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1. Abbreviations 

AT2    angiotensin II 

Ca2+    calcium 

CANTOS   Canakinumab Antiinflammatory Thrombosis Outcome Study 

CaT    calcium transient 

CM    conditioned medium 

CRISPR   clustered regularly interspaced short palindromic repeats 

ECC    excitation-contraction-coupling 

EF    ejection fraction 

EHRA    European Heart Rhythm Association 

ESC  European Society of Cardiology 

ET-1    endothelin-1 

HF    heart failure 

HFA    Heart Failure Association 

HFpEF   heart failure with preserved ejection fraction 

HHD    hypertensive heart disease 

IL    interleukin 1 beta 

iPSC-CM   induced pluripotent stem cells - cardiomyocytes 

LA    left atrium / left atrial 

NCX    sodium calcium exchanger 

RyR    ryanodine receptor 

SERCA   sarcoplasmic / endoplasmic reticulum calcium ATPase 

SHHF    spontaneously hypertensive heart failure rats 

SR    sarcoplasmic reticulum 

T-tubules   transverse tubules 

TNF  tumor necrosis factor 

VUS    variant of uncertain significance 

WKY    Wistar Kyoto 

WT    wild type 
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2. Abstract 

2.1 Introduction 

Heart failure with preserved ejection fraction (HFpEF) is present in ~50% of all heart failure 

(HF) patients. Left atrial (LA) dysfunction is common in HFpEF patients and associated with 

increased mortality. We hypothesized, that atrial dysfunction in-vivo is related to alterations 

of Ca2+ signaling in cardiomyocytes in-vitro. We investigated the role of neuro-humoral 

activation via angiotensin II (AT2) and paracrine activity of the fibroblast secretome as 

potential contributors to dysregulated Ca2+ signaling. 

2.2 Methods 

21- and 27 weeks- old ZSF-1 rats with a leptin receptor mutation and fed with a high caloric 

diet served as an HF model. Diseased rats showed a lean (heterozygous; hypertensive heart 

disease (HHD)) or obese (homozygous; HFpEF) phenotype. LA were imaged by 

echocardiography. LA myocytes were isolated using a novel Langendorff-based approach. 

Excitation-contraction-coupling (ECC) was assessed using Ca2+-sensitive fluorescent indicators, 

confocal imaging (cytosol, nucleus) and video edge detection. Myocardial fibrosis was 

quantified in histologic sections. Conditioned medium (CM) of primary cardiac fibroblasts was 

acquired after stretch. CM and LA tissue were screened for various cytokines with enzyme-

linked immunosorbent assays. 

2.3 Results 

HHD showed preserved LA size and ejection fraction (EF) vs. wild type (WT). In LA myocytes 

from HHD, amplitude of cytosolic calcium transients (CaT) was increased. Sarcoplasmic 

reticulum (SR) Ca2+ content was preserved while Ca2+ spark frequency and tetracaine-

dependent SR Ca2+ leak were increased. In HFpEF, LA area was significantly increased and LA 

EF was impaired. However, atrial myocytes from HFpEF showed increased CaT amplitude and 

enhanced contractile performance in vitro. CaT kinetics and SR Ca2+ in HFpEF were not 

significantly different vs. WT, but SR Ca2+ leak remained increased. AT2 reduced cytosolic CaT 

amplitudes and enhanced nuclear Ca2+ release in HFpEF. No structural alterations of fibrosis 

could be detected in HHD or HFpEF. Upon treatment with their respective CM, cardiomyocytes 
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of WT showed increased CaT. Concentration of ET-1 was increased in CM and LA tissue from 

WT as compared to HHD and HFpEF. In HHD, CM showed no relevant effect on CaT. However, 

in HFpEF, CM increased diastolic Ca2+ and slowed Ca2+ removal, potentially contributing to in-

vivo decompensation. During disease progression (e.g. at 27 weeks), HFpEF displayed 

dysfunctional ECC due to lower SR Ca2+ content and enhanced nuclear Ca2+. In human patients, 

tissue ET-1 was unrelated to the presence of arterial hypertension or obesity. 

2.4 Conclusion 

Atrial remodeling is a complex entity that is disease and stage dependent. At early stages, 

neurohumoral activation (e.g. AT-2) and the activity of fibrosis related to the paracrine 

interaction (e.g. ET-1) might contribute to atrial contractile dysfunction in-vivo. However, at 

later stages ECC of LA cardiomyocytes is impaired unrelated to external triggers. 
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3. Zusammenfassung 

3.1 Einleitung 

Bei ~50% der Patienten mit Herzinsuffizienz (HF) lässt sich eine erhaltene Ejektionsfraktion 

(EF) feststellen (HFpEF). HFpEF geht häufig mit einer links-atrialen (LA) Dysfunktion einher, 

welche mit einer erhöhten Mortalität assoziiert ist. Wir prüften die Hypothese, dass diese LA 

Dysfunktion in-vivo mit Veränderungen im Ca2+-Stoffwechsel von Kardiomyozyten in vitro in 

Beziehung steht. Wir untersuchten den Einfluss der neurohumoralen Aktivierung durch 

Angiotensin II (AT2) sowie der parakrinen Aktivität des Sekretoms der Fibroblasten auf den 

Ca2+-Stoffwechsel. 

3.2 Methoden 

21 und 27 Wochen alte ZSF-1 Ratten mit einer Leptinrezeptormutation (Wildtyp (WT): Wistar 

Kyoto) dienen als HF Modell. Erkrankte Ratten zeigen einen normal- (heterozygot; 

Hypertensive Herzerkrankung (HHD)) oder übergewichtigen (homozygot; HFpEF) Phänotyp. 

