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The function of the heart relies on its ability to rapidly and efficiently adapt to varying loading
conditions, such as physical exercise. During acute cardiac stress, cardiac output increases sub-
stantially, requiring simultaneous changes in myocardial mechanical load, heart rate regulation,
and autonomic nervous system activity. Disturbances in these regulatory mechanisms may impair
cardiac performance and predispose individuals to cardiovascular dysfunction. Examining cardi-
omyocyte function at the cellular level provides an essential perspective for understanding cardiac
adaptation to acute load.

The aim of this bachelor’s thesis is to examine the regulation of cardiomyocyte function during
acute cardiac load, with particular emphasis on the effects of mechanical load, increased heart
rate, and activation of the sympathetic nervous system. The thesis addresses the structure and
electrical activity of cardiomyocytes, the generation of the action potential, and the central role of
calcium in myocardial contraction and relaxation. In addition, key proteins involved in cardiomyo-
cyte calcium homeostasis are discussed, including L-type calcium channels, ryanodine receptors,
the sarcoplasmic reticulum calcium pump (SERCA), and the sodium-calcium exchanger.

This thesis was conducted as a literature review based on current international research on
the physiology of cardiac loading and cellular regulatory mechanisms in cardiomyocytes. The
effects of mechanical load are examined through cardiomyocyte stretch, stretch-sensitive recep-
tors, and mechano-electric coupling, in which mechanical stimuli are converted into electrical re-
sponses. Furthermore, the effects of loading on action potential morphology and ion channel
function are discussed. With respect to increased heart rate, the thesis addresses the force-fre-
quency relationship and its underlying cellular mechanisms, including enhanced calcium cycling
and increased sarcoplasmic reticulum calcium content.

In addition, the effects of sympathetic nervous system activation on cardiomyocytes are ex-
amined through B-adrenergic signaling pathways. Sympathetic stimulation modulates the function
of ion channels and calcium-handling proteins primarily via protein kinase A and CaMKI|, resulting
in changes in action potential characteristics, increased contractile force, and accelerated relax-
ation. The thesis also addresses the recovery of these acute sympathetic effects following the
cessation of cardiac load.

Based on the reviewed literature, the cardiomyocyte response to acute cardiac load arises
from the combined effects of multiple overlapping and interconnected regulatory mechanisms.
Mechanical load, increased heart rate, and sympathetic stimulation converge on shared intracel-
lular pathways, particularly those governing calcium handling and the electrical properties of car-
diomyocytes. The integration of these mechanisms enables efficient and flexible cardiac adapta-
tion to acute stress, while under certain conditions potentially increasing susceptibility to electrical
instability and arrhythmias.

Keywords: cardiomyocyte, calcium regulation, mechanical load, heart rate, sympathetic nerv-
ous system, exercise physiology.
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Sydamen toiminta, perustuu sen kykyyn sopeutua nopeasti ja tehokkaasti vaihteleviin
kuormitustilanteisiin, kuten fyysiseen rasitukseen. Liikunnan ja muiden &killisten
kuormitustilanteiden aikana sydamen minuuttitilavuus kasvaa merkittavasti, mika edellyttaa
samanaikaista muutosta sydanlihaksen mekaanisessa kuormituksessa, sykkeen saatelyssa seka
autonomisen hermoston toiminnassa. Naiden saatelymekanismien hairiét voivat heikentaa
sydamen suorituskykya ja altistaa erilaisille sydan- ja verenkiertoelimiston toimintahairidille.
Sydanlihassolujen toiminnan tarkastelu solutasolla tarjoaa keskeisen nakoékulman sydamen
kuormitukseen sopeutumisen ymmartamiseen.

Taman kandidaatintydn tavoitteena on tarkastella sydanlihassolujen toiminnan saatelya
akillisen kuormituksen aikana keskittyen erityisesti mekaanisen kuormituksen, sykkeen nousun
ja sympaattisen hermoston aktivoitumisen vaikutuksiin. Tydssa kasitelldan sydanlihassolujen
rakennetta ja sahkoista toimintaa, aktiopotentiaalin muodostumista seka kalsiumin keskeista
roolia sydanlihaksen supistuksessa ja relaksaatiossa. Lisaksi tarkastellaan sydanlihassolujen
kalsiumtasapainon kannalta keskeisia proteiineja, kuten L-tyypin kalsiumkanavia,
ryanodiinireseptoreita, sarkoplasmakalvoston kalsiumpumppua (SERCA) seka natrium-kalsium-
pumppua.

Tutkielma toteutettiin kirjallisuuskatsauksena hyddyntden ajankohtaista kansainvalista
tutkimuskirjallisuutta syddmen kuormituksen fysiologiasta ja sydanlihassolujen solutason
saatelymekanismeista. Mekaanisen kuormituksen vaikutuksia tarkastellaan sydanlihassolujen
venytyksen ja venytysherkkien reseptorien kautta sekd mechano-elektrisen kytkennan
nakokulmasta, jossa mekaaniset arsykkeet muuntuvat sahkdisiksi vasteiksi. Lisaksi kasitellaan
kuormituksen vaikutuksia aktiopotentiaalin muotoon ja ionikanavien toimintaan. Sykkeen nousun
osalta ty0ssa tarkastellaan force-frequency -suhdetta ja sen taustalla olevia solutason
mekanismeja, kuten kalsiumin lisdantynytta kiertoa ja sarkoplasmakalvoston tayttdastetta.

Lisdksi tutkielmassa kasitellddn sympaattisen hermoston aktivoitumisen vaikutuksia
sydanlihassoluihin (3-adrenergisen signaloinnin kautta. Sympaattinen stimulaatio vaikuttaa
ionikanavien ja kalsiumia k&sittelevien proteiinien toimintaan erityisesti proteiinikinaasi A:n ja
CaMKIl:n valitykselld, mikd johtaa aktiopotentiaalin muutoksiin, supistusvoiman lisdantymiseen
seka relaksaation nopeutumiseen. Tydssa tarkastellaan myds akuutin sympaattisen stimulaation
vaikutusten palautumista kuormituksen paatyttya.

