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Zusammenfassung 

Erkrankungen des Herz-Kreislauf-Systems gelten nach wie vor als Haupttodesursache 

in den modernen Industrienationen. Der Überbegriff „Herz-Kreislauf-Erkrankungen“ ist 

jedoch nicht einheitlich definiert. Er beschreibt im Wesentlichen Erkrankungen des 

Herzens und der Blutgefäße und umfasst Krankheiten wie zum Beispiel Bluthochdruck, 

Arteriosklerose, Herzinfarkt, Herzinsuffizienz, koronare Herzkrankheiten, rheumati-

sche Herzkrankheiten und Herzklappenfehler. Neben den wohlbekannten Risikofakto-

ren, wie Übergewicht, Rauchen, Hypercholesterinämie und mangelnde Bewegungen, 

ist das Alter ein Hauptrisikofaktor, der maßgeblich an der Ausbildung von Herz-Kreis-

lauf-Erkrankungen beteiligt ist. Dies ist insbesondere in einer älter werdenden Gesell-

schafft ein größer werdendes Problem. 

Doch wie kommt es dazu, dass die Prävalenz für Herz-Kreislauf-Erkrankungen im Alter 

steigt? Im Allgemeinen geht man von altersabhängigen Veränderungen auf zellulärer 

Ebene aus, die die krankhaften Gewebsveränderungen im Herzen und den Gefäßen 

bedingen. Wichtige Mechanismen wie Autophagie, oxidativer Stress, mitochondrielle 

Dysfunktionen, genomische Instabilität, zelluläre Seneszenz und Störungen in der Sig-

naltransduktion von Wachstumsfaktoren spielen dabei eine entscheidende Rolle. So 

kommt es im Alter zur Hypertrophierung von Herzmuskelzellen, die sich in einer 

Herzwandverdickung, sowie einer veränderten Herzkammergeometrie äußert. Chroni-

sche Endzündungsreaktionen, parakrine sowie altersabhängige Zell-intrinsische Fak-

toren führen zudem zu einer Aktivierung kardialer Fibroblasten mit erhöhter Zellprolife-

ration, Kollagen-Sezernierung und Matrix- Quervernetzung. Die Folgen sind interstiti-

eller und paravaskulärer Fibrosen, die das Herz und die Blutgefäße versteifen lassen. 

Oxidativer Stress und Endzündungen greifen zusätzlich die Blutgefäße an und beein-

trächtigen die Endothelfunktion, die durch etwaige Vorerkrankungen wie Diabetes mel-

litus und Bluthochdruck zusätzlich verschlechtert wird. 

In den vergangenen Jahrzehnten lag das Hauptaugenmerk daher auf der Erforschung 

dieser altersabhängigen Veränderungen, in der Hoffnung die kardiovaskuläre Alterung 

besser zu verstehen und mögliche regenerative Interventionen zu entwickeln. Durch 

die Erforschung der Reparaturmechanismen anderer Organe wie den Lungen und 

dem Knochenmark, zeigte besonders das Endothel eine hohe regenerative Kapazität, 

die die Proliferation und Zellfunktion der umliegenden Zellen beeinflusst. 
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Lange war die allgemeine Meinung, dass das Endothel lediglich die innere Ausklei-

dung der Blut- und Lymphgefäße, sowie der Herzkammern sei, das als einschichtige 

Barriere die Integrität der Blutgefäße garantiert und damit im ständigen Kontakt mit 

dem Blut und mit den darin enthaltenden Bestandteilen steht. Die Endothelzellen, die 

diese Barriere bilden sind jedoch –abhängig von der Art des Blutgefäßes und dem 

Gewebe, das sie versorgen– sehr heterogen und übernehmen dabei zentrale Aufga-

ben. Neben der Barrierefunktion regulieren Endothelzellen zusätzlich den Stoffaus-

tausch zwischen Blut und Gewebe, stimulieren die Bildung neuer Blutgefäße und re-

modellieren bereits bestehende Gefäßnetze. Sie sind weiterhin in der Lage die extra-

zelluläre Matrix, die sie umgibt umzustrukturieren. Dabei entlassen sie nicht nur Mat-

rixproteine, sondern auch Zytokine und Wachstumsfaktoren in den Extrazellularraum, 

die dort gespeichert werden. Diese Faktoren werden dann bei Bedarf freigesetzt und 

stimulieren beispielsweise Angiogenese oder Zellproliferation. Die Sezernierung ver-

schiedener Matrixproteine stabilisiert nicht nur die zelluläre Nachbarschaft, sondern 

reguliert zudem diverse Zellfunktionen. 

Durch die Modellierung des endothelialen Milieus – der sogenannten vaskulären Ni-

sche – sind Endothelzellen also in der Lage mit den umliegenden Zellen zu kommuni-

zieren. Infolge dessen wurde sogar ein regenerativer Effekt der vaskulären Nische be-

reits in diversen Organen beschrieben. In der Leber etwa wurde gezeigt, dass erhöhte 

Konzentrationen an endothelialem Ang2 und verringertem endothelialem Aktivin A 

nach partieller Hepatektomie die Proliferation von Hepatozyten und somit die Leberre-

generation anregen. Im Knochenmark mobilisieren Endothelzellen Stammzellen via 

Stickstoffmonoxid und in den Lungen setzt endotheliales MMP14 Wachstumsfaktoren 

aus der extrazellulären Matrix frei, die die Epithelzellproliferation nach partieller 

Pneumektomie stimulieren. Ob ein solcher regenerativer Effekt der vaskulären Nische 

auch im Herzen eine Rolle spielt ist allerdings weitgehend unbekannt. 

Da sich sowohl die regenerative Kapazität des Herzens als auch die endotheliale Funk-

tion im Alter abnehmen, war das Ziel der vorliegenden Dissertation die Rolle der vas-

kulären Nische bzw. der endothelialen Zellkommunikation im gealterten Herzen zu un-

tersuchen. Im Zuge dessen wurde auf humane Zelllinien, sowie Maus- und artifizielle 

Rattenmodelle zurückgegriffen. Da sich es bei dieser Arbeit um eine kumulative Dis-

sertation mit teilweise publizierten Originalarbeiten handelt, teilt sich die Arbeit in drei 

Teile auf. 
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Im ersten Teil dieser Arbeit wurden im Speziellen die Transkriptomsignatur sekretori-

scher Gene im Endothel von alten Herzen studiert. Dazu wurden perfundierte En-

dothelzellen aus Herzen von jungen (12 Wochen alte Tiere) und alten Mäusen (20 

Monate alte Tiere) isoliert und für bulk RNA sequencing verwendet. Unter den top-

regulierten Genen befanden sich die beiden Matrixproteine Laminin β1 und β2. Wäh-

rend Laminin β2 besonders im jungen kardialen Endothel exprimiert war, war Laminin 

β1 vorwiegend im alten Endothel zu finden. Dieser Wechsel in der Lamininexpression 

wurde histologisch auf Proteinebene bestätigt und dessen autokrine Funktion in vitro 

untersucht. Um die in vivo-Situation in vitro nachzuahmen, wurden Zellkulturschalen 

mit humanen rekombinanten Laminin 421 bzw. Laminin 411 beschichtet und mit hu-

manen Endothelzellen aus der Nabelvene (HUVEC) besäht. Diverse funktionelle Un-

tersuchungen zeigten, dass Endothelzellen in der Gegenwart von Laminin 411 

schlechter migrieren und adhärieren, während in Matrigel-Assays beobachtet werden 

konnte, dass HUVEC in der Gegenwart von LM 411 vermindert endotheliale Netz-

werke ausbildeten. 

Unser bulk RNA sequencing Datensatz zeigte zudem neben dem Wechsel in der La-

mininexpression auch Hinweise für Endothel-zu-Mesenchym Transition im gealterten 

kardialen Endothel. In vitro Experimente ergaben, dass Endothelzellen sowohl basal 

als auch durch die Stimulation mit TGFβ2 vermehrt mesenchymale Gene exprimieren, 

wenn sie auf LM411 kultiviert werden. 

Auf mechanistischer Ebene wurden diverse Faktoren gefunden, die die beschriebenen 

Ergebnisse bedingen können. So wurde herausgefunden, dass HUVEC in der LM411-

Kultur weniger FGF2 –ein bekannter Inhibitor für Endothel-Mesenchym Transition– 

und Thrombospondin 2 –ein wichtiger Regulator im kardiovaskulären System– sezer-

nieren. Weiterhin war -verglichen zu LM421- durch die Kultivierung auf LM411 vor al-

lem die aktive Konformation des Martixproteinrezeptors Integrin β1 weniger detektier-

bar, die für die verringerte Adhäsion und Migration verantwortlich gemacht werden 

konnte. 

Im zweiten Teil dieser Doktorarbeit, wurde eine globale Transkriptomanalyse des ge-

samten jungen und alten Mäuseherzen durchgeführt. Durch den Einsatz von single-

nucleus RNA sequencing war es möglich das Transkriptom auf Einzelkernebene zu 

untersuchen und Veränderungen nicht nur im Endothel, sondern im gesamten Herzen 

zu studieren, wodurch putative interzelluläre Interaktionen mit Endothelzellen unter-

sucht werden konnten. 
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Insgesamt wurden 14.827 Zellkerne von drei jungen (12 Wochen alte) und 12.981 Zell-

kerne von drei alten (18 Monate alte) Mäusen isoliert und für die Transkriptomanalysen 

verwendet. Unter Verwendung eines bioinformatischen t-distributed stochastic neigh-

bor embedding plots konnten die Einzelkerndaten in einer zweidimensionalen Darstel-

lung zusammengefasst und 15 spezifische Zellpopulationen bestimmt werden. Beson-

ders kardiale Fibroblasten zeigten unter allen kardialen Zellen die stärkste Verände-

rung in der Genregulation im Alter und wurden daher gesondert analysiert. Eine Pseu-

dotime Analyse ordnete die gesamte Fibroblastenpopulation in eine lineare Darstel-

lung an und gruppierte die Fibroblasten in 11 Untergruppen, die entweder von jungen 

oder alten Zellen prädominiert wurden. Signalweganalysen ergaben, dass besonders 

die vorwiegend „alten“ Fibroblastengruppen überwiegend Gene exprimieren, die in in-

flammatorischen, angiogenen und osteogenen Signalwegen wiederzufinden sind. 

Zunächst haben wir uns mit der Regulation der Angiogenese-assoziierten Gene in Fib-

roblasten befasst. Da besonders sekretorische angiogene Gene in alten Fibroblasten 

reguliert waren, wurde eine bioinformatische Liganden-Rezeptor-Analyse durchge-

führt, um etwaige zelluläre Interaktionen vorherzusagen. Die Analyse ergab, dass wäh-

rend der Alterung besonders Fibroblasten mit Endothelzellen interagieren könnten, 

wobei Fibroblasten maßgeblich parakrine Faktoren und Endothelzellen die dazugehö-

rigen Rezeptoren exprimieren würden. Diese Hypothese wurde mit einem HUVEC 

Matrigel-Assay untersucht, bei dem HUVEC für 24 Stunden mit konditionierten Fib-

roblastenkulturüberständen stimuliert wurden, die zuvor von isolierten Fibroblasten 

aus jungen und alten Mäuseherzen generiert wurden. Interessanterweise zeigten 

HUVEC, die mit „alten“ Fibroblastenmedium behandelt wurden eine verschlechterte 

Netzwerkausbildung als HUVEC, die mit „jungen“ Fibroblastenmedium kultiviert wur-

den. Mitglieder der Serpin-Familie wurden als Hauptverursacher dieses Effekts be-

stimmt, die vermehrt auf RNA- und Protein-Ebene in „alten“ Fibroblasten gefunden 

wurden. Durch den Einsatz von neutralisierenden Serpin-Antikörpern war es schließ-

lich möglich den antiangiogenen Effekt des „alten“ Fibroblastenmediums zu stoppen.  

Im weiteren Verlauf lag der Fokus auf der Regulation der Osteogenese-assoziierten 

Gene in Fibroblasten. Die Einzelkerndaten zeigten zu Beginn, dass in „alten“ Fib-

roblasten die Faktoren Runx2 und Cepbp, beides wichtige Regulatoren der Osteoblas-

tendifferenzierung, exprimiert waren. Während RT-qPCR und bulk RNA sequencing 

Daten die Expression von Runx2 in isolierten Mausfibroblasten validierten, zeigten his-
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tologische Färbungen im alten Mäuseherz PDGRα-positive Zellen, die Osteokalzin ex-

primieren. Diese „osteogenen Fibroblasten“ waren fast ausschließlich im Epikard alter 

Herzen zu finden. Das Epikard junger Herzen war nahezu frei von solchen Zellen. Dar-

über hinaus wurden durch von-Kossa-Färbungen, neben den Herzklappen, einzelne 

Kalzifizierungen ausschließ im Epikard alter Herzen gefunden. Das junge Herz zeigte 

keinerlei Kalkablagerungen im Epikard. 

