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ABSTRACT 
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Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a rare inherited arrhythmogenic 
disease in which physical or emotional stress can trigger severe arrhythmias and even lead to 
sudden cardiac death. CPVT can arise from dominant or recessive mutations affecting cardiomy-
ocytes. The most common mutations reside in ryanodine receptor 2 (RYR2), which disrupt intra-
cellular calcium regulation and homeostasis. During systolic depolarization, RYRs mediate calcium 
release into the intracellular space, leading to normal cardiomyocyte contraction. Intracellular cal-
cium levels are restored by specialized calcium exchangers and pumps, allowing diastolic cardio-
myocyte relaxation. In CPVT, the mutated RYRs cause spontaneous and excessive calcium re-
lease, disrupting diastolic relaxation and promoting the generation of premature depolarizations, 
known as delayed afterdepolarizations (DADs). These DADs increase cardiomyocyte contractility 
and predispose patients to arrhythmic events. 
Cardiac tissue and sympathetic nervous system co-develop during embryonic and fetal develop-
ment, and this reciprocal crosstalk continues after tissue maturation. During stress, sympathetic 
activation increases catecholamine release. Catecholamines, such as noradrenaline, participate in 
the calcium regulation in cardiomyocytes through β-adrenergic signaling, leading to enhanced de-
polarization and contraction. In CPVT, β-adrenergic signaling enhances pathogenic calcium leak 
through mutated RYRs and predisposes to DAD formation. One aim of this thesis is to illustrate 
how reciprocal crosstalk promotes co-development of cardiac tissue and sympathetic neurons and 
how these interactions contribute to cardiomyocyte behavior in CPVT. 
Current treatments for CPVT, such as beta-blockers, flecainide and surgical procedures, reduce 
the risk for arrhythmias but do not eliminate them completely. This highlights the need for novel 
therapeutic strategies. Human induced pluripotent stem cell (hiPSC) technology enables the pro-
duction of patient-specific cardiomyocytes and sympathetic neurons as well as their use in neuro-
cardiac cocultures, such as organoids or organ-on-chip platforms. These coculture models can 
illustrate human physiology more accurately than traditional animal models. In addition, coculture 
models provide a promising tool for developing novel patient-specific treatment strategies. This 
thesis presents these neurocardiac coculture models and discusses how they have been used to 
model CPVT. To date, only one study has been published in which CPVT has been investigated 
using a human neurocardiac coculture model. This study demonstrated that CPVT-associated mu-
tations also affect sympathetic neuron function, leading to increased susceptibility to arrhythmias 
also in healthy control cardiomyocytes. Therefore, human neurocardiac coculture models serve as 
an important enabler for a more holistic analysis of diseases such as CPVT. 
 

Keywords: catecholaminergic polymorphic ventricular tachycardia, cardiomyocytes, sympathetic 
neurons, arrhythmias, human induced pluripotent stem cells, neurocardiac cocultures 
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Katekoliiniamiiniherkkä monimuotoinen kammiotakykardia (engl. catecholaminergic polymorphic 
ventricular tachycardia, CPVT) on harvinainen perinnöllinen rytmihäiriösairaus, jossa fyysinen tai 
emotionaalinen rasitus voi laukaista vakavia rytmihäiriöitä ja jopa äkkikuoleman. CPVT voi johtua 
dominanteista tai resessiivisistä mutaatioista, jotka vaikuttavat sydänlihassoluihin. Yleisimmät mu-
taatiot sijaitsevat ryanodiinireseptori 2:ssa (RYR2), mikä häiritsee solunsisäisen kalsiumin säätelyä 
ja tasapainoa. Systolisen depolarisaation aikana, ryanodiinireseptorit säätelevät kalsiumin vapau-
tumista solunsisäiseen tilaan, joka johtaa sydänlihassolujen normaaliin supistumiseen. Solunsisäi-
nen kalsiumpitoisuus palautetaan erityisten kalsiumvaihtajien ja -pumppujen toimesta, mikä mah-
dollistaa sydänlihassolujen diastolisen rentoutumisen. CPVT:ssä mutatoituneet ryanodiiniresepto-
rit aiheuttavat spontaania ja liiallista kalsiumin vapautumista, joka häiritsee diastolista rentoutu-
mista ja mahdollistaa ennenaikaisten depolarisaatioden, eli viivästyneiden jälkidepolarisaatioiden 
syntymisen. Nämä viivästyneet jälkidepolarisaatiot lisäävät sydänlihassolujen supistumista ja altis-
tavat potilaat rytmihäiriöille. 
Sydänkudos ja sympaattinen ääreishermosto kehittyvät tiiviissä vuorovaikutuksessa alkion- ja si-
kiönkehityksen aikana ja vuorovaikutus kudosten välillä jatkuu kudosten kypsymisen jälkeen. Stres-
sin aikana sympaattinen aktivaatio lisää katekoliamiinien vapautumista. Katekoliamiinit, kuten no-
radrenaliini, osallistuvat sydänlihassolujen kalsiumsäätelyyn β-adrenergisen signaloinnin kautta, 
mikä johtaa lisääntyneeseen depolarisaatioon ja supistumiseen. CPVT:ssä β-adrenerginen sig-
nalointi lisää patogeenistä kalsiumin vuotamista mutatoituneiden ryanodiinireseptoreiden kautta ja 
altistaa viivästyneille jälkidepolarisaatioille. Yksi tämän kandidaatin tutkielman tavoitteista on ku-
vata, kuinka sydänkudos ja sympaattiset hermosolut kehittyvät ja vuorovaikuttavat keskenään sekä 
miten tämä vuorovaikutus ilmenee sydänlihassolujen toiminnassa CPVT:ssä. 
Nykyiset CPVT:n hoitomuodot, kuten beetasalpaajat, flekainidi ja kirurgiset toimenpiteet vähentä-
vät rytmihäiriöriskiä, mutta eivät poista sitä kokonaan. Tämä korostaa uusien hoitostrategioiden 
tarvetta. Ihmisen indusoidut pluripotentit kantasolut mahdollistavat potilaskohtaisten sydänlihasso-
lujen ja sympaattisten hermosolujen tuottamisen sekä niiden yhteisviljelyn hermo-sydänkudosmal-
leissa, kuten organoideissa ja kudosmallialustoissa. Nämä yhteisviljelymallit kuvaavat ihmisen fy-
siologiaa tarkemmin kuin perinteiset eläinmallit. Lisäksi yhteisviljelymallit tarjoavat lupaavan työka-
lun uusien potilaskohtaisten hoitomuotojen kehittämiseen. Tämä tutkielma esittelee näiden yhteis-
viljelymallien yleisiä ominaisuuksia sekä miten niillä on tutkittu CPVT:tä. Tähän mennessä vain yksi 
tutkimusartikkeli on julkaistu, missä CPVT:tä on tutkittu ihmisperäisellä hermo-sydänkudosmallilla. 
Tutkimuksessa todettiin, että sairaudelle altistavat mutaatiot vaikuttavat myös sympaattisten her-
mosolujen toimintaan, johtaen lisääntyneeseen rytmihäiriöalttiuteen myös terveissä sydänlihasso-
luissa. Täten ihmisperäiset yhteisviljelymallit toimivat tärkeänä mahdollistajana sairauksien, kuten 
CPVT:n, kokonaisvaltaisemmalle tarkastelulle. 
 
