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1. Abbreviations

AT2 angiotensin Il

Ca? calcium

CANTOS Canakinumab Antiinflammatory Thrombosis Outcome Study
CaT calcium transient

c™M 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



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 Ca?* signaling in cardiomyocytes in-vitro. We investigated the role of neuro-humoral
activation via angiotensin Il (AT2) and paracrine activity of the fibroblast secretome as

potential contributors to dysregulated Ca?* 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 Ca%*-sensitive fluorescent indicators,
confocal imaging (cytosol, nucleus) and video edge detection. Myocardial fibrosis was
guantified 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) Ca?* content was preserved while Ca?* spark frequency and tetracaine-
dependent SR Ca?* 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 Ca?* in HFpEF were not
significantly different vs. WT, but SR Ca?* leak remained increased. AT2 reduced cytosolic CaT
amplitudes and enhanced nuclear Ca?* release in HFpEF. No structural alterations of fibrosis

could be detected in HHD or HFpEF. Upon treatment with their respective CM, cardiomyocytes



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 Ca®* and slowed Ca?* removal, potentially contributing to in-
vivo decompensation. During disease progression (e.g. at 27 weeks), HFpEF displayed
dysfunctional ECC due to lower SR Ca?* content and enhanced nuclear Ca?*. 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.



3. Zusammenfassung

3.1 Einleitung

Bei ~50% der Patienten mit Herzinsuffizienz (HF) lasst sich eine erhaltene Ejektionsfraktion
(EF) feststellen (HFpEF). HFpEF geht haufig mit einer links-atrialen (LA) Dysfunktion einher,
welche mit einer erh6hten Mortalitat assoziiert ist. Wir priften die Hypothese, dass diese LA
Dysfunktion in-vivo mit Veranderungen im Ca?*-Stoffwechsel von Kardiomyozyten in vitro in
Beziehung steht. Wir untersuchten den Einfluss der neurohumoralen Aktivierung durch
Angiotensin Il (AT2) sowie der parakrinen Aktivitdt des Sekretoms der Fibroblasten auf den

Ca?*-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 lbergewichtigen (homozygot; HFpEF) Phanotyp.
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 Ca?*-sensitiver Farbstoffe, konfokaler
Mikroskopie (Zytosol, Nukleus) und Kantendetektion untersucht. Zudem wurde die LA Fibrose
in histologischen Schnitten begutachtet. Das konditionierte Medium (CM) primarer, 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 Verdnderungen in LA GroRe und EF vs. WT. In atrialen
Kardiomyozyten von HHD war die Amplitude der zytosolischen Ca?*-Transienten (CaT) erhoht.
Der Ca%*-Gehalt des sarkoplasmatischen Retikulums (SR) war unverdndert, das Tetracain-
abhangige SR-Leck und die Inzidenz von Ca?*-Sparks waren groRer. Bei HFpEF zeigte sich eine
Zunahme der LA GroRRe und eine Abnahme der LA EF. Bei HFpEF zeigten sich gesteigerte CaT-
Amplituden und eine erhéhte Kontraktilitit. Die Kinetik der CaT und SR Ca?*-Gehalt waren

unverandert. AT2 reduzierte die zytosolische CaT-Amplitude und induzierte eine gesteigerte



nukledre Ca?*-Ausschiittung bei HFpEF-Zellen. Strukturelle Unterschiede der Fibrose konnten
nicht festgestellt werden. Nach Behandlung mit ihrem jeweiligen CM zeigten Kardiomyozyten
vom WT eine erhohte CaT-Amplitude. Die Konzentration von ET-1 im CM und LA Gewebe war
bei WT hoher als bei HHD und HFpEF. Bei HHD zeigte das CM keinen relevanten Effekt auf die
CaT. Bei HFpEF erhdhte das CM das diastolische Ca?* und verlangsamte die Ca?*-
Wiederaufnahme, wodurch moglicherweise zur Dekompensation in-vivo beigetragen wurde.
Bei fortgeschrittener Erkrankung zeigte HFpEF ein dysfunktionales ECC, bedingt durch einen
erniedrigten Ca?*-Gehalt im SR. Bei Patienten war die kardiale ET-1 Konzentration nicht mit

dem Auftreten eines arteriellen Bluthochdruckes oder Ubergewicht assoziiert.
3.4 Schlussfolgerung

LA Remodeling ist eine komplexe Entitdt, dessen Pathologie abhdngig vom Stadium und von
der Grunderkrankung ist. Im frithen Stadium tragen neurohumorale Aktivierung (z.B. AT2) und
parakrine Interaktion fibrotischer Aktivitat (z.B. ET-1) potenziell zur LA Dysfunktion in-vivo bei.
Im spaten Stadium zeigen LA Kardiomyozyten ein gestortes ECC unabhangig von dulReren

Faktoren.



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 HFpEF. Approximately 50%
(range: 40 — 71%) of all heart failure (HF) patients show preserved EF?. 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.

The HFA-PEFF Algorithm for the Diagnosis of HFpEF

+ Symptoms and/or Signs of HF
« Comorbidities / Risk factors

IntijatWorkup . gtcaGndard Echocardiograph
5 . i y
(Step 1 (P) : Pretest Assessment) S Niakritretic Peptides

« Ergometry / 6 min walking test
or Cardiopulmonary Exercise Testing

E Diagnostic Workup « Comprehensive Echocardiography
= (Step2 (E) : Echocardiographic and Natriuretic Peptide Score) -« Natriuretic Peptides, if not measured in Step 1
Advanced Workup « Diastolic Stress Test: Exercise Stress Echocardiography
(Step 3 (F1) : Functional testing in Case of Uncertainty) « Invasive Haemodynamic Measurements
« Cardiovascular Magnetic Resonance
Aetiological Workup « Cardiac or Non-Cardiac Biopsies
(Step 4 (F2) : Final Aetiology) - Scintigraphy / CT / PET

« Genetic testing
« Specific Laboratory Tests

Fig. 1: The HFA-PEFF algorithm for the diagnosis of HFpEF as published by the ESC in 2019 (with permission)3.



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®)?.
4.1.2 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



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.

atrial contractile
dyfunction

atrial fibrillation /
tachyarrhythmias

hypercoaguability 47 - 66% 5146

stroke/thrombo-embolism:
1.0 /100 pat.yrs (no AF) 129
HR 1.15 51

21-65% 25130

atrial remodeling
*+ LA enlargement

« fibrosis

electrical remodeling

6-63% 131,132

sinus node dysfunction
(chronotropic incompetence)

endocrine

dysregulation e.g. natri-
uretic peptides 118

impaired
filling

increased
pressureg

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

LA enlargement can be found in roughly half of all HFpEF patients®. 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

intolerance’ 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



electrophysiological changes affecting the atria with the potential to produce clinically-
relevant manifestations’®. The authors proposed a novel classification scheme based on

structural changes as observed in histology (Fig. 3).
Primarily Cardiomyocyte-dependent (Class )

e ey ) - lone AF
F L - genetic diseases
- diabetes mellitus

- aging

- CHF
- valvular diseases

Primarily Non-Collagen Depo
o o — E:

sits (Class IV)

A, - isolated atrial amyloidosis
- granulomatosis

- inflammatory Infiltrates

- glycosphingolipids

aad, ; i

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

While the existence and relevance of atrial cardiomyopathies is widely acknowledged in the
scientific community, the EHRA classification scheme has sparked criticism°. 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) Ca?* handling in the transition of compensated LV hypertrophy to HF in



spontaneously hypertensive rats!l. 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 stress'?. 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 population!3. Metabolic
syndrome is associated with an increased prevalence of LV diastolic dysfunction (35% vs. 9%)
and LA enlargement, as well as LA contractile dysfunction!4. 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 Ca?*-induced Ca?* release (CICR) and subsequent Ca%*-induced
contraction of myofilaments. It has been shown numerous times that disrupted Ca?* signaling

is closely interrelated with cardiac arrhythmogenesis and cardiac contractile dysfunction®®.



Membrane depolarization (excitation) opens voltage-dependent CaZ* channels (L-type Ca2+
channels) and enables Ca?* 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 Ca?* 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 Ca?* release towards the center of the cardiomyocyte (facilitated by a chain of

RyR clusters) is generally slower (Fig. 5)?®.
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Fig. 5: Example visualization of the tubule system using the fluorescent dye Di8-ANNEPS, LA (left) and LV (right)

cardiac myocytes from rodents.

Ca%*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 Ca?* throughout cardiomyocytes is essential for the contraction of ventricular
cardiomyocytes. The mechanism behind atrial cardiomyocytes’ ability to maintain contractile
function despite their less synchronous Ca?* 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 sarcomeres?'’.



A decline of the cytosolic Ca?* concentration, leading to a dissociation of Ca%* from troponin
C, is critical for myocardial relaxation and filling. Ca?* reuptake into the SR is driven by the SR
Ca?* ATPase (SERCA). Extrusion of Ca%*ions from the cell is mainly driven by the sarcolemmal

Na*/ Ca®* 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 HF'8. Cytokines have the potential to induce detrimental effects on the heart. Tumor
necrosis factor (TNF) a and interleukin (IL) 1B induce a downregulation of SERCA and RyR and
act as direct negative ionotropic effectors of cardiomyocyte contractile function'®. Both
cytokines promote cardiomyocyte hypertrophy and apoptosis?®®. IL-6 has been shown to

reduce phosphorylation of titin and consecutively increase cardiomyocyte stiffness?!.