Kirjallisuuskatsauksen perusteella sydanlihassolujen vaste &killiseen kuormitukseen
muodostuu useiden osittain paallekkaisten ja toisiinsa kytkeytyvien saatelymekanismien
yhteisvaikutuksesta. Mekaaninen kuormitus, sykkeen nousu ja sympaattinen stimulaatio
vaikuttavat monilta osin samoihin solunsisaisiin prosesseihin, erityisesti kalsiumin kasittelyyn ja
sydanlihassolujen sahkdisiin ominaisuuksiin. Naiden mekanismien integraatio mahdollistaa
sydamen tehokkaan ja joustavan sopeutumisen &killiseen kuormitukseen, mutta voi tietyissa
olosuhteissa myos lisatéd sydamen sahkdisen epavakauden ja rytmihairididen riskia.

Avainsanat: sydanlihassolu, kalsiumin saately, mekaaninen kuormitus, syke, sympaattinen
hermosto, liikuntafysiologia
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1.INTRODUCTION

The human heart must continuously adapt its contractile output to rapidly changing phys-
iological demands. During exercise or acute stress, mechanical load, heart rate, and
sympathetic activation increase simultaneously, placing coordinated electrical, mechan-
ical, and metabolic demands on cardiomyocytes. The ability of the heart to respond ef-
fectively to these challenges depends on tightly integrated regulation at the cellular level.

The structural organization of cardiomyocytes underlying these processes is illustrated
in Figure 1. Cardiomyocytes function as electromechanical units in which membrane ex-
citability, intracellular calcium (Ca?*) cycling, and energy supply are inseparably linked.
Action potential generation is governed by the coordinated activity of sodium, potassium,
and calcium channels, while excitation-contraction coupling relies on precise control of
Ca?" influx through L-type calcium channels, release from the sarcoplasmic reticulum via
ryanodine receptors, and subsequent reuptake by sarco reticulum Ca?**-ATPase
(SERCA) and extrusion through the sodium-calcium exchanger (Liu et al, 2022;
Valentim, Brahmbhatt and Tupling, 2022). Mitochondrial function further supports this
process by matching ATP production to contractile demand (Sutanto and Heijman,
2022). It is important to note that much of the current understanding of these mecha-
nisms is derived from in vitro and animal models. While these experimental systems
enable detailed investigation of cellular processes, they do not fully replicate the struc-
tural and functional properties of adult human cardiomyocytes, and species-specific dif-
ferences must be considered when interpreting these findings.
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Figure 1. Structural organization of a cardiomyocyte from the cellular to the sarco-
mere level. The figure illustrates key components including myofibrils, sarcomeres,
Z-discs and the arrangement of thin (actin) and thick (myosin) filaments, as well as
the sarcoplasmic reticulum and t-tubules, which are essential for excitation-contrac-
tion coupling. Created with (BioRender.com).

In addition to electrical regulation, cardiomyocytes are highly sensitive to mechanical
stress. Changes in preload, afterload, and ventricular wall tension influence sarcomere
stretch, ion channel behavior, and the structural organization of transverse t-tubules, as
illustrated in Figure 1, thereby modulating both electrophysiological properties and Ca?*
handling efficiency (Kim, Son and Woo, 2018; Ruud et al., 2024). Mechanotransduction
pathways ensure that mechanical deformation is translated into biochemical and func-
tional adaptation at the cellular level (Coscarella et al., 2023).

Cardiac performance is also regulated by heart rate and autonomic nervous system ac-
tivity. Electrical impulses generated in the sinoatrial node propagate through the cardiac
conduction system, including the atrioventricular node and Purkinje fibers, coordinating
myocardial contraction. During sympathetic activation, increases in heart rate and intra-
cellular calcium cycling enhance cardiac contractility, enabling the heart to meet in-
creased physiological demands.(Mora et al., 2021; Shen et al., 2022).

Although the individual effects of mechanical load, increased heart rate, and sympathetic
stimulation have been widely studied, these factors rarely occur in isolation in vivo. Dur-
ing acute physiological challenges, they act concurrently, potentially interacting at shared
molecular targets that regulate electrophysiology and intracellular Ca?* homeostasis.
The integrated cellular consequences of these stressors remain poorly understood, par-
ticularly in human cardiomyocytes.



Therefore, this dissertation examines how sudden increases in mechanical load, heart
rate, and sympathetic activation individually affect the electrophysiological properties
and calcium handling of human cardiac muscle cells.



2.STRUCTURE AND ELECTRICAL ACTIVITY OF
CARDIAC MUSCLE CELLS

2.1 Structure and main components of cardiomyocytes

Cardiac muscle cells, or cardiomyocytes, are highly specialized, striated cells that form
the structural and functional basis of the myocardium. (Noorman et al., 2009) describe
cardiomyocytes as elongated and branched cells characterized by a centrally located
nucleus and a highly organized contractile apparatus composed of sarcomeres. A defin-
ing feature highlighted in their work is the exceptionally high mitochondrial density of
cardiomyocytes, which reflects the continuous energy demand required to sustain life-
long rhythmic contraction.

In addition to their intracellular organization, cardiomyocytes rely on specialized cell-cell
junctions to function as an integrated tissue. According to Noorman et al. (2009), neigh-
boring cardiomyocytes are mechanically and electrically coupled via intercalated discs,
which contain adherens junctions and desmosomes that provide mechanical stability, as
well as gap junctions that enable electrical communication. This combination of mechan-
ical and electrical coupling allows the myocardium to behave as a functional syncytium,
ensuring efficient force transmission during each cardiac cycle.

While early studies emphasized the dual mechanical and electrical roles of intercalated
discs, more recent work by Nielsen et al. (2023) has further refined this view by high-
lighting the central importance of gap junction-mediated electrical coupling. They demon-
strate that connexin proteins such as connexin-43 are critical for the rapid propagation
of action potentials across the myocardium. This finding underscores how subtle
changes in junctional composition can have profound effects on cardiac electrical syn-
chrony.