Avainsanat: katekoliamiiniherkkä monimuotoinen kammiotakykardia, sydänlihassolut, 
sympaattiset hermosolut, rytmihäiriöt, ihmisen indusoidut pluripotentit kantasolut, hermo-
sydänkudos-yhteisviljelmät 
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1. INTRODUCTION 

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an inherited cardiac channelop-

athy in which patients have structurally normal hearts but adrenergic stimulation by exercise or 

emotional stress can predispose them to fatal arrhythmias. Several genetic variants affecting car-

diomyocytes (CMs) predispose patients to CPVT and the most common genetic variant, CPVT1, 

reside in the sarcoplasmic calcium channel ryanodine receptor 2 (RYR2) (Koponen et al., 2022). 

These receptors can cause spontaneous Ca2+ leak into the intracellular space of CMs. During re-

polarization (the heart’s resting phase), this rise in intracellular Ca2+ concentration increases CM 

contractile activity, enabling premature delayed afterdepolarizations (DADs) and subsequent ven-

tricular tachycardias, which can ultimately lead to sudden cardiac death (SCD) (Baltogiannis et al., 

2019; Pölönen et al., 2020). 

The peripheral sympathetic nervous system (SNS) is known as a “fight-or-flight” system that is 

activated during stressful situations. This activation promotes the release of adrenergic catechola-

mines such as noradrenaline and adrenaline. Sympathetic neurons (symNs) and the cardiac tissue 

co-develop and co-mature together during fetal development (Habecker et al., 2016; Häkli et al., 

2022). The sympathetic innervation of the heart enables reciprocal crosstalk between these tis-

sues, which allows symNs to participate in CM calcium homeostasis through noradrenaline release. 

Noradrenaline binds to specific beta-adrenergic receptors (βARs) on the CM surface, triggering an 

intracellular signal cascade that increases Ca2+ release through RYRs and thereby enhances CM 

contractility (Habecker et al., 2016; Lymperopoulos et al., 2013). One aim of this literature review 

is to illustrate how peripheral neurons innervate the heart and how this innervation can contribute 

to CM behavior in CPVT.  

Although CPVT is rare, mortality among undiagnosed patients is relatively high, with over 30% 

dying suddenly between the ages of 30 and 40 years (Jung et al., 2012; Koponen et al., 2022) 

Current therapeutic options reduce the risk of SCD but do not eliminate arrhythmias completely 

(Baltogiannis et al., 2019). In addition, existing CPVT-models and pharmacological treatments have 

mainly focused on CM pathogenicity as CPVT is traditionally classified as a cardiac disease (Li et 

al., 2026). However, sympathetic activity is closely linked to dysregulated CM function, yet less 

attention has been paid to the pathogenic role of symNs and their crosstalk with CMs in CPVT. 

Human induced pluripotent stem cell (hiPSC) based technologies provide patient-specific models 

that can be used to study disease mechanisms in vitro without the ethical concerns associated with 

embryonic stem cells (Zakrzewski et al., 2019). Human iPSC-derived models are also more suita-

ble than animal models to portray the structural and functional features of inherited arrhythmic 
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conditions (Winbo et al., 2020). Combining hiPSC-derived CMs and symNs enable the generation 

of neurocardiac cocultures that more accurately mimic reciprocal in vivo conditions than traditional 

monocultures containing only a single cell type (Wu et al., 2025). This literature review therefore 

presents both traditional 2D and more advanced 3D approaches to neurocardiac modelling and 

considers how these advanced cocultures provide more realistic platforms for studying reciprocal 

development between cardiac and neuronal tissues. Furthermore, the review summarizes findings 

from the first neurocardiac CPVT model with a particular focus on the pathogenic characteristics of 

symNs in CPVT, as reported by Li ang colleagues (Li et al., 2026). 

2. CATECHOLAMINERGIG POLYMORPHIC VENTRICU-
LAR TACHYCARDIA 

2.1 Etiology, molecular mechanisms and current therapeutic options 

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a rare hereditary arrhythmogenic 

cardiac syndrome in which adrenergic stress, typically intense physical exercise or emotional 

stress, provokes arrhythmic events (Baltogiannis et al., 2019). These episodes of adrenergic acti-

vation can cause dizziness, palpitations, episodic syncope and even sudden cardiac death (SCD) 

(Baltogiannis et al., 2019; Novak. et al., 2015). CPVT often manifests early in life during childhood 

and adolescence (Baltogiannis et al., 2019). The hearts of patients with CPVT are structurally nor-

mal, and at rest they typically display a normal electrocardiogram (ECG); therefore, CPVT often 

remains undetected (Baltogiannis et al., 2019). Diagnosis commonly relies on exercise stress test-

ing to unmask stress-induced ventricular arrhythmias, but in addition to this, genetic testing should 

be performed (Baltogiannis et al., 2019). If left undiagnosed approximately 30% of patients with 

CPVT die of SCD by the age of 30-40 years (Jung et al., 2012; Koponen et al., 2022). During 

adrenergic stress – physical or emotional – arrhythmias are linked to dysregulated calcium release 

from the sarcoplasmic reticulum (SR), which disrupts normal ventricular cardiomyocyte (CM) func-

tioning (Pölönen et al., 2020).  

CPVT has a clear genetic basis and can arise from mutations in several autosomal genes (Kopo-

nen et al., 2022). These mutations may be inherited dominantly or recessively, and six CPVT-

subtypes have been identified each involving mutations in different genes (Glazer, 2022; Koponen 

et al., 2022). The most typical subtype is CPVT1, which is primarily caused by dominant gain-of-

function mutations in gene encoding cardiac ryanodine receptor 2 (RYR2), representing approxi-

mately 50% of the cases (Baltogiannis et al., 2019; Koponen et al., 2022). Another well-defined 
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form, CPVT2, results from recessively inherited mutations in the calsequestrin 2 gene (CASQ2), 

which codes calcium binding protein calsequestrin (Baltogiannis et al., 2019). These pathogenic 

RYR2- and CASQ2-variants are localized in CMs, particularly within SR where they disrupt intra-

cellular calcium handling (Koponen et al., 2022.; Pölönen et al., 2020). 