As TNFa 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-a 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-a. 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 prematurely??. The efficacy of infliximab was evaluated in the anti-TNF Therapy
Against Congestive Heart Failure (ATTACH) trial. The TNF a 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 I11/1V)?3.



The more recent Canakinumab Antiinflammatory Thrombosis Outcome Study (CANTQS) trial
tested the efficacy of the IL-1B 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 lowering?*. 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 disease?. In addition, post-hoc
analysis revealed a dose-dependent reduction in HF hospitalizations and HF-related
mortality?®. Cytokines remain a potential pharmacological target in HFpEF and HHD. Thus,
their respective role for fibroblast — cardiomyocyte communication and effects on

cardiomyocyte Ca?* handling was studied as part of this thesis (Fig. 6).
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Fig. 6: Schematic outline of fibroblast-mediated cardiomyocyte dysfunction by paracrine secretion of
cytokines and induction of cardiac fibrosis through collagen deposition.



4.2 Extended Methods

4.2.1 7SF-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)?’- 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 20132°. The authors obtained 9-weeks old WKY, ZSF-1 lean and ZSF-1 obese rats from

Seite 17/85



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 213° and 28
weeks3!. 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 weeks?2. As such,
ZSF-1 obese rats were considered to be a metabolic syndrome-related model of HFpEF for the

work of this thesis.



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).

10um
10um

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 Perfusion | Cannulation | Digestion| Stop | Step | Step | Step | Normal
(mM) Buffer Buffer Buffer |Buffer| 1 2 3 |Tyrode
NacCl 135 135 135 135 135| 135| 135 135
KCI 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

CaClz 1 0.01 0.125| 0.25 0.5 1
BSA 150 70 70 70
Purified

enzyme 0.195

blend Winsch

(medium units/mL

Thermolysin)

PH adjusted 7.4 7.4 74| 74| 74| 74| 74| 74
pH adjusted 37°C a°c| 37°c| 37°c|37°c|37°c|37°Cc| 37°C
b 2diusted NaOH NaOH|  NaOH| NaOH|NaOH |NaOH [NaOH| NaOH

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




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 Ca?* content, which
is detrimental to destabilize the intercalated disks connecting adjacent cardiomyocytes. It is
thought to disrupt Ca?*-dependent cadherins, which mediate cell adherence and desmosomal
junctions between myocytes3*. 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 clumping?. Purified enzyme



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 approach3.
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 Ca’* Re-adaptation

While perfusion of the heart with Ca?* free solution is necessary for single-cell isolation (as
described previously), it has a major disadvantage. Reintroduction of Ca®* causes tissue

disruption, hypercontraction and release of intracellular enzymes. This phenomenon is known



as the ‘Ca?* paradox’. It is thought to be mediated by an excessive, sudden increase of
intracellular Ca?* resulting in an exhaustion of high-energy phosphates, enzyme release and
ultrastructural damage (e.g. mitochondrial swelling and contracture of myofilaments)3’. The
damage of the Ca?* paradox can be minimized by a step-wise adjustment of intracellular Ca%*

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

Ca?* 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



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 um 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).
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Fig. 9: Example of Ilght microscopic image of Picrosirius Red-stained LA myocardlal tissues from rodents



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 fibrosis3.

’

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]1=247;
filter[1l]="pass";
min[2]=0;
max[2]=231;
filter([2]="pass";
for (i=0;i1<3;1i++) {
selectWindow (""+1i) ;
setThreshold (min[i], max[i]) ;
run ("Convert to Mask");
if (filter[i]l=="stop") run ("Invert") ;
}
imageCalculator ("AND create", "O","1");
imageCalculator ("AND create", "Result of 0","2");
for (i=0;i1<3;1i++) {
selectWindow (""+1) ;
close () ;
}
selectWindow ("Result of 0");
close();
selectWindow ("Result of Result of Q") ;
rename (a) ;
run ("Set Measurements...", "area area fraction limit display
redirect=None decimal=3");
run ("Measure") ;
selectWindow ("Results") ;

Table 2: Imagel macro used for the quantification of fibrotic tissue in myocardial sections.



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-Universitat Diisseldorf) 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)

o error probability: 0.05

Power (1 — B 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)
o error probability: 0.05

Power (1 — B error probability): 0.8



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)
o error probability: 0.05

Power (1 — B error probability): 0.8

Groups: 3

Statistical test: ANOVA (one-way)

Effect size (estimated): 0.6

Sample size: 30



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 Ca?* 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 Ca?* 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 Ca?*
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 Ca?* signaling (reduced SR Ca?* load,
prolonged cytosolic Ca?* decay) in HFpEF. LA cardiomyocytes from HFpEF rats also had a
notable alterations of nuclear Ca?* signaling (increase CaT amplitude), which has been shown
to be relevant in the context of hypertrophic signaling (i.e. ‘Excitation-Transcription-

Coupling’)®.



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-1pB, 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



phenotype-specific development during disease progression, could make it a particularly

effective entity for personalized and precision medicine approaches?.
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ARTICLE INFO ABSTRACT

Keywords: Aims: Atrial contractile dysfunction is associated with increased mortality in heart failure (HF). We have shown
Atrial remodeling previously that a metabolic syndrome-based model of HFpEF and a model of hypertensive heart disease (HHD)
HFpEF have impaired left atrial (LA) function in vivo (rat). In this study we postulate, that left atrial cardiomyocyte

Cardiac fibroblasts
Atrial cardiomyocyte
Excitation-contraction coupling

(CM) and cardiac fibroblast (CF) paracrine interaction related to the inositol 1,4,5-trisphosphate signalling
cascade is pivotal for the manifestation of atrial mechanical dysfunction in HF and that quantitative atrial
remodeling is highly disease-dependent.

Methods and results: Differential remodeling was observed in HHD and HFpEF as indicated by an increase of
atrial size in vivo (HFpEF), unchanged fibrosis (HHD and HFpEF) and a decrease of CM size (HHD). Baseline
contractile performance of rat CM in vitro was enhanced in HFpEF. Upon treatment with conditioned medium
from their respective stretched CF (CM-SF), CM (at 21 weeks) of WT showed increased Ca?* transient (CaT)
amplitudes related to the paracrine activity of the inotrope endothelin (ET-1) and inositol 1,4,5-trisphosphate
induced Ca®" release. Concentration of ET-1 was increased in CM-SF and atrial tissue from WT as compared to
HHD and HFpEF. In HHD, CM-SF had no relevant effect on CaT kinetics. However, in HFpEF, CM-SF increased
diastolic Ca®>* and slowed Ca®* removal, potentially contributing to an in-vivo decompensation. During disease
progression (i.e. at 27 weeks), HFpEF displayed dysfunctional excitation-contraction-coupling (ECC) due to
lower sarcoplasmic-reticulum Ca®* content unrelated to CF-CM interaction or ET-1, but associated with en-
hanced nuclear [Ca®*]. In human patients, tissue ET-1 was not related to the presence of arterial hypertension or
obesity.

Conclusions: Atrial remodeling is a complex entity that is highly disease and stage dependent. The activity of
fibrosis related to paracrine interaction (e.g. ET-1) might contribute to in vitro and in vivo atrial dysfunction.
However, during later stages of disease, ECC is impaired unrelated to CF.
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List of abbreviations

AF atrial fibrillation

Bos Bosentan

CaT Calcium transient

Ca?t Calcium

CM cardiomyocyte

CM-SF conditioned medium from stretched cardiac fibroblasts
CM-NSF conditioned medium from non-stretched cardiac fibroblasts
CF cardiac fibroblast

ECC excitation-contraction-coupling

ET-1 Endothelin-1

HF heart failure

HHD hypertensive heart disease

HFpEF heart failure with preserved ejection fraction
HFrEF heart failure with reduced ejection fraction
IL Interleukin

122 inositol 1,4,5-trisphosphate

LA left atrium

LA-EF left atrial ejection fraction

PDGF Platelet-derived growth factor

RAAS renin-angiotensin-aldosterone-system

SR sarcoplasmic reticulum

TGF Transforming growth factor

TNF Tumor necrosis factor

WT Wildtype

2-APB 2-Aminoethoxydiphenyl borate

1. Introduction

Heart failure (HF) with preserved ejection fraction (HFpEF) re-
presents a clinical syndrome with patients suffering from typical
symptoms of HF, while showing a normal left-ventricular ejection
fraction (LVEF; =50%) [1]. HFpEF accounts for 40-71% of HF pa-
tients. While pharmacological treatment significantly improved clinical
outcomes of patients with systolic heart failure (HFrEF), the prognosis
for patients suffering from HFpEF has remained unchanged [2]. Me-
tabolic syndrome has been associated with diastolic dysfunction and
identified as an independent predictor of new-onset HFpEF [3].