LA wurden in-vivo mittels Echokardiographie untersucht. LA-Kardiomyozyten wurden nach 

einer adaptierten Langendorff-Prozedur isoliert. Die elektromechanische Kopplung 

(excitation-contraction coupling, ECC) wurde mittels Ca2+-sensitiver Farbstoffe, konfokaler 

Mikroskopie (Zytosol, Nukleus) und Kantendetektion untersucht. Zudem wurde die LA Fibrose 

in histologischen Schnitten begutachtet. Das konditionierte Medium (CM) primärer, kardialer 

Fibroblasten wurde nach Dehnung gesammelt. Die Quantifizierung der Zytokine im CM und 

LA Gewebe erfolgte mittels Enzyme-Linked Immunosorbent Assay. 

3.3 Ergebnisse 

Ratten mit HHD zeigten keine Veränderungen in LA Größe und EF vs. WT. In atrialen 

Kardiomyozyten von HHD war die Amplitude der zytosolischen Ca2+-Transienten (CaT) erhöht. 

Der Ca2+-Gehalt des sarkoplasmatischen Retikulums (SR) war unverändert, das Tetracain-

abhängige SR-Leck und die Inzidenz von Ca2+-Sparks waren größer. Bei HFpEF zeigte sich eine 

Zunahme der LA Größe und eine Abnahme der LA EF. Bei HFpEF zeigten sich gesteigerte CaT-

Amplituden und eine erhöhte Kontraktilität. Die Kinetik der CaT und SR Ca2+-Gehalt waren 

unverändert. AT2 reduzierte die zytosolische CaT-Amplitude und induzierte eine gesteigerte 
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nukleäre Ca2+-Ausschüttung bei HFpEF-Zellen. Strukturelle Unterschiede der Fibrose konnten 

nicht festgestellt werden. Nach Behandlung mit ihrem jeweiligen CM zeigten Kardiomyozyten 

vom WT eine erhöhte CaT-Amplitude. Die Konzentration von ET-1 im CM und LA Gewebe war 

bei WT höher als bei HHD und HFpEF. Bei HHD zeigte das CM keinen relevanten Effekt auf die 

CaT. Bei HFpEF erhöhte das CM das diastolische Ca2+ und verlangsamte die Ca2+-

Wiederaufnahme, wodurch möglicherweise zur Dekompensation in-vivo beigetragen wurde. 

Bei fortgeschrittener Erkrankung zeigte HFpEF ein dysfunktionales ECC, bedingt durch einen 

erniedrigten Ca2+-Gehalt im SR. Bei Patienten war die kardiale ET-1 Konzentration nicht mit 

dem Auftreten eines arteriellen Bluthochdruckes oder Übergewicht assoziiert. 

3.4 Schlussfolgerung 

LA Remodeling ist eine komplexe Entität, dessen Pathologie abhängig vom Stadium und von 

der Grunderkrankung ist. Im frühen Stadium tragen neurohumorale Aktivierung (z.B. AT2) und 

parakrine Interaktion fibrotischer Aktivität (z.B. ET-1) potenziell zur LA Dysfunktion in-vivo bei. 

Im späten Stadium zeigen LA Kardiomyozyten ein gestörtes ECC unabhängig von äußeren 

Faktoren. 
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4. Synopsis 

4.1 Current State of Scientific Research 

4.1.1 Heart Failure with Preserved Ejection Fraction (HFpEF) 

Heart failure with preserved ejection fraction (HFpEF) is highly prevalent. A study from 2016 

identified 4.9% of the general population >60 years to suffer from HFpEF1. Approximately 50% 

(range: 40 – 71%) of all heart failure (HF) patients show preserved EF2. HFpEF is periodically 

referred to as ‘diastolic heart failure’ and ‘heart failure with normal ejection fraction’ (HFnEF), 

but ‘HFpEF’ is currently the most established term in scientific literature.  

Generally, HFpEF patients suffer from dyspnea and diastolic dysfunction of the heart. 

However, since the first consensus statement of the European Society of Cardiology (ESC) on 

HFpEF in 2007, the definition of HFpEF and the diagnostic criteria are evolving rapidly and are 

continuously debated in the scientific community. The recently proposed algorithm published 

by the Heart Failure Association (HFA) of the ESC in 2019 (Fig. 1) incorporates a structured 

diagnostic approach following an initial evaluation of clinical symptoms, patient 

demographics, laboratory tests, electrocardiogram and echocardiography. 

 

Fig. 1: The HFA-PEFF algorithm for the diagnosis of HFpEF as published by the ESC in 2019 (with permission)3.  
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The etiology of HFpEF is complex and heterogeneous. It is thought to evolve from a multitude 

of risk factors and co-morbidities including age, female sex, obesity, diabetes, arterial 

hypertension and renal dysfunction. Various systemic triggers have been identified in HFpEF, 

such as a pro-inflammatory state, arterial and microvascular dysfunction, increased systemic 

vascular resistance, arterial stiffness, fluid retention and an expanded plasma volume. The LV 

may suffer from impaired systolic function, slowed diastolic relaxation and reduced 

compliance with increase end-diastolic stiffness. A reduced reserve of stroke volume, heart 

rate, cardiac output and LV filling pressures at rest or during exercise, as well as chronotropic 

incompetence can occur. Changes during LV cardiac remodeling include myocyte hypertrophy, 

energetic abnormalities and interstitial fibrosis3. In addition, LA remodeling and dysfunction 

is an active contributor to HFpEF in many patients (see 4.1.2). Any of these pathologies pose 

potential targets for intervention and a thorough diagnostic workup is required to provide 

adequate clinical management of the patient. So far, HFpEF patients have not responded to 

existing medication for HF with reduced ejection (HFrEF) in clinical studies, including AT2 

receptor - neprilysin inhibitor sacubitril-valsartan (Entresto®)4. 

4.1.2 Atrial Remodeling 

Atria are integral to heart function and their structural, electrical and mechanical properties 

differ vastly from the ventricles (Fig. 2). They have a unique role in the electrical cardiac system 

by regulating rhythm and rate (chronotropy). They contribute to mechanical output passively, 

by serving as a reservoir and conduit, as well as actively, by boost pumping fluid to the 

ventricular compartment (“atrial kick”). Additionally, the atria operate as mechanical sensors 

and secrete hormones (e.g. natriuretic peptides). 

