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ABSTRACT
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Mechanobiology is a relatively new interdisciplinary field combining mechanics, engineering,
and cell biology, based on physics, biology, and chemistry. My bachelor's thesis is focused on
cardiac mechanobiology, specifically to the junction interface between myocardial cells and cell-
extracellular matrix. Intercalated discs are one of the basic structures on these interfaces. They
connect single, neighbouring cardiomyocytes into bigger functional units with cell junctions which
is why abnormalities in them cause serious diseases. Deviations in cardiac tissue’s normal mech-
anobiology affect the behavior, development and differentiation of heart cells, impacting ultimately
the whole heart by leading to the development of heart diseases.

This bachelor’s thesis is a literature review, which aims to summarize previous studies’ main
observations about cardial junctions’ structure and possible changes in them, especially the al-
terations leading to dilated cardiomyopathy, from a mechanobiological perspective. In addition,
this thesis explains shortly some of the methods used to study the cell junctions. These methods
have also been used to analyse the changes in cells which are related to heart diseases.

Cell junction studies utilize various methods. This thesis explains a few of them: how they work
and how they are used in heart studies. Methods discussed have been used to study, for example,
intercalated discs, cell junctions and blood flow. They have had a great impact on understanding
the cause and effect of cardiomyopathies.

Cardiomyopathies are a group of heart diseases that affect the heart, reducing its pumping
efficiency, which leads into chronic fatigue, recurrent loss of consciousness, and chest pain. Car-
diomyopathies cause variations in size and structure of the heart, enlarging the heart and making
the muscle walls thicker and inflexible. In some rare cases, myocardial tissue may even start to
convert into scar tissue. These symptoms are a result of changes in the mechanobiology of the
heart, i.e., in cell interactions and their attachments to each other. Dilated cardiomyopathy is most
often caused by mutations in desmosomal proteins with overexpression or complete lack of ex-
pression of N-cadherin.

The overall function of the heart is well known, but there are still many unknown mechanisms
at the molecular and cellular level to do research on. For example, the impact of various protein
changes on the development of heart diseases is not completely known yet. Furthermore, under-
standing of cellular signals and their effect on gene expression in pathogenesis is deficient. New
types of research methods such as computational models, may reveal information on the mech-
anobiology of the heart in the future.

Keywords: Mechanobiology, heart, cardiomyocyte, intercalated disc, electron microscopy,
fluorescence microscopy, cell staining, AFM-SCFS, DPA, PIV heart disease, dilated
cardiomyopathy
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Mekanobiologia on melko uusi mekaniikkaa, insindoritieteita ja solubiologiaa yhdisteleva poik-
kitieteellinen ala, joka pohjautuu fysiikkaan, biologiaan ja kemiaan. Kandidaatintyoni keskittyy sy-
damen mekanobiologiaan, erityisesti sydanlihassolujen seka solu-soluvaliainerajapinnan valisiin
kiinnityksiin. Interkaloidut levyt ovat yksi kyseisen rajapinnan perusrakenteista. Ne yhdistavat yk-
sittdiset, vierekkaiset sydanlihassolut suuremmiksi toiminnallisiksi yksikdiksi solu-soluliitosten
avulla, minka vuoksi niiden rakennepoikkeamat aiheuttavat vakavia sairauksia. Poikkeamat sy-
dankudoksen tavallisessa mekanobiologiassa vaikuttavat sydansolujen kaytokseen, kehitykseen,
erilaistumiseen ja lopulta myds koko sydameen, johtaen sydantautien syntyyn.

Tama kandidaatinty6 on kirjallisuuskatsaus, joka pyrkii tiivistamaan aikaisempien tutkimuksien
keskeisia tuloksia sydansolujen liitosten rakenteesta ja mahdollisista muutoksista, selvittéden eri-
tyisesti laajentavaan kardiomyopatiaan johtavat muutokset soluissa mekanobiologisesta nakdkul-
masta. Lisdksi ty0 kasittelee soluliitostutkimuksen menetelmia, joiden avulla pystytdan analysoi-
maan myods sydantauteihin johtavia litosten muutoksia.

Soluliitostutkimuksessa kaytetdan lukuisia menetelmid, joista muutamia kasitelldan tassa
tydssa pintapuolisesti niiden toimintaperiaatteiden seka sydankudostutkimuksen sovellusten
osalta. Menetelmia on kaytetty muun muassa interkaloitujen levyjen rakenteiden, soluliitoksien
seka verenkierron muutosten analysointiin. Tutkimusmenetelmilld on ollut suuri vaikutus myds
kardiomyopatioiden vaikutusten ja syiden tutkimisessa.