Left atrial (LA) remodeling is a hallmark feature of HFpEF and other
cardiac diseases (e.g. hypertensive heart disease (HHD)) and commonly
associated with LA enlargement and dysfunction. LA remodeling is a
predictor of new-onset HF [4] and atrial fibrillation (AF), while re-
duction in LA ejection fraction (LA-EF) is an independent predictor of
mortality [5]. Growing insight into the key role of atrial function in
cardiac disease has recently given rise to the concept of ‘atrial cardio-
myopathies’ [6]. While highly prevalent, the quantification of different
stages of atrial remodeling during HF and preceding conditions as well
as the underlying mechanisms remain elusive.

Pathological hypertrophy and interstitial fibrosis are hallmarks of
HF. Increased fibrosis per se is an important contributor to mechanical
and electrical dysfunction as fibroblasts do not contribute to contractile
function and affect electrical propagation. However, fibrosis might in-
fluence neighboring CM also directly via paracrine mediators. Recently
we have identified neurohumoral activation, involving the renin-an-
giotensin-aldosterone-system (RAAS) as a potential contributor to
contractile dysfunction in HFpEF-related LA remodeling [7] . Beside the
RAAS, myocardial inflammation and a pro-fibrotic environment are
pivotal triggers of adverse myocardial remodeling and may pose in-
teresting targets for the development of drug therapies [8]. In cardiac
tissue, paracrine mediators play an integral part in intercellular com-
munication and have been shown to mediate interstitial myocardial
fibrosis [9,10]. In turn, activated cardiac fibroblasts (CF) have been
shown to contribute to myocardial inflammation in patients with
HFpEF [11]. Experimental studies suggest, that CF-derived mediators
are capable of directly altering CM function via regulation of gap
junctions and ion channel expression [12].

We postulate, that the interaction between CM and CF via CF-de-
rived mediators is pivotal for atrial in vivo and in vitro dysfunction in
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HFpEF, as well as in HHD. We also postulate that independent of fi-
brosis quantity, its “activity” significantly influences atrial function. We
further investigated paracrine mediators like ET-1 and their relevance
for atrial function in this context. At the same time, we seek to provide
evidence that differential cellular and in vivo remodeling can be ob-
served during different stages of HHD and HFpEF. The present data
helps to establish a crucial role for direct cellular CM - CF interaction in
several clinically highly relevant settings of atrial dysfunction (i.e. hy-
pertensive heart disease and HFpEF). In a translational approach, we
also investigated an association of a CF-derived mediator (i.e. atrial
tissue ET-1) and the presence of particular co-morbidities (i.e. arterial
hypertension, obesity) in humans.

2. Methods

The investigation conforms to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1985) and the principles outlined
in the Declaration of Helsinki (Br Med J 1964; ii: 177).

2.1. Patient data

All patients gave written informed consent to participate in the
study (DZHK Biobank, German Heart Center Berlin). Excess patient
tissue was obtained from right atria during routine surgery and clinical
data (presence of overt arterial hypertension, i.e. systolic blood
pressure > 139 mmHg; obesity, i.e. body mass index > 25 kg/m?) was
gathered from existing in-hospital documentation.

2.2. Animal echocardiography

Echocardiography was performed as previously described [13]. In
brief, rats were anesthetized and transthoracic echocardiography per-
formed with a high-resolution micro-imaging system equipped with a
17.5-Mhz linear array transducer (Vevo770TM Imaging System, Vi-
sualSonics, USA) using standard 2D imaging. Measurements were per-
formed to assess changes in LA dimensions (LA size) from at least three
consecutive cardiac cycles under stable conditions.

2.3. HF model

Animal experiments were approved by local authorities (G0276/
16). The well characterized ZFS-1 HF rat model is based on a leptin
receptor mutation leading to a lean (heterozygous; arterial hyperten-
sion) and obese (homozygous; metabolic syndrome, HFpEF) phenotype
[14]. WT, HHD and HFpEF animals were fed a high caloric diet (For-
mulab Diet 5008). LA CM were isolated from 21-week-old ZSF-1 lean
(HHD; ZSF*/7), ZFS-1 obese (HFpEF; ZSF*/*) and wild type (WT;
Wistar Kyoto; Charles River) and after disease progression at
27-28 weeks from HFpEF (still without systolic dysfunction [15]) and
WT as previously described [13]. WT animals (CTRL; Wistar; Charles
River) for in-vitro experiments with bosentan and 2-APB were fed
standard diet for 21 weeks.

2.4. CM isolation

Animals were anesthetized with isoflurane and euthanized by cer-
vical dislocation. The heart was excised, mounted on a Langendorff-
apparatus and perfused with nominally Calcium (Ca®*)-free Tyrode
solution for 3min, followed by enzyme solution containing 0.035
Wiinsch units/ml Liberase TM and 10 uM Ca®*. The LA was separated
from the heart, minced, filtered and washed. Isolated cells were step-
wise adjusted to Tyrode solution containing 1mM Ca®>* and kept at
room temperature until subsequent experimentation.
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2.5. ELISA

ELISAs were performed according to the manufacturers' protocol (R
&D Systems, Minneapolis, MN: IL-1f, IL-6, IL-10, IL-33, PDGF, TGF-3,
TNF-a; Enzo Life Sciences, Lausen, Switzerland: ET-1).

2.6. Histologic analysis

Hearts were excised after euthanasia, washed in phosphate-buf-
fered-saline and the LA separated from the remaining organ. Tissue
specimen were fixed and paraffin-embedded. Histologic slides were
stained with Picrosirius Red (Morphisto, Frankfurt am Main, Germany)
in order to assess cardiac fibrosis.

Interstitial myocardial fibrosis was defined as the percentage frac-
tion of Picrosirius Red-stained collagen fibers from the total image.
Endo- and epicardial fibrotic tissue was manually excluded by a blinded
expert in veterinary pathology. Interstitial myocardial fibrosis was au-
tomatically assessed and calculated using ImageJ (National Institutes of
Health, Bethesda, MD; ImageJ Macro attached in Supplement).

2.7. Solution and chemicals

Chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA)
unless noted otherwise. Fluorescent Ca®** indicators Fluo-4 AM and
Fura-2 AM were obtained from Thermo Fisher Scientific (Waltham, MA,
USA). Tyrode solution contained (in mM): 130 NaCl, 4 KCl, 2 CaCl, 1
MgCl,, 10 Glucose, 10 HEPES; pH adjusted to 7.4 with NaOH. Cells
were plated on laminin-coated glass coverslips. For experiments with
condition medium derived from CF, the respective medium was diluted
1:1 with Tyrode solution and cells incubated for 1 h at 37 °C. The en-
dothelin receptor blocker Bosentan and the inositol-1,4,5-trisphosphate
(IP3)-receptor blocker 2-Aminoethoxydiphenyl borate (2-APB) were
used at a concentration of 100 and 10 pM, respectively.

2.8. Cell culture

The hearts from 21-week-old rats were used to obtain primary CF
from LA tissue as described previously [16]. LA tissue was used from a
total of 4 animals/group for the subsequent steps. After separation of
atria and ventricle, tissue was digested in 0.1 mg/ml Liberase (Roche,
Germany) dissolved in Hanks' Balanced Salt Solution while gently
shaking at 37 °C for 10 min. The supernatant containing the isolated
cells was collected and immediately placed on ice. The remaining tissue
was used for an additional digestion cycle. This tissue digestion was
repeated six times consecutively. Cells were separated through a cell
strainer and enzymatic solution was removed after centrifugation. Cells
were collected in complete growth medium (Dulbecco's Modified Eagle
Medium (DMEM)) containing 20% fetal calf serum (FCS), 100 U/ml
penicillin and 100 pg/ml streptomycin and seeded in cell culture flask.
For sub-culturing, cells were detached utilizing trypsin/EDTA solution.
To mechanically activate CF, cells were placed on collagen-I coated
flexible-bottomed 6-well culture plates (Bioflex plates, Dunn). Me-
chanical stretch was applied using the Flexercell System FX-4000
Tension Plus (Dunn) to deform the cultured cells using an elongation of
10% at a frequency of 1Hz. Prior to mechanical stretch, cells were
starved overnight in serum reduced medium (DMEM containing 0.5%
FCS, 100 U/ml penicillin and 100 pg/ml streptomycin. The mechanical
stimulation was performed in the presence of a protease inhibitor
cocktail (P1860) for 3h to investigate gene expression analysis or for
72h to produce the cell culture supernatant for subsequent cellular
experiments.

2.9. Confocal and ratiometric Ca®* measurements

For confocal Ca®* measurements, cells were loaded with Fluo-4 AM
as previously described [7]. Transversal or longitudinal confocal line
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scan images were recorded at 1250 lines per second using a 40 X oil-
immersion objective lens (NA: 1.49; pixel size 0.12 um) with a Zeiss
LSM 800 system. Ca?™ transients (CaT) were elicited by electrical field
stimulation (frequency: 1 Hz) of intact LA CM with a pair of platinum
electrodes (voltage: ~50% above contractile threshold). Changes in
Ca®" are expressed as the amplitude AF/F,, where F represents time-
dependent Fluo-4 fluorescence, F, represents diastolic fluorescence le-
vels under steady-state conditions during electrical stimulation and
AF = F — F,. Tau of a mono-exponential fit of the decay of CaT was
obtained as a parameter of Ca®>* removal. At 27-weeks, a subset of cells
was exposed to Tyrode solution containing caffeine (20 mM) and the
subsequent Ca®* release, expressed as AF/F,, taken as a measure of
Ca2™" content of the sarcoplasmic reticulum (SR).