Atrial remodeling is often used synonymously with LA enlargement. While LA enlargement is 

a typical feature of atrial remodeling and therefore serves as a diagnostic parameter of 

diastolic function, distinct features of atrial remodeling (hypertrophy, fibrosis and atrial 

fibrillation) may also occur in the absence of enlargement. For diagnostic purposes, atrial 

volumes can be estimated from echocardiographic images and normalized to body size to 

produce the LA volume index. Atrial volumes measured at different phases of the cardiac cycle 
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can also be utilized to derive information about contractile function (LA emptying fraction, LA 

expansion index) and allow for differentiation of passive and active contractile properties. 

Fig. 2: Clinically relevant effects of atrial remodeling in HFpEF (with permission)5.  

LA enlargement can be found in roughly half of all HFpEF patients6. Atrial remodeling is a 

widely accepted hallmark of HFpEF and its absence has been associated with lower mortality. 

Additionally, active contractile dysfunction has been shown to be an independent predictor 

of mortality in HFpEF and impaired conduit function has been associated with exercise 

intolerance7, 8. 

Cardiomyopathies of the ventricular myocardium have been studied and classified intensively 

in the past. The growing awareness of atria as unique, specialized compartments with 

individual structural and functional impairment in disease is giving rise to the concept of atrial 

cardiomyopathies. In 2018, the European Heart Rhythm Association (EHRA) of the ESC, the 

Heart Rhythm Society, Sociedad Latino Americana de Estimulacion Cardiaca y Electrofisiologia 

and the Asia Pacific Heart Rhythm Society released a joint expert consensus defining atrial 

cardiomyopathies as ‘any complex of structural, architectural, contractile or 



 
Seite 12/85 

electrophysiological changes affecting the atria with the potential to produce clinically-

relevant manifestations’9. The authors proposed a novel classification scheme based on 

structural changes as observed in histology (Fig. 3).  

 

Fig.3: ‘EHRAS’ Classification Scheme of Atrial Cardiomyopathies (with permission)9.  

While the existence and relevance of atrial cardiomyopathies is widely acknowledged in the 

scientific community, the EHRA classification scheme has sparked criticism10. The classification 

is based solely on histologic observations. Procedures to obtain biopsies of the atrial 

myocardium are not part of the clinical routine and pose a certain risk to the patient.  The 

classification does also not adequately account for etiology, co-morbidities and risk factors.  

Our knowledge on LA cardiomyocyte function in HF is still sparse. Pluteanu et al. were able to 

demonstrate the pivotal role of dysfunctional LA cardiomyocyte contractility and sarcoplasmic 

reticulum (SR) Ca2+ handling in the transition of compensated LV hypertrophy to HF in 
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spontaneously hypertensive rats11. The role of LA cardiomyocyte function in metabolic 

syndrome-related HFpEF and its preceding stages (i.e. HHD) still remains elusive.  

4.1.3 Hypertensive Heart Disease 

Hypertensive heart disease describes a constellation of structural and functional changes 

including LV hypertrophy, diastolic and systolic dysfunction, arrhythmias and an increased risk 

of myocardial infarction and transition to HF. LV hypertrophy, as a hallmark of hypertensive 

heart disease, is thought to occur in response to elevated blood pressure in order to minimize 

wall stress12. LV hypertrophy can develop either an eccentric (to the outside) or concentric (to 

the inside) phenotype and is generally accompanied by an increase in LV mass and LV filling 

pressures. HHD is a common predecessor of HFpEF, however triggers for the transition to HF 

and LA dysfunction (e.g. RAAS activation, intercellular paracrine communication) are still 

poorly understood.  

4.1.4 Metabolic Syndrome 

Metabolic syndrome has been described in different ways, though it is generally referred to 

as a cluster of risk factors including an increased arterial blood pressure, central obesity, 

increased fasting glucose and dyslipidemia (high triglycerides and low high-density lipoprotein 

cholesterol). Prevalence of the metabolic syndrome increases with age and body weight and 

has been reported between 16-37% depending on the study population13. Metabolic 

syndrome is associated with an increased prevalence of LV diastolic dysfunction (35% vs. 9%) 

and LA enlargement, as well as LA contractile dysfunction14. ECC of LA cardiomyocytes in 

metabolic syndrome-related HFpEF has not previously been studied and might shed insight 

into the pivotal role of the metabolic risk cluster for LA dysfunction. 

4.1.5 Excitation-Contraction-Coupling in Atrial Cardiomyocytes 

Excitation-Contraction-Coupling (ECC) describes a series of events in cardiomyocytes from 

electrical activation to contraction. In brief, membrane depolarization by an electrical stimulus 

(or neighboring cells) leads to Ca2+-induced Ca2+ release (CICR) and subsequent Ca2+-induced 

contraction of myofilaments. It has been shown numerous times that disrupted Ca2+ signaling 

is closely interrelated with cardiac arrhythmogenesis and cardiac contractile dysfunction15. 
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Membrane depolarization (excitation) opens voltage-dependent Ca2+ channels (L-type Ca2+ 

channels) and enables Ca2+ to enter the cytosol via its electrochemical gradient. Ventricular 

cardiomyocytes contain a highly organized network of transverse tubules (T-tubules), which 

can be described as invaginations of the cellular membrane running perpendicular to the long 

axis of the cell towards its center (Fig. 4).  

Fig. 4: Example visualization of the tubule system using the fluorescent dye Di8-ANNEPS, LA (left) and LV (right) 

cardiac myocytes from rodents.  

The action potential synchronizes Ca2+ influx via LTCC, the T-tubules form junctions (dyads) 

with the SR to synchronize CICR. Atrial cardiomyocytes have a less evolved tubular system and 

propagation of Ca2+ release towards the center of the cardiomyocyte (facilitated by a chain of 

RyR clusters) is generally slower (Fig. 5)16. 