Kardiomyopatiat ovat ryhma sydansairauksia, jotka vaikuttavat sydameen vahentaen sen
pumppaustehokkuutta, mika johtaa muun muassa krooniseen vasymykseen, toistuviin tajunnan-
menetyksiin seka rintakipuihin. Kardiomyopatiat aiheuttavat muutoksia sydamen koossa ja raken-
teessa, laajentaen sydanta ja tehden lihasseinamista paksummat ja joustamattomat. Joissakin
harvinaisissa tapauksissa sydanlihaskudos saattaa jopa alkaa muuntua arpikudokseksi. Nama
ovat seurausta muutoksista sydamen mekanobiologiassa eli solujen vuorovaikutuksissa ja kiin-
nittymisessa toisiinsa. Laajentavaan kardiomyopatiaan johtavat useimmin desmosomaalisten
proteiinien mutaatiot sekd N-kadheriinin liiallinen ekspressio tai ekspression puuttuminen koko-
naan.

Sydamen toiminta kokonaisuutena tunnetaan melko hyvin, mutta molekyyli- ja solutasolla on
viela paljon tutkittavaa. Esimerkiksi erilaisten proteiinimuutosten vaikutus sydantautien syntyyn ei
ole vield taysin tunnettu. Lisdksi ymmarrys solusignaaleista ja niiden voimakkuuksien vaikutuk-
sista geeniekspressioon taudinsynnyssa on vajavaista. Uudenlaiset tutkimusmetodit, kuten las-
kennalliset mallit voivat kuitenkin tulevaisuudessa paljastaa lisda tietoa syddmen mekanobiologi-
asta.

Avainsanat: Mekanobiologia, sydan, kardiomyosyytti, interkaloitu levy, elektronimikroskopia,
fluoresenssimikroskopia, soluvarjays, AFM-SCFS, DPA, PIV sydantauti, laajentava kardiomyopa-
tia

Taman julkaisun alkuperaisyys on tarkastettu Turnitin OriginalityCheck —ohjelmalla.
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LIST OF SYMBOLS AND ABBREVIATIONS

AJ Adherens junction

CAM Cell adhesion molecule

CM Cardiomyocyte

Cx43 Connexon-43

DCM Dilated cardiomyopathy

Dsc Desmocollin

Dsg Desmoglein

Dsp Desmoplakin

ECM Extracellular matrix

EM Electron microscope

GJ Gap junction

ICD Intercalated discs

IF Intermediate filament

MEF Mechano-electrical feedback
MGC Mechanically gated channel
MSC Mechanosensitive ion channel
N-cad N-cadherin

PIV Particle image velocimetry

Pkg Plakoglobin

Pkp Plakophilin

REM Reflection electron microscope
SEM Scanning electron microscope
STEM Scanning transmission electron microscope
STM Scanning tunnelling microscope
TEM Transmission electron microscope

Zo-1 Zonula occludens-1



1. INTRODUCTION

Heart and vascular diseases are the most common causes of death around the world:
about one third of all deaths are related to the cardiovascular system. Modern western
lifestyle contributes greatly to these deaths, but some fatal diseases are caused by mu-
tations in the genome. Particularly difficult are inherited mutations causing diseases, as
they may affect generations of people, originating from a simple, unlucky mutation in a

gamete.

By understanding the molecular mechanisms of the heart, it could be possible to prevent
cardiovascular deaths or at least prolong people’s lives with treatments. There are still
less studied factors affecting the heart, especially the effects of long-term forces on heart
tissue, and the mechanosensitivity generally in different timescales. Cell junctions and
cell adhesion, ion channels and the mechanobiology of the heart have been studied a
lot but mostly separately. To create a better overall understanding on how the different
structures of cardiomyocytes (CMs) and heart tissue function together, it could help to

also study their action together.

Mechanobiology is a relatively new area of study, combining knowledge of mechanics
and cells, thus linking some of the most basic fields of science: engineering, biology, and
physics [1]. In practice, this means the study of how different forces and cell’s mechanical
properties affect the cell’s development and differentiation and contribute to diseases.
This thesis focuses on cardiac mechanobiology and how the changes in cardiac cells’
connections between each other and the extracellular matrix (ECM) alters the tissue’s

behaviour and the heart muscle.



2. MECHANOBIOLOGY IN NORMAL PHYSIOL-
OGY OF CARDIAC TISSUE

This main chapter explains the ideal function of cardiac tissue and cells, explaining the
different junctions, mechanical and electrical properties of cells and the basic structures

which connect CMs, making it possible for them to operate together.

2.1 Cellular mechanosensitivity

Cells respond to environmental stimuli. This includes mechanical stimuli, and the cell’s
response to it is called mechanosensitivity. Mechanosensitivity affects cells physiological
and biochemical processes such as opening of certain ion channels on the cell’s plasma
membrane. This then affects its processes in molecular level and as a consequence the
cellular level and even the tissue [2]. The phenomenon where a mechanical stimulus is
converted into electrical or chemical signals, is called mechanotransduction. In mesen-
chymal stem cells, mechanical forces and the mechanosensitivity also regulate the cells’
functions such as differentiation [3]. Therefore, we can conclude that mechanosensitivity
plays an important role in cell’s physiology. Some mechanical stimuli systems also have
a combined effect, called crosstalk, between different mechano-induced signalling path-
ways. Stretch also reinforces junctions with cadherins (adherens junctions (AJs) and
desmosomes). [2] Cells experience different amounts and different kinds of stress such
as stretch, shear, bending and compression which all may trigger different signalling

pathways, affecting the cellular function and cell-to-cell interaction differently.