Normally, during the ventricular action potential (AP) CMs undergo systolic depolarization. During 

depolarization L-type calcium channels on the cell membrane allow Ca2+ entry into the intracellular 

space (Pölönen et al., 2020). This rise in Ca2+ triggers calcium-induced-calcium-release (CICR) 

through ryanodine receptor (RYR) 2 channels in the SR, initiating sarcomere contraction and nor-

mal cardiac rhythm generation (Pölönen et al., 2020). The increase in cytosolic Ca2+ also activates 

the electrogenic Na+/Ca2+ exchanger (NCX) that typically functions as the main Ca2+ extrusion 

mechanism by exchanging three Na+ for one Ca2+, allowing CMs to undergo diastolic relaxation 

(Pott et al., 2011). During repolarizations, the SR and the plasma membrane Ca2+ ATPases, 

SERCA and PMCA respectively, also help to restore calcium homeostasis by transporting Ca2+ 

back into the SR or out to the extracellular space (Pott et al., 2011; Pölönen et al., 2020). The 

restored calcium in the SR can then bound to the calsequestrin (Koponen et al., 2022). This com-

munication of electric signals that affect membrane potential and Ca2+ concentration changes, lead-

ing to CM contraction is called cardiac excitation-contraction (E-C) coupling (Pölönen et al., 2020). 

These molecular mechanisms are illustrated in Figure 1, which is presented in Section 2.2.2. 

CPVT alters cardiac E-C coupling, which plays a significant role in promoting delayed afterdepo-

larizations (DADs) (Pölönen et al., 2020). DADs emerge when excess Ca2+ is spontaneously re-

leased from the SR (Novak et al., 2015; Habecker et al., 2016). This activates the NCX in its reverse 

mode, resulting in Ca2+ transport into the intracellular space and generation of an inward current 

that depolarizes the CM membrane and leads to formation of a new premature depolarizations 

(Pott et al., 2011; Habecker et al., 2016). Such additional depolarizations can trigger ventricular 

arrhythmias (Baltogiannis et al., 2019). According to Pölönen et al. CPVT-associated mutations in 

RYR2s lead to spontaneous Ca2+ release from the SR during diastole, thereby disrupting cardiac 

relaxation and promoting DAD formation (Pölönen et al., 2020). Mutations in the calsequestrin can 

also predispose patients to DADs as the mutated protein cannot effectively bind calcium inside the 

SR (Novak et al., 2015; Koponen et al., 2022). This further promotes Ca2+ leak through RYR2s 

(Koponen et al., 2022). 

Current therapeutic options for CPVT include pharmacological treatment (such as beta-blockers 

and flecainide), implantable cardioverter-defibrillators (ICDs) and left cardiac sympathetic dener-

vation (LCSD) (Baltogiannis et al., 2019; Priori et al., 2013). Beta-blocker therapy is recommended 

for all patients diagnosed with CPVT (Priori et al., 2013). Beta-blockers reduce arrhythmic events 

and minimize the risk of SCD by blocking beta-adrenergic receptors (βARs) on the CM membrane, 
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thereby preventing catecholamines (noradrenaline and adrenaline) from triggering their usual sym-

pathetic effects (De Ferrari et al., 2015; Oliver et al., 2019). Two-thirds of patients with CPVT use 

beta-blockers such as nadolol or propranolol (De Ferrari et al., 2015). To determine the optimal 

therapeutic dosage patients undergo clinical follow-up with Holter monitoring and exercise stress 

testing (Baltogiannis et al., 2019). 

Flecainide is a useful addition to beta-blocker therapy in patients with CPVT and may be considered 

as monotherapy in individuals who cannot tolerate beta-blockers (Baltogiannis et al., 2019; De 

Ferrari et al., 2015). Its mechanism of action is dual: flecainide blocks cardiac sodium channels, 

thereby reducing CM excitability and directly inhibits RYRs that decreases arrhythmogenic Ca2+ 

waves and the prevalence of DADs (Baltogiannis et al., 2019; Pölönen et al., 2020). Clinical studies 

have shown that flecainide combined with beta-blockers significantly reduces arrhythmic events, 

which suggests that this combination therapy is a beneficial option for managing CPVT (Bergeman 

et al., 2023). 

Implantable cardioverter-defibrillators (ICDs) may be used to treat arrhythmic symptoms in CPVT, 

but studies show that the risk of SCD remains even after implantation (Baltogiannis et al., 2019; 

Priori et al., 2013). ICD therapy is recommended for patients who have survived a cardiac arrest, 

who continue to experience syncope or sustained ventricular tachycardia despite optimal medical 

treatment and those for whom LCSD is not possible (Baltogiannis et al., 2019; Priori et al., 2013). 

In addition, ICD implantation is challenging in children, and the device is associated with several 

complications, including inappropriate shocks and electrical storms (Baltogiannis et al., 2019). The 

implantation commits the patient to lifelong device dependence and reinterventions (Baltogiannis 

et al., 2019). Therefore, the decision to implant the ICD must be made with caution and only after 

other therapeutic options have been optimized. 

Left cardiac sympathetic denervation (LCSD) is a promising surgical alternative that has been 

shown to reduce arrhythmic events in patients with CPVT, although additional long-term follow-up 

data are needed (De Ferrari et al., 2015). LCSD is recommended for patients who do not respond 

to maximal pharmacological therapy and for those who experience recurrent syncope or recurrent 

ICD shocks (De Ferrari et al., 2015; Priori et al., 2013). In the LCSD procedure sympathetic neural 

pathways on the heart’s left side are surgically resected, which reduces sympathetic input to the 

heart (De Ferrari et al., 2015).  

Because CPVT is inherited family screening through clinical evaluation and genetic testing is es-

sential for finding asymptomatic mutation carries who are also advised to receive beta-blockers to 

reduce their risk of arrhythmic events (Priori et al., 2013). Importantly, patients with CPVT are rec-
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ommended to avoid strenuous exercise and situations of intense emotional stress even when re-

ceiving pharmacological or interventional therapy (Priori et al., 2013). However, none of these ther-

apeutic options can provide complete protection against arrhythmias (Baltogiannis et al., 2019). 

2.2 The role of peripheral nervous system in CPVT 

The nervous system is divided into central nervous system (CNS) and the perihperal nervous 

system (PNS), the latter of which can be further separated into autonomic and sensory divisions. 

The autonomic nervous system (ANS) branches into the sympathetic, parasympathetic and enteric 

systems, which together regulate information flow between the organs and the bain, maintaining 

overall homeostasis of the body (Wu & Zeltner, 2020). The sympathetic nervous system (SNS), 

also known as the fight-or-flight system, is particularly important during stress or exercise as its 

activation increases cardiac performance through βARs, for example by enhancing CM contraction 

rate (Habecker et al., 2016). This stress-related sympathetic activation can contribute to the onset 

of cardiac dysfunction in patients with CPVT. 