The close structural relationship between the sarcolemma, transverse tubules, and the
sarcoplasmic reticulum further links cellular architecture to function. Both Noorman et
al.(2009); Nielsen et al. (2023) emphasize that efficient excitation-contraction coupling
depends on the rapid transmission of electrical signals from the cell membrane to intra-
cellular calcium-handling systems. Together, these studies illustrate how cardiomyocyte
structure and electrical activity are inseparably connected, forming the basis for the elec-
trophysiological mechanisms discussed in subsequent sections.

2.2 Action potential and ion channels

The cardiac action potential arises from the coordinated activity of multiple ion channels
that regulate the flow of ions across the cardiomyocyte membrane. These channels de-
termine the characteristic phases of the action potential and thereby control electrical
excitability, impulse propagation, and excitation-contraction coupling. As illustrated in
Figure 2a-b, distinct ion currents dominate different phases of the cardiac action poten-
tial. Jeevaratnam et al. (2018) emphasize that the functional properties of cardiac ion



channels are tightly linked to the physiological state of cardiomyocytes, highlighting their
central role in maintaining normal cardiac rhythm and adaptability.
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Figure 2. (a) Schematic representation of ion fluxes underlying the phases (0—4) of
the cardiac action potential across the cardiomyocyte membrane. (b) Typical ventric-
ular action potential curve illustrating phases 0—4. Phase 0 is driven by rapid Na*
influx, phase 1 by transient K” efflux, phase 2 by a balance between Ca?*influx and
K*efflux, phase 3 by K -mediated repolarization, and phase 4 represents the resting
membrane potential. Figure (a) adapted from Jeevaratnam et al. (2018) and (b) cre-

ated with (BioRender.com).

The rapid depolarization phase (phase 0) of the action potential is primarily mediated by
voltage-gated sodium channels, which generate a fast inward sodium current and enable
rapid electrical conduction (Figure 2a—b). This is followed by an early repolarization
phase (phase 1), shaped by transient outward potassium currents. The plateau phase



(phase 2), a defining feature of cardiac action potentials, is maintained by a balance
between inward calcium currents through L-type calcium channels and outward potas-
sium currents (Jeevaratnam et al., 2018). The sustained calcium influx during this phase
is essential for triggering calcium-induced calcium release from the sarcoplasmic reticu-
lum, thereby directly linking electrical activity to mechanical contraction. Final repolariza-
tion (phase 3) is governed by delayed rectifier potassium channels, which restore the
resting membrane potential and prepare the cell for subsequent excitation, returning the
membrane potential to phase 4 (Figure 2b).

Building on this mechanistic framework, Seibertz et al. (2023) demonstrate that the ex-
pression levels and functional contribution of these ion channels critically influence action
potential duration and morphology, as well as intracellular calcium-handling efficiency.
Their findings show that alterations in ion channel activity can modify both electrical sta-
bility and contractile performance, particularly in cardiomyocytes at different stages of
maturation. This dynamic regulation becomes especially important under conditions of
increased cardiac demand, such as elevated heart rate or mechanical load, where even
subtle changes in action potential characteristics may have significant physiological con-
sequences.

2.3 Role of calcium in contraction and relaxation regulation

Calcium ions play a central role in the regulation of cardiomyocyte contraction and relax-
ation, serving as the key link between electrical excitation and mechanical force gener-
ation. Excitation-contraction coupling relies on tightly controlled intracellular calcium cy-
cling, in which relatively small changes in calcium concentration can produce large ef-
fects on contractile activity. Calcium fluxes between the sarcolemma, sarcoplasmic re-
ticulum, and cytosol are precisely coordinated to ensure efficient and synchronous car-
diac contraction. Seibertz et al. (2023) highlight that the efficiency and coordination of
calcium handling are closely linked to the electrophysiological properties of cardiomyo-
cytes and are essential for stable cardiac function.

During the plateau phase of the action potential, calcium enters the cardiomyocyte
through L-type calcium channels located in the sarcolemma and transverse tubules. This
initial influx triggers calcium-induced calcium release from the sarcoplasmic reticulum via
ryanodine receptors, resulting in a rapid increase in cytosolic Ca?* concentration. Ernst
et al. (2022) describe how the resulting calcium transient binds to troponin C and initiates
cross-bridge cycling between actin and myosin filaments, ultimately producing cardiomy-
ocyte contraction. Both the amplitude and the kinetics of the calcium transient are critical
determinants of contractile strength and timing.

Efficient relaxation of cardiomyocytes requires the rapid removal of calcium from the cy-
tosol. According to Seibertz et al. (2023), this process is primarily mediated by reuptake
of Ca?* into the sarcoplasmic reticulum via the SERCA pump and by extrusion of calcium
through the sodium-calcium exchanger (NCX). Maintaining a proper balance between
calcium release and reuptake is particularly important at higher heart rates, where im-
paired calcium clearance can prolong relaxation and compromise diastolic function.



Beyond these global calcium fluxes, subcellular organization plays an important role in
fine-tuning calcium regulation. Liu et al. (2022) demonstrate that functional coupling be-
tween cardiac dyads, formed by L-type calcium channels and ryanodine receptors, and
mitochondria enables localized calcium signaling and efficient matching of energy supply
to contractile demand. Mitochondrial calcium uptake supports ATP production required
for sustained contraction while simultaneously contributing to the regulation of intracel-
lular calcium homeostasis. Disruption of this structural and functional interplay may
therefore lead to altered calcium dynamics and reduced contractile efficiency. As dis-
cussed above, intracellular calcium regulation is a key determinant of cardiomyocyte
function, linking electrical activity to mechanical contraction.