In tissue, conduction velocity also slows down as the capacitance and membrane surface
increase through stretch. [4] Stretch also increases the affinity of Ca2+-binding troponin
C, which enhances activation of muscle contraction via complex regulatory protein mech-

anism, exposing myosin-binding site to actin [5].

2.2 Cardiac cell response to mechanical stress

The heart is under constant stretch, compression, and twisting. These mechanical fac-
tors affect its electrical and mechanical properties, as demonstrated in Figure 1. Heart’s

responses to mechanical stress is based in mechanotransduction: heart’s mechanosen-



sitive ion channels (MSCs) work as mechanoreceptors, giving mechano-electrical feed-
back (MEF) to the regulation system of the heart. In the heart, short-term mechanical
forces affect electrophysiological conditions and the long-term mechanical changes may
even affect gene expression. Gene expression in turn affects. tissue and cell remodelling
using mechanically gated channels (MGCs) located on the cell membrane. MGCs, work
either as effectors or sensors in MEF system, reacting to environment’s mechanical stim-
ulus and converting it to molecular and electrical signals which then regulate the cell’s

different processes, both short and long-term (including those mentioned earlier.) [6]
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Figure 1: Stretch of cardiomyocytes affect their action potential through activation of
mechano-sensitive ion channels. The first graph demonstrates voltage as time’s
function with under 5 % muscle cell stretch (compared to normal cell length), and

the second graph demonstrates voltage as time’s function with over 8 % muscle cell

stretch (compared to normal cell length.) [6]

As cell’s charge is constantly changing, the voltage differs between extracellular and
intracellular space. Besides mechanosensitive, extracellular, and intracellular ligand-

gated and leakage ion channels, there are also voltage-gated ion channels. [7]

2.3 Cell-cell interactions

Cells are connected and interact in various ways by using signalling molecules, such as
hormones, neurotransmitters, and cytokines by using intracrine, autocrine, juxtacrine,

paracrine and endocrine cell signalling. Intercalated discs (ICDs) are specialized struc-



tures in cardiac muscle cells that connect them to each other, synchronizing their elec-
trical and mechanical action, the whole function of the heart (Figure 2). ICDs consist of
three different complexes: AJs, desmosomes and gap junctions (GJs) which together
form “area composita”, a name given to the ICD interactions together (Figure 3). There
is also a fourth type of junction: tight junction, although they don’t participate to the form-
ing of ICD. GJs connect neighbouring cells’ cytoplasms which means that they are elec-
trically and metabolically connected, making it possible for electrical stimulus to travel
from CM to another. This allows the electrical impulse to travel through the whole heart,
making the heart muscle contract. AJs and desmosomes give mechanical support to the
CMs by anchoring adjacent cells to each other: AJs connect the actin cytoskeletons and
desmosomes connect the intermediate filaments (IFs) between CMs. This makes the

cells together (the myocardium) more stable and stronger. [7,8]

Figure 2: A macro view of the intercalated disc structure, joining two cardio-
myocytes. Dark blots are nuclei. This picture has been edited for this thesis:

added arrows and marked an intercalated disc (ICD). [9]



Cell adhesion is formed by numerous proteins, especially in ECM adhesions. ECM re-
ceptors (cell adhesion molecules, CAMs) are proteins on the cell’'s membrane, which
participate in adhesion. CAMs make both cell-cell interactions and cell-ECM interactions
possible. Selectins and cadherins are important CAMs with a similar task in cell-cell in-
teractions: selectin forms heterophilic adhesion (adhesion between different kind of cells)
while cadherins form homophilic adhesion (adhesion between two cells of same type).
[10]
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Figure 3: All three junctions of intercalated discs with their most important pro-
teins visualized. PKG is an abbreviation of plakoglobin, B-cat is B-catenin, Mena
is mammalian-enabled protein, LIMP-2 is lysosomal integral membrane protein-
2, p120is p120 catenin, a-cat means a-catenin, CAR is coxsackievirus and ade-

novirus receptor protein, ZO-1 is zonula occludens-1. [8]



AJs (Figure 3, junction on the middle) are responsible for connecting the cells’ actin cy-
toskeletons to each other, stabilizing the tissue. Cadherin binds the separate actins to
each other on the cell membrane. [10] Their main purpose is to provide strength to the
cells. Cadherins are also particularly mechanosensitive. When junctions with cadherin
experience mechanical forces such as stretch, signalling pathways are activated and
cadherin contacts are reinforced. [8] CM’s AJs are called fascia adherens and are similar
structures as AJs, stabilizing non-epithelial tissues by anchoring cardiac muscle’s actin
as a part of ICD. Their main proteins are N-cadherin (N-cad), B-catenin along with few
other catenins, CAR, LIMP-2, spectrin and Xin-a (see Figure 3 for visual demonstration
of the proteins and their locations in relation to each other). N-cad is the only cadherin
expressed in the heart, working as the primary anchor in myofibrils, connecting neigh-
bouring cells’ actin filaments. They perform this by forming homodimers with another
cell’s N-cad in ECM, resulting to a zipper-like structure. Catenins bind to N-cad and con-
nect the AJs to the cell’s actin cytoskeleton. B-catenin and p120-catenin both have im-
portant roles in signalling. For example, p120-catenin controls the cell’s shape and ad-
hesion via GTPase activation. Additionally, p120-catenin connects to microtubules with
mediator proteins PLEKHA7 and Nezha, linking AJ and microtubule while a-catenins link
N-cad to actin via actinin, B-catenin, y-catenin or vinculin. a-catenin also has a role in
GJs.

