajaide(li®@@), gamdtiplobtacli @t e O&F Ro

forms a multicellular syncyUtUdalm c@$Il RY gyhre
[ Sanders et al ., 2012]. Sl®#nselitsceinecanvat
neurotransmitter signals. The coll ective o1
t-onoment excitability of SMCs [ Sander s et

gastrointestinal (GlI') trabt musbkeecbsatrchathn

phasic r hyt hrneilca xcaotnitorna cctyicoones. These phasic
motility patterns | ike segmentation and p
El ectrical sl ow wavtelse gehaegsiad edo My idz2CtC gdar s
et al]. ,[ L1a99g5t on P et al ., CA9BOI M[ War dorks a

pacemaker regions of the gastrointestinal

propagates through the | CEigerwonlk6)regene

Slow waves Spontaneous
@ conduction and genesis of
transmission to slow waves

smooth muscle )
Enteric neuron

of myenteric

plexus
1ICC-MP
(©) network
Despolarization, (pacemaker)

opening of Ca”’
channels, and =
action potential Neuronal

genesis ~—~ e Varicosity

Neural stimuleto //\A & h
ICCs and smoth - - Smoot

muscle cells
Enteric ICC-IM
neuron

Figure 1.6: Origin and propagation of slow waves generatéatdrstitial
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). KBAP: ICCs of the myenteric plext
ICC-IM: Intramuscular ICCs.
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The passive conduction of slow waves into s

the specific conductances contributing to

(i .e., depolari zation of -larkeSMethtt®dat rDetp od
SMCs by sl ow waves incredaype Medptecagemt prCae
channel s, which are widely expressed in GlI

col on, the-taycptei vCaat icohma nonfells | eads otno ptoh & nd e
superi mposed upon the peaks of sl ow waves.
but typically, action potentials are not p
triggers cont-carmctin aant i(eex clt @ sag & moangi) os ,| nt the t

depol arization/repolarization cycle determ

Lt ype Ca channels in SMCs (resulting in co
open probability (Il eaali.ng 2®19]el axation) |
The initial component of the sl ow wave is
tissue. The second component, known as the

to be triggered | ocally by the Ide pHolwerviezragt
was | ater discovered that it arises from t
intersti tliM) [ICQus(ilnCsC HM et al ., 2003] [ Dic

The first and second components are also r

pl ateau potential, respectively.
Sl ow waves mani f est without external I npt
substances in GI muscles. Consequently, th

the sl ow waves are characterized as myoger

phasof relatively stable resting potential,

of the most negative membrane potential . Hc
reveal a grawuwave ndepol ari zati on.
The upstroke depolarization is temporary,

takes place bef esrteabé et esrtiantge a epeeucca t o a

Sharkawy TY et al ., 1978]. The dmratdemo nd
to sever al seconds, contingent on the spe
[ Szurszewski JH. , 1981] . Eventually, the m
repolari zation ensues, | eaditnigalt,o tthhues rceosnt:
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the cycle. The frequency of sl ow waves r ang¢
in phasic muscles that rely on the summat.
et al ., 2011] . Conversdeyjined phutsied ess,c etxhh
frequency is much | ower, with just a few e

compl ete relaxation between contractions

propagate over |l onger distanceas.c Thhei alr efgau
because cells with the highest pacemaker a
in specific regions. This means that in ce

for sl ow wave activity argnahssatthhe Qeghk

The primary pacemaker in the human stomach
corpus. However, when comparing slow waves
muscles, a distinct dominant sl ow walve fr e
et al., 2011]. Achieving pacemaker domi nan:
small intestine due to two key factors: the

stomach and the relatively sl owmarbpagaéeshb

exhibits a faster pace of sl ow wave acti vil

through the tissue. This combination resul
propagation, confining iet itna erseliantei.v ellhye sm
because when a sl ow wave event is initiateée
tends to collide with slow waves generate

proxi mal (towards tHeatbegilnynismo)h.pddhe malkeil :
the establishment of cl ear pacemaker d o mi

generated by different pacemakers interfer

Sever al factors i nfluence sl ow waves and
gastrointestinal tract . | CC express a diyv
hor mones, paracrine substances, and infl am

effector proteins that enable responses t

compression (as observed in muscle contrac
2017] . I't's important to note that, dardto
pl atdelréetved growt HHpbactowvwdjcée@O®BFRISI P sync
el ectrophysi ol ogical responses of any SI P
For instance, neurotransmitter s porro dhuocrtn oonne
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and the activation of protein kinase A in
|l eading to the hyKenmoled]r Kadtad, i e280] Oadff L SeMTEHBY [ ¢
al ., 2015] [ Koh SD et al ., 1998] . Hyper pol
| CC and may i-dépeedert vpitbageses within th
entry mechani sms and the propagdteidons ysft e
highlights the complexity of regulatory me
[ Sanders et al ., 2019].

1.1.6 Role of calcium in muscle contraction

The significance of calcium (Ca) stores in
gastrointestinal (GI) pacemaker function
neur ot r almhsemintetcenrasn.i sti c | ink between el ectr
of calcium waves from pacemaker cells is e:
be influenced by the rates at which Ca sto
The depolarization of smooth muscle cells
of i nward cur rteympte meaddteatgbedn tb yCa. channel s [

1981] [ Yoshino M et al ., 1997] [8V9 Jt.r aTIRe e
substanti al entry of -cwapei ¢gohi hp e pase BMICisé i)tnhd
n

channels during action potentials is evide
action potential s, reaching ufp alb. app®o6Xx]r
acti vattiyome o€a Lchannels serves as a- pri ma
contraction coupling of gastrointestinal (
1991] The depol arization pénsmobobélyiplest i e
Ca channel s, I nitiating the entry of <cal ci
I n certain muscl es, |l i ke those in the ston
smooth muscle cells (SMCs) caused by sl ow
calcium entry, |l eading to contractmitess.i ndo
tract, slow waves result in only smal.l amp
in these regions, the generation of calci.
1983] .

25


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

1.2Intestinal pathology

1.2.1 Visceral myopathy

The smooth muscle of the gastrointestinal (Gl) tract is susceptible to various diseases, and
our research specifically delved intsceral 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 disruptsitinal 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 gastioaitéGl)

and genitourinary (GU) tracts is present at birth, coupled with impaired intrauterine colon
growth, leading to a condition known as megacystisrocolorintestinal hypoperistalsis
syndrome (MMIHS). This early manifestation of the diseasesiscaasted 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,atimrts 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 psewtstruction. Myopathic CIPO is a rare
disorder that may initially present in either adults or children. According apanése
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 suchweseaavomiting,
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 boweltfancindividuals 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 lifethreatening line infections and lotgrm liver damage. Presentlyreatment
approaches are mainly supportive, with no mechaiigged therapies for myopathic
CIPO. Multivisceral transplantation, involving the transplantation of the bowel, liver, and
other intestinal organs, represents one treatment strategy wytbaa 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 butfalsdecompressing 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 necessagivah
tension to reduce the cressctional area of the organ. This phenomenon is governed by
LaPlace's law, a principle applicable to twalled vessels. LaPlace's law outlines the
relationship between transmural pressure (P), mean radius (R), latiebs (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, tbasdeor

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. Ftosatanent perspective, it
might be advantageous for individuals with visceral myopathy to avoigrgasicing

foods (fermentable oligosaccharides, disaccharides, monosaccharides, and polyols
FODMAPSs) or medications (e.g., lactulose). Additionally, thplementation 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 pressyiHashmi 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 symptomsngriiom
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 withhwitho
oral contrast medium) and magnetic resonance imaging (MRI) enterography (MRE).
Evaluating gastrointestinal (GI) motility can be achieved through gastric emptying tests,
cineMRI of the entire gut, and colonic and antroduodenal manometry (ADM). In cases
where myopathic Chronic Intestinal Psew@bstruction is suspected, a ftiickness
bowel biopsy may be recommended, using minimally invasive methods such as
laparoscopic or robedssisted surgery. The extensive hospitalization periods and the
necessity dr 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 intestinapseudeobstruction

classification

CIPO HISTOLOGICAL CLASSIFICATION

Involve neurodegeneration and dysplasia of

NEUROPATHIC .
the enteric nervous system

Involve the supernumerary intestinal
MYOPATHIC muscle coat and diffuse abnormalities in
muscle layering