For ratiometric Ca®>" measurements, cells were loaded with Fura-
2 AM (1 pM; excitation: 340 nm and 380 nm, emission: 510 = 10 nm)
for 30 min at room temperature. Background signals were subtracted
and changes of Ca®™" are expressed as the ratio R = Fa40/F3g0.

2.10. Visualization of global cell shortening

For measurements of contractility cell shortening along the long-
itudinal axis during 1Hz electrical stimulation was measured with
video edge detection (time resolution: 60 frames/s; PTI FelixGX,
HORIBA Scientific, Edison, NJ). Cell shortening is expressed as the
change in systolic relative to diastolic cell length. Tau of a mono-ex-
ponential fit of the decay of contraction traces was obtained as a
parameter of cell relaxation.

2.11. Data analysis and statistics

Data were analyzed as previously described [3]. Results are shown
as mean * standard error. Statistical analysis was performed by using
unpaired Student's t-test or analysis of variance for multiple compar-
isons, followed by the Bonferroni post-hoc test. A two-tailed p value
of < 0.05 was used to indicate statistical significance.

3. Results

3.1. LA remodeling in HFpEF and HHD is not related to the degree of
fibrosis

LA fibrosis is a hallmark feature of remodeling and LA in vivo
function is impaired in HFpEF [7]. However, LA fibrosis was un-
changed in HHD at 21 weeks as compared to WT. In HFpEF at 21 weeks,
LA interstitial fibrosis was also unchanged compared to WT and HHD
(Fig. 1B and C). In order to evaluate the potential contribution of LA
fibrosis in advanced disease progression, interstitial fibrosis of HFpEF
was evaluated at a later time-point (27 instead of 21 weeks), where
again no difference could be observed compared to WT (Fig. 1F).

Similar results were obtained using a semi-quantitative analysis of
localized LA fibrosis. Transmural distribution of fibrosis was unchanged
(subendocardial, subepicardial, myocardial; Supp. Fig. 1).

3.2. Differential LA remodeling and enhanced in vitro contractile function
can be observed in HHD and HFpEF

In addition to the observed unchanged fibrosis, CM size tended to be
reduced in HHD (Fig. 2A and B). At the same time, LA diameter was
significantly increased in HFpEF vs. HHD and WT, indicating differ-
ential LA remodeling (Fig. 2C).

However, in vitro, this was accompanied by a significantly in-
creased cell shortening of LA CM in comparison to WT (Fig. 2D and E).
LA CM in HFpEF showed an acceleration of contractile kinetics: Time-
to-peak was shorter compared to WT and relaxation (tau) was faster
compared to WT and HHD. However, LA CM from HHD showed a
significant acceleration in time-to-peak compared to WT, but no
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significant change of cell shortening amplitude and cell relaxation
(Fig. 2F and G). These results further underscore the differential re-
modeling observed during HHD and HFpEF at 21 weeks.

3.3. Stretched cardiac fibroblasts enhance Ca®* cycling during excitation-
contraction coupling in WT (21w)

LA structure and function showed marked differences on the in vivo
and in vitro level in WT, HHD and HFpEF. To resolve the conundrum of
an enhanced in vitro function, impaired in vivo function, yet unchanged
fibrosis, we next investigated the impact of CF — CM interaction on
atrial function in the setting of mechanical stretch in the different
models. First, we studied the impact of increased cellular distention as
it might occur during conditions of increased preload on WT animals. In
order to simulate this condition in vitro, cultured CF from their re-
spective groups were stretched and the conditioned medium collected.
Subsequently, isolated LA CM were treated with their respective con-
ditioned medium of unstretched (CM-NSF) or stretched CF (CM-SF) and
Ca®* measured ratiometrically. After treatment with CM-NSF, LA CM
showed increased diastolic [Ca®™] as compared to control conditions
(NT2, Fig. 3B). Interestingly when treated with CM-SF, diastolic [Ca%™]
increased even further (Fig. 3B). In addition, CaT amplitudes were
significantly increased upon exposure to CM-SF. Similar results were
obtained with confocal measurements and a different [Ca?"] sensitive
dye (fluo-4, not shown). Confocal measurements were used to differ-
entiate subcellular differences of CaT kinetics: CM-SF led to a faster
time-to-peak CaT and faster [Ca?*] removal (i.e. tau was smaller,
Fig. 3G and H). The effect was equally strong in subsarcolemmal and
central cytosolic compartments of the cells.

3.4. Cardiac fibroblasts alter diastolic C&?™ in HHD (21w)

Next, we repeated these experiments in the HHD animals.
Interestingly there was not significant effect on CaT amplitudes or
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kinetics (Fig. 4C-E), even though diastolic [Ca®*] tended to be in-
creased with CM-NSF as compared to control (NT2, Fig. 4B). In support
of this data no difference of amplitude (not shown) or kinetics of CaT
were found with confocal [Ca®™] measurements (Fig. 4F-H).

3.5. Stretched cardiac fibroblasts impair LA in vitro function in HFpEF
21w)

LA in HFpEF showed an increased diameter (Fig. 2A), indicating LA
remodeling accompanied by increased cellular distention in vivo.
Stretch-related changes in the composition of fibroblast medium had
significantly different effects on the kinetics of the CaT in CM from
HFpEF hearts.

After treatment with CM-SF, LA CM in HFpEF showed significantly
increased diastolic Ca®>" and a reduced area under the curve for CaT as
compared to control. The area under the curve represents a measure of
Ca®* exposure of the myofilaments and might therefore correlate with
contractility (Fig. 5B and E). As opposed to the previously observed
effect in WT, the Ca®>* amplitude remained unchanged upon exposure
to CM-SF (Fig. 5D). In addition, CM-SF significantly increased tau
throughout the cytosol (Fig. 5H), indicating slower cellular relaxation
upon exposure to stretched fibroblast media.

3.6. ET-1 and other paracrine mediators are altered in CM-SF and
potentially related to the observed functional differences

In order to further explore mechanisms involved in impaired LA
function in the animal model, gene expression analysis of cultured CF
was performed in search of genomic switches which may contribute to
the facilitation of CF-induced ECC dysfunction in LA CM. We found
significant changes of IL-6 on the mRNA level upon stretch (Supp.
Fig. 2). Additionally, conditioned medium obtained from cultured CF
was screened by ELISA for a range of cytokines known to modulate
fibrosis and inflammation (Fig. 6). Concentrations of IL-1f, IL-33,
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PDGF, TGF-B and TNF-a were below detection threshold (< 31.3
or < 12.5pg/ml, resp. n.s.). However, as shown in Fig. 6A, ET-1 and
IL-6 were especially prevalent in WT CM-SF. While HHD media still
contained ET-1 and IL-6 upon stress (Fig. 6B), this response was blunted
in HFpEF CM-SF (Fig. 6C). In support of this data, tissue ET-1 con-
centration was significantly reduced in HFpEF (Fig. 6D). ET-1 is known
to be a potent inotrope in a variety of animal models: ET-1 augmented
sarcoplasmic reticulum Ca2* release (Suppl. Fig. 3) even in the pre-
sence of the ryanodine receptor inhibitor tetracaine. When blocking ET-
1 receptors in cells exposed to CM-SF, the inotropic response was mi-
tigated and diastolic and systolic [Ca%?™] tended to be even decreased.
This indicates that ET-1 is a decisive part of the paracrine “cocktail”
mediating positive inotropic effects in WT animals upon stretch
(Fig. 6E). In support of this notion, application of the IPs-receptor
blocker 2-APB lowered systolic and diastolic Ca** to control levels
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(Fig. 6F). Moreover, the lower concentration of ET-1 in HHD and HFpEF
tissue as well as in HHD and HFpEF CM-SF indicates an absent addi-
tional production of this inotropic substance upon stretch during atrial
remodeling.

3.7. Atrial CM dysfunction is related to impaired excitation-contraction
coupling during progression of HFpEF (27w) and paralleled by increased
nuclear Ca®*

As shown in Fig. 2, baseline LA CM function was preserved or even
improved in HHD and HFpEF, while the interaction between CF and CM
led to in vitro decompensation (Figs. 4 and 5). Next, we explored atrial
remodeling in the setting of disease progression in HHD and HFpEF.
With advanced age, LA diameter was still significantly increased in
HHD and HFpEF (Fig. 7B), while LA function was preserved in HHD and
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tended to be reduced in HFpEF (Fig. 7D). Clinically, animals still
showed a preserved left ventricular ejection fraction (suppl. Fig. 4D).
However, during disease progression (i.e. at 27-weeks) LA CM showed a
significant impairment of ECC under baseline conditions. LA CM of
HFpEF presented with a lower CaT amplitude, a slower Ca*>* removal
(almost 2-fold increase of tau) and increased time-to-peak compared to
WT (Fig. 7F-H). These observations could be explained by a significant
reduction of sarcoplasmic reticulum Ca®* content in HFpEF (Fig. 7).