CAR (coxsackievirus and adenovirus receptor), LIMP-2, spectrin and Xin-a are all re-
cently found proteins, so their role isn’t completely clear. However, CAR has been no-
ticed to be a part of the ICD, interacting with 3-catenin and GJ’s CX45 and ZO-1. LIMP2
affects the connections of N-cads and phosphorylated 3-catenins. Spectrin creates te-
tramers to connect actins’ distal ends, meaning that it is another N-cad’s connection pro-
tein. Xin-a seems to have a role in N-cad and p120-catenin’s signalling, actin assembly
and cell-cell adhesion while Xin-3 may have arole in hypertrophy via angiotensin Il down-

regulation signalling. [8]

Desmosomes (Figure 3, junction on the top of the picture) bind IFs with neighbouring
cells, found in tissues which experience a lot of mechanical stress, such as the heart.
[10] Their main function is to anchor the cells to each other. Desmosome consists of
mainly six proteins: desmoglein (Dsg), desmocollin (Dsc), plakoglobin (Pkg, also called
y-catenin), plakophilin (Pkp), desmoplakin (Dsp) and myozap (see Figure 3 for visual
demonstration of the proteins and their locations in relation to each other.). There are
different protein variants (isoforms) of the Dsg, Dsc and Plk. The isoforms in the CMs
are mainly Dsg-2, Dsc-2 and Plk-2. Dsg-2 and Dsc-2 make up the core of the desmo-

some by forming dimers with heterophilic interactions between each other. Sequence-



wise they are very similar, as about a third of their amino acid sequences are homolo-
gous. Pkg and Pkp-2 both participate on cadherins connecting to IFs. Pkg has a role in
AJs, but its affinity is higher to Dsg-2, which contributes to its role as Dsg-2’s main local-
ization support. Pkp-2 has a lot of roles in desmosomes: it connects to Dsp, Dsc-2, actin,
desmin, keratin, Pkg and even interacts with GJ’s connexin 43. Pkp-2 also recruits Dsp
in heart injuries and development when creating new desmosomes. Dsp connects des-
min and desmosomes to each other. Beside connecting to Pkp-2, it connects to Pkg and
therefore is one of the proteins with a very important role in desmosomes’ composition.
Myozap binds to Dsp and TJ’s protein zonula occludens-1 (Zo-1). Its overexpression
leads to oversensitivity of mechanical stress, and knockdown causes cardiomyopathy.

[8]

GJs (Figure 3, on the bottom of the picture) are formed by two connexons, and one
connexon is formed by six connexin proteins [11]. GJs allow molecules and ions to pass
through from a cell to its neighbour [8]. This is particularly important in neurons and the
heart, as GJs electrically and chemically couple cells, allowing their electrical stimuli to
travel through the tissue. Most important protein of GJs is connexin-43 (Cx43). One GJ
channel consists of 12 Cx43 monomers, although only 6 is needed to form one con-
nexon. The connexon connects with another cell’s connexon to create the whole chan-
nel. Other relevant proteins include caveolins, Mena, tubulins and Zo-1 which are all
binding proteins for the GJ channels (see Figure 3 for visual demonstration of the pro-
teins and their locations in relation to each other). Caveolins interact with the CX43’s and
act as the caveolae’s main scaffold parts. Mena protein interacts with the Cx43 and vin-
culin, affecting the adhesion, cell movement and Cx43 remodelling. Microtubules are
connected to the Cx43'’s, meaning that the GJs too are connected to cytoskeleton. Lastly,
Z0-1regulates GJ’s size by interacting with Cx43'’s. In addition, ZO-1 guides Cx43’s and
keeps them at the ICD. [8]

Tight junctions are one of the primary adhering mechanisms but they are not found from
the mature ICDs. They are expressed in developing heart and in some heart diseases
their formation is induced by heart tissue remodelling [8]. Their major proteins include
claudins, occludins and Zo-1, forming impermeable barrier which does not allow any
liquids to flow through it. Claudin-5 is also found from lateral membranes of cardiac mus-
cle in CMs, while Zo-1 is essential in GJs on guiding and keeping CX43'’s at ICDs. [7,12]

Tight junctions may also contain channels for smaller ion molecules or water [7].

In conclusion, the three ICD junctions have a lot in common. Myozap is found from all of
them, while a-catenin, B-catenin, CAR, Mena and vinculin is found from GJ’s and AJ’s.

Pkg is found from desmosomes and AJ’s.