2.2.1 Neurocardiac development and sympathetic interactions 
 
Neurons in SNS can be classified as preganglionic or postganglionic (Wu & Zeltner, 2020). Pre-

ganglionic neurons locate in the spinal cord where they further send long projections to peripheral 

postganglionic neurons, located in the sympathetic ganglia, that transmit electrical signals to the 

target organs (Wu & Zeltner, 2020). Most postganglionic sympathetic neurons (symNs) are adren-

ergic as they produce and use noradrenaline as their primary neurotransmitter (Habecker et al., 

2016; Lymperopoulos et al., 2013). 

SymNs begin to develop from neural crest cells (NCC) during embryogenesis (Habecker et al., 

2016). Early neurocardiac development occur via reciprocal signaling between sympathetically in-

nervating neurons and cardiac tissue (Habecker et al., 2016; Häkli et al., 2022). Cardiac tissue 

supports the growth and maturation of the postganglionic symNs while symNs enhance the devel-

opment and functional properties of CMs (Habecker et al., 2016; Häkli et al., 2022). 

Signals from cardiac tissue and neurotrophic signaling by nerve growth factor (NGF), neurotrophin-

3 and cytokines regulate symNs growth states and proper functioning. For example, cardiac tissue 

provides stop-growth signals for sympathetic axons once they have reached their target organ, 

whereas neurotrophic signals promote axon survival at the target organ and regulate axon out-

growth and patterning within the heart. These trophic signals also affect synaptic transmission, 

thereby modulating CM repolarization and Ca2+ homeostasis. (Habecker et al., 2016) 

Sympathetic innervation is important for determining the final CM number in the heart during the 

postnatal period. CMs have limited proliferative capability and after birth most of them withdrawal 
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from the cell cycle and enter a quiescent state. In vitro animal studies have shown that sympathetic 

β-adrenergic signaling prolongs the proliferative state of CMs during the postnatal period, leading 

to an increased cell number and formation of a larger heart. After the proliferative phase CMs grow 

in size during the hypertrophic growth state. The transition from proliferative to the hypertrophic 

state occurs through the ingrowth of symNs into the heart. (Habecker et al., 2016) 

Most symNs locate in stellate ganglia whose stimulation increases overall CM contractility in the 

heart. The density of symNs in the heart is highest in the atria and near the base of the ventricles 

where sympathetic axons send their projections. In addition, sympathetic axons possess a trans-

mural gradient, meaning that APs can propagate from epicardial to the endocardial layer within the 

cardiac tissue. This is important for normal functioning of the left ventricle. (Habecker et al., 2016) 

2.2.2 Adrenergic receptors 
 
Activation of the SNS increases adrenergic stimulation in the heart and in CPVT this heightened 

activity can trigger arrhythmogenesis, particularly in ventricular regions (Baltogiannis et al., 2019) 

where sympathetic innervation is especially dense (Habecker et al., 2016). During sympathetic 

activation noradrenaline and adrenaline are released into the cardiac synaptic cleft (Lymperopoulos 

et al., 2013). As noted earlier, symNs produce noradrenaline, which is secreted from sympathetic 

nerve terminals, whereas smaller amounts of circulating noradrenaline and adrenaline derive from 

the adrenal medulla (Lymperopoulos et al., 2013). These catecholamines then bind to the βARs 

located on the surface of CMs, where they participate in Ca2+ regulation and increase the speed of 

AP conduction in cardiac tissue (Figure 1) (Habecker et al., 2016; Lymperopoulos et al., 2013). 

This activation of βARs also affect CM contraction and lead to an increased heart rate (Habecker 

et al., 2016; Lymperopoulos et al., 2013). 

Several βARs are expressed in cardiac tissue, most of which are G-protein-coupled receptors that 

transduce extracellular signal into intracellular responses. There are three subtypes of βARs: β1Ar, 

β2AR and β3AR, all of which can be found in the human heart. β1AR is the main subtype in healthy 

myocardium. Normally, B1ARs represent approximately 75% of overall βAR density, whereas about 

15% are β2ARs and 3% are β3ARs. The main function of βARs it to control the CM contractility and 

heart rate in response to catecholamines. These effects are mediated primarily by β1ARs and lesser 

extent by β2ARs. Activation of β1ARs increases several cardiac functions, including contractility, 

frequency and impulse conduction through the atrioventricular node. β3ARs stay mostly inactive 

under normal cardiac conditions, but when activated they inhibit the effects of the other two βAR-

subtypes. In addition, β2ARs are also expressed in sympathetic axons and the adrenal medulla. 

(Lymperopoulos et al., 2013) 
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When activated, β1ARs and β2ARs stimulates G-protein dissociation which in turn promotes the 

change of adenosine triphosphate (ATP) into cyclic adenosine monophosphate (cAMP). Cyclic 

AMP activates protein kinase A (PKA), which phosphorylates L-type calcium channels and RYRs, 

thereby modulating both normal and abnormal Ca2+ release and CM contraction behavior 

(Lymperopoulos et al., 2013). In addition, PKA phosphorylates a protein called phospholamban 

(PLN) that normally inhibits the SERCA pump (Li et al., 2026). Phosphorylation of PLN enhances 

the activity of SERCA and promotes Ca2+ reuptake back into the SR (Habecker et al., 2016; 

Lymperopoulos et al., 2013). This adrenergic signaling cascade is presented in Figure 1. However, 

enhanced Ca2+ reuptake into the SR can promote spontaneous extrusion of Ca2+ through RYRs 

and contribute to the generation of DADs (Habecker et al., 2016). Moreover, in CPVT, increased 

adrenergic stimulation due to excessive catecholamine release further enhances Ca2+ release 

through mutated and phosphorylated RYR2s, thereby predisposing patients to DADs and ventric-

ular arrhythmias (Li et al., 2026). 

 Figure 1: Schematic representation of CM contraction induced by the systolic depolarization 
and catecholamine release. Both pathways regulate Ca2+ signaling and homeostasis in CM. The 
image was adapted based on figures from Koponen et al. (2022) and Lymperopoulos et al. (2013). 
The image was created with BioRender.com, Aalto-Setälä K. (2026).  
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3. HUMAN PLURIPOTENT STEM CELL-BASED 
TEHCNOLOGY 

3.1 Development of human induced pluripotent stem cells 

For decades disease modeling has relied on animal models. However, these models do not accu-

rately represent human physiological mechanisms even though they have provide important in-

sights into a variety of disease processes (Jung et al., 2012). Nowadays, several human stem cell-

derived models have been successfully developed, offering significant opportunities for studying 

different disease mechanisms, drug screening and developing patient-specific approaches 

(Takahashi et al., 2007). 