An increase of nuclear Ca®>* has been associated with cardiac re-
modeling [17]. Interestingly and in support of this notion, LA CM
during later stages of HFpEF had a significantly augmented CaT am-
plitude during ECC in the nuclear cell compartment (Fig. 7J).

3.8. Stretched cardiac fibroblasts have no adverse effect on Ca®* cycling
during excitation-contraction coupling in WT, HHD or HFpEF in disease
progression (27w)

We tested if CM-SF had an additional positive or negative effect on
CaT amplitudes and kinetics in vitro in WT, HHD and HFpEF, respec-
tively. Upon exposure to CM-SF neither WT cells (Fig. 8A-D), nor HHD
(Fig. 8E-H) or HFpEF cells (Fig. 8I-L) showed altered CaT during ex-
citation-contraction coupling. Interestingly at this later disease stage,
atrial tissue ET-1 concentration was not significantly different between
WT, HHD and HFpEF (Fig. 8M). This supports the notion that atrial
enlargement as observed in vivo led to no further increase of fibroblasts
ET-1 secretion at 27 weeks. However, ET-1 concentration within the
particular groups still positively affected left atrial ejection fraction
(Fig. 8N) which is in agreement with the presented results in Figs. 3-5.
Last, we tested the hypothesis that tissue ET-1 concentration differed
between in humans with arterial hypertension or diastolic dysfunction.
Human myocardial ET-1 was quantified by ELISA from a total of 16
patients. However, as compared to control patients, atrial tissue ET-1
was not significantly altered (Fig. 80).

61

4. Discussion

Atrial remodeling has been shown to affect morbidity and mortality
of patients and recent results from clinical studies like CASTLE-AF
suggest that altering the course of atrial cardiomyopathy (with its sig-
nature feature atrial fibrillation) positively influences survival [18].
Several disease entities like hypertension or heart failure are associated
with atrial remodeling, which is thought to be related to impaired
cardiomyocyte function and altered fibrosis [19]. However, even
though clinically highly relevant, the exact mechanism of differential
atrial cardiomyopathies are not well understood. We therefore in-
vestigated the interaction between the most prevalent cell types in atria
that contribute to remodeling, cardiomyocytes and fibroblasts, in dif-
ferent disease states and entities. Here, we show for the first time, that
an altered “activity of fibrosis”, independent of the extent of fibrotic
remodeling, affects atrial function in the context of healthy and dis-
eased hearts in a time-dependent manner.

Quantitative differences of fibrosis directly influence atrial con-
tractility in the setting of atrial cardiomyopathy [20,21]. In addition,
local differences of fibrosis with potentially pro-arrhythmic and dete-
riorating effects regarding tissue mechanics have been shown to be
especially prevalent in obesity related atrial remodeling [19]. Inter-
estingly however, in our animal model, fibrosis was quantitatively not
altered, even though atria were enlarged and atrial function was im-
paired [7]. This is in line with data presented e.g. by Khan et al. who
found no difference in total collagen content in atria of a canine model
of heart failure [22]. A setting that allowed us to study the impact of
the “activity of fibrosis” on atrial function in HHD and HFpEF in detail.

An interaction between CF and CM and vice-versa leading to altered
function has been proposed in the past, yet evidence was lacking [23].
Our data indicates that stretch of CF presents as an important trigger for
the activation of fibrosis and changes the paracrine signature of fibro-
blasts, with differential effects on “neighboring” cardiomyocytes.
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HFpEF at 1Hz steady state stimulation (trans-
versal and longitudinal) and application of
caffeine (longitudinal; 20 mM; without electric
stimulation). Markings in the transversal line
scans indicate the sub-sarcolemmal region (SS;
ROL: 1pum below cell surface), central region
(CT; ROIL: 1 um in cell center) and the total line
scan (TT), while markings in the longitudinal
line scans indicate the cytosolic region between
the sarcolemma and nucleus (CSL) and the nu-
cleus (NCL). Cytosolic (TT) and subcellular (SS,
CT) Ca amplitude (F), tau of decay (G) and
time-to-peak (H) at 1 Hz steady state stimula-
tion in NT2. Caffeine-triggered (20 mM) cyto-
solic Ca release without electrical stimulation
(D). Nuclear Ca amplitude at 1 Hz steady state
stimulation (J). *p < .05 #'p=0.21;
#2 = 0.09; #°p = 0.051.
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Fig. 8. Confocal Ca imaging in 27-week-old animals after 1 h incubation with CM-NSF and CM-SF from 21-week-old animals. Transversal line scans at 1 Hz steady
state stimulation. TF50, time-to-peak, Ca peak, and tau of decay of WT (A-D), HHD (E-H) and HFpEF (I-L). Myocardial tissue levels of ET-1 in the left atrium at
27 weeks (M). Correlation of LA ejection fraction and myocardial ET-1 (N). Myocardial tissue levels of ET-1 in a cohort of patients (O). The control group is
represented by patients with a BMI < 25 and no history of AHT.
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Indeed, stretch has been shown to activate a plethora of different cell
types to augment or alter their function [11]. Our data shows an in-
crease in IL-6 expression mirroring this cellular activation through
stretch.

ET-1 is a potent inotrope [24] that allows to even overcome im-
paired Ca®>* release through ryanodine receptors most likely via its
activation of inositol-1,4,5-phosphate receptors [25]. ET-1 release has
been linked to mechanical stress [26]. It can also foster remodeling
processes like enhanced fibrosis and hypertrophy with prolonged ex-
posure [27]. In the studied healthy WT rats, stretched fibroblasts se-
creted high concentrations of ET-1 which led to an IPs-receptor de-
pendent augmentation of CM function. IP;R mediated Ca®* release has
been shown to be highly important in atrial cells and to allow com-
pensatory augmentation of contractility [28]. Indeed, tissue ET-1
concentrations positively correlated with left atrial function in our
animal model. In vivo, fibroblast ET-1 release upon stretch and its
impact on CM function might therefore very well represent a com-
pensatory mechanism to account for increased hemodynamic demands.

Stretch however has been shown to also have opposite effects,
especially in the context of cardiac disease. Chronic overload as oc-
curring during HF has been associated with impaired ECC in CM [29].
In addition, pro-fibrotic signalling cascades and cytokines, known to
modulate CF activity and enhance remodeling, are activated through
stretch in this setting [30]. CF activity itself is altered through stretch
[31]. In support of this notion, Ca®>* cycling during ECC was impaired
in early stage HFpEF due to an altered composition of CF secretions,
potentially contributing to the observed in vivo phenotype of an im-
paired atrial contractility [7]. Various cytokines and paracrine med-
iators that are excreted by CF have been associated with a potential
impairment of contractile function [32]. Even though we found no
detectable change in IL-1f, IL-6, IL-10, IL-33, PDGF, TGF-3 or TNF-a in
the supernatant in the animal model, it is likely that a cytokine
“cocktail” has potentiating possibly adverse effects on tissue mechanics
[33].

During disease progression in our animal model and in human pa-
tients, we found no association between tissue ET-1 concentrations and
arterial hypertension or obesity, further challenging the relevance of
ET-1 as the sole mediator for the observed effects of mechanically
stressed atrial fibroblasts on atrial function during particular states of
remodeling. Even though plasma levels of ET-1 have been shown to be
elevated in HFrEF patients [34], previous studies have failed to cor-
relate myocardial ET-1 with LA remodeling in the absence of AF [35]
in humans, corroborating our results.

Interestingly, in early stage and progressive hypertensive heart
disease the CF — CM interaction was of less importance regarding cel-
lular function. LA diameter was unchanged as compared to WT and
significantly smaller than in HFpEF. In addition, CM size tended to be
decreased. At the same time, the extent of fibrosis was unchanged.
These morphological findings indicate an earlier but also differential
state of remodeling. Others described similar findings in early stage
heart failure, where total collagen was unchanged and gelatinase and
metalloprotease activity influencing “dynamic collagen turnover” was
increased [22]. In HHD, CM-SF, showing smaller yet relevant con-
centrations of ET-1 and IL-6 as compared to WT, significantly increased
diastolic Ca®", indicating a less pronounced activation of CF upon
stress and a less pronounced susceptibility of CM towards CM-SF. In
progressive HHD (27w), LA were significantly enlarged, yet left atrial
function was unimpaired. As opposed to the great impact of CM-SF on
HFpEF (21w), in progressive HHD (27w) CM-SF had no effect on ECC,
again underscoring differences in cellular remodeling. Others have
shown that atrial enlargement occurs in rats with a comparable genetic
background at older ages of up to 25 months and that LA myocytes
eventually show impaired baseline ECC during further disease pro-
gression [36]. Moreover, in progressive HHD, left ventricular function
was preserved indicating that atrial macroscopic remodeling can be
observed even before ventricular changes become apparent. Similar
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findings have been reported in larger animal models by others [37].

In advanced HFpEF, contractile function was even impaired without
exposure to CF derived factors. This could be related to decreased
sarcoplasmic reticulum Ca2* content and therefore altered ECC per se
[38], possibly due to a maximal baseline activation of IP3Rs. The fact
that CM-SF had no additional effect on ECC in advanced HFpEF is in
agreement with earlier results from HF rabbits, where increased baseline
activation of the IP3R signalling cascade itself could be shown to con-
tribute to the Ca®™ related atrial contractile dysfunction [28].