Fig. 5: Example visualization of the tubule system using the fluorescent dye Di8-ANNEPS, LA (left) and LV (right) 

cardiac myocytes from rodents.  

Ca2+ binds to  troponin C on the thin filaments, allowing the myosin heads of the thick filament 

to bind to actin on the thin filaments and therefore causing contraction. A synchronous release 

of Ca2+ throughout cardiomyocytes is essential for the contraction of ventricular 

cardiomyocytes. The mechanism behind atrial cardiomyocytes’ ability to maintain contractile 

function despite their less synchronous Ca2+ release is not yet completely understood. One 

possible explanation may be the colocalization of highly phosphorylated RyR clusters at 

junctions of axial tubules and the SR, which have been shown to lead to a more rapid 

shortening of central sarcomeres17. 
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A decline of the cytosolic Ca2+ concentration, leading to a dissociation of Ca2+ from troponin 

C, is critical for myocardial relaxation and filling. Ca2+ reuptake into the SR is driven by the SR 

Ca2+ ATPase (SERCA). Extrusion of Ca2+ ions from the cell is mainly driven by the sarcolemmal 

Na+ / Ca2+ exchanger (NCX).  

4.1.6 Inflammatory Mediators as Pharmacological Targets in Heart Failure 

Inflammatory cytokine levels are increased in patients suffering from HF. Cytokines and their 

receptors have been shown to be independent predictors of mortality in patients with 

advanced HF18. Cytokines have the potential to induce detrimental effects on the heart. Tumor 

necrosis factor (TNF) α and interleukin (IL) 1β induce a downregulation of SERCA and RyR and 

act as direct negative ionotropic effectors of cardiomyocyte contractile function19. Both 

cytokines promote cardiomyocyte hypertrophy and apoptosis20. IL-6 has been shown to 

reduce phosphorylation of titin and consecutively increase cardiomyocyte stiffness21. 

As TNFα is a detrimental factor for myocardial impairment in HF, the cytokine or its soluble 

receptor may be targets for pharmaceutical intervention. Two antagonists where developed 

in the early 2000s and tested in clinical trials. Etanercept is a recombinant human TNF 

receptor, binding circulating TNF-α and thus functionally inactivating the cytokine by 

preventing it from binding to its target receptors. The second compound, infliximab, is a 

chimeric IgG monoclonal antibody, binding the soluble and transmembrane TNF-α. The 

Randomized Etanercept North American Strategy of Study Antagonism of Cytokines 

(RENAISSANCE) trial evaluated the efficacy of etanercept in HF in North America, while the 

Research into Etanercept Cytokine Antagonism in Ventricular Dysfunction (RECOVER) trial was 

conducted in Europe. Both trials were combined in the Randomized Etanercept Worldwide 

Evaluation (RENEWAL) study and included a total of 1500 patients. However, no effect of the 

therapy could be observed in primary and secondary outcomes and both trials were 

terminated prematurely22. The efficacy of infliximab was evaluated in the anti-TNF Therapy 

Against Congestive Heart Failure (ATTACH) trial. The TNF α antagonist did not improve, and 

high doses even adversely affected the clinical condition of patients with moderate-to-severe 

chronic HF. Thus, doses of infliximab > 5 mg/kg are now contraindicated in patients with 

moderate-to-severe congestive HF (New York Heart Association functional class III/IV)23. 



 
Seite 16/85 

The more recent Canakinumab Antiinflammatory Thrombosis Outcome Study (CANTOS) trial 

tested the efficacy of the IL-1β antibody canakinumab in patients with prior myocardial 

infarction within the last 30 days and a high sensitive C-reactive protein > 2 mg/L. 10,061 

patients were included in the study. The anti-inflammatory therapy led to a significantly lower 

rate of recurrent cardiovascular events (primary outcomes: nonfatal myocardial infarction, 

nonfatal stroke, cardiovascular death) independent of lipid-level lowering24. Even though the 

effect size has been criticized as being too minor, likely preventing widespread clinical 

adoption of the treatment, the CANTOS trial provided the first proof that anti-inflammatory 

therapy can be of benefit to patients with cardiovascular disease25. In addition, post-hoc 

analysis revealed a dose-dependent reduction in HF hospitalizations and HF-related 

mortality26. Cytokines remain a potential pharmacological target in HFpEF and HHD. Thus, 

their respective role for fibroblast – cardiomyocyte communication and effects on 

cardiomyocyte Ca2+ handling was studied as part of this thesis (Fig. 6). 

 

 
Fig. 6:  Schematic outline of fibroblast-mediated cardiomyocyte dysfunction by paracrine secretion of
 cytokines and induction of cardiac fibrosis through collagen deposition.  
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4.2 Extended Methods 

4.2.1 ZSF-1 Rat Model of Heart Failure 

ZFS-1 rats are a hybrid cross of the Zucker Diabetic Fatty and Spontaneously Hypertensive 

Heart Failure (SHHF) rats, which were developed by Genetic Models and Charles River in 2001 

(Fig. 7). The pathogenic background is based on a leptin receptor mutation resulting in either 

a lean (heterozygous mutation) or obese (homozygous mutation) phenotype. ZSF-1 lean rats 

offer an arterial hypertension-based model of hypertensive heart disease. As compared to 

other HDD models, ZSF-1 lean rats show a moderate arterial hypertension with increased 

activity of the renin-angiotensin-aldosterone-system (as compared to low-renin models with 

arterial hypertension due to volume expansion (e.g. following partial nephrectomy)27, 28. The 

ZSF-1 obese phenotype combines a metabolic risk model (metabolic syndrome) with a 

predisposition for arterial hypertension. 

Fig. 7: ZSF-1 rat HF model. From left to right: Wistar Kyoto (WT), ZSF-1 lean (HHD), ZSF-1 obese (HFpEF). 