Abnormalities of the interstitial cells of
MESENCHYMOPATHIC Cajal and tendinous collagenous tissues of
the muscularis propria

Table 1.1: Histological clasification of chronic intestinal psealstruction (CIPO)

Cl PO i s categorized i nto three mai n fo
mesenchymopathic [Zhu CZ et al ., 2020] . Th
nervous system, visceral smooth muscle, or
Furrt hel assification is made based on whet h
or secondary CI PO, or if the cause remains

CIlPO is typically primary, with demnmnestti c adlalfl
Cl PO often stems from secondary factors I
infectious causes. Due to the distbneeteti
ClPO, a recent recommendatiomc pmopsecs-¢ matlt he&
Obstruction" (Pl PO) for cases that manifes

SK et al ., 2021] .
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skel et al protein genes associ at-ed Wi t
ruction (CIPO) include ACTG2 [ Assia et
H et al., 2016] [ Moreno CA et al ., 201
2019] [ Yet man AT. et al ., 2018], MY L K,
eno CA et al., 2018], and FLNA [ Kapur |

primary cause of myopathic CIPO is mut.
contractile apparatus. Among these, AC
eported cases [Milunsky A et alhese2017
tions induce smooth muscle weakness by
i sts of cytoskel et al proteins. However
i fically |l ead to myopathy ess hsatviel Inolti ni
idated the mechani sms. Moreover, the ol
among individuals with the same gene
assumed causative muttaetrinoinnsi npgl atyh ea sseivge
ase.
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1

2.5 Cytoskel et al protei

smooth muscl e

The bowel performs a complex set of funct
nutrients and the generation of mechani cal
patterns are designed to opti mi zeed hbey dtihgee :
expul sion of waste in the form of wundigest
this process by actively contracting and r
motility [Fish EM et al., 2688tacSpetofdea
intestinal di ameter, whil e the l ongi tudin
l ongitudinal axis [ Viti F. et al ., 2023].

SMCs are equipped with contractile fil amen
the pri ngeernyerfadrimeg proteins within these ¢
contractile filaments exhibit an -abilm)ue

anchored by dense bodies and connected to
t hat transmi-t force [ Gunst SJ et al ., 20 ¢
pol ymerization -@dtign)obmdémam@ica.i nEl{#Bo&kel s
regul ated by proteins thatacdiitnherbumudlee dtid,
stress fiberasctior imrtgganbrzeenchhi ng net wor ks.
generate force when combined twhe hhuparsi no d
there exist six highly homol ogous i sofor ms
are present in all cell s, whil e muscle <ce
(skeletal muscle), ACTC1l (car civdarmwand| &) ,s
smooth muscle) [ Sweeney HL et al ., 2018] .

The myosin complex in visceral smooth mus
(myosin heavy <c¢chain 11, MYH11) and four I
myosin | ight chain 6 (MYLG6) and two regul
i nter aweemnadteitn and myosin in smooth musc.l
l ight chain kinase (MYLK), which phosphory
the interaction of the myosin head domain
smoot h cmomgalaeti on and the generation of fo
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1. 2.5.1 Gamma smooth musc.l

Gamma smooth muscle actin (ACTG2) stands o

t he
R, e
cruc
and
my o p
a |
gap
cel |
cont
Nowa
i ndi
The
whi c
argi
overl
mut a
det e
| ead
posi

of t e

smooth muscle cells of visceral organs
t al ., 2013] [ Fatigati V et @&alto AglO&8v]
ilal role in mediating the contractilit"
my osi n. Despite ACTG2 mutations being
athies [Milunsky A et at ., RMB1&1 &adKRAssi:
mi ted number of studies have directly i
i n research highlights a need for a mo
ul ar mechani sms igqvbtsisggACT G2 ant on mj
e Xt of vi scer al

days, there have been reports of 35 di

viduals with CIPO or MMIHS. These mut al
di ®ihr iobutt hese mutations spans the ent
h the nor mal function of ACTG2 can be
nine (R) is the most frequently affect
fhaf the documented GCdrP®l ywgi MMl éh\Se alaesck

tions ar e associated wi t h t he mo s t S e

ctable before birth [Assia et al ., 202
ever e -poregddtatCliRO (PI PO) with the preser
tion R148 result in a |less cryvetreClfPBO,r
n i mpacting multiple members within a
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1.2.5.2 Alpha smooth musc|l

Al pha smooth muscle actin (ACTA2) is the pt

in vascular smooth muscl e, but it is also
et 2a0ll 3] [ Fatigati V et al ., 1984] [ Gabbi ar
I n smooth muscle cells, ACTA2 thin fil amen
form contractile uni t s [ Mi | ewi cz DM et a
het eoongymi ssense mutations in ACTA2 | ead tc
et al ., 2008] . The majority of ACTA2 mut al
di seases, i ncluding thoracic aortic ane
cerebrovatssubacheasen strokes. However, mu t
dysfunction in both visceral and vascul ar

mul tisystemic smooth muscle dysfunction s\
2010] . MSMDS tygpi chalrltyh naniifnresuitserao and c a
prognosis due to widespread severe smooth
MSMDS encompass devel opment al del ays and s
event s, pul monary hgpertensi ame,spdyapaen, I
hypotoni a, intestinal mal rotati on, and hyp
genitourinary symptoms may precede compl i«
Consequentl y, sonmeA2p aRtli7éOrHt snuwiatth otnhearfeC i ni

conditions |i ke MMIHS or CIPO [Richer J, €
mut ations can cause both visceral and vasc.!
mutations | ead to ol wovadadl gr uchidee st ood.
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1. 2.5.3 Smooth muscl e myo:

Currently, there are documented instances
myosin heavy c¢chain (MYH11) Ilinked to viscel
K et al., 2019]. Unlike the autosoma2, domir
the majority of MYH11 mutations | inked to
[ Gil bert MA et al ., 2020]. I nterestingly,
viscer al myopathy without any accomparmyi ng
MYH11 mutations is associated with vascul ar

effects of these MYH11 mutations on specif

bi ochemical i nteractions occurring in diff

1. 2.5.4 Smooth muscle myo:

Myosin |ight chain 9 (MYL9) is responsi bl e
(rMLCwithin the myosin class |1 i n smooth
myosin is, in part, controlled by the phos
chain kinase (MYLK). The phosphoryl ation p
activatiemyosfn abtnding and t he generatio
dephosphoryl ation of rMLC induces muscl e
either eliminates or disrupts MYLY9 would I |
Currently, two MYL9 mutations have been re
JL, et al., 2020] [ Moreno CA et al ., 2016]
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1.1 vitro SMCs

Studying smooth muscle cells (SMCs) in vitro is pivotal é@mprehending 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
memlrane potential and contractilifiBaker et al., 2015]Jarrousse C et al., 200@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 dysfymation

Uhm JI et al., 2014JLudidi 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 regenerativieimeednd
understanding tissue biomechani{&ng 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 pacteatidl
coordinating muscle contractions. Researchers investigate excitatitnaction coupling,
exploring the coupling between electrical signals and contractile §Bailigul 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 phandtype
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 experimeiddnessing
ethical concerns associated with such practiCeftivating 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 ecdg®mthe 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 paagrultimately resulting in their
eventual decline even under optimal conditidgkdditionally, cells obtained frordifferent

donors showcaseliverse reactions to the same stimuli, such as-ipfammatory
cytokines This variability adds another layer of complexity to interpreting experimental
results.Moreover, wile 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 optimiaculture conditions is crucial for primary cells, as
successive passages may lead to changes in their charactfRistitsr M etal., 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 passagipigtiog,
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, ensuringestdblished characterizations.
Additionally, they present homogeneous populations of genetically iderdels,
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. Furthernomer
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 undergxcessive 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 figurel.7 represents an example of what our work aims to achieve with intestinal
smooth muscle cells cultured in vitderived from a study conducted using C2C12 cells.
[Bailleul A. et al., 202P

Furthermore, we report an example of signals recorded in vitro from smooth muscle cells.
Specifically, image..8depicts intracellular recording of membrane potential from circular
smooth muscle cells in the pelvic flexure region of the equine large intgstteC et al.,

2011]

Differentiation Day 0 Differentiation Day 5

Figure 1.7: Example of C2C12 myoblast line cells plated on MEA.
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Figure 1.81Intracellular recording of membrane potential from circular smooth mu
cells inthe pelvic flexure region of the equine large intestiBach 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 segr
recording are from cells (A and B) in different experiments usasgie from different
Horses
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Chapter 2
Materials and methods

2.1 Microelectrode Arrays

Mi croel ectrode arrays (MEAs) are made

okextracel |l ul ar neilcercotfraobdrei sc aitnetde gnri actreod
within a biocompatible insulation substrat
bath [Kim R et al., 2014] [FregadWantadgeée] o
MEA technology Ilies in its ability to

across dikefecenobdmiscr o

The functi on of ME A s serves bot h as a

growt h, ednedctasonamc i nterface. From a biol oc
with platforms for adhesion and proliferat
front, MEAs connect with external dat a
amplitieusaters, and computers, enabl
signals and the delivery of electrical

Il nitially, MEAs were tested with heart

|l ater with neuronal culturebe¢dtGrodess 410§ 91
constructed from mater itailns osxuicdhe a(sli Tgdoil,d et (i/
(Ti N), cPBRD@TD gol d, or bl ack pl at i-theimm
durability, and | owqgatmpk dlkahz)e t(d efsasc it lhiatha t5&
extracellular signal s.