2.4 Key proteins involved in calcium handling

Efficient calcium handling in cardiomyocytes depends on the coordinated function of sev-
eral key proteins that regulate calcium entry, release, reuptake, and extrusion. Together,
these proteins form an integrated regulatory network that determines the amplitude and
timing of intracellular calcium transients, thereby ensuring effective excitation-contraction
coupling and relaxation. Sutanto and Heijman, (2022) emphasize that dysregulation at
any level of this system can impair contractility and increase susceptibility to cardiac
arrhythmias, a concept that is further supported by detailed analyses of calcium transport
mechanisms by Valentim, Brahmbhatt and Tupling, (2022).

L-type calcium channels (LTCCs), located primarily in the sarcolemma and transverse
tubules, serve as the main pathway for calcium entry during the plateau phase of the
action potential. In addition to contributing directly to the cytosolic calcium transient, cal-
cium influx through LTCCs triggers calcium-induced calcium release from the sarcoplas-
mic reticulum (Valentim, Brahmbhatt and Tupling, 2022). They highlight that LTCC ac-
tivity is tightly regulated by membrane potential and phosphorylation-dependent signal-
ing pathways, enabling rapid adaptation of calcium entry to changes in cardiac workload.

Calcium release from the sarcoplasmic reticulum is mediated by ryanodine receptors
(RyRs), whose coordinated opening is essential for generating a uniform calcium transi-
ent across the cardiomyocyte. Sutanto and Heijman, (2022) describe how altered RyR
function, including increased diastolic calcium leak, can disrupt intracellular calcium ho-
meostasis and promote electrical instability. Such RyR-mediated calcium dysregulation
has also been implicated in the initiation and maintenance of atrial arrhythmias, as dis-
cussed by Heijman et al. (2014).

Following contraction, calcium is rapidly removed from the cytosol to allow relaxation.
Reuptake into the sarcoplasmic reticulum is primarily mediated by the SERCA pump,
which determines both the rate of relaxation and the refilling of intracellular calcium
stores. Valentim, Brahmbhatt and Tupling, (2022) emphasize that SERCA function is a
key determinant of diastolic performance, particularly at higher heart rates where rapid
calcium cycling is required to maintain efficient cardiac output.

In parallel with intracellular reuptake, excess calcium is extruded from the cardiomyocyte
mainly via the NCX. While NCX plays an essential role in long-term calcium balance,
Sutanto and Heijman, (2022) note that its electrogenic nature allows it to influence mem-
brane potential, thereby directly linking calcium handling to cardiac electrophysiology
and arrhythmogenesis.



Together, LTCCs, RyRs, SERCA, and NCX constitute a finely tuned regulatory network
that governs cardiomyocyte calcium dynamics. The balanced interaction between these
proteins supports efficient contraction and relaxation under physiological conditions,
whereas disturbances in their regulation can contribute to maladaptive responses during
increased cardiac load or disease.



3. MECHANICAL STRESS AND ITS INDICATORS

Mechanical stress is a fundamental determinant of cardiac performance and adaptation,
reflecting the forces the myocardium experiences during the cardiac cycle. In cardiac
physiology, mechanical stress encompasses the internal forces generated within the
ventricular wall as it fills and ejects blood, commonly defined in terms of preload, after-
load, and wall tension (Norton, 2001; Ruud et al., 2024). Preload and afterload are not
independent “boxes” but interact to shape myocardial mechanics and the heart’s con-
tractile response.

Preload refers to the degree of stretch experienced by the ventricular myocardium at the
end of diastole and is closely related to left ventricular end-diastolic volume and pressure.
According to classic descriptions of the Frank-Starling mechanism, increased preload
leads to enhanced sarcomere stretch and consequently greater force generation, in-
creasing stroke volume as long as the myocardium operates within its physiological
range (Ross, Franklin and Sasayama, 1976). Norton, (2001) emphasizes this relation-
ship as central to defining preload clinically, while Ruud et al. (2024) extend the concept
by showing how moderate increases in preload also affect subcellular structures such
as t-tubules and calcium handling, suggesting that preload has both macroscopic and
cellular consequences.

Afterload, by contrast, represents the load against which the heart must contract to eject
blood during systole. It can be conceptualized as the effective resistance encountered
by the ventricle, often approximated clinically by systemic arterial pressure (Norton,
2001). Increased afterload generally reduces stroke volume for a given preload by in-
creasing the energy the ventricle must expend to overcome resistance, a relationship
depicted in pressure-volume analyses of ventricular function. Unlike preload, which line-
arly augments contractile force via sarcomere stretch, afterload also alters the velocity
of myocardial shortening and can shift the operating point of the Frank-Starling curve,
illustrating that preload and afterload interact to define net cardiac output (Schotola et
al., 2017).

Ventricular wall tension itself is influenced by both preload and afterload and can be
described mathematically by adaptations of the Law of LaPlace, which relates wall stress
to ventricular pressure, radius, and wall thickness. As wall stress increases, so does the
energetic cost of contraction, imposing additional demands on cellular calcium handling
and metabolic supply (Norton, 2001; Ruud et al., 2024). Ruud et al. (2024) work inte-
grates these organ-level mechanics with changes in cardiomyocyte microstructure, indi-
cating that chronic mechanical loading not only alters bulk ventricular mechanics but also
triggers remodeling at the subcellular level-linking physiology to pathophysiology.

Recent research also indicates that mechanical stress influences subcellular structures,
such as the organization of t-tubules in cardiomyocytes, and can modify calcium sig-
naling and handling. Both moderate increases in preload and afterload are associated
with adaptive enhancements in t-tubule density and calcium cycling, whereas excessive
loading promotes maladaptive remodeling and impaired calcium homeostasis (Ruud et
al., 2024).
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Collectively, preload, afterload, and resultant wall tension serve as integrative markers
of mechanical stress that shape myocardial contractile behavior and long-term adapta-
tion to physiological and pathological conditions. Framing these variables as interacting
components rather than isolated metrics helps illustrate how mechanical stress is sensed
and translated into both acute contractile adjustments and longer-term structural remod-
eling (Ross, Franklin and Sasayama, 1976).