The first in-depth characterization of the cardiac phenotype was published by Hamdani et al. 

in 201329. The authors obtained 9-weeks old WKY, ZSF-1 lean and ZSF-1 obese rats from 
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Charles River. After a one-week adaptation period, the animals were evaluated with metabolic 

cages, blood samples and echocardiography studies. No differences in metabolism and renal 

function could be observed in hypertensive ZSF-1 lean vs. WKY at 10, 14 and 18 weeks. ZSF-1 

obese rats however showed increased plasma proteins, proteinuria, oral glucose tolerance, 

insulin resistance, glycosuria, urine output and water intake. At the age of 18 weeks, ZSF-1 

obese rats also developed increased glycaemia and creatine levels.  

While there were no initial differences in echocardiographic parameters of ZSF-1 lean animals 

at baseline, mild differences could be observed in cardiac index at 14 and heart rate at 18 

weeks. The authors did not detect a significant difference in LA area at 18 weeks. Experiments 

conducted as part of this thesis however, detected a significant difference at 2130 and 28 

weeks31. At baseline, ZFS-1 obese rats presented with increased heart rate and diastolic LV 

posterior wall thickness. The animals developed characteristic features of LV diastolic 

dysfunction at the age of 14 weeks: a lower E/A ratio, a higher E/E’ ratio, an increase in LV 

mass and LA area. Hemodynamic evaluation was performed after 20 weeks. ZSF-1 lean and 

obese rats showed an increase in body surface area, systolic, diastolic and mean arterial 

pressure, slower LV relaxation (dP/dtmin). ZSF-1 obese rats additionally showed increased end-

diastolic pressure and LV contractility (dP/dtmax). Notably, EF was preserved in ZSF-1 lean, as 

well as ZSF-1 obese rats. 

ZSF-1 obese rats show distinct features of cardiac diastolic dysfunction and metabolic 

conditions of the metabolic syndrome. In patients, criteria for the diagnosis of HFpEF  would 

also entail the presence of clinical symptoms, predominantly dyspnea. Naturally, this 

parameter is difficult to obtain, as the animals cannot be verbally asked. One way to address 

this issue has been the quantification of lung edema. The parameter is generally obtained by 

determination of the wet-to-dry lung weight ratio post mortem. In their article, Hamdani et 

al. assume mere lung weight (normalized to tibia length) to be a parameter of lung congestion. 

A more appropriate evaluation was supplied by Miranda-Silva et al., who observed an 

increased wet-to-dry lung ratio in ZSF-1 obese vs. lean rats at the age of 28 weeks32. As such, 

ZSF-1 obese rats were considered to be a metabolic syndrome-related model of HFpEF for the 

work of this thesis. 
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4.2.2 Isolation of Single-Cell Cardiac Myocytes 

4.2.2.1 Introduction 

Since the first description of a successful isolation of viable, primary cardiac myocytes in 1955, 

a vast amount of protocols has been developed and applied to different species, such as mice, 

rats, guinea pigs, rabbits, pigs and humans. Isolated single-cell cardiomyocytes can be used 

for a variety of different experiments including structural, biochemical, genetic and 

pharmacological studies. Single cells have allowed for a detailed study of ion channel 

properties e.g. through the patch clamp technique and the visualization of ion handling by 

fluorescent dyes and have therefore made an important contribution to our knowledge of 

cardiac electrophysiology (Fig. 8). 

Fig. 8: Example of light-microscopic images of primary, LA (left) and LV (right) cardiac myocytes from rodents.  

A major limitation to working with primary cells lies in their inability to proliferate and stay 

viable in a cell culture without undergoing continuous degradation. An alternative to primary 

myocytes is offered by commercially available, immortalized cell lines, such as the AT-2 and 

HL-1 line. HL-1 cells can be serially passaged and contract spontaneously. However, they show 

structural and functional differences compared to primary cardiac myocytes, e.g. a less 

organized ultrastructure, a high occurrence of developing myofibrils and a hyperpolarization-

activated inward current33.  

Another viable option that is receiving an increasing amount of interest from the scientific 

community are patient derived induced pluripotent stem cells-derived cardiomyocytes (iPSC-

CM). The human origin of iPSC-CM has made them an attractive platform for drug safety and 

development. Another elegant feature of iPSC-CM lies in their containment of the patients’ 

genetic fingerprint. iPSC-CM have been shown to exhibit features of disease phenotypes in-

vitro and are therefore anticipated to play a key role in precision medicine. The relevance of 

genetic variants of uncertain significance (VUS) can be assessed by comparing experimental 
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data to an isogenic control group (iPSC-CM of the same origin, where the VUS has been 

corrected utilizing the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) / 

Cas9 gene editing technology).  

The following protocol describes a procedure for the isolation of adult LA cardiomyocytes from 

rats, as used for the work of this thesis. 

4.2.2.2 Buffers 

The composition of buffers used in this protocol is largely based on physiological Tyrode’s 

buffers. These have been developed by systematic adaptation of compound concentrations 

until a good survival rate of the specific tissue had been established. The exact composition of 

buffers is given in Table 1. 

 
Reagent 
(mM) 

Perfusion 
Buffer 

Cannulation 
Buffer 

Digestion 
Buffer 

Stop 
Buffer 

Step 
1 

Step 
2 

Step 
3 

Normal 
Tyrode 

                  

NaCl 135 135 135 135 135 135 135 135 

KCl 4.7 4.7 4.7 4.7 4.7 4.7 4.7 4 

KH2PO4 0.6 0.6 0.6 0.6 0.6 0.6 0.6   

Na2HPO4  0.6 0.6 0.6 0.6 0.6 0.6 0.6   

MgSO4 1.2 1.2 1.2 1.2 1.2 1.2 1.2   

MgCl               1 

HEPES 10 10 10 10 10 10 10 10 

Taurine 30 30 30 30 30 30 30   

Glucose 10 10 10 10 10 10 10   

BDM 10 10 10 10 10 10 10   

CaCl2   1 0.01   0.125 0.25 0.5 1 

BSA       150 70 70 70   
Purified 
enzyme 
blend 
(medium 
Thermolysin) 