Especially pluripotent stem cells retain their ability to differentiate into cell types of all three germ 

layers but not extraembryonic tissues, such as the placenta. Embryonic stem cells (ESCs) and 

induced pluripotent stem cells (iPSCs) are the two options for cells that maintain pluripotency. The 

use of ESCs raises ethical and legal concerns because they are derived from the inner cell mass 

of mammalian blastocyst so obtaining them destructs the embryo. (Zakrzewski et al., 2019) ESC-

derived transplants can also cause rejection because they are not genetically patient-specific. Also 

producing disease-specific ECS is difficult. (Takahashi et al., 2007; Zakrzewski et al., 2019) 

The development of iPSCs has transformed stem cell-based studies tremendously. Human iPSCs 

(hiPSCs) are typically derived from skin fibroblasts or other mature somatic cells, which makes 

their use ethically acceptable compared with ESCs. Human iPSCs are directly patient-specific be-

cause the reprogrammed hiPSCs can be derived from the patient. (Takahashi et al., 2007; 

Zakrzewski et al., 2019) Therefore hiPSC-technology enables the study of patient-specific genetic 

abnormalities and the modeling of diseases associated with abnormal cardiac function, such as 

CPVT. 

Somatic cells can be converted to iPSCs by transduction with a reprogramming vector (commonly 

via viral or plasmid vectors), in which four common transcription factors, also known as Yamanaka 

factors, are introduced into the somatic cell in vitro. These factors are Oct3/4, Sox2, c-Myc and 

Klf4. (Takahashi et al., 2007; Zakrzewski et al., 2019) Oct3/4 and Sox2 function as core transcrip-

tion factors whose binding to the target genes is facilitated by c-Myc and Klf4. In differentiated cells, 

binding sites for Oct3/4 and Sox2 are inhibited by chromatin modifications such as DNA methyla-

tion. c-Myc and Klf4 can alter the chromatin structure, for example modifying histone acetylation, 

which allows Oct3/4 and Sox2 to bind their targets and enables conversion to iPSCs. (Takahashi 

et al., 2007; Takahashi & Yamanaka, 2006) 
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3.2 Generating cardiomyocytes and sympathetic neurons from hiPSCs 

When pluripotency is established the generated hiPSCs can be further differentiated into the de-

sired cell types. Before further differentiation, hiPSCs are stabilized by thawing and passaging up 

to three times (Li et al., 2023; Wu & Zeltner, 2020). Thawing means that generated hiPSCs are first 

cryopreserved and defrosted in warm water to restore their metabolic functions (Wu & Zeltner, 

2020). After thawing cells are passaged in fresh medium to promote growth (Wu & Zeltner, 2020). 

Stabilized hiPSC colonies appear healthy and undifferentiated, and they have shiny and smooth 

edges (Wu & Zeltner, 2020). 

Differentiating hiPSCs into CMs and symNs requires careful culturing with defined protocols that 

provide proper conditions for cells maturation. In addition, well-defined conditions aim to mimic the 

in vivo environment of the fetal development, which supports the expression of cell-type-specific 

proteins and enables cell maturation. (Lin et al., 2022; Wu & Zeltner, 2020) After maturation, cell-

type-specific protein expression can be confirmed by immunofluorescence staining or flow cytom-

etry, for example (Li et al., 2023). Protocols are continuously improved to become more efficient, 

for example by altering media conditions or the composition of other substrates such as growth 

factors. Several defined protocols have been developed to promote the proper development of 

hiPSC-derived CMs and symNs. 

A defined small-molecule protocol, such as the GiWi protocol, is widely used to differentiate CMs 

from hiPSCs. In this protocol, cells are cultured in RPMI/B27 medium monolayer where CM matu-

ration is controlled by specific transcription factors and inhibitors (Li et al., 2023; Wu et al., 2025). 

There are four key stages in differentiating CMs from hiPSCs and these stages reflect the devel-

opmental processes that occur during fetal development in vivo (Wu et al., 2025). 

During fetal development, the heart develops from the mesodermal layer, particularly from the pos-

terior primitive streak (Wu et al., 2025). In the first differentiation stage mesoderm formation is 

activated by glycogen synthase kinase 3 inhibitor called CHIR99021 (CHIR), which activates 

Wnt/β-catenin pathway, bone morphogenetic proteins (BMPs) and growth factor called Nodal (Lin 

et al., 2022; Sleiman et al., 2023). Later the Wnt/β-catenin pathway is inhibited, which helps to 

produce primarily ventricular CMs (Lin et al., 2022; Sleiman et al., 2023). The second stage involves 

patterning into cardiogenic mesoderm, and the third stage is the formation of mesoderm/cardiac 

progenitor cells (Wu et al., 2025). Cardiac progenitor cell formation from mesodermal cells is reg-

ulated by Mesoderm posterior 1 (Mesp-1), which activates essential cardiac transcription factors 

(Nkx2.5, Tbx5/20, Gata-4, Mef2c and Hand1/2) needed for differentiation (Wu et al., 2025). In ad-

dition, exposure to CHIR also promotes the change to progenitor cells (Li et al., 2023). The final 

stage is early CM maturation where Mesp-1 plays a significant role: it promotes cardiac progenitor 

cells to develop into mature CMs, activates genes encoding structural proteins and ion channels, 
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and participates in sarcomere assembly in developing CMs (Wu et al., 2025). Further maturation 

continues as CMs begin to acquire functional features, such as organized sarcomeres and proper 

electrical signaling (Wu et al., 2025). The differentiation stages of hiPSC-derived CMs are pre-

sented in Figure 2. 

 

The entire hiPSC-CM maturation process lasts approximately 20-25 days, and the level for matu-

ration can be detected in several ways (Lin et al., 2022). Immunofluorescence staining confirms 

that generated CMs express typical cardiac markers and can establish myofibrillar structures form-

ing sarcomeres (Novak et al., 2015).  Patch clamp electrophysiology allows precise evaluation of 

the cardiac ion channels involved in the cardiac AP cycle, although this technique has also some 

disadvantages for studying arrhythmogenesis since arrhythmias affect the whole cardiac tissue 

rather than single isolated cells (Lin et al., 2022). In addition, transmission electron microscopy can 

be used to examine the SR, L-type Ca2+ channels and RYRs in generated CMs (Lin et al., 2022). 

Even though protocols for generating hiPSC-CMs have advanced over the years, there are still 

concerns that their physiological functions are not identical to those of the human heart (Ismaili et 

al., 2022). For example, mature hiPSC-CM show a less well-developed t-tubular network, and their 

sarcomere structure are less organized (Ismaili et al., 2022). 

There are also protocols for generating hiPSC-symNs that mimic early fetal development stages. 

In all protocols, the culture medium is usually Neurobasal plus supplemented with N2 and B-27, 

which support the induction, differentiation and maturation of hiPSC-symNs in monoculture (Frith 

et al., 2018; Kirino et al., 2018; Li et al., 2023). The generation of mature symNs can take from as 

little as 20 days up to 70 days, depending on the protocol and used substrates (Wu & Zeltner, 

2020). However, markers of mature symNs are typically detectable within three weeks (Frith et al., 

2018; Wu & Zeltner, 2020). In addition, current protocols favor feeder-free conditions in which cells 

are cultured using defined coatings gels and nutrients that are not obtained from animals (Winbo 

et al., 2020). These conditions reduce the risk of animal pathogen transfer into the culture and 

thereby decrease the likelihood of unwanted immune responses (Winbo et al., 2020). 