2.4 Cell-extracellular matrix interactions

Cells adhere to their environment called ECM. ECM consists of different macromole-
cules, mostly different proteins such as enzymes and glycoproteins. Cells adhere to the
matrix in interactions named focal adhesion and hemidesmosomes. Focal adhesion re-
sembles AJ while hemidesmosome is similar with desmosome. The difference comes
from the connecting junction protein: in ECM, cell’'s IFs (hemidesmosomes) and actin
(focal adhesions) connect to integrin. Integrin is an ECM’s example of CAM. It anchors
cells to various ECM proteins or glycoproteins, such as collagen, laminin and fibronectin,
sometimes even to multiple proteins. [9] Studies show that the cardiac ECM induces
embryonic stem cells’ differentiation to CMs [13]. McCain et al. [14] and some other stud-
ies have found indications that focal adhesions are very important on the early stages of
CM development because they guide the cell’s migration. As the ICD’s mature and the
amount of cell-cell attachments increase, the amount of focal adhesions decreases as
they aren’t as needed anymore, as demonstrated in Figure 4. However, if the environ-
ment’s stiffness increases, the amount of load on the cell-cell junctions increases. This
then induces focal adhesion formation and may cause cell-cell junction detachment to
stabilize the cells and compensate the increased load. The phenomenon was studied by
mimicking fibrosis, and McCain et al. concluded that longevity of ICD’s requires constant

mechanical stress. [14]
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Figure 4: Focal adhesions’ amount in CMs differ: developing CMs have focal adhe-

sions before the ICD’s completely form, while in fully developed healthy CMs there
are none. Some cardiac diseases that cause increased stiffness (as seen on the
bottom CMs titled “disease” with denser ECM) cause the neoformation of focal ad-

hesions. [14]

There are also cell-ECM junctions called hemidesmosomes, but they are mainly only
found in keratinocytes.
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3. METHODS FOR STUDYING MECHANOBIOL-
OoGY

Different methods for studying cell adhesion reveal different features from the cells. Com-
mon methods are varying appliances of electron microscopy (EM) such as transmission
electron microscopy (TEM) and scanning electron microscopy (SEM), atomic force mi-
croscopy-based single cell force spectroscopy (AFM-SCFS), dual micropipette aspira-
tion (DPA) and cell staining with fluorescence microscopy. As computing power has in-
creased a lot over the years, many simulations and algorithms have been utilised on
predicting and calculating how different mechanisms cooperate to make heart’s pumping

action possible.

3.1 Atomic force microscopy-based single cell force spectros-
copy

Atomic force microscopy-based single cell force spectroscopy (AFM-SCFS) is a cell ad-
hesion study method capable of measuring the adhesion strength between cells and
even single junction’s adhesion strength. The method is based on a liquid chamber with
the studied cells within. Single cell is taken with a cantilever and then it is brought into a
contact with a material or another cell. Adhesions are allowed to form for different time
periods. Then, the cantilever with the cell is detached with a steady speed. The cantilever
bends slightly and this bending can be measured using a laser. By measuring the bend-
ing, the adhesion strength can be measured as it is directly proportional to it. The contact
time between the cell and material/another cell may be altered to influence the amount

of forming adhesion junctions. [15] The method is visually demonstrated in Figure 5.
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Figure 5: AFM-SCFS in use. Picture A demonstrates the laser’s changed
reflection after the cantilever bends. Pictures B-E are screenshots from a
AFM-SCFS measurement, showing how the two cells first form adhesions
and then the cell on the cantilever is pulled away. [10]

AFM-SCFS measurement gives a force-distance curve as a result, revealing the adhe-
sion force on a certain distance between the cells. The measurement curve has jump-
like deviations in it, called rupture steps. The rupture steps are a sign of an adhesion
junction breaking. By analysing the rupture steps, adhesion junctions’ amount and
strength can be estimated. For example, E-cadherins break in a zipper-like fashion, one

at atime. [11]

3.2 Dual micropipette aspiration

Dual micropipette aspiration (DPA) can be used to analyse cell-cell adhesion using two
micropipettes. The cells are brought next to each other with the micropipettes’ tips. The
cells stay on the tip with a small aspiration on the pipette. As the cells are next to each
other, they start to form junctions and adhere to each other. As with AFM-SCFS, the cells
are allowed to interact for certain times for the adhesion to form. Then, by controlling the
aspiration intensity, the adhesion strength may be measured: as the cells detach from
each other, the measured aspiration pressure needed to do so corresponds to the adhe-

sion strength. [10] The method is demonstrated in Figure 6.
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Figure 6: Picture collage visually demonstrating the DPA-method. Two
cells are brought next to each other with micropipettes and allowed to form
adhesions between each other. Then, by increasing aspiration on the mi-
cropipettes, the cells are detached from each other. Pressure needed to de-
tach is directly proportional to the adhesion strength. [10]