Conventi ewedll sMEnAgsl e swWMEAs) enabl e the

activity from individual neuronal net wor ks

i's contingent upon sever al -efl ectt@amg,e sign d Ir wodn
60 to 256), theeteamevbdesof{ 10kbeoemBO6DOm) sph
(ranging from 100 to 500 Om), the | ayout
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arrangementeloefc ttrhoed ensi c(reo. g., a grid of 8 I
6 for two quadrants, 4 I 4 with a center | |
area (0.2 to 2 mm2) [Cerina M et al., 2023

MEAs used for our study consist of a squar ¢
Channel System ( MCS, Reutlingen, Germany) ,
titanium nitride (Ti N), amounting tde,a tot
| abel ed as number 15, functions as the gt
el ectrodes are excluded | eaving 55 electro
(Si N) serves as the insulating m&meriaah, T
are positioned at intervals of 200 Om from
exclusively monitor the activity of the su

..'-..
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Figure 2.1: MEA and representation of the disposition of its electrc
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To facilitate celll growth, the sur fThas MEA
i's necessary as the bare insulatiofdfhegurfac
maj ority of these <cell adhesive biomol ecu
techniques employed with glass or plastic

2.2 Gl ass coversl i ps

The round slides wutilized in | aboratory s
vari ous purposes, such as microscopic anal

be made of eit helri nbeo rgolsaislsi,c adteep eonud isnegeh@onnt st |

of the | aboratory. The choice of materi al
chemical resistance. When it comes to di me
sizes, with common diameters besisng sl2g,enlebr,a
thin, typically around 1 millimeter, to fa
Prior to use, it is crucial to meticul ousl
cleaning process typically involves washin
some cases, specific treatmentsobuthonrms a
applied t o el iminate any

For cell culture applications, these round
cel | adhesion. Treatmentgsineobviogl babeha.
used t o promot e cedflf ecti we t achme
Designed to be compatible with standard in
mai ntained wunder controlled conditions, [
di oxide concentration. To pmuevemgt craildr clil &l
slides specifically intended for cell cult
coverslips are engineered to fit seamlessl

diverse configur ataiterss ogu pH ad £ smuwli tt ihwelolmpm

of applications, round slides for cel |l cul
di sciplines, including cellul ar and mol ec
They serve asstasadgnhgatet bobsh&awvror in cont
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Il n our specific investigation, we employed
them with MEAs during experiments aimed at

smooth muscle cell s.

2.3 Acquisition syst

Il n our experiments, we utilized two distin
T MEA219Dy0st em

T MEA2 InQiO®ily st em

The ME3YOOem consists of several component
PC with software (MC rack), temperatpre co
included a heated chamber in ordem.to repl

The MEAHZ¥YWstem comprises the samB8ysbobenmone
but thanks to the compact size of the head
areas, such as within microscopes or i nsi
syesm empl oys distinct acquisitionChadneslt i m

Experi menter.

2.3.1 Headstage

The hesdsvageas the central component of th
and digitizes the signals, and incorporate
pl aced in the headstage the contact pads s

the contact pins.

The system, featuring an integrated ampl i f]
in close vicinity to the signal sour ce, ef
this, data is sampled at a fhemmuelns yc orfc bror
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Various types of headstages exist. For t h
positions for MEAs was employed, whereas f

with a single .position was wutilized

Figure 2.2: different headstage types

2. 3.2 Temperature and gas

Recordings conductSeyds tweint hmati mee aMBA211 0 con st
37AC. This was achieved through the utili

regul ates a heating el ement situated with

comndions of the incubator, we employed a <c¢ch
flow of gases (20% 02, 75% N2, and 5% CO2)
used to ensure the cells remained under op

Figure 2.3: temperature controller
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2.3.3 Softwar e

MCGr ack and Mul ti Channel Experi menter ar e

Mul tichannel Systems £ bannetobdiandgsdafTaefr

wi ndows of signals from all 6t0i md emmg momidersi n
signal trends during recording.
Rack1:Rack - Data Source: MC_Card (S/ 7 =101 =] ol %]
Fack | Lapout | Data | window | bek Detection [ Reverse Display
multichannel % LRI W)
systems E il :, 500 i il
3 ] E
;tﬂ 1 T 1 2 T 1]
2 ! ! —

Figure 2.4: Initial page of MCRack and display of stimulation
channels.

The Mul ti Channel Experimenter functions \

combine and save them as experiments for f

al |l accessible instruments are dieapl &dJpgedsa
can easily drag and drop each icon into th
Many instrumewtiosefieadtatme poosldier, pwrts up@aec:
i nput to the i#s$tdreunpenrtt sand prewemti ng dat
connections, it is necessary to draowr a con
more corresponding data inputs, ensuring t
data along these | ines, traversing from tF

After designing a configuratifomr dfutiumst rusm

configuration is referred to as an "Exper.i
menu bar. Experiment files have the file e
Al | channels are visible during data acqui
appear in the Zoom Display below (Figure 2
pausing/resuming and scaling. Botnhc tdionl. ay
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-andaixys spesail bing .t dMome
di spl ays

Beneath each display,
feasible to pause and resume dat a
di srupting the act.ual data recording proce
4] K Channel Experimender (instance 1) - - EI“
®| | swapw 1 0 Experiment iv-\.-n_ rrrrrrr i\.-n-l:.-— ?
- Drag-and-drop Instruments
h""'h.
g Available Instruments
Humber of LISE data boses 0 Recosidineg Tirnw: 0 DA Tine: DO35:24

Figure 2.5: program opening window and initial setting ¢
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Thtoggling of individual channels can be ac

Deactivated channels .are not displayed or

A

[crti] click to select
a whole column

Figure 2.7: channels toggling

4_ [shift] click to

select a whole row

aaaaaaa

MEA2100-Mini €0
£00155

MEA2100-Mini System Setup i

a|
EH

EEE
!
]

@ @ o seras

‘Vsnitsmu

#Sﬂh%du

T

Number of USB data losses: 0 3 QOO0 0O 6566G8 Recording Time: 00:0201  DAQ Time: 00:02:01
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Figure 2.8: Configuration of instruments used in our experiments and display Stto@éng the
60 channels.
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2.4 Microscopy

2.4.1 I nverted microscopy

erted microscopy is a prevalent technigq
ob
co

ervation of I|iving cells occurs through
figuration of an inverted meadrloisglopesot

® S 0 <

ar situated above the speci men, wher eas

mirror turret are positioned beneath it.

|l nverted microscopy offers numerous advant

I n vessels conducive to inverted microscop
vessel's base and, in the absence of SUSC¥
occupying a singular focal pl anencCeas$sd cl

access t o medi um <compared to those conf i
Additionally, top access to samples facil:i:
utilization of micropipettes. Meredveteral),]
as direct contact between the objective ani

conditions.

Upright microscope Inverted microscope

Camera port

\’L v Objective Camera port .\_\Condenser unit  Lamp

Frn ] /£

L.