Figure 2: The four stages of CM differentiation from hiPSCs. The image was created with Bioren-
der.com, Aalto-Setälä K. (2026). 
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Sympathetic neurons begin their developmental process from neuromesodermal progenitors 

(NMPs) that originate from the caudal regions of the primitive streak and near the tailbud, particu-

larly from the caudal lateral epiblast and node-streak border (Frith et al., 2018; Sun et al., 2024). 

Initially, regulation of Wnt and fibroblast growth factor (FGF) signaling pathways by addition of 

CHIR and FGF2 directs hiPSCs toward an NMP fate (Frith et al., 2018; Sun et al., 2024). Although 

there are no exclusive markers for identifying NMPs, co-expression of the mesoderm transcription 

factor Brachyury (T) and the neural ectodermal regulator SOX2 expression is commonly used to 

indicate their presence (Frith et al., 2018, Sun et al., 2024). In addition, PHOX2B expression also 

increases during the transition of hiPSCs to NMPs (Kirino et al., 2018). PHOX2B is a key transcrip-

tion factor whose expression plays a continuous role in sympathetic neuronal development (Kirino 

et al., 2018).  

In vivo, NMPs play an important role in axial embryonic development and further differentiation into 

highly migratory NCCs (Frith et al., 2018; Wu & Zeltner, 2020), which migrate to different axial 

locations such as trunk region where they differentiate into trunk NCCs (Frith et al., 2018; Kirino et 

al., 2018). Trunk NCCs are the primarily source of symNs (Wu & Zeltner, 2020). In vitro, this tran-

sition is inducted by altering CHIR concentrations and adding BMP-4 to the culture that stimulate 

Wnt/β-catenin and BMP pathways and inhibit TGFβ signaling (Frith et al., 2018). These additions 

maintain high expression levels of CDX2, which further support specification toward trunk NCCs 

(Frith et al., 2018) In addition, BMP-4 promotes differentiation from trunk NCCs to sympathoadrenal 

progenitors that express PHOX2B and specific sympathoadrenal marker, ASCL1 (Frith et al., 

2018).  

Finally, sympathoadrenal progenitors are exposed to neurotrophic factors such as NGF, BDNF and 

GDNF, which promote maturation into adrenergic symNs (Frith et al., 2018; Kirino et al., 2018; Wu 

& Zeltner, 2020). These conditions have been shown to produce functional symNs that express 

typical mature markers such as tyrosine hydroxylase (TH), which is essential for noradrenaline 

synthesis (Frith et al., 2018; Kirino et al., 2018; Wu & Zeltner, 2020). The mature symNs also exhibit 

sympathetic axonal features and express β2ARs, indicating their capacity for noradrenaline synthe-

sis and release (Kirino et al., 2018; Wu & Zeltner, 2020). These markers can be detected with 

immunofluorescence staining and multielectrode arrays can be used to assess noradrenergic sig-

naling (Kirino et al., 2018; Wu & Zeltner, 2020). In addition, flow cytometry can be used to evaluate 

induction efficiency of markers such as TH expression (Li et al., 2023). The stages of symNs dif-

ferentiation from hiPSCs are presented in Figure 3. 
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4. NEUROCARDIAC COCULTURES 

4.1 Current neurocardiac coculture models 

Coculture systems provide important insight into how different tissues and cell types interact under 

controlled in vitro conditions that resemble the in vivo environment. They enable the examination 

of reciprocal signaling between cells and allow researchers to model disease mechanisms to un-

derstand the molecular processes and physiological changes underlying the studied pathology 

(Winbo et al., 2020). Cocultures also provide more realistic information about different disease 

mechanisms as many diseases are not limited to the cellular mechanisms of a single tissue (Häkli 

et al., 2022). Various approaches exist for establishing stem-cell-based cocultures, including 2D 

and 3D systems, organoids, bioprinting and microfluidic organ-on-chip models (Wu et al., 2025). 

Neurocardiac diseases involve dysregulation of both the peripheral ANS and the heart. Animal 

models have been used to investigate neurocardiac disease mechanisms and have provided es-

sential information about the molecular and physiological interactions between dysregulated neu-

ronal and cardiac tissues. Despite their contributions, in inherited arrhythmogenic diseases animal 

models do not replicate all the same molecular determinants of cardiac functions as humans. 

(Winbo et al., 2020)  

Again, stem-cell-based technology, particularly hiPSC technology offer significant opportunities to 

portray disease-specific pathogenicity, including neurocardiac interactions (Winbo et al., 2020). 

Neurocardiac coculture models could also provide information about the stages of early co-devel-

opmental maturation and signaling, which have previously been challenging to study in humans 

(Liu et al., 2026). For neurocardiac cocultures to provide reliable information about the physiological 

Figure 3: The stages of symNs differentiation from hiPSCs. The image was created with 
BioRender.com, Aalto-Setälä K. (2026). 
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and pathological mechanisms of neurocardiac diseases they must establish appropriate anatomi-

cal structures, form functional electrophysiological connections and generate proper molecular sig-

naling such as calcium-related signaling (Winbo et al., 2020). 

The more advanced 3D neurocardiac coculture systems mimic in vivo conditions better than tradi-

tional 2D models. Traditional 2D neurocardiac coculture systems usually lack precise cardiac struc-

tures, such as atrial-ventricular patterning and proper neuronal innervation consisting of both sym-

pathetic and parasympathetic branches of the ANS. In 3D models, parasympathetic neurons could 

be added to the culture to evaluate overall ANS functionality within the heart. However, to date, 

published neurocardiac models mainly contain symNs and CMs. Although optimal neurocardiac 

3D models are still under development, existing models have already enabled the study of complex 

structural connectivity and reciprocal crosstalk between cardiac and neuronal tissues. (Wu et al., 

2025) 

Neurocardiac 3D organoid systems provide insight into how peripheral sympathetic ganglia de-

velop together with their targets tissues, such as the heart. Human sympathetic ganglion organoids 

(hSGOs) generate sympathetic neurons that can establish reciprocal sympathetic-to-cardiac inner-

vation when hSGOs are fused with human heart-forming organoids (hHFOs). The fusion of the two 

organoids creates a construct known as human sympathetically innervated heart-forming organ-

oids (hSHOs). Using the hSHOs model signaling factors and inter-tissue crosstalk that regulate to 

co-development between tissues can be evaluated. (Liu et al., 2026) 

hSGOs and hHFOs can be generated from hiPSC lineages by modulating same signaling path-

ways and using similar medium conditions as in conventional hiPSC-symN or hiPSC-CM cultures. 