    
0.195 

Wünsch 
units/mL 

          

pH adjusted 
to 

7.4 7.4 7.4 7.4 7.4 7.4 7.4 7.4 

pH adjusted 
at 

37 °C 4 °C 37 °C 37 °C 37 °C 37 °C 37 °C 37 °C 

pH adjusted 
with 

NaOH NaOH NaOH NaOH NaOH NaOH NaOH NaOH 

Table 1: Buffers used for isolation of single-cell cardiac myocytes and sub-sequent experiments. 
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4.2.2.3 Excision 

In order to minimize micro-infarctions during the isolation procedure, the animal is 

heparinized with 500 I.U. / 100 g body weight. After 30 minutes, the animal is euthanized by 

decapitation using a guillotine suitable for rodents. The skin covering the xiphoid process is 

removed with surgical scissors. The peritoneum is opened below the rib cages on both sides 

and the diaphragm exposed. An incision is made along the anterior arc. The ribs are opened 

on both sides along the linea mediaclavicularis ascending to the clavicular bone and the 

mediastinum is exposed in-situ. The lungs are removed at the distal ends of the hila. The 

thymus is removed and the aortic arch exposed. The base of the heart is pinched using forceps 

and gently pulled downwards. The aorta is then cut across while maintaining pull on the heart, 

leaving a small segment of the aorta attached to the heart for subsequent cannulation. The 

heart is then quickly transferred into ice-cold cannulation buffer.  

4.2.2.4 Cannulation 

The heart is then transferred to a petri-dish containing ice-cold cannulation buffer. A custom-

made cannula, which is attached to a 10mL syringe filled with ice-cold cannulation buffer, is 

then inserted into the aorta and fixated with 3/0 silk suture using two knots. The aorta is gently 

flushed with 5 mL of cannulation buffer, anterogradely perfusing the coronary arteries and 

thus removing the blood.  

4.2.2.5 Digestion 

The heart is transferred to a Langendorff apparatus and perfused with perfusion buffer at 3 

mL/min and 37 °C. Key feature of the perfusion buffer is the nominally free Ca2+ content, which 

is detrimental to destabilize the intercalated disks connecting adjacent cardiomyocytes. It is 

thought to disrupt Ca2+-dependent cadherins, which mediate cell adherence and desmosomal 

junctions between myocytes34. After an initial period of approximately 3 min, perfusion is 

changed to digestion buffer. Digestion buffer additionally contains highly purified collagenase 

1 and 2 (Liberase®), which facilitates digestion of extracellular tissue, as well as cell 

dissociation. Liberase® has been shown to be superior to less targeted and less pure enzymes 

like collagenases. This enzyme does not only allow for higher yield of morphologically sound 

and functionally intact cardiomyocytes, but also minimizes cell clumping35. Purified enzyme 
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blends of collagenases with additional high dispase or medium thermolysin content are most 

commonly used for rat cardiomyocyte isolations. 

4.2.2.6 Pressure Manipulation 

A double overhand knot is tied around the base of the heart, excluding the aorta (i.e. venae 

cavae, truncus pulmonalis, venae pulmonales). This step is repeated until an inflation of the 

right and LA, as well as the coronary sinus, can be observed. The LA is punctured with a 

butterfly needle and the atrium is allowed to deflate. Intraluminal pressure of the atrium is 

now adjusted by altering the elevation of the butterfly hose. The atrium is being kept slightly 

inflated throughout the rest of the procedure.  

The above-mentioned procedure leads to an increase of right atrial cavity pressure, while 

maintaining a lower LA pressure. This leads to an attenuated coronary perfusion of the LA, 

which likely facilitates improved isolation results of this approach36. 

4.2.2.7 Tissue Dispersion 

Upon finished digestion of the LA, the tissue is removed from the heart with scissors and 

transferred into stop buffer at room temperature. Stop buffer contains a high concentration 

of bovine serum albumin, which inhibits activity of the digestive enzyme on atrial tissue by 

competitive binding. The atrial tissue is minced into small pieces. Consecutively, the tissue is 

dispersed by gentle suction and ejection of tissue chunks using a transfer pipette. This 

procedure is continued for approximately 5 min until a macroscopic dissociation of the tissue 

can be observed. Air bubbles should be avoided during this step, since exposure to air will 

result in cardiomyocyte death. The minced atrial tissue is transferred to a 15 ml conical tube 

and the tissue allowed to settle for 30 s. The supernatant (containing single cell 

cardiomyocytes) is filtered through a 300 nm pore mesh into another 15 mL conical tube and 

the cells allowed to settle for another 15 min.  

4.2.2.8 Ca2+ Re-adaptation 

While perfusion of the heart with Ca2+ free solution is necessary for single-cell isolation (as 

described previously), it has a major disadvantage. Reintroduction of Ca2+ causes tissue 

disruption, hypercontraction and release of intracellular enzymes. This phenomenon is known 
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as the ‘Ca2+ paradox’. It is thought to be mediated by an excessive, sudden increase of 

intracellular Ca2+ resulting in an exhaustion of high-energy phosphates, enzyme release and 

ultrastructural damage (e.g. mitochondrial swelling and contracture of myofilaments)37. The 

damage of the Ca2+ paradox can be minimized by a step-wise adjustment of intracellular Ca2+ 

concentration to physiological levels using step 1, 2 and 3 buffers. 

4.2.2.9 Cell plating 

A glass-bottom dish is coated with 25% laminin and allowed to dry prior to the isolation 

procedure. Laminin is a protein complex which can naturally be found in the basal lamina and 

facilitates cell adhesion. The cardiomyocytes are transferred onto the glass-bottom dish and 

allowed to settle and attach for 10 min. The dish is filled with Normal Tyrode containing 2mM 

Ca2+ and transferred to the microscope for sub-sequent experiments. 