Zusammenfassend konnte gezeigt werden, dass sich besonders Fibroblasten im ge-

alterten Herzen verändern. Während sie über Serpinexpression die Angiogenese hem-

men, nehmen sie im Epikard einen osteogenen Phänotypen an. Ob jedoch diese os-

teogenen Zellen tatsächlich von Fibroblasten oder epikardiale Zellen abstammen, 

muss in linage-tracer Versuchen validiert werden. 

Im dritten und letzten Teil dieser Dissertation wurde eine neuartige dreidimensionale 

sphäroidale Zellkultur (Cardiac Tissue Mimetic; CTM) entwickelt, um die interzellulären 

Kommunikationswege zwischen Endothelzellen, Herzmuskelzellen und kardialen Fib-

roblasten in einer möglichst physiologischen Umgebung zu untersuchen. Zur CTM-

Generierung wurden in einem ersten Schritt Herzmuskelzellen und Fibroblasten aus 

neonatalen Rattenherzen isoliert und in einem Verhältnis von 5:1 in hängenden Trop-

fen kultiviert. Nach vier Tagen ballten sich die Zellen zu Sphäroiden zusammen, die in 

einem zweiten Schritt zunächst mit Matrigel und dann mit grün-fluoreszierenden 

HUVEC überzogen wurden. Der Einsatz grün-fluoreszierender HUVEC ermöglichte 

dabei die Beobachtung von Gefäßbildungen in situ. Zehn Tage lang wurden die CTMs 

in Kultur gehalten und die Gefäßausbildung unter diversen Stimuli studiert. Zunächst 

wurden CTMs mit dem Sympathomimetikum Phenylephrin (PE) behandelt. Die Stimu-

lation mit PE förderte die CTM-Hypertrophierung, -Reifung und -Schlagfrequenz, ver-

glichen mit CTMs ohne Stimulation. Zudem konnte die Bildung eines ausgeprägten 

Endothelnetzes beobachtet werden. Während PE keinen direkten Effekt auf Endothel-

zellen zu haben schien, konnte bewiesen werden, dass PE die Sekretion von VEGF in 

Herzmuskelzellen erhöhte, das parakrin die Endothelsprossung induzierte. Das Sek-

retom von Fibroblasten zeigte unter PE jedoch keine pro-angiogenen Veränderungen. 

Da PE nicht nur das Sekretom veränderte, sondern auch die CTM-Kontraktion beein-

flusste, wurde angenommen, dass PE zusätzlich über eine mechanische Aktivierung 

die Endothelsprossung induziert. Um die Kontraktion aus dem Zellkultursystem zu ent-

koppeln, wurden CTMs mit einer Kombination aus PE und jeweils den β-Blockern Me-

toprolol und Propranolol stimuliert. Alle genannten β-Blocker waren in der Lage die 



Zusammenfassung 
 

6 
 

CTM-Kontraktion zu senken. Zudem war die Endothelsprossung nahezu gänzlich un-

terdrückt. Dass die verwendeten β-Blocker einen direkten Effekt auf Endothelzellen 

oder einen direkten Effekt auf die VEGF-Expression in Herzmuskelzellen haben, 

konnte durch diverse funktionelle Experimente widerlegt werden und implizierte, dass 

die mechanische Aktivierung von Endothelzellen durch Herzmuskelzellen die Gefäß-

bildung im kardialen Milieu induziert. 

Im weiteren Verlauf wurde das CTM-Modell verwendetet, um pathophysiologische Zu-

stände, wie sie bei Ischämien und bei Remoderlierungsprozessen nach einem Herz-

infarkt auftreten, zu untersuchen. Die Behandlung der CTMs mit dem pro-fibrotischen 

Wachstumsfaktor TGFβ2 zeigte zwar nur eine marginal erhöhte Endothelzellenspros-

sung im Vergleich zu Kontroll-CTMs, allerdings war besonders die Kollagenablagerung 

in TGFβ2-stimulierten CTMs erhöht, was mit einer verstärkten Fibrose gleichzusetzen 

ist. Außerdem exprimierten vereinzelnde Endothelzellen mesenchymale Marker, die 

besonders bei der Endothel-Mesenchym-Transition eine Rolle spielen. Die Kultivie-

rung von CTMs unter starker Hypoxie induzierte ebenfalls Kollagenablagerungen, ver-

minderte aber die Endothelsprossung. 

Zusammenfassend konnte eine neuartige Zellkultur generiert werden, die der Unter-

suchung von Endothelzellen in einer kardialen Umgebung dient. Neben der direkten 

Beobachtung des Gefäßwachstums, kann dieses Modell auch zur Untersuchung di-

verser Therapeutika in Hinblick auf Nebenwirkungen genutzt werden. 
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Summary 

Cardiovascular diseases are still regarded as the main cause of death in the modern 

world. However, the generic term "cardiovascular diseases" is not uniformly defined. It 

essentially describes diseases of the cardiovascular system and includes diseases 

such as hypertension, arteriosclerosis, myocardial infarctions, heart failure, coronary 

heart diseases, rheumatic heart diseases and heart valve defects. In addition to the 

well-known risk factors such as obesity, smoking, hypercholesterolemia and lack of 

exercise, age is a further risk factor that plays an important role in the development of 

cardiovascular diseases. As the modern societies age; this becomes an increasing 

problem. 

But why does the prevalence of cardiovascular diseases increase with age? In general, 

age-dependent changes at the cellular level are assumed to be responsible for the 

pathological changes in the cardiac and vascular tissues. Important mechanisms such 

as autophagy, oxidative stress, mitochondrial dysfunctions, genomic instability, cellular 

senescence and disturbances in signaling pathways of growth factors play a decisive 

role. In old age, myocardial hypertrophy occurs, which results in cardiac wall thickening 

and an altered geometry of the ventricle. Chronic inflammations, paracrine and age-

dependent cell-intrinsic factors further lead to activation of cardiac fibroblasts with in-

crease cell proliferation, collagen secretion and matrix cross-linking. The conse-

quences are interstitial and perivascular fibrosis, which stiffen the heart and blood ves-

sels. Oxidative stress and inflammations additionally attack the blood vessels and im-

pair endothelial function, which is further aggravated by possible pre-existing condi-

tions such as diabetes mellitus and hypertension. 

In the past decades, the main focus has therefore been on researching these age-

dependent changes in the hope of better understanding cardiovascular ageing and 

developing possible regenerative interventions. By studying the repair mechanisms of 

other organs such as the lungs and the bone marrow, the endothelium in particular 

showed a high regenerative capacity, which influences the proliferation and cell func-

tion of the surrounding cells. 

For a long time, the general opinion was that the endothelium is only the internal lining 

of blood and lymphatic vessels, as well as the heart chambers, which as a single-layer 

barrier guarantees the integrity of the blood vessels. However, endothelial cells are 

very heterogeneous, depending on the type of blood vessel and the type of tissue they 
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serve. In addition to their barrier function, endothelial cells also regulate the exchange 

of substances between blood and tissue, stimulate the formation of new blood vessels 

and re-model existing vascular networks. They are also able to restructure the extra-

cellular matrix that surrounds them. They release not only matrix proteins, but also 

cytokines and growth factors into the extracellular space. On demand, these factors 

are then released and stimulate angiogenesis or cell proliferation. In addition, the se-

cretion of various matrix proteins not only stabilizes the cellular neighborhood, but also 

regulates various cell functions. 

By modelling the endothelial environment - the so-called vascular niche - endothelial 

cells are able to communicate with the surrounding cells. As a result, a regenerative 

effect of the vascular niche has already been described in various organs. In the liver, 

for example, it has been shown that increased concentrations of endothelial Ang2 and 

decreased endothelial activin A after partial hepatectomy stimulate the proliferation of 

hepatocytes and thus liver regeneration. In the bone marrow, endothelial cells mobilize 

stem cells via nitric oxide and in the lungs, endothelial MMP14 releases growth factors 

from the extracellular matrix, which stimulate epithelial cell proliferation after partial 

pneumectomy. Whether such a regenerative effect of the vascular niche also plays a 

role in the heart is largely unknown. 

Since both the regenerative capacity of the heart and endothelial function decrease 

with age, the aim of this dissertation was to investigate the role of the vascular niche 

and endothelial cell communication in the aged heart. Human cell lines as well as 

mouse and artificial rat models were used for these investigations. Since this thesis is 

a cumulative dissertation with partially published papers, it is divided into three parts. 

In the first part of this thesis, the transcriptional signature of secretory genes in the 

aged cardiac endothelium was studied. Perfused endothelial cells from hearts of young 

(12-week-old animals) and old mice (20-month-old animals) were isolated and used 

for bulk RNA sequencing. The two matrix proteins laminin β1 and β2 were among the 

top-regulated genes. While laminin β2 was particularly expressed in the young cardiac 

endothelium, laminin β1 was predominantly found in the old endothelium. This change 

in laminin expression was confirmed histologically at protein level and its autocrine 

function was investigated in vitro. To mimic the in vivo situation in vitro, cell culture 

dishes were coated with human recombinant laminin 421 or laminin 411 and sutured 

with human endothelial cells from the umbilical vein (HUVEC). Diverse functional in-

vestigations showed that endothelial cells migrated and adhered poorly in the presence 
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of laminin 411, while in Matrigel tube formation assays HUVEC formed reduced endo-

thelial networks when cultured on LM 411. 

In addition to the change in laminin expression, our bulk RNA sequencing data set 

showed indications for endothelial-to-mesenchymal transition in the aged cardiac en-

dothelium. In vitro experiments have shown that endothelial cells express more mes-

enchymal marker genes both basally and by stimulation with TGFβ2 when cultured 

on LM411. 

At mechanistic level, various factors have been found that may influence the described 

results. It was found that HUVEC cultured on LM411 secrete less FGF2 -a well-known 

inhibitor of endothelial mesenchymal transition- and thrombospondin 2 -an important 

regulator in the cardiovascular system. Furthermore, LM411 reduces the activity of the 

matrix protein receptor integrin β1, which was found to be responsible for the reduced 

adhesion and migration. 

In the second part of this thesis, a global transcriptome analysis of the entire young 

and old mouse heart was performed. The use of single-nucleus RNA sequencing made 

it possible to study the transcriptome at the single nucleus level and to study changes 

not only in the endothelium but in the entire heart, thus revealing putative intercellular 

interactions with endothelial cells. 

A total of 14,827 nuclei from three young (12 weeks old) and 12,981 nuclei from three 

old (18 months old) mouse hearts were isolated and used for transcriptome analysis. 

Using bioinformatic t-distributed stochastic neighbor embedding plots, the single nu-

cleus data could be summarized in a two-dimensional representation showing 15 spe-

cific cell populations. Among all cardiac cells, fibroblasts in particular showed the 

strongest gene regulation in aged hearts and were therefore analyzed separately. A 

pseudotime analysis arranged the entire fibroblast population into a linear representa-

tion and grouped the fibroblasts into 11 subgroups, which were either predominated 

by young or old cells. Signaling pathway analyses further showed that especially the 

"old" fibroblast groups predominantly express genes found in inflammatory, angiogenic 

as well as osteogenic signaling pathways. 

Initially, we focused on the regulation of angiogenesis-associated genes in fibroblasts. 

Since particularly secretory angiogenic genes were regulated in old fibroblasts, a bio-

informational ligand-receptor analysis was used to predict possible cellular interac-

tions. The analysis predicted that in particular fibroblasts could increasingly interact 

with endothelial cells during aging, with fibroblasts expressing paracrine factors and 
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endothelial cells expressing the corresponding receptors. This hypothesis was con-

firmed with a HUVEC Matrigel assay in which HUVEC were stimulated for 24 hours 

with conditioned fibroblast culture supernatants, generated from isolated fibroblasts 

from young and old mouse hearts. Interestingly, HUVEC treated with "old" fibroblast 

medium showed a worsened network formation than HUVEC cultured with "young" 

fibroblast medium. Members of the serpin family were identified as the main causative 

agents of this effect, which were increasingly found at both the RNA and protein levels 

in "old" fibroblasts. By using neutralizing serpin antibodies, it was possible to com-

pletely rescue the anti-angiogenic effect of the "old" fibroblast medium. 