N . i

rL
\
\
\
.
'

Condenser unit Objective

Figure 2.9upright vs inverted microscope
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2. 4. 2 Phase contrast mi Cr ¢

Unstained ' i ving cell s exhibit mi ni mal | i
di fferences in intensity distribution withi
visible or entirely imperceptiblge.whfmaods
contrast microscopy, an optical technique,
a transparent specimen into variations in |
cell s, i mperceptible phaoetdli fhitusnaomc-eyr,. w
contrast microscope, these phase shifts ar
in observable differences in iIimage contras
Phase contrast mi croscopy oper ates t hrou

S
umi nati on e-matbgdnbyamptuinpssehight i s

l ens and concentrated onto a speci aliiched a
p

ositioned in the substage condenser fr

The wavefronts passing through the annul us
structures and phase gradients. Some of th

are diffracted and undergo phasstiredg.ardat.

The undeviated and diffracted | ight coll ec
focal pl ane by a phase plate. This separat
pl ane, where it ulticmatehgtcsommgetr vedtiinalo

eyepieces.
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--------- ---------Image plane

1 Objective \ Direct light
Phase plate i (phase shifted)
Lenses { | |
\ |
/— Direct light

FA'

2 Specimen — f/\ Scattered light

3Condenserlens —»
4 ANNUIAT TiNG ——— e s’

5 Light source —

Figure 2.10 On the right, the numbered components of a{ghasest microscope are sho
On the left, the inverted phasentrast microscope used in our experiments with numbers
indicating the position of the various components.
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OQur experiment al setup iinvweoltwad pthlaes eu tciolnit z
| X51 microscope (Evident, Hambur g-Mi &ler man
System (Multi Channel Systems, Reutlingen,
configuration enabled si mbhlarameologiopal ca
stimulati on, facilitating the monitoring c

treat ment .

Hi glesol ution i maging of Human Internal I n
pl ated on glass coverslips or MEAs was con
PhC air objective (Evident, Hamburg, Ger ma

a -negapi-xiett M&®&t i cam CMOS camera (Motic Hong
conjunction with Motic Images Plus 2.0 i me

Limited, Hong Kong) .

Figure 2.11: experimental sep of a video
acquisition, through the Olympus 1X51 microscoy
during an electrical stimulation, delivered through
MEA2100-Mini-System placed on the microscogp
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Chapter 3
Data analysis

The initial approach we pursued to analyadlular 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 respen® 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 camsdgu

the software OriginLab.

3.1 ImageJ

ImageJ is a widelused opersource software that enables users to visualize, inspect,
guantify, and validate scientific image data. The software facilitates image analysis,
allowing users to extract meaningful information from images in a reproducibleeman
This reproducibility is crucial for ensuring the reliability and accuracy of scientific
findings. One of the key advantages of ImageJ is its-sparce nature, which means that

the algorithms and parameters used in image analysis are transparesgnaistent,
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 fluoredebeted
proteins, tracking cell trajectories over time, automating cell counting, and characterizing

cells.
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Thesecapabilities 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 depibis, (B5-bit, and 32bit).
Additionally, ImageJ utilizes multithreading, allowing users to perform opeat
concurrently with other tasks. Furthermore, the software offers features for calculating area
and pixel value statistics for useefined 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 (Figuel).

[5% (Fiji Is Just) Image) - 0O X
File Edit Image Process Analyze Plugins Window Help Cookbook
0o smlmww =

(Fiji Is Just) ImageJ 2.14.0/1.54f; Java 1.8.0_322 [64 bit];

Figure3.1: Opening window of ImageJ

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 (Figl&e).

color picker
scrolling tool
maanifying glasq
text tool
wand (tracing tool) W’

ng@%ﬂMMMI%JJJJJJ

L freehand line selections
seamented line selections

slralght line selections
freehand selections
polygon selections
oval selections
rectangular selections

Figure3.2: Toolbar of ImageJ
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One of the most powerful tools within the ImageJ software are "ma&mndsthageJ 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 ImageJd, subsequently converting them into a macro.
ImageJ macros see 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 customizatidact, it is
possible tgprecisely 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 datasefsdditionally, macros contribute significantly to the
reproducibility of image analysis. By furnishing a standardizedfétstructions, 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 reseh. The design of the ImageJ Macro
language further enhances accessibility. Its-trsemdly nature empowers researchers to
effortlessly create and modify scripts without the need for extensive programming
knowledge. This inclusivity ensures that a beradange of users, regardless of their
programming proficiency, can effectively harness the capabilities of macros in their
research endeavorkastly, 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 divee needs of scientific applications. This flexibility positions macros

as valuable assets in addressing theptexnand varied demands of image analysis in

scientific researcfSchroeder 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 #geirAs a result, we
subtracted the background area from the total image area to obtain the total cell area in both
pre- and poststimulation images.

Now, we're going to explore theethodologywe created using Imagéd meticulously
quantify areas devoid of cellular presence in an infieliving 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 analysi® dafigtribution,
morphology, and other features of biological entities within ttesipective samples.

The methodology follows a stdyy-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 quantiiyimg
cellular regions within an image

1. Image Preprocessing: Initiating the workflow involves preparing the image for
analysis. The image is transformed into apit&format to enhance computational
efficiency and reduce memory usage. This conversion simplifies pixel values
within the image, cra&ing 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 boundarge 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 remsentation 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 foutida 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. ImgeJ's patrticle filter functions effectively clean the segmented image,
improving the accuracy of subsequent analyses.

6. Particle Analysis:Finally, the segmented image undergoes particle analysis to
guantify 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 etypspaces provides a quantitative assessment

of non-cellular regions within the image.

All these steps have been incorporated into a macro, which is illustrated in the3fgyure
Once the values of empty areas in the image were obtained, they were saved as Excel files
and subsequently analyzed using Matlab.

dius=2 threshold=5@ which=Bright");

=)

/e Outliers...”, “radius=5 threshold=5@ which=Dark");
17 1(“Analyze Particles...”, "size=0.0003-Infinity display clear include summarize add");

Figure3.3: Example of a macro in which all the steps of the analysisaaes.
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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 thénlehgtdividual cells.
Therefore, ollowing the conversion of the image to-b& we utilized the
"Freehand/Straight Line Selection tool" and the "Measure" function to measure the length
of the cellsIn this case as well, the obtained results were saMexdel files for subsequent

analysis.

3.2 MATLAB

MATLAB stands out as a higpherformance 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
developmentincluding Graphical User Interface (GUI) buildiddATLAB 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 egprens. The efficiency gained is
substantial when compared to writing equivalent programs in noninteractive languages like
C or Fortran.

The name MATLAB is derived fromMATrix LABoratory,” reflecting & origin in
providing accessible matrix software developed by the LINPACK and EISPACK projects,
which were at the forefront of matrix computation softwakedistinctive aspect of
MATLAB is its family of applicationspecific solutions known as toolboxes. These
toolboxes, crucial for most MATLAB users, enable the acquisition and application of
specialized technology. Comprising comprehensive collections of IMBTfunctions
(M-files), toolboxes extend the MATLAB environment to address specific classes of
probdems. 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 resultsobtained 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 aggregatedtiadMThe
purpose of this summation was to derive the total background argheiportion of the

image not occupied by cells. This process was executed for each sample in the images
captured before arat after the stimulation. Essentially, it allow&at the computation of

the overall background area concerning the absence of cells before and after the
experimental stimulationSubsequently, 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 contrattirer, distincimages

were takenfor each MEAat speci fic time points: two be
=2mini and one aft &agmins Upomanhhasis of the thréetimages and
extraction of the respective area values, we calculgped andgpost for each sample.

gpre represents the percentage change in cell area before stimulation, specifically between

t i me poi nrhisvalie wasaetedmined using the formula:

YODOA pngzt! OARAOCHA Apm nt
I n a parallel manner , ppost symbolized t he
stimulation, encompassing the time span bet
determined by the formula:

YOT O nzt! OARAGRA AQpint
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The obtainedypre values were employed as a control parameter to establish a baseline for
comparison with the postimulation values resulting froelectrical ¢pp 9 stitnulations.
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 werge for

each stimulation frequency. Specifically, the percentage of contrac}U’Uuo@yp 104
induced was determined by comparing the cell area in the image before and after the
stimulation, during théaseline phase. Subsequently, these values were presented in a box

plot to illustrate the discrepancies resulting from the two stimulation frequencies.