3.1 Integration of mechanical load, heart rate and sympathetic
activation

Cardiac stress at the organism level arises from the tightly coordinated interaction of
mechanical loading conditions, heart rate regulation, and autonomic nervous system ac-
tivation. Mechanical load, defined through preload, afterload, and ventricular wall ten-
sion, represents a primary determinant of myocardial stress (Norton, 2001). These pa-
rameters not only shape ventricular mechanics and energy demand but also influence
cardiomyocyte structure and calcium handling, linking organ-level function to cellular pro-
cesses (Ruud et al., 2024). Rather than acting as independent determinants of cardiac
performance, these factors form an integrated regulatory network that aligns cardiac out-
put with metabolic demand.

An increase in heart rate represents a central mechanism by which the heart adapts to
elevated functional demand. At the cellular level, higher pacing frequency increases the
rate of action potential generation and calcium cycling, requiring efficient coordination of
calcium influx, release, and reuptake. As demonstrated by Shen et al. (2022) in engi-
neered heart tissue derived from human induced pluripotent stem cell cardiomyocytes
(iPSC-CMs), physiological pacing enhances calcium handling efficiency and supports
more synchronized and robust contractions. However, iPSC-CMs exhibit an immature
phenotype compared to adult cardiomyocytes, and in this context, maturation refers to
the development of more adult-like electrophysiological and calcium-handling properties.
Therefore, while these findings provide important mechanistic insight, their direct trans-
lation to the adult human heart requires careful consideration.

In parallel, activation of the sympathetic nervous system amplifies cardiac performance
through B-adrenergic signaling. The release of catecholamines increases heart rate, con-
tractility, and conduction velocity, while simultaneously enhancing calcium handling ca-
pacity at the cellular level (Fender et al., 2023). This modulation ensures that excitation—
contraction coupling remains efficient under increased demand, linking systemic regula-
tion to intracellular calcium dynamics.

Importantly, heart rate and sympathetic stimulation do not operate as separate mecha-
nisms but converge on common cellular targets, particularly ion channels and calcium-
handling proteins. Both processes enhance calcium cycling and contractile performance
but also increase the reliance on tightly regulated intracellular homeostasis. In addition,
mechanical loading interacts with these regulatory mechanisms by modulating cellular
structure and calcium signaling pathways. Ruud et al. (2024) demonstrate that changes
in preload and afterload influence t-tubule organization and thereby affect the spatial
coordination of calcium release, linking organism-level mechanics directly to intracellular
function.
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When coordinated effectively, these mechanisms support rapid and flexible adaptation
to acute cardiac stress. However, when regulatory capacity is exceeded, such as during
sustained or excessive stimulation, the same pathways may contribute to calcium imbal-
ance and increased susceptibility to electrical instability and arrhythmias. Thus, cardiac
stress at the organism level should be understood as an integrated physiological state in
which mechanical load, pacing frequency, and autonomic regulation act synergistically
to shape cardiomyocyte function.
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4. MECHANICAL STRETCHING OF CARDIAC MUS-
CLE CELLS AND STRETCH RECEPTORS

Mechanical stretching of cardiomyocytes represents the primary cellular interface
through which changes in preload and afterload are translated into intracellular re-
sponses (Norton, 2001; Ruud et al., 2024). While preload and afterload are defined at
the organ level, Ruud et al. (2024) demonstrate that sustained alterations in loading con-
ditions directly remodel cardiomyocyte ultrastructure, particularly t-tubule organization.
This structural remodeling indicates that mechanical stress is not merely sensed acutely
but integrated into long-term cellular architecture.

Mechanotransduction is mediated by stretch-sensitive membrane structures, mechano-
sensitive ion channels, and cytoskeletal elements that transmit deformation toward intra-
cellular signaling hubs (Coscarella et al., 2023). In addition to sarcolemmal channels
described by Peyronnet, Nerbonne and Kohl, (2016), the nucleus itself functions as a
mechanosensor, modulating gene expression in response to altered mechanical strain
(Coscarella et al., 2023). These findings expand the concept of stretch sensing beyond
ion flux modulation to include structural and transcriptional adaptation.

Importantly, mitochondrial function has emerged as a central mediator linking mechani-
cal deformation to metabolic regulation. Kim, Son and Woo, (2018) and Liu et al. (2022)
demonstrate that mechanical stimuli influence mitochondrial calcium uptake, thereby
coupling contractile demand to ATP production. This mitochondrial response integrates
with the dyadic microarchitecture discussed by Ruud et al. (2024), as structural integrity
of t-tubules and dyads is essential for coordinated calcium signaling. Thus, mechanical
stretch simultaneously reshapes membrane architecture, ion channel behavior, and mi-
tochondrial energetics, forming a multi-layered adaptive response.

4.1 Mechano-electrical coupling

Mechano-electrical coupling represents the functional bridge between mechanical defor-
mation and electrical behavior in cardiomyocytes. Much of the current understanding of
these mechanisms is derived from experimental models, including in vitro cell systems
and animal studies. While these models allow detailed investigation of cellular pro-
cesses, they do not fully replicate the structural and functional properties of adult human
cardiomyocytes, and species-specific differences must be considered when interpreting
the results. Mechanical stretch alters ion channel activity and membrane excitability,
thereby modulating action potential characteristics (Peyronnet, Nerbonne and Kohl,
2016; Fillafer, Paeger and Schneider, 2021). However, this electrophysiological re-
sponse cannot be separated from structural and subcellular organization.

Nielsen et al. (2023) and Noorman et al. (2009) emphasize that the intercalated disc
forms a specialized platform for electromechanical synchrony, integrating mechanical
junctions with gap junction-mediated electrical coupling. Mechanical stress therefore af-
fects not only single-cell ion channels but also cell-cell conduction pathways. Coscarella
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et al. (2023) further extend this concept by demonstrating that nuclear mechanosensing
contributes to electrical remodeling through altered gene regulation. Together, these
studies suggest that mechano-electrical coupling operates across membrane, cytoskel-
etal, and nuclear levels.