The variety of mechanisms leading to atrial mechanical dysfunction
at different stages and with different underlying causes of disease is
underscored by findings from Yeh et al.: The group has even found
enhanced Ca®" release in combination with impaired cellular con-
tractility in atrial remodeling caused by congestive heart failure. They
reported that this was related to altered phosphorylation states of
myosin-binding protein C rather than Ca®* release itself. Others have
associated progressive remodeling processes with altered nuclear
[Ca®*] [17]. Interestingly and in support of this concept, in our older
animals, nuclear Ca®" release was enhanced.

In summary, we show an interaction between stressed CF and CM,
potentially representing a compensatory mechanism in healthy atria,
that might contribute to in vivo atrial dysfunction in the setting of
HFpEF. We identified ET-1 as a contributor to enhanced left atrial
ejection fraction and cellular contractility under normal conditions, but
with adverse effects in HFpEF. However, we also found CF - CM in-
teractions to be highly stage and underlying-disease dependent, as Ca**
release was impaired independently of CF during progression of HFpEF.
In support of this, CF had no effect on atria in hypertensive remodeling
and ET-1 tissue concentrations were unaltered in human arterial hy-
pertension or obesity. Our findings underscore the complex mechan-
isms underlying atrial remodeling and establish the “activity of fibrosis”
related to paracrine interaction with CM (e.g. via ET-1) as an important
stage-dependent contributor to in vitro and in vivo atrial dysfunction.
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In this article, we describe an optimized, Langendorff-based procedure for the isolation of single-cell atrial cardiomyocytes (ACMs) from a rat
model of metabolic syndrome (MetS)-related heart failure with preserved ejection fraction (HFpEF). The prevalence of MetS-related HFpEF is
rising, and atrial cardiomyopathies associated with atrial remodeling and atrial fibrillation are clinically highly relevant as atrial remodeling is an
independent predictor of mortality. Studies with isolated single-cell cardiomyocytes are frequently used to corroborate and complement in vive
findings. Circulatery vessel rarefication and interstitial tissue fibrosis pose a potentially limiting factor for the successful single-cell isolation of
ACMs from animal models of this disease.

We have addressed this issue by employing a device capable of manually regulating the intraluminal pressure of cardiac cavities during the
isolation procedure, substantially increasing the yield of morphologically and functionally intact ACMs. The acquired cells can be used in a variety
of different experiments, such as cell culture and functional Calcium imaging (/.e., excitation-contraction-coupling).

We provide the researcher with a step-by-step protocol, a list of optimized solutions, thorough instructions to prepare the necessary equipment,

and a comprehensive troubleshooting guide. While the initial implementation of the procedure might be rather difficult, a successful adaptation
will allow the reader to perform state-of-the-art ACM isclations in a rat model of MetS-related HFpEF for a broad spectrum of experiments.

Video Link

‘
.

The video compenent of this article can be found at https:/iwww.jove.com/video/57953/

Introduction

MetS describes a cluster of risk factors for diabetes mellitus type-2 and cardiovascular disease and includes an increased arterial blood
pressure, dyslipidemia (raised triglycerides and lowered high-density Ilpoproteln cholesterol), increased fasting glucese, and central obesmj The
worldwide prevalence of MetS is estimated to be 25-30% and constantly rlslng HFpEF is a heterogenous clinical syndrome often associated
with MetS. The cardlac remodeling during HFpEF and its preceding phases (i.e., hypertensive heart disease) is also accompanied by a
remodeling of the atria®. Reduced contractlle function and structural changes of the left atrium have been associated with |ncreased mortality,
atrial fibrillation, and new-onset heart failure®. Atrlal remodeling is characterized by changes in the ion channel function, ca® homeostasis, atrial
structure, fibroblast activation, and tissue fibrosis®. Left atrial remodeling in MetS-related HFpEF and its underlying pathclogical mechanisms are
still poorly understood and require a further in-depth investigation. Animal models have proven to be a valuable tool and lead to many advances
in the field of atrial cardiomyopathies®™#

Studies with isolated single-cell cardiomyocytes are frequently used to corroborate and complement in vivo findings. An isolation, and the
potential subsequent cell culture, allow for the investigation of signaling pathways, ionic channel currents, and excitation-contraction-coupling.
Under physiologic conditions, cardiomyocytes do not proliferate. The fusion between the transcriptional regulatory sequences of an atrial
natriuretic factor and a simian virus 40 large T antigen in transgenic mice led to the creation of the first immortalized ACMs, named AT-1"°. The
further development of AT-1 cells gave rise to HL-1 cells, which cannot only be serially passaged but also contract spontaneous\y . They do,
however, show structural and functional differences compared to freshly isolated cells, such as a less organized ultrastructure, a high occurrence
of developing myofibrils ', and a hyperpolarization-activated inward current “. The isolation of ventricular cardiomyocytes (VCM) in rats and mice
from a variety of models is well established '*'*1218.17.18.13 . Generally, the excised heart is mounted to a Langendorff apparatus and retrogradely
perfused with a Ca**-free buffer containing digestive enzymes, such as collagenases and proteases. Calcium is then reintroduced in a stepwise
manner to the physiological conditions. However, even though protocols dedicated to the isolation of ACMs are awallable2021 due to increased
fibrosis and pressure-related differences, their usefulness in disease models with atrial remodeling is limited.

In this article, we have implemented a protocol for the isolation of atnal single-cell cardiomyocytes from animals that show atrial remodeling
(i.e., in particular for the ZFS1 rat model for MetS-related HFpEF) Existing isolation protocols were optimized and complemented by a simple,
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custom-made device to control and modify the intraluminal pressure of the cardiac cavities, leading to higher yields of merphologically and
functionally intact cardiomyocytes. The following protocol provides the researcher with a step-by-step guide, a detailed description of the custom-
made equipment, a list of solutions, as well as a comprehensive troubleshooting guide.

All experiments were approved by the local Ethics Committee (TVA TO060/15 and TO003-15) and perfermed in agreement with the Guidelines for
the Care and Use of Lahoratory Animals {National Institute of Health, U.S.A.).

NOTE: A simplified flowchart of the procedure is shown in Figure 1.

1. Prearrangements

1. Prepare the buffers according to Table 1.

Solution PB CB DB SB 81 s2 S3 NT
Reagent
(mM)
NacCl 135 135 135 135 135 135 135 135
KcClI 47 4.7 47 47 47 47 4.7 4
KH,PO, 0.6 0.6 0.6 0.6 06 0.6 0.8
Na;HPO, 06 0.6 0.6 0.6 06 0.6 06
MgS0O, 1.2 1.2 1.2 1.2 1.2 1.2 1.2
MgcCl 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
CaCl, 1 0.01 0125 0.25 05 1
BSA 150 70 70 70
Purified 0.195
enzyme Wiinsch
blend units/mL
(medium
Thermolysin
pH adjusted 7.4 7.4 7.4 7.4 7.4 7.4 7.4 74
to
pH adjusted 37°C 4°C 37°C 37°C 37 °C 37°C 37 °C 37 °C
at
pH adjusted NaOH NaCQH NaOH NaOH NaOH NaQH NaOH NaCQH
with

Table 1: List of Buffers. PB: perfusion buffer, which can be stored for 3 days at 4 °C (300 mL per animal). CB: cannulation buffer, which can

be stored for 3 days at 4 °C (200 mL per animal). DB: digestion buffer, which has to be used within the day (40 mL per animal). SB: stopping
buffer, which has to be used within the day (2 mL per animal). $1: Step 1 buffer, which has to be used within the day (2 mL per animal). $2: Step
2 buffer, which has to be used within the day (2 mL per animal). S3: Step 3 buffer, which has to be used within the day (2 mL per animal). NT:
normal Tyrode, which has to be used within the day (50 mL per animal).

2. Prepare the Langendorff apparatus (Figure 2A).
1. Flush the system with 100 mL of 70% ethanol, followed by 2 flushes of 100 mL distilled water. Fill the system with 200 mL of perfusion
buffer (PB).
2. Setthe flow rate of the peristaltic pump to 3 mL/min.
3. Calibrate the temperature of the PB leaving the Langendorff apparatus to 39 °C.

1. Place the custom-made cannula [16 G, 25 mm long, sharp tip removed (Figure 3A)] on top of the Langendorff apparatus and
start the flow. Turn on the heating module and adjust the value of the heating module to reach the desired temperature of the PB
at the tip of the cannula. Once the temperature calibration is completed, move the custom-made cannula to the syringe used for
the cannulation (Figure 2B).

4. Prepare the pressure control device (Figure 3C) next to the Langendorff system. Mount the butterfly needle onto the tripod clamp and
prepare 3 blocking knots.

Copyright © 2018 Journal of Visualized Experiments July 2018 | 137 | e57953 | Page 2 0f 12



L]
lee Journal of Visualized Experiments Www.jove .com

NOTE: Collagenase enzyme activity varies with temperature. A temperature monitoring of the left atrium, as well as a dynamic
adjustment thereof, is required later in the procedure.