Yy pIT—™ 01O joiao Zp T
y pTIT™ d1cO joid Zp T

Another analysis conducted was the quantification of contraction in individual cells
induced by electrical stimulatiorin 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 thercentagelifference 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 othase; 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 stimulationsn those casestisuli 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,
considered three distinctimagesap e ci f i ¢ ti me points: two bef
t = 30 s) and one adgaire pon anblysisaf thathréeeomages t =
and extraction of the respective area values, we calcugredandypost for each sample.

The obtainedypre values were employed as a control parameter to establish a baseline for

comparison with the postimulation values resulting from chemicgdp 9 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:

- Kruskal Wallis test

- Welch ANOVA

In all tests performed, a significance levellset at 0.05 was adopted.

Kruskal Wallis test

The Kruskal Wallis 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. Itis often considered as analogous to thewayg analysis of variance (ANOVA) but
applied to ranked data.

Instead of analyzing raw data, the Kruskéhllis test works with ranked data, which
makes it more robust in situations where the data distribution deviates from normality.

The null hypothesis (HO) of the Krusk&Vallis 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 cksquared distributiont is possible tadetermine whether

there are significant differences among the groups.

If the p-value associated with the test statistic is below a predetermined significance level
(usually U = 0.05), the null hypothesis i
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 alteenitiv
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 otinese
hypotheses are evaluatedusingaFat i sti c, with significance
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Chapter 4

ExXperi ments on

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.

4.1.1Subculture protocol

Once 90% confluence was reached in 25T flask, HISMCs were considered
prepared for subculturing. The initial step involved discarding the culture medium
and gently washing the cells with Dulbecco's PhospBaftered Saline (DPBS).
Subsequently, 2.5 ml @PBS 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 85 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 sidf 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 trypaiblue exclusion test was utilized to evaluate cell viability,
based on the principle that viable cells exhibit resistance to certain dyes, contrasting
with nonviable counterparts. Specifically, a mixture comprising equal parts of
trypan blue and cell suspension was prepared. Subsequently, utilizing a pipette, a 10
el aliquot of the trypan blue/cell mixture was applied to each chamber of the

hemacytometer, which was then positioned on the microscope stage.

sl
|
E
|

Figure4.1: trypanblue exclusion test and cell count using a

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

O EAAO A ORI QGIAGE 1| OBEA@PI O

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 Figug
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SMCs SMCs in FBS Resuspended

cells

Hemocytometer

Plating <

N\

coverglass

| T

flask

Figure4.2: SMCs preparation protocol steps: washing cells with DPBS, cells detact
throught trypsin and TNS, centrifugation, and resuspension in culture medium. Cell
viability is assessed with the trypaiue exclusion test before adjusting cell density for

plating and maintenance.

4. 2 MEAsSsO ster

Z at

The MEA preparation protocol involves several phasésally, 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 usinggogen. Once dry, it undergoes a plasma

treatment Colibri system, Gambetti); in particular, the system usesftequency (LF)

power signals (50 kHz) to generate plasma within its process chamber. The generated

plasma leads to the creation of reactiv@dspecies 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.
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4.3 Coating identification

Given the lack ofiterature 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 cacentrations and cellular densiti@&sgure4.3).

The subsequent section provides an exhaustive exposition regarding the array of coatings

that underwent testing.

PDL 20ug/mi PDL 20ug/ml
2.5h

PLO 50ug/ml
h-Lam
50ug/ml O/N

PLL 20ug/ml
in DPBS 1.5h

PLL 20ug/ml PLL 20ug/ml PLL 20ug/ml
in DPBS O/N in H,0 O/N in H,0 1.5h

Figure4.3: schematic sequence of the tested coatiDiferent colored marke
were utilized to differentiate between the various substances used. Spec
PLL (Poly-L-lysine), PDL (PolyD-lysine), PLO (PolyL-ornithine), and H.am
(laminin). Concentration levels and durations of substance coatingajplis
are also provided, with the abbreviation O/N denoting overnight.

64



4.3.1 Experiments using PDMS ring

The preliminary adhesion experiments involved the application of
polydimethylsiloxane (PDMS) rings onto the MEASgure4.4). 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

/ PDMS ring
&\\'{TTW /%

4\\\\\“7 2 ’/q

\

g:w :s
// JA.&\\\\X

Figure4.4: PDMS ring on MEA to isolat
the active area covered by electrode

4.3.1.1 PDL (20ug/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. As4{iplysine was available in our laboratory,

we utilized it at the concentration outlined in the protocol for fhelysine. Therefore, a
coating of polyD-lysine (PDL) diluted in DPBS at a concentration of 20 ug/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/)Ol, the cells were observed to

be detached and nonvialflee Figuret.5).
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Figure4.5: cells detached and nonviable at Digllowing
2.5 hours coating of PDLPEly-D-lysine) at a
concentration of 20 pg/mi

4.3.1.2 PDL (20ug/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 suatgregating into clusters
(Figure4.6).

Figure4.6: cells detached and aggregated into clu:
at DIV4 following an overnight coating of PDP§ly-
D-lysine) at aconcentration of 20 pg/ml
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4.3.1.3 PDL (50 pg/ml) O/N

At this stage, we elected to elevate the concentration of polylfreine20 pug/ml to 50

png/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 MEfFigure 4.8). Consequently, a decision was made to

explore an alternative coating approach

4 : " : 3 g ia & g
| - 4 i ks 1% . 9 ) ”
..‘\ = R eyt p g5 N A
0 ¢ : o g " > 3 ‘€

Figure4.7: distribution and morphology of cells at DIV
on MEA with PDL @oly-D-lysing 50ug/ml O/N
(overnight) coating

67



Figure4.8: distribution and morphology of cells at DIV 1
coverslipwith PDL (Poly-D-lysine) 50ug/ml O/N (overnight
coating
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4.3.1.4 Mix PLO (50 pg/ml)4ham (50ug/ml) O/N

At this point, wedecided 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 pg/ml, and allowed it to incubate both on the MEA and glass

coverslips overnight.

N P W & o A NG : d '

Figure4.9: comparison of MEA at DIV 1 and DIV 4 plated with PLRo(y-L-ornithing and
hlam (laminin) coating

/ \
. 5 . - : ! 3

Figure4.10 comparison of MEA at DIV 1 and DIV 3 plated with PLRbly-L-ornithing 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 coiutise

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(Eligsters
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 fbolsters around

the edge of the PDMS ringrigure4.11).

Figure4.11: comparison between the ceraad the proximity of the PDMS ring in the sam
MEA plated with patient cells. Cells were plated after an O/N (overnight) coating of Rblp
L-ornithing and hlam (laminin)
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4.3.1.5 PLL (50ug/ml) O/N

Given the inconsistency in results observed with the PLChaad mix and the limited
adhesion on MEA treated with pel)-lysine, we opted to experiment with pdlylysine
instead. We diluted PLL in DPBS to a concentration giig®nl 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 H& enhance surface hydrophilicityr 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 pg/ml and left to incubate for either 1.5 hours or overn{fiigures4.12,4.13,4.14,

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 radonsiste
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 Ir§ ftou
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.
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Figured. 12: difference of cellsdé conditior
coverslip without ring (right). Both coverslips were previously coated for 1.5hReijaL-lysine
(20 pg/ml) diluted in DPBS

Figure4.13:di f f erence of <cell s6é condition be
coverslip without ring (right). Both coverlips were previously coated overnight with
Poly-L-lysine (20 pg/ml) diluted in DPBS
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Figured. 14 di fference of cellsd condition
coverslip without ring (right). Both coverlips were previously coated for 1.5hRdatirL-lysine
(20 pg/ml) diluted in sterile water

Figured. 15 di fference of cellsd condition
coverslip without ring (right). Both coverlips were previously coated overnight with
Poly-L-lysine (20 pg/ml) diluted in sterile water
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4.3.3Experiments without PDMS ring

Henceforth, the subsequent platings on MEvre conducted without utilizing the ring,
and the devices were pteeated with ethanakith the aim of creating more favourable
environment for cell adhesion and growth on the MEA surfaces.

4.3.3.1 PLL (20pug/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 #tegco

application (1.5 hours or overnighfhe results are reported in Figure$6,4.17.