4.2.3 Histology 

4.2.3.1 Fixation 

The rat hearts are excised, cannulated (as described above) and flushed with phosphate 

buffered saline. The LA is removed with small scissors and transferred into a petri dish 

containing 4% paraformaldehyde and is allowed to incubate for 48 hours. This procedure (also 

known as ‘fixation’) is well established through the life sciences and ensures preservation of 

biological tissue from decay due to autolysis or putrefaction.  

4.2.3.2 Dehydration and Paraffinization 

Subsequentially the water of the specimen must be removed in order to be infiltrated with 

paraffin wax. This is commonly achieved through a series of ethanol buffers with increasing 

concentration until pure, water-free alcohol is reached. Since water is miscible with ethanol, 

it is progressively removed from the specimen. As ethanol and paraffin are not miscible, the 

ethanol has to be replaced by a clearing agent (e.g. xylene). Consecutively, the tissue is infused 

with paraffin wax at 60°C. 

The paraffin wax solidifies upon cooling to 20°C to a consistency, which allows coherent 

cutting of the sections. The specimen is now embedded into paraffin blocks using an 

appropriate embedding center. The specimen is placed in a metal mold, filled with paraffin 
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wax and a cassette placed on top of the mold. After cooling, the block is stored at room 

temperature until microtomy is being carried out. The paraffin block is transferred to a 

microtome, cut into sections of 2 µm thickness and placed in a water bath of 60 °C 

temperature, ensuring removal of unwanted wax ribbons. The sections are then transferred 

onto a glass cover slip and allowed to dry overnight at 60°C. 

4.2.3.3 Deparaffinization and Rehydration 

Prior to staining, the sections must be deparaffinized and rehydrated. To achieve this, the 

previously described procedure is performed in a reverse manner at shorter durations. 

4.2.3.4 Staining 

The staining procedure to visualize cardiac fibrosis is performed with the commercially 

available dye Picrosirius Red. Picrosirius Red is an azo dye primarily used for the visualization 

of collagen and amyloid. For the staining, tissue slides are incubated for 60 min in Picrosirius 

Red Solution. The slides are then quickly rinsed in 2 changes of acetic acid solution, 3 changes 

of 100% ethanol, cleared with tap water and mounted in synthetic resin.  

4.2.3.5 Imaging 

The dye stains collagen (red), muscle fibers (yellow) and cytoplasm (yellow; Fig. 9). 

Fig. 9: Example of light-microscopic image of Picrosirius Red-stained LA myocardial tissues from rodents.  
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4.2.3.6 Analysis 

The images are analyzed by digital image analysis and expert scoring. Each method has distinct 

advantages and drawbacks. For digital image analysis, the image is segmented by a fixed 

threshold to identify the fraction of red pixels in the total image area defined as the total 

collagen content. The analysis can be performed with automated analysis software (Table 2). 

This procedure results in a quantitative, largely unbiased parameter. However, this analysis is 

unable to discriminate between different types of fibrosis, which have been defined as 

replacement/scarring fibrosis, reactive interstitial fibrosis and perivascular fibrosis38. 

min=newArray(3); 
max=newArray(3); 
filter=newArray(3); 
a=getTitle(); 
run("HSB Stack"); 
run("Convert Stack to Images"); 
selectWindow("Hue"); 
rename("0"); 
selectWindow("Saturation"); 
rename("1"); 
selectWindow("Brightness"); 
rename("2"); 
min[0]=179; 
max[0]=255; 
filter[0]="pass"; 
min[1]=40; 
max[1]=247; 
filter[1]="pass"; 
min[2]=0; 
max[2]=231; 
filter[2]="pass"; 
for (i=0;i<3;i++){ 
  selectWindow(""+i); 
  setThreshold(min[i], max[i]); 
  run("Convert to Mask"); 
  if (filter[i]=="stop")  run("Invert"); 
} 
imageCalculator("AND create", "0","1"); 
imageCalculator("AND create", "Result of 0","2"); 
for (i=0;i<3;i++){ 
  selectWindow(""+i); 
  close(); 
} 
selectWindow("Result of 0"); 
close(); 
selectWindow("Result of Result of 0"); 
rename(a); 
   run("Set Measurements...", "area area_fraction limit display 
redirect=None decimal=3"); 
   run("Measure"); 
   selectWindow("Results");   
  
Table 2: ImageJ macro used for the quantification of fibrotic tissue in myocardial sections. 
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In addition, expert visual scoring may take into account patterns of distribution (endocardial, 

epicardial) and composition (fibrocyte content as measure of activity). For the work of this 

thesis, endocardial, epicardial and interstitial fibrosis was assessed according to the following 

scoring system: 

 0 = no abnormality 

1 = well-differentiated granulation tissue as a sign of resolved damage (mostly 

fibrocytes with elongated, spindle-shaped nuclei; mostly well-definable collagen fibers 

arranged in parallel) 

2 = less differentiated granulation tissue as a sign of subacute damage (fibrocytes with 

both elongated, spindle-shaped and more blastic, round nuclei; some collagen fibers 

arranged in parallel) 

3 = low-differentiated granulation tissue as a sign of acute damage (mostly fibrocytes 

with plump, blastic, round nuclei; more homogenous extracellular matrix). 

The disadvantage of this approach lies in its semi-quantitative nature, negatively impacting 

statistical resolution in the case of moderate effect sizes and/or a low amount of data points. 

4.2.4 Sample Size Calculation 

The sample size was calculated prior to the studies with the software G*Power (Heinrich-

Heine-Universität Düsseldorf) where applicable. 

4.2.4.1 Publication 1: The role of fibroblast - Cardiomyocyte interaction for atrial dysfunction in 

HFpEF and hypertensive heart disease.  