Under physiological loading, these mechanisms support coordinated excitation-contrac-
tion coupling. However, excessive or chronic mechanical stress may destabilize this in-
tegration. Heijman et al. (2014) and Peyronnet, Nerbonne and Kohl, (2016) describe how
stretch-induced modulation of ion channels can promote arrhythmogenic triggers when
regulatory balance is lost. Thus, mechano-electrical coupling represents both an adap-
tive mechanism and a potential substrate for electrical instability.

4.2 Effects on action potential and ion channel function

Mechanical loading modifies cardiac action potentials primarily through its effects on ion
channel gating and membrane properties (Fillafer, Paeger and Schneider, 2021).
Stretch-activated non-selective cation channels and potassium channels play central
roles in this process (Peyronnet, Nerbonne and Kohl, 2016; Jeevaratnam et al., 2018).
Increased sodium and calcium influx during stretch can promote depolarization, while
alterations in potassium currents influence repolarization and action potential duration.

These acute electrophysiological responses are closely linked to calcium handling sys-
tems. Ritzer et al. (2023) show that rapid pacing reduces L-type Ca?* current and alters
Cacnalc expression, illustrating how sustained electrical stress feeds back to modify
calcium channel function. Similarly, Knierim et al. (2024) and Seibertz et al. (2023)
demonstrate that chronic physiological pacing reshapes both electrophysiology and cal-
cium cycling in human iPSC-derived cardiomyocytes. These findings align with the
mechanosensitive channel behavior described by Peyronnet, Nerbonne and Kohl,
(2016), suggesting that mechanical and electrical stimuli converge on shared ion channel
networks.

Under pathological loading, dysregulation of these systems may enhance arrhythmo-
genic risk. Heijman et al. (2014) describe how altered action potential duration and cal-
cium instability contribute to atrial fibrillation, while Chung et al. (2023) and van Weperen,
Vos and Ajijola, (2021) highlight how autonomic modulation further amplifies electrical
vulnerability. Mechanical stress therefore interacts with both intrinsic ion channel prop-
erties and extrinsic autonomic signaling, forming a complex arrhythmogenic substrate.

4.3 Effects on calcium release and reuptake

Calcium handling is the central integrative mechanism through which mechanical loading
influences contractile performance. During excitation-contraction coupling, calcium re-
lease from the sarcoplasmic reticulum via ryanodine receptors triggers force generation
(Bers, 2002; Liu et al., 2022). Mechanical stretch modulates ryanodine receptor sensitiv-
ity and calcium transient amplitude, thereby adjusting contractile strength in accordance
with loading conditions (Popoiu, Maack and Bertero, 2023).
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This stretch-dependent modulation aligns with the FFR described in engineered heart
tissue models Saleem et al. (2020) and pacing-induced maturation studies Shen et al.
(2022), indicating that mechanical and electrical stimuli jointly regulate calcium cycling
efficiency. Moreover, SERCA-mediated calcium reuptake, essential for diastolic relaxa-
tion, is sensitive to both mechanical and neurohumoral regulation (Valentim, Brahmbhatt
and Tupling, 2022). Mora et al. (2021) and Fender et al. (2023)further show that 3-ad-
renergic remodeling alters calcium handling under chronic stress, linking cellular mech-
anotransduction to systemic sympathetic regulation.

Mitochondrial calcium signaling adds another layer of control. Popoiu, Maack and
Bertero, (2023) and Liu et al. (2022) demonstrate that mitochondrial calcium uptake co-
ordinates redox balance and ATP production with contractile demand. When mechanical
stress becomes excessive, disruption of this finely tuned network may impair calcium
reuptake, destabilize membrane excitability, and promote arrhythmias (Heijman et al.,
2014; Peyronnet, Nerbonne and Kohl, 2016).

Taken together, mechanical loading affects cardiomyocytes through an integrated net-
work involving stretch sensing, mechano-electrical coupling, ion channel modulation,
and calcium cycling. Structural remodeling of t-tubules Ruud et al. (2024), mechanosen-
sitive channel activation Peyronnet, Nerbonne and Kohl, (2016), mitochondrial calcium
regulation Kim, Son and Woo, (2018); Ruud et al. (2024), and autonomic modulation
Chung et al. (2023) converge on shared intracellular pathways. Cellular adaptation to
mechanical stress therefore depends on coordinated regulation across structural, elec-
trical, and metabolic domains. When this integration is preserved, mechanical loading
supports physiological adaptation. When disrupted, it creates a substrate for contractile
dysfunction and arrhythmogenesis.
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5.EFFECTS OF INCREASED HEART RATE ON
CARDIAC MUSCLE CELL FUNCTION

5.1 Force-frequency relationship and its cellular mechanisms

The FFR represents a central intrinsic mechanism by which increased heart rate en-
hances myocardial contractile force (Valentim, Brahmbhatt and Tupling, 2022). While
classically described as a frequency-dependent increase in force generation, contempo-
rary evidence indicates that the FFR emerges from coordinated remodeling of calcium
cycling, membrane excitability, and cellular energetics rather than from calcium accumu-
lation alone.

At the core of the positive FFR is frequency-dependent enhancement of intracellular cal-
cium handling. Increased stimulation frequency augments calcium influx through L-type
calcium channels and promotes greater sarcoplasmic reticulum (SR) calcium loading,
thereby increasing calcium release during systole (Valentim, Brahmbhatt and Tupling,
2022). However, pacing studies in engineered human myocardium demonstrate that the
strength of this relationship depends on the maturity and synchronization of the calcium
cycling machinery. Shen et al. (2022) show that physiological calcium conditions com-
bined with electrical pacing accelerate maturation of excitation-contraction coupling sys-
tems, thereby reinforcing the force-frequency response. Similarly, Knierim et al. (2024)
report that chronic physiological pacing modulates both electrophysiology and calcium
handling in human iPSC-derived cardiomyocytes, suggesting that the FFR reflects adap-
tive remodeling in response to sustained frequency stress.