Figured4. 1 6 : evolution of cellsd adhesion b
for 1.5h withPoly-L-lysine (20 pg/ml) diluted in DPBS
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Figured. 1 7: evolution of cell sd adhesion be
overnight withPoly-L-lysine (20 pg/ml)dilutedin DPBS

4, 3.3.2 PLL (20 Og/ml) in

Under these circumstances, it is important to differentiate between the outcomes based on
the duration of the coating application. The PLL and sterile water caagpiplged for 1.5

hours consistently demonstrated strong cell adhesion from day one, with subsequent
uniform cell growth across all MEA electrod@sigure 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 slide@-igure4.19).
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Figured. 18: =evolution of cellsdé adhesion be
for 1.5h withPoly-L-lysine (20pg/ml)dilutedin sterile water

Figured. 19: patient cellsé ad
for 1.5h withPoly-L-lysine (20 pg/ml)dilutedin 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 fewlays, cultures displayed growth in subsequent days
following plating, albeit requiring additional growth time and still failing to achieve
uniform electrode coverad€igure4.20).

Figured. 20: evol ution of cellsd adhesion be
overnight withPoly-L-lysine (20pg/ml)dilutedin sterile water

4. 4 Cel |l s06 densi ty

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 initiatlppted 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 (FigL2é). However, this
density was found to be too high as the cells tended to dmtadatiuster rather than evenly
cover the electrode surface. Furthermore, the elevated quantity impeded the differentiation
of individual cell shapes, presenting a challenge.
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Figured. 21: cell sdbdensity
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4.5 Devices treatment for increasing

hydrophilicity

To enhance thbydrophilicity 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 HCI and 70% ethanol,
repeatedtree 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 HCI to damageAhe M
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 cleaningll the steps involved are represented in the FigL28.

7 Plasma
w5 | Treatment
i
mg= b= )
3 Poly-L-lysine
[ ! /
H20 rinse voreeflo
’ » 15h |
P -g_(- J; SE— -g...‘f. =
EtOH /) /7 Ui T
\/ H,0 rinse HCI \/ g v /'/:r |
V4 — V4 Coating  \\CS
_ P
H.0 rinse

Figure4.23: 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 taf@é which a small portion is shown in Figude24)

includes the following fields:

The first column, named®onditon contains adescriptivename indicating the

coating type used and the cellular density

- Following is a series of four columns identifiedRaly-L -lysine, Poly-D-lysine,

Polyornithine, and Laminin, indicating the respective concentratioofsPLL,
PDL, PLO and HLamwvhen present

- Theinformation in the sixth column indicates the quantity of cells plated per device

- Thesubsequertivo columns, identified a8MEA 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 iodbsspr

Furthermore, in the case of MEAS, the unique identification number fodeada®e

is explicitly provided

- The last column, namddage results contains a brief qualitative description of

the results obtained on MEA and coverslips for each specific considered condition.

Condition

Poly-D-lysine  Polyornithine  Laminin

Cell density

FMEA

#Coverslips

Image resuits

POL_20ug/mi_2.5h_
20000ce!

20ug/ml 2.5h 20000

Pa

MEA3BSS3
prep_2023.07.10 MEA
38927 prep_2023.07.10
MEA3R935
prep_2023.07.10 MEA
39492 prep_2023.07.10

Detached cells in all 4 MEA

POL_20ug/ml_O/N_
20000ce!

20 ug/mi O/N 20000

Ps

MEA3SSS3
prep_2023.07.13 MEA
38927 prep_2023.07.13
MEA3R935
prep_2023.07.13 MEA
39492 prep_2023.07.13

cell clumps

PDL_50ug/mi_O/N_
20000ce!

50 ug/mi O/N 20000

3
MEA38927
prep_2023.07.18
MEA 39492
prep 2023.07.18

P&

coverslipl PDL
prep_2023.07.18
coverslip2 PDL
prep 2023.07.18

MEA: Cells attached, but
with holes in the network

coverslips: cells attached,
but clustered in clumps

MIX_PLOSOugmi_h-
Lam50ugml_O/N_2
0000ce!

50 ug/mi O/N 50ug/mi O/N 20000

(3
MEA
38893prep_2023.07.18
MEA 38935
prep_2023.07.18

P&

coverslipl PLO_hiam
prep_2023.07.18
coverslip2 PLO_hlam
prep_2023.07.18

MEA: Cells attached with a
uniform network with few, if
any, holes

coverslips:cells attached
with uniform network

Figure4.24: Table summarizing the conditions of coating and cellular density tested in
experiments. Only the first four rows, out of eighteen, were reported to semplify the visua
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4.7 Coating results

Substrates
Coating protocol Coverslip MEA
SR[N] SR[N]
20 pgéml poly-D-lysing dilutted in DPES - 0% [8]
S0 pg/ml poly-D-lysine diluited in DPES 0% [2] 0% [2]
S0 pg/ml poly-L-ysing diluited in DPES 0% [2] 0% [4]
S0 pg/ml polyomithine + S0 pgémi laminin 1005 [2] G655 [24]
20 pgiml poly-L-lysing diluited in DPES 0% [5] 0% [4]
ovemight
20 pg/ml poly-L-lysine diluited in DPES 100% [5] 0% [4]
for 1.5h
20 pg.‘ml |‘JEI|}'-L—|':,"SiFIE-' diluited in distillad 100 [5] 505 [4]
water overnight
20 pg.‘ml .polz.r-L-Iz.rsine diluited in 100% [11] 100% [36]
distilled water for 1.5h

Table4.1: Typesof coating procedures and their respective survival rates on va
substrates (coverslips and MEAShe highlighted rows in grey refer to protocols t
did not involve treatment with ethanol/H(Ef. sectiors.6)

In table4.1, we provide the Survival Rate (SR, %) and the corresponding number of tested
cultures (in square brackets) for the different coating types thatewaheatedIn the first

two coating protocols (identified as grey rows), we did not incorporate the surface
treatment with ethanol and/or HCI (refer to sectdo), which we decided to include for

all subsequent types of coating (designated as white rows).

Given theobtained results (100% SR for both coverslips and MEAB#aS been concluded

that the most effective coating consists of PLL diluted in sterile water at a concentration of
20 pg/ml. This solution should be applied for 1.5 hours on MEA surfacesgated with
ethanol.Following the coating, 2008000 cells should be plated on each devidese
optimized conditions enable the formation of uniform networks on the electrode surface,

featuring elongated and directed cells.
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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 treatnaeatdocumented 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 veagather 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 stimulaiimucel 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 adjustaigize te

cellular response using optical methods instead.
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5.1 Stimulation protocols

5.1.1 Electrical protocols

Due to the absence of speci#lectricalstimulation protocols for intestinal cells 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. Essentiad fact

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 (Figut€l) is organized as follows:

Ce |l | swhere wepgeaport information related to the type of stimulated cells.
Pulse shapewhere it is indicated whether the pulse is monophasic or biphasic.
Stimulation periodn milliseconds.

Pulse amplitudén Volts.

Frequencyin Hertz.

Referencewhere 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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Pulse  Stimulation Pulse

Cells’ type shape period am;;hlud “requenc) References Various information
Radisic et al. established the role of electrical
Stoppel, Whitney L., David L. Kaplan, and stimulation in CM maturation and tissue
Cardiomyocyte

Lauren D. Black lll. "Electrical and coordination using isolates of CMs and CFs from
2ms 5V 1Hz  mechanical stimulation of cardiac cells tal rats seeded in Matrigel® onto collagen
and tissue constructs.” Advanced drug sponges [314]. After three days in culture,

and Cardiac  Rectangul
fibroblasts from ar

neonatalrats delivery reviews 96 (2016): 135-155.  constructs were continuously stimulated for five
days via electrical pulses
Monophas T;andqn, Nine, ?' al. "Optimize DO"':: In vitro application of pulsatile electrical
d

stimulation to neonatal rat cardiomyocytes
cultured on polymer scaffolds has been shown

Neonatal rat  ic square

G (0.25-10)me (1-6)V 1-3-5Hz cardiac tissue eng-nee;ing.' Journal of
cardiomyocytes  wave

tissue engineering and regenerative

puise medicine 5.6 (2011): e115-e125 to improve the functional assembly of cells
: Sven et al. [12] applied monophasic pulses
m#::z;”;s:;';?ng's?i';duzal:’ﬂ:“‘ (amplitude: 1 V, pulse duration: 5 ms) at a
Fetal rat Monophas 5 1V 10Hz induce cardiac differentiation of stem cells sl:;nulabon flreq;JenecyO:Y 10;; (oéelal ‘2‘8
cardiomyocytes ic me for the treatment of myocardial o nomyju c)"es °'_ g nse. 3 VO Ohys:
infarction.” Reviews in Card ar; | PIOMOIEC 008 Thove as well as lheaexp!e::i?)n
iz 3 p g
Medicine 22.4 (2021): 1167-1171. of connexin 43 (Cx43).
Pietronave et al. [13] applied monophasic (2 ms,
1 Hz, 5 V amplitude) or biphasic (2 ms, 1
Fetal rat Monophas 2ms 5V 1Hz Hz, +£ 2.5 V) square-wave pulses to human

cardiomyocytes ic cardiac progenitor cells (hCPCs). They found
that the biphasic ES observably induced the
upregulation of early cardiac transcription factors

Fetal rat

cardiomyocytes Biphasic 2ms +-25V 1Hz

The stimulation p | is relted to ly

ims 5V 1Hz Tandon et al. cultures. For 3D scaffolds the only difference is
the duration of the pulse:2ms.