In the further course the focus was on the regulation of the osteogenesis-associated 

genes in fibroblasts. First, the single-nucleus data showed that the factors Runx2 and 

Cepbp, both important regulators in osteoblast differentiation, were expressed in "old" 

fibroblasts. While RT-qPCR and bulk RNA sequencing data validated the expression 

of Runx2 in isolated mouse fibroblasts, histological staining in old mouse hearts 

showed PDGRα-positive cells expressing osteocalcin (an osteoblast marker gene). 

These "osteogenic fibroblasts" were found almost exclusively in the epicardium of old 

hearts. The epicardium of young hearts was almost completely free of such cells. In 

addition, von-Kossa stainings found (except for calcified cardiac valves) individual cal-

cifications exclusively in the epicardium of old hearts. The young heart did not show 

any calcium deposits in the epicardium at all. 

In summary, it could be shown that in particular cardiac fibroblasts are affected by 

aging. While they inhibit angiogenesis through serpin expression, they might require 

an osteogenic phenotype in the epicardium. However, whether these osteogenic cells 

originate from fibroblasts or epicardial cells has to be further validated in linage-tracer 

experiments. 

In the third part of this dissertation, a novel three-dimensional spheroidal cell culture 

model (Cardiac Tissue Mimetic; CTM) was developed to investigate the intercellular 

communication pathways between endothelial cells, cardiomyocytes and cardiac fibro-

blasts in a physiological environment. In a first step, cardiomyocytes and fibroblasts 

were isolated from neonatal rat hearts and cultured in a ratio of 5:1 in hanging droplets. 

After four days, the cells clumped together and formed spheroids, which in a second 

step were first coated with matrix and then with GFP-positive HUVEC. The use of GFP-

positive HUVEC made it possible to observe the vessel formation in situ. The CTMs 
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were kept in culture for ten days and vessel formation was studied under various stim-

uli. CTMs were first treated with the sympathomimetic phenylephrine (PE). Stimulation 

with PE promoted CTM hypertrophy, maturation and contraction frequency compared 

to CTMs without stimulation. Using the GFP-positive HUVEC, pronounced endothelial 

sprouting and vessel formation were observed in PE stimulated CTMs. While PE did 

not appear to have a direct effect on endothelial cells, it was shown that PE increased 

VEGF secretion in cardiomyocytes and hence induced endothelial sprouting in a para-

crine manner. By contrast, the secretome of fibroblasts showed no pro-angiogenic 

changes upon PE stimulation. Since PE not only altered the secretome but also influ-

enced CTM contraction, it was assumed that PE also induced endothelial progression 

via mechanical activation. In order to uncouple mechanical activation, CTMs were stim-

ulated with a combination of PE and the β blockers metoprolol and propranolol. All of 

the aforementioned β blockers were able to reduce CTM contraction. In addition, en-

dothelial sprouting was almost completely suppressed. 

We were further able to exclude that the used β blockers have a direct effect on endo-

thelial cells and a direct effect on VEGF expression in cardiomyocytes by using various 

functional experiments and implied that the mechanical activation of endothelial cells 

by cardiomyocytes is sufficient to induce endothelial sprouting. 

Finally, the CTM model was used to investigate pathophysiological conditions such as 

those occurring in ischemia and remodeling processes upon myocardial infarctions. In 

line with known remodeling processes, the treatment of CTMs with the pro-fibrotic 

growth factor TGFβ2 showed pronounced collagen deposition but only marginally in-

creased vessel formation compared to control CTMs. In addition, single endothelial 

cells expressed mesenchymal markers indicating occurrence of endothelial-mesen-

chymal transition. The cultivation of CTMs under severe hypoxia also induced collagen 

deposition, but diminished vessel formation. 

In summary, a novel three-dimensional cell culture system was generated that can be 

used for investigating endothelial cells in a cardiac environment in terms of intercellular 

cross-talk. 

 



Introduction 
 

12 
 

1 Introduction 

1.1  General Introduction 

The heart is a central unit in the human body. As a muscular organ, it pumps blood 

through the blood vessels of the circulatory system and forms together with the blood 

vessel system the cardiovascular (CV) system. By being a systemically distributed or-

gan, the CV system spans almost all tissues in humans and provides the cells with 

oxygen, nutrients and metabolites. 

Disorders or diseases of this central system are summarized in the umbrella term car-

diovascular diseases (CVDs) and include pathophysiological states like -among oth-

ers- atherosclerosis, heart failure, hypertension and coronary heart disease. Although 

modern medical care has tremendously enhanced in the past decades, CVDs are still 

the primary cause of death globally and represents more than 30% of all deaths. The 

World Health Organization (WHO) illustrates this fact by stating that in 2016 more than 

17.9 million people died from CVDs worldwide1. This state is expected to worsen as 

the Western societies age, whereas especially the elderly is prone to CVDs. Interest-

ingly, both the incidence and prevalence of CVDs keenly increase in men at about age 

45 and at about age 55 in women. At about age 70 the risk is even worse2,3.  

Although the CV system has been studied for centuries, aged-dependent alterations 

in cell communication within the heart, within the vascular system and between heart 

and vasculature still need to be elucidated. By deciphering the impact of aging, novel 

strategies might be developed lowering CVD mortality. 

 

1.2 The Heart 

1.2.1 Anatomical Structure of the Heart 

By pumping blood through the entire body, the heart supplies nearly each tissue with 

oxygen, nutrients and metabolites but also clears the organs from wastes. In humans, 

mammals and birds, the heart is divided into four chambers: the right and left atrium 

as well as the right and left ventricle4,5. Functionally and structurally the heart can be 

further divided into the right heart (right atrium and right ventricle) and the left heart 

(left atrium and left ventricle) that are separated from each other by the atrioventricular 

septum (Figure 1)4. Whereas the right heart conducts deoxygenated blood through the 
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lungs, the left heart pumps the oxygenated blood through the body. Under physiologi-

cal conditions, the superior and inferior vena cava collect deoxygenated blood from the 

body in the right atrium. An underpressure in the right ventricle pulls the blood through 

the tricuspid valve into the right ventricle that pumps blood through the pulmonary valve 

into the lungs. In the lungs, blood is oxygenated, passes the pulmonary veins and is 

collected in the left atrium of the heart. From there on, the blood is pulled through the 

mitral valve into the left ventricle that pumps blood through the aortic valve into the 

circulatory system of the body. Since the left ventricle has to supply the whole body 

and the right ventricle only the lungs, the myocardium of the left ventricle is thicker 

compared to the myocardium of the right ventricle4. 

 

1.2.2 The Wall of the Heart 

The wall of the heart is formed by three layers; the inner endocardium, the middle 

myocardium and the outer epicardium. The endocardium consists of a continuous 

mono-layer of endothelial cells (ECs) that line all cardiac chambers, the cardiac valves 

and the entire vascular system. Whereas the myocardium is formed by a specific type 

of striated myocytes, the so-called cardiomyocytes (CMs) that are embedded in a col-

lagen matrix, the epicardium mostly contains fibroblasts. A fourth layer, the pericar-

dium, is covering the whole heart like an elastic sack. It protects the heart from infec-

tions and keeps the heart position stable within the chest4. 

 

Figure 1: Anatomical structure of the human heart. Shown is a schematic cross section of the 
human heart. The figure is adapted from the review article in Appendix 1. 
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1.3 The Vascular System 

The vascular network of humans and other vertebrates can be classified into two major 

vessel types: blood vessels and lymphatic vessels. Whereas blood vessels supply tis-

sues and cells with nutrients, metabolites and oxygen but also remove waste products, 

lymphatic vessels filter excess interstitial fluids and serve as transport system for im-

mune cells6,7. Although the blood vessel and the lymphatic vessel system serve differ-

ent functions, both are lined by a specific type of epithelium, the endothelium. This 

specialized cell layer consists of ECs that forms a mono-layer that serves as a system-

ically distributed organ spanning almost all expanses of the vertebrate body8,9. 

Blood and lymphatic vessels are hierarchically organized. In the blood vessel system 

large arteries conduct blood away from the heart, bifurcate into smaller arterioles and 

further into a distinct capillary network. Small venules drain capillaries and merge into 

larger veins that transport blood back to the heart. In the lymphatic system, blind-ended 

lymphatic capillaries, pre-collecting and collecting lymphatic vessels drain excess in-

terstitial fluids from the tissues and conduct these to the venous system (Figure 2). 

Besides draining and transporting excessive fluids (called lymph), lymphatic capillaries 

provide an entry site for tissue-resident immune cells into the lymphatic and thereby 

later into the venous system9.  

 

1.3.1 Vessel Structure 

Vessel morphology differs among blood and lymphatic vessels. Both arteries and veins 

consist of three distinct layers: Tunica intima, tunica media and tunica adventitia (Fig-

ure 2). The tunica intima is the innermost layer of the vessel wall and is formed by a 

continuous mono-layer of ECs that are attached to extracellular matrix proteins: the 

basement membrane (BM). Tunica media is the middle layer and contains mostly elas-

tic fibers as well as smooth muscle cells (SMCs) that grant -especially in arteries- the 

ability of vessel constriction or dilation. This layer is overemphasized in arteries but 

reduced in veins. The outermost layer of blood vessels is formed by the tunica adven-

titia containing predominantly elastic fibers which is more pronounced in veins to com-

pensate the reduced tunica media and to grant vessel stability. Capillaries and small 

lymphatic vessels consist of a tunica intima only. These vessels are exclusively formed 

by ECs coated by a BM layer. Additional SMCs and pericytes might cover these ves-

sels to stabilize vessel structure. 
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Furthermore, vessels can differ not only morphologically within a vascular network but 

also among different vascular beds. As described above, tunica media and adventitia 

vary between arteries and veins in their sizes. In respect to tunica intima, veins and 

lymphatic vessels additionally contain luminal valves that helps pumping and prevents 

backflow of blood or lymph9. Whereas arteries and veins are lined by a continuous EC 

layer, the endothelium of capillaries can be continuous, discontinuous or fenestrated 

depending on its vascular bed. Fenestrated ECs are characteristic for tissues that are 

involved in filtration, such as the kidney glomeruli and discontinuous ECs are typical 

for sinusoidal vascular beds that are found in the bone marrow or liver9.The capillary 

network of the heart consists of an continuous endothelium. 

 
Figure 2: Organization of the vessel system. The vascular system is hierarchical structured. 
Arteries (red) leave the heart and branch into smaller arterioles and further into a defined capillary 
network. Small venules drain the capillaries and merge into large veins (blue) that conduct blood 
back to the heart. Excess interstitial fluid is drained by small blind-ended further by larger collect-
ing lymphatic vessels (green), that transport the lymph into the venous system. The vessel wall 
of arteries and veins is formed by three layers: the inner tunica intima that is formed by the endo-
thelium and its basement membrane (BM), the middle tunica media, consisting of smooth muscle 
cells (SMCs) and the outer tunica adventitia containing elastic fibers. Capillaries and lymphatic 
vessels contain only an endothelial layer that is covered by its BM and partially distributed SMCs 
or pericytes. Depending on the vascular bed, the endothelium of capillaries can be continuous, 
fenestrated or discontinuous, whereas the endothelium of lymphatic vessels contains oak-leaf 
shaped ECs but a discontinuous BM. The figure is adapted from Potente and Mäkinen, 20179.  
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1.3.2 Development of the Vasculature: Vasculogenesis and Angiogenesis 

The development of vasculature is directly connected to the demands of the organ that 

it serves. Whereas a shortage of nutrients or oxygen leads to blood vessel formation, 

excessive interstitial fluid pressure stimulates lymphatic vessel development10. The 

vasculature can develop through diverse molecular mechanisms and cellular origins 

that -depending on the developmental or pathophysiological state- rely on two distinct 

key processes: vasculogenesis and angiogenesis. 