Metabolic adaptation further stabilizes this response. As heart rate increases, energetic
demand rises proportionally. Knierim et al. (2024) link frequency-dependent functional
enhancement to improved coordination between cytosolic and mitochondrial calcium sig-
naling, supporting ATP production at higher workloads. Thus, the positive FFR depends
on integrated calcium-metabolic coupling. When this coordination fails, the FFR be-
comes blunted or negative, a phenomenon commonly observed in pathological myocar-
dium.

5.2 Effect of heart rate on Ca?** cycling and sarcoplasmic retic-
ulum filling

Heart rate directly governs intracellular Ca** cycling by shortening the cardiac cycle and
compressing the time available for calcium release and reuptake (Ernst et al., 2022).
Increased stimulation frequency leads to more frequent activation of L-type Ca** chan-
nels and enhanced SR calcium loading, thereby supporting greater systolic calcium re-
lease (Ritzer et al., 2023). This mechanism underlies the frequency-dependent augmen-
tation of contractile force described in the FFR.
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However, SR filling is not a passive consequence of increased influx, it requires tightly
regulated reuptake mechanisms. SERCA-mediated calcium reuptake must accelerate
proportionally to maintain diastolic calcium balance (Ernst et al., 2022). Valentim,
Brahmbhatt and Tupling, (2022) emphasize that regulation of calcium transport proteins
is central to sustaining physiological performance at higher frequencies. In this context,
frequency-dependent changes in L-type Ca?*" current and channel expression, as
demonstrated by Ritzer et al. (2023), indicate that ion channel remodeling interacts dy-
namically with SR loading capacity.

When reuptake efficiency fails to match increased influx, SR calcium overload or incom-
plete diastolic clearance may occur. This imbalance reduces contractile reserve and in-
creases susceptibility to electrical instability (Ritzer et al., 2023). Thus, heart rate-induced
changes in SR filling represent a balance between enhanced systolic performance and
the risk of calcium dysregulation.

5.3 Change in intracellular Ca*" dynamics at accelerated heart
rates

At accelerated heart rates, intracellular Ca?* dynamics undergo profound temporal re-
structuring. As stimulation frequency increases, calcium transients occur in closer suc-
cession, reducing the time available for complete cytosolic Ca?* clearance (Saleem et
al., 2020). This temporal overlap results in elevated diastolic Ca?* levels and altered
transient kinetics, reflecting functional limits of SR reuptake and extrusion systems.

Saleem et al. (2020)demonstrate that in engineered human myocardium, higher pacing
rates increase force generation up to physiological frequencies, but excessive rates lead
to impaired relaxation and altered calcium transient morphology. These findings align
with the observations of Ernst et al. (2022), which highlight the necessity of efficient
SERCA function for maintaining diastolic stability under frequency stress. Together,
these studies suggest that accelerated heart rates expose the reserve capacity of cal-
cium cycling systems.

Cellular maturation further modulates this response. In stem cell-derived cardiomyo-
cytes, immature calcium handling machinery exaggerates frequency-dependent calcium
accumulation and transient instability (Saleem et al., 2020; Knierim et al., 2024). Shen
et al. (2022) provide complementary evidence that coordinated electrical pacing en-
hances synchronization of calcium release and reuptake, thereby improving adaptation
to higher stimulation frequencies. These data collectively indicate that adaptation to tach-
ycardic conditions depends not only on acute ion flux changes but also on structural and
molecular refinement of calcium handling networks.

Overall, increased heart rate imposes integrated mechanical, electrical, and metabolic
demands on cardiomyocytes. A positive force-frequency response emerges when en-
hanced calcium influx, efficient SR filling, rapid reuptake, and mitochondrial energy sup-
ply remain tightly coordinated. When this integration deteriorates, elevated diastolic Ca**
levels, impaired relaxation, and arrhythmogenic instability may develop, particularly un-
der sustained tachycardia or pathological remodeling.
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6. EFFECTS OF SYMPATHETIC STIMULATION ON
CARDIAC MUSCLE CELLS

6.1 B-adrenergic signaling and receptors

B-adrenergic receptors (B-ARs) are key regulators of cardiac physiology, mediating the
effects of the sympathetic nervous system on heart rate and contractility (van Weperen,
Vos and Ajijola, 2021). Activation of 3-ARs by catecholamines initiates intracellular sig-
naling through G protein-coupled pathways, primarily stimulating adenylate cyclase to
increase cyclic AMP (cAMP) levels, which in turn activates protein kinase A (PKA) (van
Weperen, Vos and Ajijola, 2021; Chung et al., 2023). PKA phosphorylates critical cal-
cium-handling proteins, including L-type calcium channels and phospholamban, enhanc-
ing calcium influx and reuptake into the sarcoplasmic reticulum, thereby accelerating
cardiomyocyte contraction and relaxation cycles (van Weperen, Vos and Ajijola, 2021;
Chung et al., 2023).

In addition to modulating contractility, B-AR signaling affects the electrophysiological
properties of cardiomyocytes, including shortening of action potential duration and in-
creased pacemaker activity, which collectively support the physiological rise in heart rate
under stress or exercise (Chung et al., 2023). The responsiveness of B-ARs is not static,
receptor density, subtypes (81, B2, and 3), and downstream signaling components are
dynamically regulated, allowing fine-tuned control of cardiac output in response to vary-
ing physiological demands (Zhang et al., 2025).

Furthermore, dysregulation of B-AR signaling is implicated in various cardiac patholo-
gies. Chronic overstimulation or receptor desensitization can lead to impaired calcium
handling, reduced contractile efficiency, and increased susceptibility to arrhythmias,
highlighting the clinical relevance of (3-adrenergic modulation in both therapeutic and
pathological contexts (Zhang et al., 2025).

6.2 Integrated effects of PKA and CaMKIl on ion channels and
calcium handling

PKA and CaMKII function as converging effectors of sympathetic stimulation. While PKA
is activated downstream of 3-AR signaling, CaMKI| is stimulated by elevated intracellular
calcium, positioning it as a feedback-sensitive regulator of excitation-contraction cou-
pling (Mora et al., 2021). Together, these kinases coordinate short-term performance
enhancement with intracellular calcium balance.