The method is most useful in studying the cell contact time’s effect on adhesion strength.
Unlike in AFM-SCFS, DPA cannot be used to measure single junction’s strength but
rather the accurate sum of adhesion strength between two cells. DPA has had an im-
portant role on studying cadherin’s importance in cell adhesion, and its use in develop-
mental studies has increased: how individual’s different developmental stages’ cell ad-
hesion differs. [10]

3.3 Electron microscopy

EM is a versatile method which can be used for different purposes with appropriate mod-
ifications. The basic principle is the same in all variations: a beam of electrons is accel-
erated towards the studied target, where collision results in illumination. As the electron’s
wavelength is much shorter than of light’s, resulting pictures have much higher resolution
which means much smaller objects such as tissues, cells and even cell structures may

be studied in much higher detail. [16]

Two of the most common types of EM are SEM and TEM. SEM is used to produce high-
detail overall pictures of cells and organisms, size estimations and determining the num-
ber of particles. It works with rebound secondary electrons, X-rays and photons emitted

by the target, along with scattered electrons. TEM on the other hand is used to study thin
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tissue sections, cell’s interior, molecules’ organization, protein’s structures and cytoskel-

etal filaments. This method works by the target allowing parts of the electron beam

through it and parts scattering away. [16] Figures 7 and 8 can be used to compare how
SEM and TEM pictures differ.

Figure 7: Picture of a monkey cardiomyocytes Figure 8: Picture of a rat’s left ventricular muscle
taken with a scanning electron microscope. intercalated disc, taken with a transmission electron
Opened T-Tubules can be seen on the aper-  microscope. This picture has been edited for this the-
tures of the cell surfaces. [17] sis: intercalated disc (ICD), desmosome (d), ad-

herens junction (AJ) and gap junction (GJ) have been
marked to the picture with arrows. [18]

As Figure 7 and Figure 8 demonstrate, a high-detail picture may be taken with SEM while

TEM gives a better overall view.

Other EM methods include scanning transmission electron microscope (STEM), reflec-
tion electron microscope (REM) and scanning tunnelling microscope (STM). STEM com-
bines the TEM and SEM into a one method, which requires thin samples. Unlike in TEM,
STEM may also use secondary electrons, scattered electrons, X-rays, and electron en-
ergy lost to calculate signals from the target, achieving higher resolution than with SEM.
[19] REM utilizes elastically scattered electrons to reveal a detailed structure of a surface.
and material’s crystal structure [20]. STM is based on quantum tunnelling: probability of
an electron “tunnelling” to the target from conductive, charged object’s tip in function of

distance. Like REM, it can be used to determine detailed surface conformation, even in
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atom level. [21] Both REM and STM could be used in quality control of biomaterials or to

study their suitability in different applications such as prosthetics.

3.4 Fluorescence microscopy and cell staining

When staining cell’s cytoskeleton, certain adhesion proteins are made visible with fluo-
rescent antibodies attached on them. One of the most common cytoskeleton proteins to
be stained is actin. Actin staining is frequently used to analyse cell’'s adhesion as actin’s
location and amount gives a decent overview if there are adhesion junctions and how
much junctions there are. When the cell’'s adhesion is made visible, it can be compared
to usual adhesion of same cell type to see if there are any differences. Cell staining is
relatively cheap and easy way to analyse cell adhesion, but some of the fluorescent dyes
are toxic to cells which limits further use of cells. Staining also only gives a visual over-
view of the adhesion but it does not give any accurate approximates of adhesion

strengths. [22] Figure 9 demonstrates different kind of stainings.

Figure 9: Different cell proteins stained. A: F-actin staining. B: vinculin staining.
C: nuclear staining with DAPI. D: all three stainings stacked in one picture. [22]
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A suitable staining method should be chosen according to needs: some of the staining
methods are toxic which means some of the cells become unusable after the treatment.
Some of the dyes may be washed away, meaning certain methods allow cells to be re-

used after washing them.

Another method is vinculin staining. Vinculin connects integrin to actin cytoskeleton. Vin-
culin also affects focal adhesions and it is also present in some AJs where it has a role
in F-actin’s anchoring. It is one of the proteins which makes the cell’'s movement and
attachment possible. Vinculin can be stained using immunofluorescencive vinculin anti-

body, revealing cytoskeleton’s actin-integrin interaction. [22]

Another fluorescence microscopy method worth mentioning is expansion microscopy,
although it does not use electrons. In expansion microscopy, the sample is physically
expanded using polymer network which can be “swelled” using chemicals. As the poly-
mer network expands, it forces the sample to expand with it. This makes it possible to
analyse biological samples which would normally be too small to study without expensive
research equipment such as EM, as a light microscope is enough. It also allows the use
of staining on the samples, which EM does not. [23] This method could be used to ex-

pand CMs and other heart cells or to locate and identify cardial cell RNA.

3.5 Particle image velocimetry

Particle image velocimetry (PIV) is an optical flow visualization method used for velocity
and direction measurements in fluids. It usually works by using traceable particles which
flow in the studied chamber or piping and are being constantly monitored using a camera
with a connected laser and lenses which turn the laser into a laser thin sheet, although
the laser and the tracking particles aren’t always necessary. If the tracking particles are
used, they should be as spherical as possible, and their density should be close to the

analysed fluid particles’ density. In ideal conditions, they have the same density.