3. Set up the equipment for the organ excision and the cannulation according to Figure 2B. Fill up the beaker, syringe, and Petri dish with an
ice-cold cannulation buffer (CB) and prepare the cannulation knots.
4. Heparinize the rat with 500 |.U. of heparin per 100 g of the rat's body weight as follows.

1. Put 2 mL of 100% isoflurane in an anesthesia induction chamber suitable for rodents. Transfer the 21 week-cld ZFS-1 cbese rat from
the cage to the induction chamber. Allow the rat to enter deep anesthesia, indicated by a deceleration of the breathing to half of its
initial frequency.

2. Remove the rat from the induction chamber. Inject 500 |.U. of heparin per 100 g of the rat's body weight into the peritoneum using a
heparin syringe.

3. Return the rat into its cage and allow fer it to wake up.

NOTE: It is not necessary to maintain sterility during step 1.4. Wait 20 min before proceeding to the next step. An incomplete
anticoagulation can cause blood clotting, leading to micro-infarctions, which can substantially impact the quality and yield of isolated
cardiomyocytes.

2. Heart Preparation

1. Put 2 mL of 100% isoflurane in an anesthesia induction chamber suitable for rodents. Transfer the 21 week-old ZFS-1 obese rat from
the cage to the induction chamber. Allow the rat to enter deep anesthesia, indicated by a deceleration of the breathing to half of its initial
frequency.

2. Euthanize the animal by decapitation using a guillotine suitable for rodents. Fixate the limbs of the rat on a polystyrene foam surface. Lift and
remove the skin covering the xiphoid process with surgical scissors. Open the peritoneum below the rib cages on both sides and expose the
diaphragm.

3. Open the diaphragm by making an incision along the anterior arc using fine scissors. Cut through the ribs on both sides aleng the linea
mediaclaviculans to the clavicular bone, using surgical scissors, to expose the mediastinum in situ.

4. Remove the lungs at the distal ends of the hila with fine scissors. Cut out the thymus to expose the aortic arch.

5. Pinch the base of the heart using forceps and gently pull down towards the tail of the animal. Cut across the aorla while maintaining a pull on
the heart, leaving a 5 mm long segment of the aorta attached to the heart. Quickly transfer the heart into the 50 mL ice-cold CB in the 50 ml
beaker (Figure 2B).

NOTE: During steps 2.5-3.3, the heart is effectively in ischemic conditions. Avoid exceeding a total of 3 min for these steps in order not to
damage the cardiomyocytes.

3. Cannulation

1. Wait approximately 10 s for the heart to cool down and seize contractions. Transfer the heart into a Petri dish containing 50 mL of fresh, ice-
cold CB. Carefully remove the fatty tissue surrounding the aorta using forceps and scissors.

2. Insert the custom-made cannula (the same as used in step 1.2.3), which is attached to the 10 mL syringe filled with ice-cold CB, 3 mm into
the aorta. Fixate the aorta onto the cannula by tying one of the two cannulation knots (Figure 3B) in the indentation proximal to the tip of the
cannula.

NOTE: Be careful not to damage the aortic valve by a penetration with the cannula.

3. Gently flush the aorta with 5 mL of ice-cold CB using the syringe attached to the cannula until no more blood is visible in the coronary
arteries. Gently massage the left atrium using forceps and inject the remaining 5 mL of CB, allowing for any excess blood to be removed from
the cavity into the Petri dish.

4. Tie the second cannulation knot (suture: USP 3/0, silk) in the indentation distal to the tip of the cannula. Unmount the cannula with the
attached heart from the syringe. Mount the cannula with the attached heart to the Langendorff using an appropriate adapter.

NOTE: This protocol employs elevated pressure in the ventricular cavity during the perfusion at the Langendorff apparatus. The additional
cannulation knot is required to maintain this pressure by aveiding any anterograde buffer leakage through the acrta.

4. Pressure Manipulation and Digestion

1. Start the peristaltic pump of the Langendorff apparatus to initiate the perfusion of the cardiac tissue with PB. Tie a double overhand knot
(suture: USP 3/0, silk) around the base of the heart, excluding the aorta. Repeat this step until an inflation of the right and left atrium, as well
as the coronary sinus, is noticed.

2. Puncture the atrium with the butterfly needle of the pressure control device (Figure 3D) and allow the atrium to deflate. Manipulate the
intraluminal pressure of the atrium by adjusting the elevation of the butterfly hose. Keep the atrium slightly inflated throughout the rest of the
procedure; monitor and adjust accordingly.

NOTE: This step needs to be performed swiftly, as a prolonged inflation of the left atrium will result in cardiomyocyte death.

3. Measure the approximate temperature of the left atrium by positioning a temperature probe between the left atrium and the left ventricle.
Adjust the temperature of the Langendorff heating module accordingly, targeting an approximate temperature of 37 °C of the left atrium.

4. Perfuse the heart with PB for a total of 3 min.

5. GSwitch the perfusion to a digestion buffer (DB) for approximately 14—18 min.

NOTE: The digestion is complete when the left atrial structure collapses and the tissue acquires a milky texture.

6. Pinch the atrium using forceps and enact a slight pull. Remcve the left atrium using fine scissors and transfer the atrium into a large weighing
boat cantaining 2 mL of stopping buffer (SB), fully submerging the tissue.

7. Dispose of the remaining cardiac tissue following the guidelines of the laboratory where the procedure is performed.
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5. Cell Processing and Calcium Re-adaptation

-

@~ o

9.

Mince the atrial tissue into small pieces of roughly 2 mm x 2 mm using fine scissors

Disperse the tissue by a gentle suction and ejection of the tissue chunks using a transfer pipette. Continue this procedure for approximately 5
min until 2 macroscopic dissociation of the tissue can be observed.

NOTE: Avoid any air bubbles during this step, as exposing the cells to air will result in cardiomyocyte death.

Transfer the cells to a 15 mL conical tube. Allow the tissue chunks to settle for 30 s. Transfer the supernatant into another 15 mL conical tube.
Allow the cells to settle for 15 min.

Remove and discard the supernatant. Add 2 mL of Step 1 buffer (see Table 1). Allow the cardiomyocytes to settle for 10 min.

NOTE: The dlscarded supernatant also includes fibroblasts and endothelial cells. Please refer to other protecols if it is desired to use these
cells for experiments 1428 The pellet will contain mostly atrial cardiomyocytes, which can be confirmed by light microscopy. The microscopic
characteristics of atrial cardiomyocytes are discussed in step 6.1.

Remove and discard the supernatant. Add 2 mL of Step 2 buffer. Allow the cardiomyocytes to settle for 10 min.

Remove and discard the supernatant. Add 2 mL of Step 3 buffer. Allow the cardiomyocytes to settle for 10 min.

Remove and discard the supernatant. Add 250 pL of normal Tyrode (NT) containing 1 mM ca®

Transfer S0 pL of the normal Tyrode containing atrial cardiomyocytes onto a glass-bottom dish, Which has been coated with 25% laminin (and
allowed to dry beforehand). Allow the cardiomyocytes to settle for 10 min.

Fill a glass-bottom dish with 500 pL of NT containing 1 mM CaCl,.

6. Functional Evaluation of Excitation-contraction-coupling

1.

Evaluate the cell morphelogy and viability under a light microscope using a 20X magnification (Figure 4A and 4B). Randomly select
approximately 100 cells and classify them as either viable or unviable in order to estimate the viability of the cell isolation procedure.
NOTE: Viable cells are characterlzed by symmetric sarcomere structure, the absence of membrane blebs, and a rod shape.
Load the cells with the Ca®*-sensitive fluorescent dye within 20 min of completing step 5§.9.
1. Add 10 pM Fluo4-AM to 500 uL of NT. Remove the supernatant from the glass-bottom dish (from step 5.9). Add the NT containing
Fluo4-AM to the glass-bottom dish. Incubate the mixture for 20 min at room temperature. Remove and discard the supernatant. Wash
the sample 2x using 500 pL of NT.

Visualize the Ca’*_excitation with a confocal microscope as follows.

1. Transfer the glass-bottom dish to a confocal microscope and visualize the Ca”"-excitation with a confocal microscope (laser intensity at
5.8%, excitation at 488 nm, emission at 515 nm) using a 40X magnification.

2. Perfuse the cells with NT heated to 37 °C using an appropriate superfusion device. Alternatively, keep the cells warm using a
microscope-mounted heat incubator.

3. Stimulate the cardiomyocytes in an electrical field with commercially available, microscope-mounted stimulator electrodes ata
frequency of 1 Hz and an electrical current of 24 A. Wait for 1 min to allow the cells to reach a steady-state of Ca’ * handling.

4. Place the scan line parallel to the transversal axis, half-way between the nucleus and the edge of a randomly selected, macroscopically
contracting cell. Acquire line scan images by repetitive scanning.