 

1.3.2.1 Vessel Development through Vasculogenesis 

In prenatal development, the vasculature is formed through vasculogenesis, a process 

that has been excessively studied in zebrafish and mouse embryo studies11–18. In 

zebrafish embryos, the transcription factor Npas4I (helix–loop–helix-Per–ARNT–Sim 

(bHLH-PAS) protein neuronal PAS domain-containing protein 4-like protein) has 

turned out to be a key coordinator of this process. Npas4l mobilizes multipotent mes-

odermal cells and drive their differentiation towards angioblasts11. Angioblasts are en-

dothelial precursor cells that originate from the lateral plate mesoderm. They merge 

into the large axial and cranial vessels, as well as the pharyngeal arch artery which 

later assemble the dorsal aorta and the cardinal vein12,13,18. Further studies report that 

angioblasts form common progenitor tubes and subsequently differentiate within the 

tube into arterial or venous ECs14,15. However, Kohli and coworkers have shown an 

alternative model of vessel formation in 2013. According to them, arterial and venous 

ECs might arise from distinct angioblast pools stemming from different locations16. This 

hypothesis is supported by Npas4l-loss-of-function studies which had been performed 

by Didier Stainier’s laboratory from the Max-Planck Institute in Bad Nauheim. Stainier 

and his colleagues were able to report that zebrafish embryos being deficient for 

Npas4l indeed lacked most but not all ECs12. Comparable to zebrafish, also the vas-

cular network of mouse embryos develops from mesodermal cells that form early an-

gioblasts and a primitive vessel plexus. NPAS4, the mammalian homologue to Npas4l, 

has also been found being expressed in mouse mesodermal cells that orchestrates as 

transcription factor the endothelial linage11. Independent of cellular origins, vessel for-

mation can also be induced by various growth factors. In this regard, the vascular en-
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dothelial growth factor (VEGF), fibroblast growth factor 2 (FGF2) or the bone morpho-

genic factor 4 (BMP4) were found to drive EC differentiation from mesodermal stem 

cells9,17. 

 

1.3.2.2 Vessel Development through Angiogenesis  

While the de novo formation of primordial ECs or vessels is referred to as vasculogen-

esis, angiogenesis is defined as the remodeling of a vascular network by sprouting 

from pre-existing blood vessels17. This process is responsible for further vessel for-

mations in both embryonal and adult vasculature and occurs in physiological, as well 

as pathophysiological states by which ECs sprout from existing vessels, branch, mi-

grate and form mature vessels19 (Figure 3). Tissue-derived growth factors, like VEGF 

attract ECs in a chemotactic manner by stimulating them to become motile, invasive 

and to form filopodia20. ECs sense VEGF via VEGF receptor 2 and 3 (VEGFR2 and 3) 

and the VEGF co-receptor neuropilin-1 (NRP1). Whereas these receptors stimulate 

sprouting, VEGFR1 inhibits sprouting. Since ECs and mural cells share a common BM 

that enwraps the endothelial tubule like a sleeve, ECs first need to breakdown the BM 

to liberate themselves (Figure 3A). By secreting matrix metalloproteases (MMPs), such 

as MMP1, ECs degrade the BM21. This process often liberates further angiogenic 

growth factors that were bound in the extracellular matrix protein (ECM) network22. 

These factors can be pro- or anti-angiogenic and fine-tune the angiogenic process by 

stimulating or preventing branching23. Due to ECM degradation, mural cells detach 

from the vessel which stimulates ECs to secrete further pro-angiogenic factors, such 

as Angiopoietin-2 (Ang2). The liberated ECs or so-called “tip cells” invade the sur-

rounding tissue and use their filopodia to follow the growth factor gradient chemotacti-

cally. Proliferative ECs, so-called stalk cells, follow the tip cell and elongate the nascent 

sprout by cell proliferation and migration. They also establish the vessel lumen, secrete 

BM proteins and recruit mural cells to stabilize the newly formed endothelial tubule. To 

prevent an excessive sprout formation, tip cells are selected by lateral inhibition, a 

process that is controlled by the Notch signaling pathway24. Notch is a receptor protein 

that suppresses tip cell behavior and is more active in stalk cells25. Conversely, tip cells 

were shown to express low levels of Notch but high levels of the Notch ligand Delta-

like protein 4 (Dll4) that inhibits filopodia formation and tip cell transition in stalk cells26. 

In contrast to Dll4, the Notch ligand JAGGED-1 (JAG1) is primarily expressed by stalk 
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cells. JAG1 antagonizes Dll4 in stalk cells and hence prevents Dll4 back signaling to 

tip cells24 (Figure 3B). Unlike tip cells, stalk cells are equipped with a high proliferative 

capacity. They elongate the sprout by proliferation and stabilize it by expressing high 

levels of the adherence junction protein VE-cadherin (vascular endothelial cadherin or 

cadherin 5; Cdh5) (Figure 3C). The deposition of ECM proteins to form a new BM, as 

well as the recruitment of mural cells (pericytes or SMCs) further strengthen the newly 

formed branch. By anastomosing with neighboring sprouts, tip cells finally form a ves-

sel loop and create a new blood vessel7,24,27. Finally, the onset of blood flow into the 

lumen shapes the newly formed vessel and activates the shear-stress-responsive tran-

scription factor Krüppel-like factor-2 (KLF2). KLF2 upregulates the endothelial nitric 

oxide synthase (eNOS) that keeps vessel lumen dilated and downregulates VEGFR2 

to prevent further tip-cell formation. Together with oxygen and nutrient supply, KFL2 

shifts the ECs to a quiescence state and end the angiogenic process20. 
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Figure 3: Vessel development through angiogenesis. (A) During angiogenesis, endothelial 
cells (ECs) respond to tissue-derived VEGF. These leads to the expression and release of matrix 
metalloproteases (MMPs) that degrade the basement membrane (BM) that liberates the ECs and 
cause pericyte detachment. (B) The liberated EC undergo filopodia formation to probe the envi-
ronment to follow the VEGF gradient. Lateral inhibition prevents hypersprouting, by which delta-
like 4 (Dll4) is highly expressed by tip cells. Dll4 stimulates Notch receptors of the neighboring 
ECs and stimulate them to become stalk cells. Conversely to Dll4, JAGGED (JAG) antagonizes 
Dll4 in stalk cells to prevent Dll4 back signaling to the tip cells. (C) While tip cells are less prolif-
erative and follow the VEGF gradient, stalk cells elongate the new branch by cell proliferation and 
form the lumen. The figure is adapted and modified from Potente, Gerhardt and Carmeliet, 201120. 
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1.3.3 The Basement Membrane 

The basement membrane or basal membrane (BM) is an important structural element 

of cellular monolayers, that grant stability and structural integrity. Some smaller capil-

laries and angiogenic sprouts are only stabilized by a single BM layer. It composes of 

a variety of ECM proteins and can be found in electron-microscopic images as a 50-

100 nm thick and electron-dense layer, separating endothelial, as well as epithelial 

cells from the underlying connective tissue (Figure 4A). Similar to blood vessels, also 

the BM can be very heterogeneous depending on the tissue where it is formed28. Be-

sides being a structural element, the BM can also modulate cellular behaviors by se-

questering growth factors and cytokines, by regulating its temporal and spatial distri-

bution and by forming concentration gradients29. 

 

1.3.3.1 Composition and Function of the Basement Membrane 

The BM is a very complex structure and its composition differs among different tissues, 

developmental stages or pathophysiological states. In the past, the BM was exten-

sively studied, especially in the mouse Engelbrecht Holm-Swarm (EHS) sarcoma 

model, using Matrigel28,30. Matrigel is a complex BM-like composite derived from EHS 

tumor cells and is commonly used in in vitro models to mimic the BM for ECs. However, 

tumor cells and their BM differ from physiological cells with their BM in many aspects, 

which makes the use of Matrigel in many in vitro assays debatable31–34. Although the 

BM primarily anchors endothelial cells to the underlying connective tissue, it can also 

influence cell adhesion, migration, differentiation, function and survival (Figure 4), 

which is controlled by the complex composition of ECM proteins within the BM28. 

The main components of the BM are the extracellular proteins laminin, type IV colla-

gen, nidogen/entactin and perlecans28. Laminin and type IV collagen are crucial for BM 

stability and maintain its integrity. These large molecules are expressed in distinct sub-

units that self-assemble into supramolecular structures35–37. The BM stability is further 

increased by perlecans and nidogens/entactins that interconnect laminins and colla-

gens. Together with other ECM components, such as agrin, fibulin, fibronectin, 

SPARC, osteonectin and BM90, the complexity and heterogeneity of the BM is further 

increased28.  
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1.3.3.2 Laminin 

Besides collagen, laminin is the predominant BM component in blood vessels. It is 

expressed throughout all BMs and its composition changes depending on the devel-

opmental stage, age and tissue. Laminins are T- or cross-shaped heterotrimeric gly-

coproteins consisting of one α-, one β- and one γ-chain35 (Figure 4). To date, five dis-

tinct α-, four β- and three γ-chains are known35 that have been identified to form 16 

laminin combinations. Four further combinations have been proposed relying on both 

in vivo and in vitro studies35,38. By the growing number of isoforms, two laminin nomen-

clatures have evolved in the past decades. The first or “the old” system uses Arabic 

numerals to describe laminin isoforms and bases on the order of laminin discovery. In 

this context, laminins are referred to as laminin-1, laminin-2, laminin-3, etc39. However, 

this system failed to describe the composition of the polypeptide chains that are pre-

sent in the respective laminin isoform. By contrast, the alternative or “new” system 

indicates each laminin polypeptide as a number. For example, the laminin isoform 421 

(LM421) consists of the laminin α4-, β1- and γ1-chain. A full list of all known laminins 

is shown in the following table (Table. 1). 

 

Table 1: Nomenclature of laminins. The table was adapted from Yao, 201738. 

Old Nomenclature New Nomenclature 

Laminin-1 Laminin-111 
Laminin-2 Laminin-211 
Laminin-3 Laminin-121 
Laminin-4 Laminin-221 
Laminin-5 Laminin-3(A)32 

Laminin-5B Laminin-3B32 
Laminin-6 Laminin-311 
Laminin-7 Laminin-321 
Laminin-8 Laminin-411 
Laminin-9 Laminin-421 

Laminin-10 Laminin-511 
Laminin-11 Laminin-521 
Laminin-12 Laminin-213 
Laminin-13 Laminin-323 
Laminin-14 Laminin-423 
Laminin-15 Laminin-523 

- Laminin-212 
- Laminin-222 
- Laminin-333 
- Laminin-522 
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As a major BM protein, laminin not solely interconnects with other ECM components. 

Accumulating studies in the past have shown that laminins play multiple crucial roles 

in the embryonal development and even most laminin knockout models were reported 

to be embryonically lethal36,40,41. This can be explained by the fact that laminins bind 

to and subsequently activate cell-surface receptors, such as the heterodimeric integrin 

and thereby modulate cell functions. These activities can be mapped to globular do-

mains that are present within each laminin chain27,35. The laminin polypeptide chains 

are composed of multiple globular domains (LG), coiled-coil domains, rod-like struc-

tures or repeats of epidermal growth factor-Like (LE) domains. Especially the globular 

domains can be further subdivided into the laminin N-terminal globular domain (LN), 

laminin four (LF) domain and L4 domains (Figure 4B)35,38,42. Multiple laminin receptors 

bind to these structures. These receptors can be divided into integrins and non-integ-

rins. It is known that at least eight integrin receptors (α1β1, α2β2, α3β1, α6β1, α1β4, 

α7β1, α9β1 and αvβ3) bind to laminin, whereas most of them bind preferentially to the 

laminin α-chain’s LN and LG domains 43,44. 

Integrins represents the main class of laminin receptors. Their stimulation activates 

multiple signaling proteins, such as Src, FAK, Rho or PI3K and their long-term activa-

tion controls cell proliferation, survival and differentiation (Figure 4C)45. Non-integrin 

laminin receptors are represented by dystroglycans, syndecans, Lutheran blood group 

glycoproteins and the soluble 67 LR35,46. Their affinity to laminins is rather weak com-

pared to integrins and they play a minor role in laminin signaling. 

Activation of laminin receptors is not only modulated by matrix composition and growth 

factors that are sequestered in the BM but also by tissue and BM stiffness. Recent 

studies have shown that matrix stiffness controls not only focal adhesion formation but 

also neural stem cell differentiation47,48. However, the molecular mechanism behind 

the concept of matrix stiffness is still not fully understood yet. 
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Figure 4: The basement membrane. (A) The basement membrane (BM) is a is layer of ECM 
proteins that separates endothelial cells (EC) from underlying cells or tissues. (B) Among others, 
laminins are the major BM component. Laminin-111 is shown in this figure consisting the α1-, β1- 
and γ1-chain. Each chain contains further structures that are referred to as LN, LE or LG domains 
and a coiled-coil structure. BM components, growth factors or the BM stiffness can modulate ECM 
receptor (integrin) activation and activates pathways including PI3K, Src and FAK, resulting in 
survival, proliferation, adhesion, migration or differentiation. The figure is modified from 35,38,45.  