A synchronizer is also needed to sync the camera and the laser pulse when laser is
utilized. Laser light scattered from the tracking particles are recorded in sequence of
frames captured with the camera. After the PIV recording is made, algorithms can be
deployed to evaluate and analyse the flow of the fluid. Figure 10 shows an example of

PIV recording, analysed with PIVLab open source tool. [24]
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Figure 10: A modern particle image velocimetry recording of flow in fluids.
The white particles on the black background are the tracking particles,
which are used to measure the velocity vectors (green arrows.) [25]

As can be seen from the Figure 10, velocity vectors are computed using the speed and
direction of the tracking particles. Main advantage of this method is that the method is
very accurate and the tracking particles, if chosen right, will not disrupt the natural flow
of the studied fluid. On the other hand, if the tracking particles are not well suitable for
certain measurement, they may not follow the flow of the studied fluid. [24] A more mod-
ern method to study muscle cells for example, is to record videos of them with a micro-
scope. This has been used to study the beating of CMs: the contraction movement be-
tween frames can be found out by comparing the frames using minimum quadratic dif-
ference, a subtype of digital image correlation. [26] This frame comparison with suitable

computational methods (correlation) can be used to calculate the velocimetry.

One application of PIV has been used to analyse the left ventricular fluid dynamics in
dilated cardiomyopathy (DCM). PIV could be used to study altered blood flow in DCM
and other heart diseases, both in heart and blood vessels.



3.6 Summary of the methods
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Methods discussed have contributed to the study of heart and cells. They have provided insight on cell connections, cell and heart tissue structure

and the blood flow changes in heart. Table 1 sums up these methods and presents their applications.

Table 1: Discussed methods and their applications.

Method

Based on

Used for

Application in heart studies

Advantages

Disadvantages

Atomic force mi-
croscopy-based
single cell force
spectroscopy
(AFM-SCFS)

Laser measuring of canti-
lever bending as cells at-
tach to each other.

Cell-cell and cell-ECM stud-
ies: accurate force measure-
ment for even single junctions

CM junction strength studies, CM
and ECM protein connection stud-
ies

Accurate, allows meas-
uring of single junction’s
adhering strength

Expensive, requires trained per-
sonnel to use

Dual micropipette
aspiration (DPA)

Measuring, how much
pressure is needed to sep-
arate cells

Cell-cell studies: measuring
sum of forces between cells

CM junction strength studies, ICD
studies

Cheaper compared to
AFM-SCFS

Allows only the measurement of
total adhering strength

Electron micros-

copy (EM)

Electron beam with target
collision illumination

Cell and tissue structure stud-
ies: normal structure and
changes in the structure

Heart tissue studies, especially
ICD structure studies

Depends on EM sub-
type. Detailed overview
pictures of cell structures

Compared to light microscope,
very expensive

Cell staining and
fluorescence mi-
croscopy

Fluorescent-tagged mole-
cules attaching to studied
molecule

Cell junction alteration stud-
ies: an overall view

Comparison of protein cytoskele-
ton structures between normal and
diseased heart cells

Relatively cheap, good
overall picture

Resolution and details are lim-
ited, as visible light's wavelength
sets limitations

Particle image ve-
locimetry (PIV)

Measuring difference be-
tween two frames of video
or two pictures, with a la-
ser

Fluid flow, cell contraction

studies

Alterations in the blood flow (espe-
cially in the heart), CM contraction

Very accurate

If tracking particles are used,
choosing the most suitable is im-
portant for accurate measure-
ment.

These are only a fraction of the methods which have been used to study the heart in the last century. Still, they have provided valuable insight to
heart and myocardial cell structure, and blood flow.
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4. MECHANOBIOLOGY IN DILATED CARDIOMY-
OPATHY

Cardiomyopathies are diseases related to the heart. They cause the heart muscle to
undergo changes which slowly make the muscle thicker, inflexible and/or enlarged, and
decrease the efficiency of heart’s ability to pump blood. In some cases, the heart muscle

tissue may even start to transform into scar tissue, although this is rare [27].

DCM is a cardiac condition in which the ventricular chamber becomes enlarged, ventric-
ular wall becomes stiffer and thinner and parts of the tissue suffer from interstitial fibrosis
and inflammation. At the cellular level, CMs have a higher risk of going into apoptosis
and their nuclei become enlarged. [28] The heart becomes weaker and the patient may
suffer heart failure, irregular heart rate or a heart valve disease [29]. DCM’s symptoms
are severe and usually require medical care. Treatments include blood-thinning medica-
tion, angiotensin-converting inhibitors, angiotensin |l receptor blockers, beta blockers
etc., sometimes even a heart transplant if no other treatments prove effective [28]. If the
non-invasive methods don’t work alone, irregular heart rate can be treated with a pace-
maker which may include a defibrillator feature to start the heart in case of a heart failure.
What makes DCM an interesting disease is that sometimes if it has occurred suddenly,

it may also go away on its own [29].