5. Use freely available imaging software to estimate the signal intensity immediately before an electric stimulation (Fg) across the entire
ceII F’Iot the signal intensity across the entire cell over the course of 1 stimulation cycle (F). Divide (F) by (Fg) to obtain the respective
Ca”" transient,
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Time sensitivity = high Time sensitivity = low

step 1.4. Heparin injection ‘ 1

1 > 20 min step5.1.-53. Tissue dispersion |
step 2. ‘ Organ excision ' 1

l <3 min step5.4.-59. | Calcium Reintroduction
step 3. | Cannulation | 1

1 <3 min step 6.2. 7 Staining 7

s!ep4.1.—4.2.‘ Pressure manipulation l
l immediate step 6.3, _ Imaging

step4.3.-4.6. | Enzymatic digestion

Figure 1: Simplified flowchart of the isolation procedure. The procedure is highly time-sensitive until the enzymatic digestion of the myocytes
is completed. Please click here to view a larger version of this figure.
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Figure 2: Preparation of equipment prior to the isolation. (A) This panel shows a self-made Langendorff apparatus: (1) a jacketed reaction
vessel with PB; (2) a jacketed reaction vessel with CB; (3) a 3-way stopcock; (4) a syringe; (5) a peristaltic pump; (6) a heating immersion; (7)

a jacketed bubble trap; and (8) the cannula and heart. (B) This panel shows the set-up for the cannulation and organ excision for an optimized
work flow: (1) a 100 mL beaker with 50 mL of ice-cold CB; (2) a 10 mL syringe with ice-cold CB; (3) a Petri dish with ice-cold CB; (4) a light
source; (5) the custom-made cannula with a cannulation knot (see also Figure 3A and 3B); (6) fine, curved forceps; (7) tissue forceps; (8) fine
forceps, angled 45°; (9) abdominal surgical scissors; (10) fine surgical scissors; (11) 4 x 30 G needles; and (12) a 15 G needle. (C) This panel
shows the microscope-mounted equipment for the confocal imaging: (1) electric stimulator electrodes; (2) a superfusion pen; (3) a glass-bottom
dish with the ACMs; and (4) immersed platinum electric stimulator electrodes. (D) This panel shows the microscope set-up for the confocal
imaging: (1) the confocal microscope; (2) a superfusion pen; (3) a superfusion buffer reservoir; (4) a superfusion flow regulator; (5) a superfusion
heating module; (6) a computer workstation; and (7) an electric stimulator. Please click here to view a larger version of this figure.
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Figure 3: Custom-made equipment. (A) This panel shows the manipulated 15 G cannula with a Luer lock. The arrows indicate two indentations
for the cannulation knots. (B) These are the cannulaticn knots, two double overhand knots placed on top of each other for rapid tightening. The
arrows indicate where and in which order the knot needs to be tightened. (C) This panel shows the assembled pressure control device. A 21

G butterfly needle is hooked into a tripod clamp. The hose is kept at the same height as the needle. The screw top is opened. The elevation of
the butterfly hose can be altered as indicated by the arrows in order to change the intraluminal pressure of the left atrium. (D) The left atrium is
punctured with the pressure control device. This picture shows an ideally inflated left atrium. The ellipse marks the placement of the overhand
knot. (E) The left atrium is punctured with the pressure control device. This picture shows an over-inflated left atrium, which will result in a lower
yield of viable ACMs. The ellipse marks the placement of the overhand knot. Please click here to view a larger version of this figure.

Representative Results

At 21 weeks of age, 60-90% of viable ACMs (estimated as described in step 6.1), after the calcium re-adaptation (step 5.4-5.7), can be isolated
from ZSF-1 obese rats by this method (Figure 4A). In rats, ACMs are characterized by a different and more heterogenous phenotype compared
to VCMs**°. Figure 4B shows an individual ACM with preserved membranes and sarcomere structure, both strong indicators of a functionally
integral cell.

The acquired ACMs can be processed in a variety of ways. As exemplified in Figure 5, the cells might be loaded with fluorescent dyes used

to study morphology and/or function. For instance, di-8-ANEPPS was used to delineate the tubular system in an atrial rat cell (Figure 5A).

In another set of experiments, mitochondria-staining far red-fluorescence dye (e.g., mitotracker-Red-FM) is employed to detect cytosolic
mitochondria (Figure §B) in atrial remodeling. As shown in Figure 5C, ACMs isolated with this protocol are also suitable for live-cell ca®
imaging and show intact excitation-contraction coupling with a 1 Hz field-stimulation. All images can be used for further analysis using a variety
of algorithms available to the researcher®”’ (Figure 5D).
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%ure 4: Respective yield of viable, single-cell AM. (A) This panel shows the yield of an isclation after the re-adaptation of ACMs to 1 mM
in NT. (B) This panel shows an isolated, single-cell atrial cardiomyocyte. The sarcomere structure, cell membrane, and nucleus are clearly
wsnble Please click here to view a larger version of this figure.
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0.5 (F/F,)

100 ms

Figure 5: Staining of rat ACMs with fluorescent dyes. (A) This panel shows the staining of a cell membrane and tubular network with the

fluorescent dye DIBANNEPS. (B) This panel shows the staining of mitochondria with the fluorescent dye mitotracker-Red-FM. (C) This panel
shows the transversal line scan of a Ga*-excitation with the fluorescent dzye Fluo4-AM over a single cell. The arrows indicate the electrical
* transients derived from panel C. Please click here to view a larger

stimulation, conducted at 1 Hz. (D) This panel shows the longitudenal Ca
version of this figure.

Here, we first described a protocol for the isolation of single-cell ACMs from a rat model of MetS-related HFpEF that shows marked atrial
remodelingp. The procedure is uniquely challenging as excessive fatty tissue can make the surgical preparation, as well as the cannulation of
the aorta, increasingly difficult. The troubleshooting guide provided in Table 2 addresses the most common issues of the isolation procedure.
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Problem Possible Cause Solution

No flow through butterfly hose Improper closure of the aorta with the Remove fatty tissue before tightening
cannulation knots

Add 3rd cannulation knot with respective
indentation

Pull knot with hand for increased force

Blocked needle Readjust position into the lumen

Unblock by gentle pull with syringe

Right atrium / coronary sinus not inflated Improper closure of the heart base Block flow with additional knots
Right atrium damaged during preparation Close leakage with clips/knots
Poor digestion / atrium does not soften Reduced enzyme activity through wrong Adjust temperature to 37 °C
temperature
Inactive/degraded enzyme Replace
Old/overly fibrotic atrium Increase digestion time (in steps of +50%)
Damaged aortic valve Shallow penetration during cannulation
Poaor cell yield Atrium over-digested Decrease digestion time (in steps of +25%)

Reduce intraluminal pressure by lowering the
butterfly hose

Atrium under-digested Increase digestion time (in steps of 25%)

Increase intraluminal pressure by raising the
butterfly hose

Cell dispersion too aggressive Be more gentle

Table 2: Troubleshooting guide. This table displays common issues of the isolation procedure and their respective solutions.

In @ recent study, we have shown that the ZF S-1 obese rat model exhibits extensive atrial remodeling with an increased atrial size™. An
increase in the left atrial size has been recognized as an important prognostic marker for diastolic t:!ysfunciion26 and causes a rarefication of
the microvascular vessels relative to the tissue. This leads to a decreased distribution of the digestive buffer through the retrograde perfusion of
the aorta during the isolation procedure, rendering the single-cell isclation in this model especially challenging. Other hallmark features of atrial
remodeling, atrial fibrosis, and increased fibrosis have been shown for ZDF rats—a rat model for metabolic diabetes and one parent strain of
the ZFS1 rats”’. Collagen deposits impair the efficacy of the digestive enzymes to liberate the cardiomyocytes from the extracellular matrix and,
therefore, require further adjustments of the cell isolation prucedurezs,

The mechanism by which the pressure device facilitates the improved isolation results in this model of atrial remodeling is most likely related

to a localized attenuation of the coronary blood flow of the left atrium. One major component of the coronary blood flow is coronary perfusion
pressure, which is defined as the gradient between the coronary artery pressure and the end-diastolic pressure of the respective cavityzg.
During the described procedure, a blockage of the heart base leads to a global increase in coronary artery pressure and intraluminal pressure
throughout the heart. The subsequent puncture of the left atrium facilitates a local, selective drop of intraluminal pressure in the left atrial cavity.
Thus, not only a large coronary perfusion pressure gradient is established, but the perfusion volume is also increased by the diverted digestion
solution from the congested left ventricle to the left atrium.

In addition, the choice of digestion enzymes is crucial for the ACM isolation: purified enzyme blends of collagenase | and [l have been shown to
be superior to less targeted and less pure enzymes like ccllagenasesw. This enzyme does not only allow for a higher yield of morphologically
and functionally intact cardiomyocytes but alse minimizes any clumping of single cells after their isolation®'. Purified enzyme blends of
collagenases with an additional high dispase or medium thermalysin content are most commonly used for rat cardiomyocyte isolations. \While
VCMs are best isolated at higher concentrations, the best results of atrial myocytes were acquired with a concentration of 0.185 Wilnsch Units/
mL using this protocol®.

As the prevalence of MetS-related HFpEF is rising2 and atrial cardiomyopathies leading to atrial remodeling and atrial fibrillation are clinically
highly relevant, research in this field is of pivotal interest. Many new animal models for HFpEF are emerging®** and atrial remodeling in line with
an increased incidence of atrial rhythm disorders are hallmark features of the disease. The described method allows researchers to isolate viable
single cardiomyocytes from rat models with atrial remodeling for a further study with an exceptionally high yield and preserved mechanical and
electrical function.

The authors have nothing to disclose.
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