Cardiac cells Monophas
from rats ic

Figure5.1: Summary table of electrical stimulation parameters for muscle cells fou
the literature

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 82pwith the following amplitudes:

o 2V
o 3V
o 4V
o 5V

- 5 minutes of spontaneous activity

- 5 minutes of higHfrequency stimulation (1s ON at 20 Hz and 4s OFF) (biphasic
pulse, duration 526s, amplitude to be defined based on the observed responses in
the preceding cycles)

- 5 minutes of spontaneous activity
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stimulation 10

2 2 9 7 2. 9. 8§ 5 0
duration (min) | © | 191 ¢ | 2 | © ‘ - | - | N | 10
Basal 2‘1." B 3‘1." B 4V B 5V B
250 us 260 us
™
L ~~ 4 sec 7
260 us 260 us
» >
Frequency 1 Hz 1 sec 1 sec
Freq 20 Hz Freq 20 Hz

Figure5.2: Visual representation of the first tested protocol

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.
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In light of the absence of detectaldad reliableelectrica activity subsequent to the
previously described protocol, a determination was made to implement a revised protocol
featuring a series of multiple highequency stimuli. This adjustment aimed to evaluate
whether a more robust stimulation could be moreatiffe in eliciting ameasurable
response from the cells under investigati®pecifically, 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 3pulses

- After the first 3 cycles of 5 minutes, 2 minutes of baseline activity were recorded

- After the last highrequency cyclel0 minutes of baseline activity

86



stmqlaum_ 10 2.2 5 5 2
duration (min) I |

Basal 5V8as 20 Bas 10 Bas 5 Bas

(Bas) ) imp imp imp |mp
260 us \\\ 260 us

/

& ~ 5 sec -~

W -

N’
Frequency 1 Hz
Figure5.3: Visual representation of the hi§tequency protocol.

Package of N pulses at a
frequency of 20 Hz

Despite implementing the highequency 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 degchoratrix.

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 erpentation.

Specifically, between morning and afternoon, the pulse duration was changed from 260
ps to 520 ps, 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 figdre
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stimulation Dav 1
duration (min) y

8§ 18129 5
il s s Rl W { I I I ;
Bas|4v |Ba|5 5V | Bas Bas 4V Bas 5V Bas
520 us 260 us
A i~
Morning Afternoon

Frequency 1 Hz

timulati
duration (min) Day 2
3 2 5
A-H—— -
Bas 4Y Bas 5V Bas Bas 4‘\.-' Bas oV Bas
520us 260 us
o~
Morning Afternoon

il

Figure5.4: Visual representation of the protocol with details of the parameter change:

.
L

Frequency 10 Hz
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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 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 eleghsiological response reed by

our acquisition system. To accomplish this, wkelbwn chemicals documented in the

literature for their ability to induce cell contraction were employed:

- Carbachol (CCh) starting with a concentration ok2Mand then reaching 50 M

in the subsequent experiments

- Potassium chloride (KCI) starting with a concentration ahé0and then reaching

100mM 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 chemicahsobs

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 phggégure5.5), 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 55: Examples of signals detected in two different matrices during the baseline ac
phase. The matrices belong to different preparations and were stimulated with various pi
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All the electrical and chemicaixperiments detailed up to this point were carried out
utilizing the MEA2100 system {escribedin 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 frahe 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 whkstine
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 recordirtgs of t
cultures during stimulation3.hese videos were then analyzed as described in Chapter 3.
However the choice of changing the acquisition systeame with certain tradeffs. 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 beiced. Furthermore, unlike the initial
setup that preserved culture sterility even stishulation, allowing for the reuse of MEAs

in various experiments, the use of system MEA2&08i limited us to a single stimulation
experiment. In this context, we h#&ol 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 52&s)

- 5 minutes of baseline activity

- 2 minutes of stimulation at 4V and a frequency of 10Hz

- 5 minutes of baseline activity

stimulation
duration (min)

520us 520 us
Ay l 4y I
~ ™~
( 3
|I | 1
| I| ........... l'. I| ...........
Frequency 5 Hz Frequency 10 Hz

Figure6.1: Visual representation of the shorted optimized protocol

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 processubBtisg

from multiple electrodes, we sought to enhance the reliability of our observations regarding

the visually detectable contractions in the network.
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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
guantitative singlestep indicator for detecting dead cells, compatible with flow cytometer
equipped with violet lasers. This higlffinity 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 atids
deceased cells emit a vibrant blue fluorescence upon excitation with 405 nm violet laser
light.

Consequently, after the electrical stimulation, we introduced 2 pl of SYTOX into the
culture. Following a 30ninute incubation period, we captured fluorescence images, and

no evidence of dead cells was observed.

In Figure6.2, 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, theyappeald
fluorescent blue like that body present in the upper image in Figird@he lower image

in the same Figur6.2 shows the presence of cells throughout the matrix and particularly
around the stimulation electrodes indicated by the arrows. Thersfooe 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 deatfThis 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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Figure6.2: The upper image displays the outcome of the vitality test using SY
It highlights thestimulation electrodes, where no dead cells (fluorescent in blu
visible. The lower image depicts the matrix's appearance after electrical stim
Similarly, the arrows indicate the electrodes through which the electrical stimuli
were administei
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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 ce[llitsui 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 arezca@&od

period was initially used as a control. Subsequently, a chemical substas@atroduced

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
medium was replaced with a physiological solution contgirirmM 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 videcording continued for the next 20

minutes.
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6.3 Database and data organization

To monitor the outcomes of diversgémulation 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 apter.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.

Experiment number Date DIV Matrix S tGLIELLE: e Stimulation information
phase electrode electrodes
20230718 _38893 DIV1_P6 2023.07.19 1 38893 Nbasal 33

Stim1 3V, 520 us biphasic, 1 Hz
Nbasal2

Stim2 5V, 520 us biphasic, 1 Hz
Nbasal3

Stim3 2V, 520 us biphasic, 1 Hz
Nbasald

Stim4 4V, 520 us biphasic, 1 Hz
Nbasals

Stim5 HF
Nbasalé

20230718 _38927 DIV1_P6 2023.07.19 1 38927 Nbasal 66 52, 83

Stim1 2V, 520 us biphasic, 1 Hz
Nbasal2

Stim2 3V, 520 us biphasic, 1 Hz
Nbasal3

Stim3 5V, 520 us biphasic, 1 Hz
Nbasald

Stim4 4V, 520 us biphasic, 1 Hz
Nbasal5

Stim5 HF

Nbasalé

Figure6.3: excerpt from thabovedescribed database
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0.4 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 pV50
- 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 egperimental
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), mediaryédisggaa line),
and the minimum and maximum values (indicated by crosses).
To evaluate the impact of the stimulation protocols, we carried ousubsequent
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 conducteeamametric KruskalVallis 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

Electrical vs chemical stimulation in line cells
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Figura6.4: boxplots of the percentage variations of contraction (Var_contraction) upon
chemical/electrical manipulation. In the boxplots, the data are rapresented with the percétiile 25
(box), the SD (wiskers), the mean (square), the median (line), the miramdimaximum (crosses

values and outliers (star).