According to Weintraub et al. [30], the frequency of DCM is 1 in 2 500. DCM is among
the many diseases caused by mutations in ICD protein genes [6]. It has been shown that
factors such as some autoimmune diseases, toxins (alcohol, cobalt) and viral infections
(hepatitis, HIV) may cause or are predisposing factors for DCM, although the mecha-
nisms aren'’t still completely known. [31,32]. Genetic mutations may also either predis-
pose or even cause the disease. Most common genetic factors are mutated dominant

autosomal alleles and recessive X-chromosome alleles. [31]

4.1 Cell-cell interactions in DCM

Mutations in desmosome proteins are the major reason for DCM. Dsc-2, Dsg-2, Dsp and
Pkp-2’s mutations are more often the cause of the DCM, compared to the rest of the

desmosomal proteins’ mutations. [8,33]
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AJ mutations also cause DCM: changes in genes of a-catenin, -catenin, N-cad and Xin-
a. [32] The AJ mutations include overexpression of N-cad and misexpression of E-cad-
herin. J. Li et al. [33] speculated that if there is too much cadherin or catenin compared
to myofibrils, the force transduction of cadherin-myofibril connection becomes less effi-
cient due to changed contractile dynamics. N-cad’s overexpression also causes intra-
cardiac thrombus and cardiac calcification. Their study revealed that when N-cad gene
is completely knocked out in mice with completely developed myocardium, desmo-
somes, AJs and the whole intercalated structures are lost, and DCM occurs along with
cardiac dysfunction. This led to sudden cardiac death within 2 months after the removal
of N-cad. Another outcome was that sarcomeres shortened, and Z-lines of cardiac mus-
cles thickened. [34]

Mutations in GJs may induce DCM. Connexins are delivered to GJ’s in dephosphorylated
state, but active connexons require phosphorylated connexons. Dephosphorylation of
GJ’s connexins cause dysfunction of the junction’s normal behaviour. Particularly Cx43’s
increased dephosphorylation has been noticed in DCM, as phosphorylation of CX43
causes its displacement on the CM, leading to slower conduction velocity. [34] Metavin-
culin mutations such as missense mutations have also been noticed to cause DCM, as
metavinculin affects the actin interaction of the cell through changes in actin filament

organization [35].

4.2 Cell-extracellular matrix interactions in DCM

There are no clear junction structures between healthy, fully matured CMs and ECM but
the cells are connected to the ECM with collagen fibres by fibronectin and laminin. DCM
alters these connections. J. Bishop et al. [36] found out that the concentration of collagen
may be 2-fold, and D. Unverferth et al. [37] claimed the concentration could be even 5-
fold in DCM. Unrestricted growth of the collagen network leads to enlarged ECM which
may cause overload on CMs. Changes in collagen network also contribute to weakened
transmitting of forces between myofibrils and collagen which decreases heart pressure
and dilates the heart. Increased amount of collagen is also related to fibrosis of the heart.
[38] Increased collagen concentration could explain the stiffening of the heart walls, while

enlarged ECM causes the heart to enlarge.
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5. CONCLUSIONS

Heart is a complex structure where almost everything is somehow connected to every-
thing. As Figure 3 demonstrated, the junctions have some same proteins and are con-
nected to form ICDs, bigger functional units of cardiac tissue. ICD structure makes the
tissue congruent by fusion of neighbouring cells. Forming GJs connect the neighbouring
cells’ cytoplasms, allowing free flow of ions between cells while AJs and desmosomes
keeps the disc structure intact and mechanically stable. Mechanically sensitive ion chan-
nels are the key to MEF system, which responds to different phases of heart beating. As
mechanosensitive structures such as cadherin-linking junctions are reinforced through
increased stretch, it is clear how exercise is good for heart by making it stronger and

more durable.

Studying the effects of forces on different time scales, particularly long-term forces’ im-
pact on the heart cells, could reveal more about the onset of heart diseases. It may
possible that forces of certain strength combined with certain time could trigger cell sig-
nalling pathways which would lead to abnormal protein expression: too much or too little
of certain proteins, wrong regulation of phosphorylation, etc. Abnormal protein expres-
sion may affect adversely ICD structures, changing their proteins, modifying AJs, GJs
and desmosomes. At the level of the whole organ, those structural alterations can lead

to diseases such as DCM.

Various methods of study are used to observe the function of the heart and cardiomyo-
cytes. Atomic force microscopy-based single cell force spectroscopy, dual pipette aspi-
ration, electron microscopy and particle image velocimetry are just few examples of
methods which have helped cardiac research. They all have their advantages and dis-
advantages which is why it is useful to use them together. These methods have also

contributed to DCM research.

DCM is a serious disease which may be caused by many different mutations in ICD
structures. Mutations may change the mechanosensitive structures, or the mechanical
stability of CMs. DCM’s symptoms may be treated to the point where it does not affect
much the patient’s everyday life, but its root cause is hard to eliminate. In the future, it
may be possible to treat DCM with gene therapy or engineered heart tissue made with

induced pluripotent stem cells, grown to a mould.
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