  

1.4 Cardiovascular Diseases 

The umbrella term cardiovascular disease (CVD) describes a class of diseases that 

involves the heart and the entire blood vessel system. CVDs include diseases such as 

myocardial infarction, coronary heart disease, atherosclerosis, heart failure, cardiomy-

opathy, as well as hypertensive diseases. However, their underlying mechanisms can 

be very diverse. According to the WHO, CVDs are still the primary cause of death 

globally1. Since the Western societies age and since elderly are more prone to CVDs, 

the situation is expected to become worse2. In this aspect, it is of major interest to shed 

light on the cellular and molecular changes during disease and aging to establish novel 

therapeutic strategies. 
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1.4.1 Atherosclerosis 

Atherosclerosis (Greek; athera: artery and sklerosis: hardening) is a chronic inflamma-

tion of arteries that is characterized by the accumulation of lipids and fibrous structures 

in the vessel wall leading to artery narrowing and finally artery occlusion49. The under-

lying causes are very complex and include endothelial lesions, as well as high levels 

of cholesterol-rich lipoproteins49. Hypertension or alterations in blood flow dynamics 

cause lesions of the endothelium with EC detachments which shifts the endothelium 

to a pro-inflammatory phenotyp49–51. Specific sites of arteries, such as bifurcations are 

more prone to hemodynamic turbulences than others and thereby more vulnerable to 

endothelial lesions. The activation of the endothelium increases its permeability to low-

density lipoproteins (LDL) that results in a further activation of ECs. Monocytes and 

other leucocytes are recruited by pro-inflammatory ECs and absorb the infiltrated LDL 

resulting in sub-endothelial accumulation of cholesterol-engorged macrophages, the 

so-called foam cells49. Although these fatty lesions are not of clinical significance, they 

serve as precursors of larger lesions where lipid-rich necrotic debris and SMCs aggre-

gate50. This fibrous lesion forms an atherosclerotic plaque that typically contains a fi-

brotic cap containing ECM proteins like fibronectin, as well as a necrotic core, contain-

ing cellular debris and leukocytes. Especially leukocytes from the necrotic core were 

shown to secrete multiple interferons and MMPs that degrade the fibrotic cap. In pro-

gressing clinical manifestation, the degradation of the cap structure leads to plaque 

instability and ultimately to plaque rupture49. A ruptured plaque may float within the 

blood flow as emboli causing ischemic events, such as myocardial infarction49,50. 

 

1.4.2 Myocardial Infarction 

The myocardial infarction (MI) is a very acute form of CVDs and contributes signifi-

cantly to CVD mortality52. MI is mainly caused by occlusions of a coronary artery fol-

lowed by a prevented oxygen and nutrient supply of the underlying cardiac tissue. As 

a consequence, underlying ECs, FBs and CMs die from necrosis and apoptosis. Fol-

lowing MI, the heart and especially the left ventricle (LV) undergo serve structural and 

cellular changes that are referred to as pathophysiological cardiac remodeling53. To 

compensate the loss of CMs and to prevent ventricular wall rupture, resident cardiac 

FBs become active and form first a preliminary fibrin clot and later a mature collagen 
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scar54,55. The scar formation and the loss of CMs reduce LV function and cause LV 

dilation, as well as an altered chamber geometry (Figure 5)56. As a matter of compen-

sation, the remaining CMs undergo cardiac hypertrophy during the cardiac remodeling 

process57. The molecular and cellular changes during cardiac remodeling are de-

scribed in detail below.   

In basic and medical research, mouse models are often used to mimic MI and to study 

cardiac remodeling. During a mouse surgery, a permanent ligation of the left anterior 

descending (LAD) artery is induced. The LAD artery belongs to the coronary artery 

system and usually supplies about 50% of the LV myocardium. The occlusion of this 

artery prevents blood supply of the underlying LV tissue and causes an acute myocar-

dial infarction (AMI) (Figure 5). 

 

Figure 5: The LAD-ligation model. (A) In mouse models, an acute myocardial infarction is in-
duced by a permanent ligation of the left anterior descending artery (LAD). (B) The LAD-ligation 
results in an acute myocardial infarction (AMI). (C) Following AMI, necrotic cardiomyocytes are 
replaced by a collagen-based scar and heart undergoes hypertrophy and left ventricle dilation 
(cardiac remodeling). Panel B and C were adopted and modified from the review article in Appen-
dix 1. 

 

1.4.3 Heart Failure 

Heart failure (HF) is a chronic CVD that is characterized by a reduced cardiac function 

where the heart is not able to conduct blood sufficiently through the circulatory system 

of the body or the lung. As a consequence, the body is no longer supplied with blood 

sufficiently during physical exercises or at rest. Common symptoms are a shortness of 

breath, tiredness, as well as leg edema and the symptoms become worse when doing 

physical exercises58. Causes of HF are other underlying CVDs such as coronary artery 

and heart diseases, cardiomyopathy, atherosclerosis, hypertension, atrial fibrillation or 
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a previous MI that are followed by severe cardiac remodeling processes59. The clinical 

manifestation further worsens through multiple compensating neurohumoral changes, 

such as an activation of the sympathetic system60. 

In general, the left part of the heart, the right part of the heart or both sides can suffer 

from HF. A left heart HF can be further classified into a HF with preserved ejection 

fraction (HFpEF) or HF with reduced rejection fraction (HFrEF), depending on the abil-

ity of the LV to contract or relax, as well as the ability to eject the LV blood volume 

sufficiently58,61.  

 

1.5 Cellular Cross-Talk and Heterogeneity in the Hearta

1.5.1 Cellular Heterogeneity and Cellular Cross-Talk in the Healthy Heart 

Cellular specification and cross-talk are essential for an organ to function and fulfill 

specific tasks. Multicellularity and intercellular interactions, as well as cellular signaling 

determine cardiac development and cardiac homeostasis in the adulthood. In the fol-

lowing, the main three cell populations in the heart, as well as the cardiac ECM as an 

important modulatory system will be described in respect to their intercellular cross-

talk (Figure 6). 

Cardiac endothelial cell: Cardiac endothelial cells (cECs) form the inner lining of the 

heart chambers and the entire macro- and microvasculature that supplies the myocar-

dium with blood. By doing so, an enormous number of cECs is required and hence it 

is not surprising that cECs outnumber CMs by an estimated ratio of 3:162,63. By making 

up to about 60% of the non-myocyte population, cECs were shown to be the most 

important non-myocyte population within the heart62. They strongly interact with CMs, 

especially during cardiac development by expressing neuregulin, neurofibromatosis 

type-1 (NF1) and platelet-derived growth factor β (PDGFβ)64. The auto- and paracrine 

signaling of CMs and cECs is pivotal to maintain cardiac function. Both CMs and ECs 

are able to release nitric oxide (NO) by expressing three NO synthases: iNOS (induci-

ble NOS), eNOS and NOS, whereas the endothelial eNOS is four-times more active 

than the CM-derived iNOS65. On the one hand, NO acts on the blood vessels’ tunica 

 
a Parts of section 1.5 “Cellular Cross-Talk and Heterogeneity in the Heart” and section 1.6 “Aging” were 
re-written and used for the submitted review article that can be found in Appendix 1.  
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media and results in vasodilation by relaxing vascular SMCs. On the other hand, NO 

can also signal in CMs and attenuate CM contraction leading to a reduced heart beat-

ing rate65,66. Another cEC-derived factor is endothelin-1 (ET-1). ET-1 can act as para-

crine factor on CMs via the ETA receptor and as autocrine factor via the endothelial 

ETB receptor63. In CMs, ET-1 was found to induce hypertrophy and seems to be in-

volved in cardiac remodeling in the diseased heart64. In ECs, ET-1 was reported to 

mediate EC survival via FOXO167 but also to potentiate TGFβ-mediated endothelial-

to-mesenchymal transition in CVDs and hence promote fibrosis68. A more cardiac pro-

tective role can be annotated to the EC-derived neuregulin that was shown to reduce 

apoptosis in CMs69. The importance of EC-CM cross-talk was further elucidated by 

Narmoneva et al. in 2004. By using a EC-CM co-culture system, the group showed 

that ECs promote CM survival by reduced apoptosis and necrosis, as well as spatial 

remodeling and synchronized contraction in CMs that can also be of interest during 

cardiac regeneration70 (Figure 6A). 

Cardiac fibroblast: Cardiac FBs (cFBs) are small elongated spindle-shaped cells with 

a strong secretory phenotype. They display a granular cytosol containing a pronounced 

rough endoplasmic reticulum. Unlike CMs, that are organized in a defined structure 

within the heart, cFBs are roughly distributed throughout the entire myocardium and 

are located in the interstitial space between CMs71. By today, there is no unique or 

specific cFB marker gene available. However, the expression of multiple markers, such 

as Vimentin, platelet-derived growth factor receptor α (PDGFRα), fibroblast-specific 

protein 1 (FSP1) or DDR2 can be used to define cFBs or FB-like cells histologically. 

Taken this in consideration, cFBs seem to be a mixture of multiple FB-subtypes, that 

arise from multiple origins. Whereas cFBs can arise from the epicardium or the atrio-

ventricular septum, it is estimated that about 20% of all cFBs have an endothelial origin, 

through a process that is referred to as endothelial-to-mesenchymal transition (En-

doMT; see section “Cellular Plasticity in the Adult Heart”)71,72. To date, mostly bulk 

experiments have been used to characterize the FB composition of the heart. Hence 

single-cell RNA sequencing (scRNA Seq) will be a powerful tool to shed light on the 

origin and heterogeneity of cFBs in the near future. 

Usually cFBs interact with other cells by ECM protein deposition (Figure 6B). They 

release -among others- collagens, laminins and other glycoproteins that contain growth 

factor-like domains which stimulate cellular growth or angiogenesis73. Integrins are het-

erodimeric ECM receptors that are directly connected to the cytoskeleton. They are 
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expressed throughout CMs, cFBs and also ECs and form a physical connection be-

tween ECM and cytoskeleton74. By remodeling the ECM, cFBs directly influence cell 

signaling via kinase signaling cascades and allow mechanical interactions with other 

cell types, especially with CMs75,76. Nevertheless, the ECM primarily forms a scaffold 

that stabilizes CM position and keeps the myocardium in shape. 

However, cFBs are not solely providers for ECM proteins. Surprisingly, Camelliti and 

coworkers demonstrated in 2004 that sheep cFB do express three gap junction con-

nexins Cx40, Cx43 and Cx4577. A more recent study from the group of Peter Kohl even 

documented connexin-based electric coupling of FB-like cells with CMs using optoge-

netics78. But still, the exact role of cFBs in electric coupling and whether cFBs are 

involved in electric signal conduction is not well characterized and needs to be further 

elucidated. 

Apart from ECM deposition and electric coupling, cFBs also release auto- and para-

crine factors, including IL6, transforming growth factor β (TGFβ), endothelin-1 (ET1) 

and other cytokines that significantly impact CMs79. Since most of these pathways oc-

cur during pathologies, the auto- and paracrine signaling of cFBs will be specifically 

described below. 

Cardiomyocytes: CMs are the contractile element of the myocardium. Their synchro-

nized contraction maintains a proper cardiac movement that is needed to pump blood 

through the circulatory system. To maintain cardiac contraction throughout a whole 

lifespan, CMs are equipped with a very large cytoplasm that is crammed with sarco-

meres, the contractile unit of myocytes and mitochondria to meet their high energy 

demand64. However, although the heart’s volume consists mostly of CMs64, they only 

account for up to 35% of the entire cardiac cellular composition72,80,81.  

The main interaction partners of CMs are neighboring CMs (Figure 6C). The connec-

tion is established by specific gap junctions, so-called intercalated disks that are usu-

ally formed by connexins64. These junction proteins allow the direct exchange of ions, 

small molecules as well as small peptides between CMs and also electrically couple 

the entire myocardium64. The 3D structure as well as tissue integrity is maintained by 

gap junctions that stabilize the relative position of CMs to each other76. Disorganiza-

tions or disorders of cardiac gap junctions can cause severe disfunctions and often 

occur during CVDs. In this regard, Michael Gollob and his coworkers from the Univer-

sity of Ottawa reported that patients suffering from a mutation in connexin 40 (Cx40) 
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GJA5 develop idiopathic atrial fibrillation that was predisposed by impaired gap junc-

tion assembly or insufficient electric coupling75. Furthermore, loss of neural cadherin 

(N-cadherin), an further adherens junction protein, had been shown to lead to a dilated 

cardiomyopathy and sudden death in a loss-of-function mouse model82.  