Compared with hiPSC-symNs, hSGOs are considered more physiologically realistic that traditional 

monolayer cultures because they generate not only sympathetic neurons but also satellite glial 

cells, which are located around sympathetic ganglia. Satellite glial cells support the proper devel-

opment and function of symNs and participate to broader nervous system function. However, the 

hSHO model should also contain parasympathetic neurons to illustrate the regulation mechanisms 

of the heart more accurately. Overall, neurocardiac organoids enable long-term studies of how 

different factors influence reciprocal developmental crosstalk and innervation formation patterns 

between sympathetic and cardiac tissues. This information can be further be applied to the inves-

tigation of neurocardiac disorders. (Liu et al., 2026) 

Human-based microfluidic organ-on-chips can also be used to model interactions between cardiac 

tissue and ANS. Neurocardiac chips can be used to model arrhythmic conditions associated with 

dysregulated neurocardiac systems, enabling the study of pharmacological treatments and their 

safety as well as therapeutic targeting directed toward neurons. In this approach hiPSC-derived 

neurons together with hiPSC-CM are seeded into the compartmentalized 3D3C chip in their cell-
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specific media. These conditions enable the proper functional maturation and innervation for-

mation. Different compartments are connected via microtunnels. (Häkli et al., 2022) 

Neurons are seeded into the lateral compartments of the chip approximately one week before the 

CMs, allowing them to extend axons through the microtunnels that mimic routes for long peripheral 

postganglionic axons. When CMs are later seeded into the central compartment of the chip where 

the coculture system ultimately forms only neuronal axons establish connections and interact with 

the CMs. This closely resembles in vivo conditions. Thus, 3D3C chip model is more physiologically 

realistic than the hSHO model in which sympathetic ganglia are in direct contact with cardiac tissue. 

Overall, the 3D3C chip represent a simplifies yet robust model that also enables long-term studies 

to portray neurocardiac innervation and co-maturation between CMs and nervous system. In addi-

tion, the 3D3C chip contains microelectrode arrays that allows real-time evaluation of electric stim-

ulation and functional interaction between the combined tissues. The chip design also enables 

individual evaluation (e.g. imaging) of the separate compartments. (Häkli et al., 2022) 

4.2 Modeling CPVT with neurocardiac cocultures 

Earlier CPVT-patient-specific models have been particularly hiPSC-CM monocultures and they 

have been used to explore novel pharmacological options for the disease. For example, the first 

CPVT model to use hiPSC technology investigated the effects of dantrolene in CPVT1-patient-

specific hiPSC-CMs. Dantrolene binds to the mutated RYR2s, inhibiting Ca2+ extrusion from the 

SR. This mechanism decreases stress-induced arrhythmic events in CMs, making dantrolene a 

promising option to treat CPVT. (Jung et al., 2012) Experimental studies using CPVT-patient-spe-

cific hiPSC-CMs have also demonstrated that flecainide reduces diastolic Ca2+ leak from RYRs 

and lower the number of DADs (Pölönen et al., 2020). 

Because the genetics variants in CPVT primarily manifest in CMs previous in vitro studies and 

therapeutic options have largely focused on CM-specific pathophysiology (Li et al., 2026). How-

ever, in vivo, increased activity of symNs promote arrhythmic events in CMs (Koponen et al., 2022; 

Li et al., 2026). Despite this, the contribution of symNs as CPVT-promoting cells has been far less 

studied even though clinical evidence shows that interrupting symNs surgically reduces arrhyth-

mias in CPVT patients (Li et al., 2026). Thus, realistic disease modeling should include the neuronal 

component along the CMs. 

In 2026, Li and colleagues presented the first exploration of how CPVT-patient-derived hiPSC-

symNs communicate with hiPSC-CMs in traditional 2D monolayer model and more complex bi-

oprinted 3D neurocardiac microtissue coculture models (Li et al., 2026). They generated four prin-

cipal hiPSC-derived cell types: CPVT-symNs, control-symNs, CPVT-CMs and control-CMs. 

“CPVT-symNs” refers to symNs differentiated from a CPVT patient-derived hiPSC-line. “Control-
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symNs” refers to symNs from healthy donor hiPSC-lines. The same naming applies to CPVT-CMs 

and control-CMs. They also established combinations of these cell types in different coculture for-

mats: 1) same-genotype cocultures (e.g., CPVT-symNs with CPVT-CMs) and 2) cross-genotype 

cocultures (CPVT-symNs with control-CMs). These system variations allow direct comparison of 

pathogenic cells versus controls and the pathogenic influence of each cell type on its partner in 

coculture. The study clearly demonstrated that abnormalities in calcium handling in both CMs and 

symNs are key contributors to arrhythmic events in CPVT and further showed that symNs them-

selves exhibit pathogenic features alongside pathogenic CMs. (Li et al., 2026). 

Because Li and colleagues also specifically questioned whether part of the CPVT disease mecha-

nisms might reside within symNs they performed a series of functional assays to compare CPVT-

symNs with control-symNs (Li et al., 2026). Different symNs did not differ by their morphology, but 

CPVT-symNs exhibited pronounced functional abnormalities compared with control-symNs in mon-

oculture conditions. Patch clamp recordings demonstrated that CPVT-symNs were hyperexcitable, 

displaying an increased firing frequency and a higher number of APs at rheobase. In addition to 

electrical hyperexcitability, CPVT-symNs also showed marked disturbances in intracellular calcium 

handling, including elevated Ca2+ levels and responses to different stimuli, such as nicotine. Nico-

tine stimulation in both 2D and 3D neurocardiac cross-cocultures highlighted that CPVT-symNs 

can increase the beating rate and spontaneous calcium waves in control-CMs. This further indi-

cates that there is significant pathogenicity on CPVT-symNs and they can directly trigger cardiac 

arrhythmias. (Li et al., 2026) 

In addition, CPVT-symNs showed significantly higher intracellular cAMP-levels compared to con-

trol-symNs. Immunofluorescence staining showed RYR2 gene expression in CPVT- and control-

symNs. The cAMP-PKA-pathway regulates RYR2 phosphorylation also in these symNs and pro-

mote Ca2+ release from their endoplasmic reticulum (ER). Also, enhanced expression of PLN was 

found in CPVT-symNs. Normally PLN inhibits SERCA that restores Ca2+ into the ER (or SR). When 

PLN is overly expressed Ca2+ reuptake to the ER is impaired which further predispose symNs for 

elevated excitability and neurotransmitter release. Because calcium is essential for synaptic plas-

ticity and noradrenaline release in symNs these findings indicate a disruption in excitation-secretion 

coupling in CPVT-symNs. (Li et al., 2026) 

Functional pathogenic hyperexcitability in symNs has also been reported in other diseases tradi-

tionally considered cardiac, such as long QT (LQT) syndrome (Winbo et al., 2021; Wu et al., 2025). 