Endpoint 1:    Total fibrosis (histology) 
α error probability:    0.05 
Power (1 – β error probability):  0.8 
Groups:    3 
Statistical test:    ANOVA (one-way) 
Effect size (estimated):  0.7 
Sample size:    24 
 
Endpoint 2:    Cardiomyocyte cell shortening (microscopy) 
α error probability:    0.05 
Power (1 – β error probability):  0.8 
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Groups:    3 
Statistical test:    ANOVA (one-way) 
Effect size (estimated):  0.5 
Sample size (cells):   42 
Cells per animal (estimated):  10 
Risk of failure (cell isolation):  20% 
Sample size (animal):   18 

Additionally, 12 animals (4 per group) were shipped to the cooperation partner in Hamburg 

for cardiac fibroblast isolation, culture and stretch experiments. 

4.2.4.2 Publication 3: Cellular mechanisms of metabolic syndrome-related atrial 

decompensation in a rat model of HFpEF. 

Endpoint:    Left atrial size (echocardiography) 
α error probability:    0.05 
Power (1 – β error probability):  0.8 
Groups:    3 
Statistical test:    ANOVA (one-way) 
Effect size (estimated):  0.6 
Sample size:    30 
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4.3 Summary and Outlook 

4.3.1 Summary 

The work of this thesis establishes a spectrum of stage- (early, 21w vs. late, 28w) and etiology- 

dependent (metabolic syndrome-related HFpEF vs. HHD) triggers for LA cardiomyocyte 

dysfunction in rats. At 21 weeks, HFpEF, but not HHD, showed distinct features of LA 

remodeling in-vivo (increased LA area, reduced LA EF). In-vitro, LA cardiomyocytes of both 

disease entities showed a rather compensated phenotype (improved contractile function, 

increased CaT amplitude). However, neurohumoral activation with AT-2 revealed an increased 

SR Ca2+ leak in HFpEF and HHD, indicating a pivotal role for RAAS activation in the induction of 

LA cardiomyocyte dysfunction in either condition at early stages.  

We continued to explore the involvement of cardiac fibrosis in mediating LA contractile 

dysfunction at 21 weeks. The quantitative assessment of myocardial collagen deposition ex-

vivo, showed differences neither in HHD nor HFpEF. Taking another approach by considering 

the role of fibroblast activity, we evaluated the effects of the stretch-induced secretions 

(supernatant) of cardiac fibroblasts on Ca2+ handling in LA cardiomyocytes in-vitro. In WT we 

could observe a 2-fold increase of CaT amplitudes, indicating a potentially positive ionotropic 

effect of stretch-dependent paracrine activity of fibroblasts. This enhancement of systolic Ca2+ 

release could not be observed in HHD and HFpEF.  Contrarily, LA cardiomyocytes of HFpEF 

showed impaired CaT kinetics (time-to-peak, decay) upon exposure to the secretome of their 

respective stretched fibroblasts. This observation could explain the discrepancy of in-vivo / in-

vitro contractile function in LA and LA cardiomyocytes in HFpEF. Furthermore, we could 

identify ET-1 as the primary mediator of enhanced cytosolic CaT amplitudes in WT. 

At 27 weeks, HHD and HFpEF continued to show signs of LA remodeling (increased LA 

diameter), which was more predominant in HFpEF. The compensated phenotype of LA 

cardiomyocytes gave way to manifestly dysregulated Ca2+ signaling (reduced SR Ca2+ load, 

prolonged cytosolic Ca2+ decay) in HFpEF. LA cardiomyocytes from HFpEF rats also had a 

notable alterations of nuclear Ca2+ signaling (increase CaT amplitude), which has been shown 

to be relevant in the context of hypertrophic signaling (i.e. ‘Excitation-Transcription-

Coupling’)39.  
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4.3.2 Limitations 

There are several limitations to our studies. The ZSF-1 HF model mimics certain ‘human’ 

features of HHD and metabolic syndrome-related HFpEF (see chapter 4.2.1). Yet, failure to 

transfer knowledge of disease pathology from animal models to humans (‘translation’) is 

common and could potentially apply to (part of) this work. Another limitation is the in-vitro 

single-cell cardiomyocyte  model (see chapter 4.2.2.1), which is unlikely to portray all in-vivo 

facets of cardiomyocyte function. 

Our investigations are focused on LA dysfunction, allowing us to study its particular pathology. 

However, LA dysfunction is often only one component of complex disease clusters (arterial 

hypertension, metabolic disorders, diastolic dysfunction, HHD, HFpEF, etc.). While one 

treatment strategy could seem logical in the context of our experiments on LA dysfunction, 

it’s beneficial effect might not scale to the remaining organ and/or body. For example, our 

data indicate that patients with LA dysfunction could benefit from positive inotropic therapy 

with ET-1 agonists / substitution. This is not a viable systemic treatment strategy in HF.  ET-1 

is a potent vasoconstrictor and ET-1 antagonists are currently used in the treatment of 

pulmonary arterial hypertension. However, other cytokines (IL-1β, IL-6, IL-10, IL-33, etc.) might 

prove to be appropriate pharmacological targets for futures therapies.  

4.3.3 Outlook 

Our data suggest that patients with LA dysfunction may benefit from RAAS inhibition (HHD, 

HFpEF) and anti-inflammatory therapy (HFpEF). While the former is a widely practiced 

intervention in cardiology, anti-inflammatory therapies are still in their infancy and are likely 

to improve during this decade. The CANTOS trial provided the first proof of an effective anti-

inflammatory treatment in HF, yet with dissatisfactory effect size. Our studies contribute to 

the quest of identifying appropriate target compounds. 

Following a rather compensatory early cellular phenotype, manifest LA cardiomyocyte 

dysfunction developed during disease progression in HFpEF. This raises the questions whether 

and to what extent the patient would benefit from stage-dependent adjustment of 

pharmacotherapy. If so, what diagnostic methods and criteria could be utilized to make an 

informed decision? The etiologic heterogeneity of the HF population, as well as the 
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phenotype-specific development during disease progression, could make it a particularly 

effective entity for personalized and precision medicine approaches40. 
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