Admittedly, CMs are not only able to interact via junction proteins. Auto- and paracrine 

factors like acetylcholine (ACh), interleukin 6 (IL6) or tumor necrosis factor α (TNFα) 

can also be secreted by CMs to communicate with other cells. ACh is a well-known 

neurotransmitter of the parasympathetic nervous system. Interestingly, Roy et al. 

demonstrated in 2013 that CMs can be a non-neural source of ACh which can coun-

terbalance the sympathetic influence in the heart83 (Figure 6D). Pro-inflammatory cy-

tokines such as IL684 or TNFα85 are secreted by CMs during ischemic events. Clinical 

studies reported IL6 to be detrimental to the heart and being a prognostic predictor for 

chronic heart failure86,87. Furthermore, CMs also secrete pro-angiogenic factors, such 

as VEGF-A and angiopoietin-1, to activate ECs and stimulate vessel growth64,88. CM-

derived VEGF-A plays a crucial role not only during ischemic events, but also during 

cardiac development. In this regard, CM-specific VEGF-A knockout (KO) mice suffered 

from defective angiogenesis with a degenerated vascular system, but also suffered 

from ventricular wall thinning89. 

Extracellular Matrix: The myocardial extracellular matrix (ECM) is a very complex 

structure that includes serval hundred different glycoproteins, such as collagen, lam-

inin, fibronectin, proteoglycans and MMPs53. Whereas most of these components 

serve structural tasks, some of them rather play regulatory roles and influence cellular 

behavior90–92. In principle, the cardiac ECM can be divided into the interstitial ECM that 

accommodates proteins such as collagen and fibronectin and the BM that mostly con-

tains laminins and collagens93. The BM can be mainly found as a thin layer on the 

surface of ECs, where it stabilizes the microvasculature, as well as the endocardium 

and modulates cell functions. 

In the past, the cardiac ECM was reported to contain mostly fibrillar collagens, where 

type I collagen makes up to about 85% of the entire collagen content and type III col-

lagen only 11% of the total collagen content53. Fibrillar collagen primarily serves as a 

scaffold in the heart that stabilizes CMs within the myocardium. In addition to type I 

and III collagen, collagen type XIII was found in intercalated discs between CMs to 

maintain CM-CM connections94. Collagens are expressed as polypeptide chains that 
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assemble to large supramolecular structures in the extracellular space and are pro-

tected from degradation via cross-linking of collagen-subunits which is facilitated by 

the lysyl oxidase95. 

Fibronectin is a glycoprotein and a further main component of the cardiac ECM. It 

serves important functions during cardiac development, where it is mostly expressed 

by cFBs and cECs but plays a rather minor role in the healthy heart96. In the adult 

heart, fibronectin serves as scaffold for FBs and infiltrating immune cells and is mostly 

involved in inflammatory events. Especially the splice variant fibronectin extra domain 

A (EDA) was shown to be a pro-inflammatory factor after MI and maintain cardiac re-

modeling97. 

 

Figure 6: Cellular cross-talk in the healthy heart. (A) CMs and endothelial cells (ECs) interact 
via nitric oxide (NO) secretion that serves as vessel protective substance and VEGFA that induces 
angiogenesis. Whereas EC-derived NF1 and PDGFβ plays an important role during cardiac de-
velopment, ET-1 maintains EC-survival. (B) Cardiac FBs are small amorph cells that reside in the 
intercellular space between CMs within the myocardium. They mostly secrete extracellular matrix 
(ECM) proteins, such as laminin and collagen, that stabilize the myocardium but also modulate 
cellular behavior. (C) The myocardium is formed mostly by cardiomyocytes (CMs) that are elec-
trically coupled via the gap junction protein connexin 40 (Cx40). Cardiac fibroblasts (cFBs) sup-
port electric signal conduction by forming Cx40 junctions between cFBs and CMs. (D) CMs are 
also able to secrete auto- and paracrine substances. They can be a source of non-neuronal acetyl 
choline (ACh) that counterbalances activations of the β-adrenergic receptor (β-AR) by sympa-
thetic neurons. The figure is modified from the review article in Appendix 1. 
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1.5.2 Cellular Processes and Cross-Talk during post-MI Cardiac Remodeling 

Since the adult heart and especially the CMs within the myocardium have only limited 

regenerative capacities, MI triggers transient inflammatory processes to initiate cardiac 

repair. Despite its regenerative effect, the post-infarct inflammatory response is impli-

cated with severe pathological remodeling processes, such as fibrosis and altered 

chamber geometry. 

MIs are typically caused by occlusions of the coronary arteries. This results in missing 

blood and nutrient supply in the underlying tissue, followed by necrosis of ECs, FBs 

and CMs54,98,99. This loss of cells can be counterbalanced in the neonatal mouse heart  

that is able to regenerate the myocardium within the first week after birth54. By contrast, 

the adult heart has lost its ability to regenerate after injury and replaces necrotic CMs 

with ECM components. The acute sudden-death of CMs causes the secretion of pro-

inflammatory chemokines and cytokines. In this regard, necrotic CMs tend to express 

TNFα, IL-1β and members of the IL-6 family to recruit leukocytes100. Dying CMs and 

damaged ECM both further releases danger-associated molecular patterns (DAMPs) 

that trigger additional inflammatory reactions via toll-like receptor (TLR) signaling. Re-

active oxygen species (ROS) that additionally triggers the immune response, are in-

creasingly formed and released by CMs due to the hypoxic conditions100 (Figure 7A). 

Upon these inflammatory signals, cFBs from the border zone are activated and start to 

secrete MMPs to degrade the ECM101,102. ECM degradation allows immune cells (mac-

rophages and dendritic cells) to infiltrate the infarcted zone and clear it from cellular 

debris and degraded ECM components103,104 (Figure 7B). Subsequently, activated FBs 

migrate into the infarct zone and rebuild the ECM scaffold105. By secreting collagen 

type I and type III, FBs form a scar tissue that stabilizes the infarcted area and prevents 

ventricular wall rupture99,106,107. The deposition of fibronectin and its splice variant EDA 

further restores the ECM scaffold that can be used by further activated FBs to migrate 

towards the infarcted zone, but also modulates the post-infarct inflammation54. 

In advanced post-infarct cardiac remodeling, some activated FBs differentiate to myo-

fibroblasts54. Myofibroblasts are key players in cardiac repair and scar formation (Fig-

ure 7C). They are able to contract due to their high content of contractile proteins (α-

smooth muscle actin: α-SMA) and contribute significantly to matrix protein secretion 

that forms the collagen-scar100. The process of fibroblast-to-myofibroblast transition is 

mediated by an increased ECM stiffness, that activates mechanosensitive receptors, 
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such as integrins. Integrins are ECM receptors that are directly linked to proteins of the 

cytoskeleton, such as actinin and vinculin. Their activation stimulates the GTP-binding 

protein RhoA that regulates the formation of stress fibers containing the contractile 

components α-SMA and F-actin54,108,109. An alternative pathway is induced by transient 

receptor potential (TRP) channels, like TRPV4 and TRPC6 that are both activated by 

TGFβ. Additionally, ECM rigidity also activates TRP channels via β1-integrin signaling. 

The activation of TRP channels in FBs leads to a Ca2+ influx and myofibroblasts differ-

entiation46,54,110. 

The laboratory of Jeffrey Molkentin further elucidated FB heterogeneity in post-MI 

hearts. He and his co-worker postulate that some myofibroblasts in the scar acquire a 

rather quiescent state and turn into Acta2-positive matrifibrocytes. These cells are less 

proliferative compared to myofibroblasts but maintain the scar tissue integrity by se-

creting ECM components105. 

To restore tissue homeostasis and induce reparative processes after the post-infarct 

remodeling, pro-inflammatory signals need to be inhibited. IL1 receptor-associated ki-

nase 3 (IRAK-3) was found to be an endogenous inflammation inhibitor111. It functions 

as a repressor for macrophage-driven inflammation and FB-dependent ECM break-

down100. IRAK-3 was reported to be expressed by distinct macrophage populations 

and FBs to inhibit pro-inflammatory cytokines112. In addition to endogenous signals, 

soluble anti-inflammatory factors are also secreted. Among them, IL10 and members 

of the TGFβ family were found to repress post-infarct inflammations. In particular, the 

source of TGFβ is quite diverse. It can be secreted by several immune cells but can 

also be stored in the ECM and is liberated by matrix breakdown100. TGFβ mediates 

cellular differentiations processes, such as fibroblast-to-myofibroblast transition and 

endothelial-to-mesenchymal transition54,113. Both pathways increase the pool of active 

mesenchymal cells that play important roles in scar formation and detrimental cardiac 

remodeling54. Both transition processes will be discussed in detail below. 

The elevated level of TGFβ in the post-MI heart stimulates ECs especially in the mitral 

valve leaflets to undergo endothelial-to-mesenchymal transition (EndoMT). As a con-

sequence, EndoMT leads to an increased mesenchymal cell formation and excessive 

collagen secretion that results in valvular stiffness and subsequently in mitral steno-

sis113. 

As part of the post-MI remodeling, the cardiac ECM also undergoes structural changes. 

Following the acute inflammatory phase, collagen deposition still remains increased 
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over ECM degradation in the LV. Advanced glycation end-products (AGE) and lysyl 

oxidase are both elevated in the post-MI heart. They cross-link collagen chains causing 

collagen accumulation and interstitial fibrosis as well as LV stiffness53. 

 

Figure 7: Cellular cross-talk in the AMI heart. (A) Acute myocardial infarction (AMI) and thereby 
lack of oxygen stimulates cardiomyocytes (CMs) to release pro-inflammatory cytokines, such as 
TNFα, IL-6, IL-1β and danger-associated molecular patterns (DAMPs). In addition, degraded 
ECM proteins release further DAMPs that trigger additional inflammatory reactions via toll-like 
receptor (TLR) signaling on immune cells (IC). Reactive oxygen species (ROS) are increasingly 
induced due to the lack of oxygen and modulate inflammatory events, as well. (B) Upon release 
of pro-inflammatory cytokines, fibroblasts (FB) become active (act. FB) and start to degrade the 
extra cellular matrix (ECM) by secreting matrix-metalloproteases (MMPs). ICs are able to invade 
the infarcted area and clear the tissue from ECM debris and necrotic cells. (C) ECM degradation 
liberates anti-inflammatory growth factors, such as transforming growth factor β (TGFβ) that stim-
ulates –among others- fibroblast-to-myofibroblast transition. In this process, FBs shift from a de-
grading to an ECM secreting phenotype. Myofibroblasts (MyoFBs) forms a collagen-scar that 
prevents ventricular rupture and replaces CMs. The figure was modified from the review article in 
Appendix 1. 
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1.6 Aging 

To understand and decipher the molecular and cellular changes during cardiac aging, 

one has to answer the question: What is aging? This is a very tough question, that 

many researchers in this field keep on asking. Carlos Lopez-Otin and his coworkers 

define aging as a consequence of accumulated loss of physiological integrity and func-

tions leading to increased vulnerability to death114. In their review article they define 

the nine cellular “hallmarks of aging” and state that aging is accompanied by stem cell 

exhaustion, altered intercellular communication, genome instability, telomere shorten-

ing, epigenetic changes, the loss of proteostasis, deregulated nutrient sensing, mito-

chondrial dysfunction and cellular senescence114. Barbosa et al. even extended this 

number of hallmarks by taking deregulated autophagy and oxidative stress into ac-

count, too115. Also, further researchers describe aging as a manifestation of time-de-

pendent molecular and cellular failures leading to chronic inflammations, altered cell 

communication and finally the loss of organ functions. In this context, aging can be 

seen as a time-dependent disease rather than a physiological condition116. 

However, other theories suggest that aging is a result of the limited number of divisions 

somatic cells can undergo (“Hayflick limit”) or a result of random accumulations of dam-

ages (“Stochastic Theory”)115,117,118.  

In the following sections, the variety of cardiovascular aging will be discussed in detail. 

 

1.6.1 Cardiovascular Aging 

As the modern medical care and life conditions have tremendously improved in the 

past century, life-expectancy has –especially in industrialized countries- remarkably 

increased. Whereas the life expectancy was around 50 years in the 1900s, the life 

expectancy has increased to over 80 years at the present time116. However, aging is 

described as the major risk factor for severe diseases, such as CVDs and is therefore 

increasing in prevalence in the elderly. As CVDs are the primary cause of death glob-

ally1, it is of major interest to understand how aging increases the risk for CVDs. 

In the aging heart, many changes of the intra- and extracellular signaling are known 

that lead to severe age-dependent cardiac remodeling119. The underlying cellular 

changes causing cardiac remodeling will be discussed in detail in section “Changes in 

Cellular Mechanisms in the Aging Heart”, whereas the structural cardiac remodeling 

will be described below. 
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The aging heart. With advanced age, characteristic cardiac remodeling processes can 

be observed. Most of them affect alterations of the cardiac chamber geometry such as 

increased diameter of the left atrium (LA)119. A correlation of LA dilation with other risk 

factors for CVDs, such as hypertension and increased body mass index, was shown 

by a 16-year follow-up Framingham study120. In addition, participants in the Multi-Eth-

nic Study of Atherosclerosis cohort with age-related LA dilation displayed higher de-

grees of myocardial fibrosis and other disorders121. 