As CPVT, LQTS is an inherited disease in which increased sympathetic activity and catecholamine-

mediated β-adrenergic signaling act as a trigger for potentially fatal ventricular arrhythmias. Nor-

mally, catecholamines increase the function of voltage-gated potassium channels (Kv7.1), which 
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leads to shortened ventricular repolarizations. During increased sympathetic activity this function-

ality stabiles the beating rate of the heart. In the most common LQT subtype, LQT1, the pathogenic 

loss-of-function variants in KCNQ1 reside in Kv7.1, leading to reactivation the L-type Ca2+ chan-

nels, prolongation of cardiac AP, and increased sensitivity to arrhythmogenic early afterdepolari-

zations. (Winbo et al., 2021) 

Similar to CPVT, one therapeutic option in LQT1 is cardiac sympathetic denervation even though 

the pathogenic role of symNs and their cellular mechanism promoting arrhythmias in LQT1 have 

remained unknown. In 2021, Winbo and colleagues published the first LQT1 patient-derived hiPSC-

symNs 2D monoculture model, which revealed a novel neuronal LQT1 phenotype. Although this 

study was performed under monoculture conditions LQT1-hiPSC-symNs showed significantly in-

creased noradrenaline release and excitability compared with healthy wild-type hiPSC-symNs. The 

study also highlighted that even a single KCNQ1 mutation in symNs could predispose cells to a 

more pathogenic sympathetic disease phenotype. (Winbo et al., 2021) This perspective could be 

utilized in future CPVT-symNs genotype-phenotype studies aimed at comparing mutation-specific 

effects across different CPVT variants. In addition, Winbo and colleagues noted increase in TH 

expression in diseased symNs, which may be linked to enhanced noradrenergic synaptic stimula-

tion of CMs and arrhythmogenesis as TH expression and noradrenaline biosynthesis are directly 

proportional (Winbo et al., 2021). Studying TH expression levels could be assessed also in future 

CPVT coculture studies. All things considered, more studies by advanced neurocardiac coculture 

models portraying sympathetic-cardiac channelopathies are needed. 

Studying Familial Dysautonomia (FD) may also provide new insight for future CPVT-studies. FD is 

a rare genetic disease affecting the peripheral sympathetic and sensory nervous systems, leading 

to cardiac instability through impaired regulation of functions such as heart rate and blood pressure. 

FD has been modelled using human neurocardiac cocultures, in which hiPSC-derived FD-symNs 

exhibit spontaneous hyperactivity. This neuronal hyperactivity has been shown to increase the ac-

tivity of healthy control CM in coculture setting (Wu et al., 2022), resembling conditions as in CPVT 

cross-coculture models presented by Li and colleagues (Li et al., 2026). 

In addition, FD-symNs models have revealed dysregulation of noradrenaline circulation and im-

paired reuptake from the neuromuscular junction into the axon terminal by noradrenaline transport-

ers (NETs) (Wu et al., 2022). Deficiency of NETs has been described in several SNS- and cardiac-

related conditions, including postural tachycardia syndrome (Wu et al., 2022). Based on these find-

ings, studying NET function in CPVT cocultures or CPVT-symNs could serve as a potential effector 

to explore sympathetic pathogenicity and provide insights into dysregulation of noradrenaline re-

lease and reuptake. Although FD is primarily a neuronal disease, it offers important insight into 
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stress-related SNS dysregulation and may provide therapeutic options for other diseases charac-

terized by sympathetic hyperactivity (Wu et al., 2022). 

5. CONCLUSIONS 

One aim of this thesis was to highlight the role of PNS, particularly symNs, in cardiac innervation 

and CPVT pathophysiology. During fetal development, signals from the cardiac tissue guide sym-

pathetic axon growth and patterning, resulting in dense sympathetic innervation at the base of the 

ventricles (Habecker et al., 2016). In CPVT, intense physical or emotional stress increases nora-

drenaline release from symNs, which enhances β-adrenergic signaling in CMs and leads to phos-

phorylation of mutated RYR2s (Li et al., 2026). This phosphorylation promotes excessive calcium 

release into the intracellular space and enables the formation of DADs (Li et al., 2026), thereby 

disrupting normal CM contractility and AP cycling (Pölönen et al., 2020). As noted earlier, elevated 

intracellular calcium levels and DADs promote arrhythmogenic activity and because sympathetic 

innervation is especially dense in ventricular regions, these disturbances can trigger ventricular 

arrhythmias in patients with CPVT. Therefore, developmental sympathetic innervation patterns in 

ventricular regions can contribute to disease vulnerability in CPVT. 

The thesis further reviewed human neurocardiac coculture approaches, such as hiPSC-based sys-

tems. The use of human-derived models is essential as they provide patient-specific cell sources 

and they can be generated to mimic human fetal developmental stages in vitro. In addition, hiPSC 

models avoid ethical concerns associated with ESCs, as well as the anatomical and molecular 

differences typical of animal models. To date, human neurocardiac coculture models remain limited 

not only for CPVT but also for other channelopathies, such as LQT syndrome. Despite this scarcity, 

neurocardiac coculture modeling techniques have advanced in recent years. Emerging 3D organ-

oids and organ-on-chip approaches allow complex and physiologically relevant long-term modeling 

of reciprocal interactions within the sympathetic-cardiac axis in vitro. In the future, these advanced 

systems also offer opportunities to incorporate parasympathetic components, thereby improving 

resemblance to in vivo conditions as well as anatomical and physiological relevance (Wu et al., 

2025). 

Although only one human neurocardiac coculture study has so far addressed CPVT, Li and col-

leagues demonstrated clear arrhythmogenic characteristic in CPVT-symNs that directly affect CM 

contractility and sensitivity to arrhythmias (Li et al., 2026). They also identified dysregulated calcium 
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homeostasis in CPVT-symNs, which increased noradrenaline release. These findings further sup-

port the view that CPVT involves pathogenic dysfunction of the SNS, particularly through hyperex-

citable symNs and excessive noradrenaline release. Therefore, as highlighted by Li and col-

leagues, CPVT should be considered not only a disease of CMs but also a disease of SNS, sup-

porting its classification as a neurocardiac disease (Li et al., 2026). 

However, further characterization of CPVT-symNs pathogenicity is needed, including potential dif-

ferences between CPVT subtypes as well as the identification of sympathetic molecular targets. 

For example, components of the sympathetic signaling such as NETs and TH could represent 

potential therapeutic targets in future studies. In addition, future CPVT research may benefit from 

human neurocardiac coculture or sympathetic neuron monoculture studies, such as findings from 

FD and LQT syndrome studies as in these conditions sympathetic hyperactivity affects cardiac 

function. Identifying comparable mechanisms in CPVT could support the development of novel 

patient-specific pharmacological approaches and reduce the need for irreversible surgical interven-

tions. Human-derived neurocardiac cocultures represent a promising approach to address this 

need as they enable a more holistic view of reciprocal interactions between the heart and innervat-

ing neurons in CPVT and related cardiac and SNS disorders. 
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