PKA-mediated phosphorylation enhances L-type Ca** channel conductance, increases
ryanodine receptor sensitivity, and relieves phospholamban inhibition of SERCA, thereby
accelerating both calcium release and reuptake (Mora et al., 2021). CaMKIl, activated
by increased calcium cycling during sympathetic drive, further modulates ryanodine re-
ceptor activity and action potential duration. This dual regulation creates a feedforward
system. Increased B-adrenergic signaling enhances calcium entry, which activates
CaMKIl, which in turn fine-tunes calcium release and electrical behavior.
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Heijman et al. (2014) highlight that excessive CaMKII activation under sustained stress
can destabilize calcium handling and promote arrhythmogenic activity. Thus, while PKA
and CaMKIl are essential for acute adaptation, their persistent activation shifts from
adaptive modulation to pathological remodeling. The same signaling pathways that opti-
mize performance under physiological stress may therefore contribute to electrical insta-
bility when chronically engaged.

6.3 Linking acute electrophysiological enhancement to recov-
ery and long-term stability

Acute sympathetic stimulation shortens action potential duration, enhances repolarizing
potassium currents, and increases contractile force through augmented calcium influx
and SR release (Bers, 2002; Heijman et al., 2014). These coordinated effects increase
cardiac output efficiently during exercise or stress. Yet this enhancement is inherently
transient, intracellular calcium levels rise, metabolic demand increases, and electrophys-
iological reserve is partially consumed.

Termination of sympathetic stimulation requires rapid reversal of these phosphorylation-
driven modifications. Downregulation of 3-AR signaling through receptor desensitization
and internalization limits further cyclic adenosine monophosphate (cAMP) production,
while phosphatases dephosphorylate ion channels and calcium-handling proteins to re-
store baseline function (Tahsili-Fahadan and Geocadin, 2017). Efficient normalization of
calcium homeostasis is particularly critical to prevent delayed afterdepolarizations and
triggered arrhythmias (Heijman et al., 2014).

The balance between activation and recovery therefore determines long-term cardiac
stability. Acute B-adrenergic stimulation is physiologically beneficial because its effects
are tightly reversible. However, repeated or sustained sympathetic activation may over-
whelm recovery mechanisms, leading to persistent kinase activation, impaired calcium
reuptake, and maladaptive electrophysiological remodeling (Bers, 2002; Tabhsili-
Fahadan and Geocadin, 2017). In this context, sympathetic signaling becomes not
merely a regulator of performance but a potential driver of pathological progression.

Together, sympathetic stimulation integrates receptor-level signaling, kinase activation,
ion channel modulation, and calcium cycling into a unified adaptive response. When pre-
cisely regulated, this network enhances contractile strength and electrical responsive-
ness. When dysregulated, it amplifies calcium instability and arrhythmogenic suscepti-
bility. The distinction between physiological adaptation and pathological remodeling thus
depends less on the pathways involved and more on the duration, intensity, and revers-
ibility of their activation
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7.CONCLUSIONS

This thesis addressed the question: How do acute increases in mechanical load, heart
rate, and sympathetic stimulation alter electrophysiology and calcium handling in human
cardiomyocytes? The available evidence indicates that these stressors do not operate
through independent pathways. Instead, their acute effects converge on shared cellular
control systems, most prominently intracellular Ca2* cycling, membrane excitability, and
the structural-metabolic organization that supports excitation-contraction coupling (Liu et
al., 2022; Sutanto and Heijman, 2022).

Acute increases in mechanical load influence both electrophysiology and calcium han-
dling. Stretch-sensitive signaling modifies ion channel behavior and action potential
properties (Peyronnet, Nerbonne and Kohl, 2016), while load-dependent remodeling of
t-tubule architecture alters the spatial coordination of Ca®* release (Ruud et al., 2024).
Even under acute conditions, mechanical stress therefore affects not only force genera-
tion but also the electrical substrate and the efficiency of intracellular Ca?* signaling.

Increased heart rate primarily challenges the temporal limits of Ca?* cycling. Higher stim-
ulation frequency enhances L-type Ca?* influx and sarcoplasmic reticulum loading, sup-
porting a positive FFR when reuptake capacity remains sufficient (Valentim, Brahmbhatt
and Tupling, 2022). However, the shortened diastolic interval reduces the time available
for Ca?* clearance, increasing dependence on efficient SERCA function and coordinated
release-reuptake dynamics (Ernst et al., 2022). When these mechanisms are insufficient,
elevated diastolic Ca?* levels and altered transient kinetics may compromise relaxation
and electrical stability (Saleem et al., 2020).

Acute sympathetic stimulation amplifies both mechanical and frequency-dependent ef-
fects through B-adrenergic signaling. Activation of B-adrenergic receptors increases
cAMP-PKA signaling, enhances Ca?* influx and sarcoplasmic reticulum cycling, and
modifies action potential characteristics to support rate acceleration (Mora et al., 2021;
van Weperen, Vos and Ajijola, 2021). While these changes are adaptive and reversible
under physiological conditions, excessive kinase activation and sustained Ca?* loading
can promote electrical instability and arrhythmogenic triggers (Heijman et al., 2014).

Overall, the combined acute impact of increased mechanical load, heart rate, and sym-
pathetic activation can be summarized as a coordinated shift toward higher Ca?* turnover
and accelerated electrophysiological activity. Adaptation is characterized by efficient SR
refilling, rapid cytosolic Ca?* clearance, synchronized release, and preserved structural
organization. When regulatory capacity is exceeded, the same shared mechanisms that
enhance contractile performance may lead to Ca?* imbalance, impaired relaxation, and
increased susceptibility to arrhythmias.

Thus, acute cardiac stress in human cardiomyocytes represents a tightly integrated, cal-
cium-centered adaptive response whose physiological benefit and pathological risk are
determined primarily by the efficiency, coordination, and reversibility of its underlying
regulatory mechanisms.
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