Further age-related structural changes can be found in the LV. During aging, the LV 

undergoes hypertrophic changes, such as increased wall thickness, altered chamber 

geometry and chamber dilation, as well as interstitial fibrosis119,122. These alterations 

base on several molecular and cellular changes, like age-related oxidative stress, im-

paired calcium regulation and increased CM-loss123. Especially the loss of CMs stimu-

late the remaining CM population to undergo hypertrophy that causes wall thickening 

and the increased degree of interstitial fibrosis conditions ventricular stiffness119. As a 

consequence, patients tend to develop pathophysiologic conditions like HFpEF. 

Besides cardiac chamber abnormalities, age-dependent valvular alterations may also 

occur. Among of them, the aortic valve stenosis is the most prevalent valvular disorder 

in the aging heart124. Interestingly, the valvular remodeling share many common risk 

factors with atherosclerosis, such as hypertension, smoking, age, high LDL level and 

gender119. Like atherosclerosis, aortic stenosis is attributed to chronic inflammations 

as well as tissue calcifications leading to increased tissue stiffness and narrow-

ing124,125. 

A further valvular disease is mitral stenosis, that contributes to a significant portion of 

cases in industrialized countries126. Mitral stenosis (MS) is caused by valvular calcifi-

cation and inflammation and its prevalence was shown to increase with advanced age. 

MS is characterized by severe ECM stiffness and hardening, as well as an increased 

valvular mass. ECs that line the mitral valve were shown to transit to mesenchymal 

cells that further contributes to ECM protein production as well as stiffness and cellular 

mass126. 

Age-dependent changes can also be found in the pericardium. Increased interstitial 

fibrosis, as well as increased deposition of adipose tissue are the main age-related 

changes in this compartment119,127. Fei et al reported in 2010, that especially the peri-

cardial adipose tissue secretes pro-inflammatory cytokines, so-called adipokines, that 
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tempt to further increase interstitial fibrosis and impair the cardiac electric conductivity 

system127,128. 

The aging vasculature. In vascular aging, changes can be observed in large arteries 

as well as in the microvasculature. Large arteries display an age-related increase in 

wall thickening, especially in the intima. This is due to a reduced proliferative capacity 

of ECs with aging resulting in a loss of endothelial integrity. As a consequence, vascu-

lar SMCs invade the intimal layer leading to an increase in wall thickness up to 3-fold 
129. Rigidity of vasculature is further promoted by calcification which is partially driven 

by the loss of calcification inhibitors, like (among others) osteopontin and pyrophos-

phate119. 

Similar to larger vessels, vessels of the aging microcirculatory system display also an 

outward hypertrophic remodeling including enlarged lumen diameter and increased 

wall thickness130. 

Age-related changes of the ECM can be observed in both the macro- and microvascu-

lature. Excessive production of fibrotic ECM components (elastin, collagen and fibron-

ectin) and cross-linkers increase ECM rigidity and thereby promote vascular stiff-

ness119,130. 

Especially upon ischemic injury, aging can be associated with reduced angiogenesis, 

accompanied by impaired EC function and reduced VEGF expression131. 

 

1.6.2 Changes in Cellular Mechanisms in the Aging Heart 

In general, it is thought that the increased vulnerability to CVDs in the elderly is based 

on age-dependent cellular changes. As indicated in the previous section “Cardiovas-

cular Aging”, multiple cellular mechanisms are altered or impaired upon age114 (Figure 

8). Among of them, autophagy, mitochondrial oxidative stress, telomere shortening, 

insulin-like/insulin growth factor 1 (IGF1) pathways, growth differentiation factor 11 

(GDF11) and 5’-AMP-activated protein kinase (AMPK) pathways seem to be the most 

affected mechanisms119. In the following, each mechanism will be pointed out to de-

scribe the cellular processes during age. 

Impaired autophagy. Autophagy is a highly conserved biological process by which 

cells clear their cytosols from cytotoxic proteins and dysfunctional organelles. By form-
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ing membranous intracellular vesicles, cellular components (organelles, proteins, path-

ogens, etc.) are engulfed , delivered to the lysosome, degraded and recycled132. Cur-

rently, three distinct forms of autophagy have been described: macroautophagy, mi-

croautophagy and chaperon-mediated autophagy132. Especially, macroautophagy 

seems to play an important role, since it decreases with cardiac age119. The experi-

mental induction of macroautophagy showed a promotion of longevity, and its “anti-

aging” effect is thought to base on the clearance of cytotoxic components and dysfunc-

tional organelles114,119,133–135. Whereas macroautophagy also increases the general 

“fitness” of cells and was reported to be up-regulated during cardiac ischemia119, a 

decrease in macroautophagy is associated with multiple CVDs136. In this respect, the 

deletion of the autophagy-related gene Atg5 caused HFrEF in mice, whereas the in-

duction of autophagy reduces Ang-II (angiotensin II)-induced cardiac hypertro-

phy137,138. 

Increase in oxidative stress. Already in the 1950s, Denham Harman postulated the 

free radical theory of the aging heart by stating that increasing levels of ROS damage 

macromolecules that accumulate in the heart and gradually lead to organ dysfunc-

tion139. In the aging and diseased heart, levels of superoxides, the most abundant car-

diac ROS, are elevated. Superoxides are generated in the mitochondrial respiratory 

chain by the NADPH oxidase 1, 2, 4 and 5 (NOX1-5)119. Whereas NOX up-regulation 

leads to oxidative stress, the antioxidant enzymes superoxide dismutase, catalase and 

gluthatione peroxidase degrade superoxides and reduce excessive ROS produc-

tion119,140. Interestingly, the antioxidant capacity of myocyte mitochondria is impaired 

in HF, causing oxidative stress. The increased ROS level affects CMs by altering the 

intracellular contractility signaling pathway, as well as inducing cell death and thereby 

impairing ventricular function. In ECs, ROS disrupts the protective effect of NO and 

causes EC dysfunction and subsequently promote arterial stiffness and finally athero-

sclerosis (Figure 8A). 

Telomere shortening. Telomeres are nucleoprotein caps of chromosomes that 

shorten with each cell division throughout the lifespan. If a specific telomere length is 

reached, cell cycle inhibitors are activated resulting in apoptosis or cellular senes-

cence. Whereas telomere attrition plays a minor role in CM aging, it may be involved 

in EC dysfunction119. Especially the guanine-rich stretches of telomeres are vulnerable 
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to ROS and shortened telomeres were in particular found in vessels, prone to athero-

sclerosis. Telomere shortening may furthermore be responsible for the loss of stem 

and progenitor cells that reduces the regenerative capacity of the aging heart119,141,142.  

Alterations in IGF-1 signaling. IGF1 signaling plays a very controversial role in car-

diac aging. There are emerging evidences for both protective and detrimentally effects 

in the aging heart. In vascular SMCs, IGF1 was reported to induce DNA damages, 

increase ROS production and induce cellular senescence143,144. In contrast, IGF1 de-

ficient mice showed an increased life expectancy and the same association was seen 

in human143–145. In addition, the blood IGF1 level that peaks in the adolescence, grad-

ually decreases throughout the life144. Multiple studies even confirm a protective role 

for IGF1 in the aging CV system by reporting an association of low IGF1 levels with an 

increased risk for coronary artery diseases, such as atherosclerosis, and HF144,146. On 

the one hand, Higashi and his coworkers consider IGF1 to be anti-inflammatory and 

atheroprotective that rather prevents atherosclerosis147 and also others report that 

IGF1 overexpression prevent LV dilation and hypertrophy143. On the other hand, mul-

tiple different IGF1 overexpression studies demonstrate an increased development of 

HF and cardiac hypertrophy (Figure 8B), as well as an worsen recovery after MI143. 

These examples show that the specific role of IGF1 in the aging heart is not completely 

understood. In the end it might depend on the cardiac compartment and cell type, 

whether IGF1 is cardiac protective or detrimental to the heart. 

Increased interstitial fibrosis. In the post-MI heart, fibrosis plays an important role in 

cardiac repair and remodeling. However, this reparative mechanism is detrimental to 

the aging heart. Cardiac fibrosis (Figure 8C) increases during aging and is associated 

with cardiac stiffness, as well as LV hypertrophy148. The factors causing cardiac fibrosis 

can be diverse, whereas chronic inflammation and age-related elevated collagen dep-

osition were reported to mainly drive interstitial and perivascular fibrosis. In addition, 

aged cardiac FBs were reported to increase lysyl oxidase and AGE expression that 

excessively cross-link collagen and promote ventricular stiffness(Figure 8D)54. Further-

more, Ang-II promotes FB proliferation, FB activation and collagen deposition leading 

to cardiac hypertrophy and fibrosis119,148,149. On the other hand, AMPK plays a cardiac 

protective role in myocardial ischemia, angiogenesis and cardiac injury119,143. It is con-

sidered to delay the formation of fibrosis by inhibition of inflammation, inhibition of FB 

activation and blocking of ECM deposition119,150,151. AMPK additionally inhibits CM size 
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and hypertrophy152. However, there are increasing numbers of sources demonstrating 

that AMPK expression decreases in CMs and myofibroblasts during aging, indicating 

the lack of AMPK as a cause for cardiac fibrosis119,151,153,154. Similar to AMPK, GDF-11 

(a member of the TGFβ family) shows a decrease in cardiac aging and its low serum 

levels are associated with LV stiffness and hypertrophy119. Both the decrease in AMPK 

and GDF-11 with age favors fibrogenesis.  

Fibrotic alterations not only occur during physiological cardiac aging, but also in the 

healing processes of the aging heart. Previous articles reported about impaired healing 

processes in the aging heart after MI155,156 which is worsen by age-related alterations 

of ECM deposition and reduced growth factor receptor sensitivity156,157. Although col-

lagen deposition is elevated in the aged heart, mouse studies demonstrated reduced 

collagen secretion in the scar tissue and an increased serum level of MMPs upon MI 

in aged mice156,157. The increased MMP level could damage the ECM and results in an 

insufficient scar formation. 

In addition, fibroblast-myofibroblast transition is impaired in the aged heart, probably 

caused by a diminished response of FBs towards TGFβ158. The reduced TGFβ sensi-

tivity bases on a decrease in TGFβ receptor I (TβRI) expression158 and thereby impairs 

myofibroblast formation. Fibroblast-myofibroblast transition may also be reduced by a 

lack of periostin expression. Periostin is a matrix protein that is deposed by FBs and 

which is reduced in the aging heart157. It plays a minor structural role but rather modu-

lates cell-matrix adhesion, as well as cell functions. Periostin was shown to activate 

FBs via αv-integrin and thereby promote myofibroblast formation by inducing α-SMA 

expression54,159. Both the age-related decline in periostin, as well as the reduced ex-

pression of TβRI impair myofibroblast recruitment and subsequently impair cardiac re-

pair in the aging heart. 
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Figure 8: Cellular alterations in the aging heart. (A) Aging is also associated with an increased 
production of reactive oxygen species (ROS) that leads to endothelial, as well as cardiomyocyte 
(CM) dysfunction. (B) Multiple signaling pathways and the loss of CMs stimulate the remaining 
CMs to undergo hypertrophy. (C) During aging, the cardiac chambers undergo severe changes. 
One of them is the formation of interstitial fibrosis that causes ventricular stiffness.  (D) Fibroblasts 
(FB) display elevated extracellular matrix (ECM) production and additionally an increased expres-
sion of lysyl oxidase (LOX) and advanced glycation end-products (AGE) that excessively cross-
link collagens and thereby promote ventricular stiffness. The figure was modified from the review 
article in Appendix 1. 

 

1.7 Cellular Plasticity in the Adult Heart  

The ability of cells to differentiate is fundamental for cardiac development and repair 

processes in many CVDs. Two prominent examples of cellular plasticity in the heart 

are fibroblast-to-myofibroblast transition (FMT) and endothelial-to-mesenchymal tran-

sition (EndoMT). Since both mechanisms are of major interest in physiological, as well 

as pathophysiological cardiac aging, FMT and EndoMT will be further described below. 