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 singkiitetween the
central tendencies (means and medians) of the two groups (Bigiré his indicates a
comparable effect of electrical stimulation to that of the chemical protocol. Furthermore,

statistical tests were conducted to validate these findings.
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Control vs electrical and chemical stimulation in line

cells
Control vs Electrical stimulation in line cells
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Figura6.5: boxplots of the percentage variations of contraction (Var_contraction) upon ele
manipulation and control condition. In the boxplots, the data are rapresented with the perce
75 (box), the SD (wiskers), the mean (square), the median, @ieeninimum and maximum
(crosses) values and outliers (stamefers to p < 0,05.
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Control vs Chemical stimulation in line cells
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Figura6.6: boxplots of the percentage variations of contractar (contraction) upon chemic

manipulation and control condition. In the boxplots, the data are rapresented with the pe

2575 (box), the SD (wiskers), the mean (square), the median (line), the minimum and m.
(crosses) values and outliers (starefers to p < 0,05.

In Figure6.5 and6.6, boxplots are presented to visually depict the percentage contraction
values of cell areas across distinct stimulation conditions. These conditions include
calcium, carbachol, and electrictimulation, 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 stimuldon and control groups.
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Electrical stimulation in patient vs line cells

Electrical Stimulation Contraction
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Figure6.7: boxplots of the percentage variations of contraction (Var_contraction) upon ele
manipulation compared between line cells and patients cells. In the boxplots, the data are
rapresented with the percentile-25 (box), the SD (wiskers), the meagyare), the median (line
the minimum and maximum (crosses) values and outliers (star).

The majority ofour 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
stimulationprotocol outlined earlier in this chapter, these patient cells exhibited results
statistically comparable to those observed in the cell line cells (Féglixe

Visual results of induced contraction on both cell lines and patient cells are reported in the
figures 6.14 and 6.15.
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Electrical vs chemical stimulation in patient cells

Electrical vs chemical stimulation in patient cells
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Figure6.8:boxplots of the percentage variations of contraction (Var_contraction) upo

chemical/electrical manipulation in experiments conducted in patients cells. In the boxpl

data are rapresented with the percentild2%box), the SD (wiskers), the nmegsquare), the
median (line), the minimum and maximum (crosses) values and outliers (star).

Replicating the approach taken with the line cells, we conducted comparisons of
contraction results achieved through both electrical and chemical stimulations using patient
cells (Figure6.8). Similarly, statistical analyses confirmednateworthy resemblance

between the two trends.
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Control vs electrical and chemical stimulation

patient cells

Control vs Electrical stimulation in patient cells
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Figura6.9: boxplots of the percentage variations of contraction (Var_contraction) upon ele
manipulation and control condition in experiments conducted in patients cells. In the boxpli

data are rapresented with the percentild2%box), the SD (wileers), the mean (square), the
median (line), the minimum and maximum (crosses) values and outliers{(s¢de)s to p < 0,05
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Control vs Chemical stimulation in patient cells
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Figura6.10: boxplots of the percentage variations of contraction (Var_contraction)
chemical manipulation and control condition in experiments conducted in patients ¢
the boxplots, the data are rapresented with the percentil® g5ox), the SD (wisdes), the
mean (square), the median (line), the minimum and maximum (crosses) values anc

(star).* refers to p < 0,05.

In Figure6.10, a deviation from the findings observed in line cells (Figugis evident.
Specifically, the patient cells under investigation exhibited statistically significant
differences not only in contraction outcomes induced by electrical stimulation (Bi§re

or carbachol compared to the control group, but also in the comparison between-calcium
induced results and the control.
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Besides assessing the overall impact of electrical stimulation, we also examined the
contraction responses elicited by various stimulation frequenci&8 ). This analysis

was conducted for both cell line and patient cell preparations. Additionaliheaell line

cells, we extended this evaluation to include not only the contraction of the total cell

popul ation area but al so contraction base

individually.

5Hz vs 10 Hz stimulation in line and patient cells: area

analysis
Variation % of line cells' area
10 - T Mean+1SD
i — Median Line
9 4 [ Mean
| i Outliers
8 x .control
i SHz
7 | | 104z
L %

(93]
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-
1

-1 T T T
control 5Hz 10Hz
Figure6.11: boxplots of the percentage variations of contraction (Var_contrpapom electric:
manipulation with 5 Hz and 10 Hz in experiments conducted in line cells. In the boxplots, the
data are rapresented with the percentild2%box), the SD (wiskers), the mean (square), the

median (line), the minimum and maximum (crossed)ies and outliers (staf)refers to
p <0,05.
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Variation % of patient cells' area
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Figure6.12: boxplots of the percentage variations of contraction (Var_contraction) |
electrical manipulation with 5 Hz and 10 Hz in experiments conducted in patients ct
the boxplots, the data are rapresented with the percentil® g5ox), the SD (wisdes), the
mean (square), the median (line), the minimum and maximum (crosses) values and

(star).* refers to p < 0,05.

As depicted in Figure§.11 and6.12, 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 théwo stimulation frequencies.



5Hz vs 10 Hz stimulation in lireells: length analysis

Variation % of single cells' length
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Figure6. 1 3 : boxplots of the per centaugoa electdcali
manipulation with 5 Hz and 10 Hz in experiments conducted in line cells. In the boxplots, the
data are rapresented with the percentil¥2%box), the SD (wiskers), the mean (square), the
median (line), the minimum and maximum (crossedlies and outliers (stafrefers to
p <0,05.

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 Figuré 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 isevident 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 stimulationdiejuen
(5-10 H2).
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Line cells and patient cells contraction after electrical

stimulation

Figure 6.14: Comparison &tihe cellsbefore (above) and after (below)
electrical stimulationThe red arrows highlight the cells affected by the
stimulation.
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Figure 6.15: Comparison of line cells before (above) and after (belc
electrical stimulationThe red arrows highlight the cells affected by the
stimulation.
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Comments

In summary, these results suggest tattrical 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 patierells validate the results observed in the initial cell line experiments.
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Conclusions

This work represents a significant step f
Human I ntestinal Smooth Muscle Cells (HI'S
designed specifically for this purpomdge, r e
heal t hy HI SMC, which, to our knowl edge, hact
( MEA) before. Throughout our research, we ¢
suitable methods for electricalnisntgi nhuhlea toipd
coating for cell adhesion and identifying

pl atfor ms.

Il n particuéx@aper inmenetrouwere conducted to de

guantities of adhesion substances, the tr
appropriate cell density to promote opti mal
abl e to sasatnadkalridste ead pr ot ocol for cell pl at
has been determined that t hLelL ynsoisnte e(fPfLiLc)i edni
in sterile water at a concentration rosf 20 (
ont o MEA sturdéatced wirteh et ha#000 &Sebbsgsédot
pl ated on each device. These refined condi
net works on the electrode surface, charact
These achievements are significant contrilt
conduct experiments in a context where | it
After determining the optimal culture condi
el ectrical protocol capabl e of eliciting
el ectrophysi ol ogical readout . Howewmerl ,s , d uwee
opted to alter our approach. This deci sion
i mportantly, to modify our method of anal vy:
focus from acquiring el efcytirnogp hcyosnitorlaocgtii coanls
to stimulation.

By following this experiment al protocol an
the foll owing:
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-The contraction induced by electrical stim

comparable to those induced by chemical st
demonstrates similar |l evels of dcoecompaceidon
we-k hown chemical l nducers reported in the
-The results obtained from cell l i nes ¢l ose
whil e the contraction in cell I|ines appear:
it I s more unpredictable and rexpgeatnidesntbegyainl
-Anal ysis of contraction induced by diffei
statistically significant differences. Spe

stimulation at 5 Hz was comparable to that

Given the <challenges in acquiring patient
experiments wutilized cell l ines. As a res.!
di fferent sample sizes, warrantinghraoueghi e
dat aset expansion. 1t is also important to
assessed cells with the R257 mutation, and
be |imited due to variabfiéie¢enwyt nomat anil gna mho

the same genetic mutation family.

Moreover, considering that in our experi me
stimul ated area for which no reliable &ele
studies may involve the use otfoa@icgai i t ilfTbn:
i s because the electrophysiological respo

compared to those detectable by the system

To conclude, these findings are pivotal as
the devel opment of an el ectroceutical appr

Psewdbst ruction (mClPO) and other gastroint
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