Fibroblast-to-myofibroblast transition (FMT). FMT is a process that is involved in 

both physiological and pathophysiological events (Figure 9A). However, its primary 

role has been described for pathophysiological conditions such as MI (scar formation)54 

or wound healing160 and the process typically develops in two phases161. In the initial 

phase, activated FBs transdifferentiate into an immature myofibroblast form that is re-

ferred to as pro-myofibroblast which then maturates to a full myofibroblast161. FB-pro-

myofibroblast transition is mediated by a variety of stimuli, like mechanical tension 
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(caused by ECM rigidity or tension within the wound), humoral (cytokines, growth fac-

tors, interleukins) and mechanical factors (ECM components). Fibronectin EDA, PGDF 

and TGFβ are among the main drivers of this process that stimulate stress fiber for-

mation and increase FB motility. Pro-myofibroblasts are characterized by expressing 

β- and γ-actin as stress fiber components and N-cadherin that reduces cell-matrix ad-

hesion and thereby promote motility162. Upon a prolonged exposure to pro-FMT fac-

tors, pro-myofibroblasts starts to form α-SMA containing stress fibers and gradually 

transit into fully mature myofibroblasts. By expressing OB-cadherin, myofibroblasts 

possess focal adhesion kinases and increase cell-matrix adhesion163. As a conse-

quence, myofibroblasts become less motile and less proliferative but enhance contrac-

tility, as well as ECM deposition161. 

Endothelial-to-mesenchymal transition (EndoMT). To date, multiple studies 

showed that ECs are able to undergo a trans-differentiation process, that is known as 

endothelial-to-mesenchymal transition (EndoMT) (Figure 9B). EndoMT is a biological 

mechanism that has been identified in the past years by which ECs lose their pheno-

type and acquire mesenchymal-like features, such as a migratory and contractile phe-

notype164. ECs undergoing EndoMT lose endothelial-specific markers like von-Wil-

lebrand factor, CD31, VE-cadherin and eNOS but express mesenchymal-specific 

markers, such as calponin, vimentin, α-SMA, transgelin, fibronectin EDA, collagen type 

I and III and FSP-1. 

EndoMT can be induced by different stimuli. In the diseased heart, mostly inflammatory 

or fibrotic factors, such as hypoxia or TGFβ2 drive EndoMT. Hypoxia induces EndoMT 

through hypoxia-induced factor 1α (HIF1α) that activates the transcription factor Snail1 

and thereby stimulates the expression of mesenchymal genes164,165. TGFβ2 can initi-

ate EndoMT via a canonical and multiple non-canonical pathways164. The most com-

mon form of TGFβ-signal transduction is the canonical pathway. In the canonical path-

way, TGFβ2 binds to the heterodimeric, transmembrane TGFβ-receptor that phosphor-

ylates Smad2 and Smad3164,166–168. Phosphorylated Smad2 and Smad3 form a com-

plex with Smad4 that translocates to the nucleus. The Smad2/3/4 complex binds to 

Smad-binding elements and activates the expression of mesenchymal genes, as well 

as the pro-EndoMT factors Snail1 and Snail2 that further promotes EndoMT164,168.    
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Figure 9: Cellular plasticity – FMT and EndoMT. (A) Fibroblast-to-myofibroblast transition 
(FMT) typically occurs during diseases. ECM stiffness and pro-inflammatory cytokines stimulates 
activated fibroblasts (FBs) to transit into pro-myofibroblasts. Upon prolonged pro-inflammatory 
stimuli, pro-myofibroblasts transit to fully mature myofibroblasts. (B) Endothelial-to-mesenchymal 
transition (EndoMT) is initiated through -among others- hypoxia and TGFβ. Whereas hypoxia ac-
tivates via HIF1α, TGFβ stimulates phosphorylation of Smad2 and Smad3 that form a complex 
with Smad4. Both hypoxia and TGFβ drive the reduction of endothelial gene expression but stim-
ulates expression of mesenchymal genes. The figure was modified from the review article in Ap-
pendix 1. 

 

1.8 The Vascular Niche Function 

The vascular or endothelial niche can be considered as the microenvironment that is 

formed by ECs and mural cells of the vessel wall169. By secretion of matrix proteins or 

auto-/paracrine factors, the vascular niche is able to modulate the function and behav-

ior of adjacent cells. However, the term vascular niche does not exclude that non-vas-

cular cells such as tissue-resident cells may also influence the vascular microenviron-

ment and thereby modulate cell functions169. As example for non-vascular modulators, 

CMs may release VEGF or angiopoietin-1 to activate ECs64,88. CM-derived NO acts on 

SMCs residing in the tunica media and leads to vasodilation63. 

Cellular components of the vascular niche: ECs are the most important cellular 

component of the vascular niche. They form blood vessels that supply the underlying 

tissues with oxygen, allow plasma to enter the tissue, as well as secrete BM compo-

nents to stabilize the vessel and affect auto-/paracrine signaling pathways. Since ves-

sels are initially leaky, ECs need to recruit mural cells that stabilizes the preliminary 

tube. Mural cells, such as SMCs and pericytes are the second major class of cellular 

components within the vascular niche169. They reinforce the vascular tube and secrete 
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further pro- and anti-angiocrine factors to modulate vessel growth20. However, the vas-

cular niche of capillaries and of the microvasculature is more complex than the vascu-

lar niche of larger vessels. Since a proper vessel wall is missing, tissue-specific cells 

surrounding capillaries have a deep impact on vascular niche modulation169.   

Basement membrane as non-cellular component of the vascular niche: The vas-

cular BM is the major non-cellular component of the vascular niche. It not only grants 

capillary stability but can also modulate cell behavior as described in the section “1.3.3. 

Composition and Function of the Basement Membrane”. In the past, many groups de-

scribed that changes in the endothelial BM composition modulate cell function. These 

changes often occur during diseases or development. In this regard, the laboratory of 

Lydia M. Sorokin demonstrated that laminin 411 and laminin 511 are involved in T-cell 

recruitment across the blood-brain barrier (BBB) during encephalomyelitis170. In addi-

tion to this, Wu et al. dissected the laminin subunits and reported that the encephalo-

myelitis-related expression of laminin α5 is responsible for the impairment of T-cell 

extravasation170. 

Regenerative capacity of the vascular niche: The vascular niche is not solely a stor-

age for angiogenic factors or responsible for immune cell recruitment. It also shows a 

high regenerative capacity that drives multiple repair mechanisms. In the past dec-

ades, multiple studies demonstrated a regenerative effect of the vascular niche in liver, 

lungs and the bone marrow171–176. In the bone marrow (Figure 10A), EC-derived NO 

was shown to be essential for stem and progenitor cell mobilization172. Additionally, 

Iktin et al. described a ROS-dependent mobilization of haematopoetic progenitor cells 

that is driven by ECs173. Helmut Augustin’s laboratory elucidated the role of the endo-

thelial niche in liver regeneration (Figure 10B) by demonstrating a partial-hepactec-

tomy-dependent down-regulation of Ang2 in sinusoidal ECs that drives hepatocyte pro-

liferation175. Furthermore, Manavski et al. reported from EC-derived KLF2 which in-

duces activing A expression and thereby inhibits hepatocyte proliferation after liver re-

generation176. Apart from liver and bone marrow, Shahin Rafii studied the regeneration 

of pulmonary tissues (Figure 10C). He and his co-workers displayed that upon unilat-

eral pneumonectomy, pulmonary ECs start to secrete MMP14 to liberate cryptic EGF-

like domains from the ECM that promote epithelial cell expansion. This in turn, supports 

alveolarization171. However, whether the vascular niche drives repair mechanisms in 

the heart remains unknown. 
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Figure 10: Regenerative capacity of the vascular niche. (A) In the bone marrow, endothelial 

cells (ECs) can activate stem cells (SC) via NO and ROS production. (B) Upon liver damage, 

regeneration is driven by the vascular niche through EC-derived Ang2 and reduced KLF2/activin-

A that stimulates hepatocyte (HC) proliferation. (C) In the lung, ECs release MMP14 to degrade 

ECM components. ECM breakdown liberates cryptic EGF-like domains that induce epithelial cell 

(EpC) expansion.  

 

1.9 The Use of single-cell RNA Sequencing to Study Cardiac Cellular Hetero-
geneity 

The heart is a complex organ, containing a specific heterogeneous composition of my-

ocytes and non-myocytes. This cellular heterogeneity results in a remarkable cellular 

interaction network that allows the heart to function as an integrate unit. To decipher 

the cardiac cell composition and cellular interactions, mostly bulk or population exper-

iments have been used in the past. However, these types of experiments dilute out 

lower cellular signals and fail to provide any information about the origin of specific 

cellular subpopulations177. 

Recent advances in RNA sequencing enable whole transcriptome analysis on single-

cell level that emerge into a new methodology called single-cell RNA sequencing 

(scRNA seq)177,178. In very recent studies, scRNA seq has successfully been used to 

study cellular heterogeneity in the healthy and diseased heart179–182. In this respect, 

the group of Richard Harvey gave a comprehensive analysis of the non-myocyte pop-

ulations in both healthy and injured mouse hearts. By clustering more than 30,000 

single cells, he and his coworkers found more than 30 cell populations including an 



Introduction 
 

45 
 

previously undescribed cardiac FB lineage, as well as novel myofibroblasts in the post-

AMI heart180. By contrast, the laboratory among Joseph Wu used scRNA seq to shed 

light on CM heterogeneity to define transcription factors that can be useful for differen-

tiation protocols for human induced pluripotent stem cell-derived CMs181. 

Apart from cellular heterogeneity, it is of major interest to understand also the intercel-

lular communication within or between specific cell populations. Richard Harvey and 

his group provided an elegant way to predict the interactome in a recent study via 

scRNA seq180. Using a bioinformational method that was provided by Rmilowski et al. 

in 2015183, he and his group represented a cell-cell communication network by predict-

ing ligand-receptor interactions. They implemented a directed, weighted network by 

taking four layers of nodes into account that can be describes as follows: The first layer 

of nodes refers to the cell populations expressing ligands (the source of ligands), 

whereas the second layer of nodes refers to the ligands that are expressed. The third 

layer represents the receptor targets of the ligands and the fourth layer refers to the 

target cell population expressing the receptors. Although, anatomical barriers cannot 

be modeled in this analysis, potential interactions can be found to race further hypoth-

eses. Such a ligand-receptor analysis has already been used also by Nadia Rosen-

thal’s laboratory in 2017 which was able to predict interconnections of non-myocytes 

in male versus female mouse hearts179. 

Although scRNA seq is a powerful tool for cardiac research, there are still some limita-

tions that could distort scientific conclusions. One of the most important issues is the 

separation of cardiac tissue to receive a single-cell suspension. Enzymatic or mechan-

ical tissue dissociation is relatively harsh and often results in the disruption of many 

cells which could result in the loss of small cellular subpopulations. In addition to this, 

the transcriptional profile may change upon tissue dissociation due to the loss of the 

natural cellular environment and by the mechanical force that is needed for tissue dis-

sociation. A further bias can occur during cell sorting. Pipelines of various commercially 

available platforms, such as the 10X Genomics or Fludigm C1 systems sort cells of a 

specific range of size. For instance, large cells, like CMs are often too big to pass the 

pipelines which makes current scRNA seq platforms unable to reliably display the rel-

ative abundance of cardiac cells so that either myocytes or non-myocytes are used for 

scRNA seq177,178. These limitations can be overcome using a modified form of scRNA 

seq, called single-nucleus RNA sequencing (snRNA seq). The advantage of snRNA 

seq is that cardiac tissue being snap-frozen in liquid nitrogen can be used. The nuclei 
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can be isolated afterwards without changing the transcriptional profile. This procedure 

enables also long-term tissue storage, outsourcing of nucleus isolation or snRNA seq 

and prevents transcriptional changes during tissue dissection due to the fact that no 

intact cells are needed. The use of single nuclei instead of single cells also bypasses 

the sorting bias that occur during scRNA seq and allows to capture a snap-shot of the 

entire cellular make-up of the heart. In this respect, Hu et al. has already used this 

technique in combination with droplet-sequencing to investigate cellular diversity in 

postnatal hearts and captured both cardiac myocyte and cardiac non-myocytes182.
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2 Objectives 

Studying the remarkable intercellular cross-talk in the adult heart is a fundamental chal-

lenge in cardiac research. Especially improving the understanding of alterations during 

aging will be of major interest to develop novel interventions for elderly patients. There-

fore, the present dissertation aimed to shed light on the intercellular changes and im-

pairments that appear during cardiac aging, by covering the following objectives:  

 

1. Elucidating the role of endothelial cells in the aging cardiac vascular niche (see 

published work in Appendix 2). 

2. Studying the cellular heterogeneity and cross-talk of the aging heart by applying 

snRNA seq on adult and aged mouse hearts (see accepted work in Appendix 

3), while the current literature on intercellular communication in regenerating, 

diseased and aged heart is reviewed in Appendix 1. 

3. Establishment of a novel cell culture model to study intercellular communication 

of endothelial cells, fibroblasts and cardiomyocytes in a cardiac environment 

(see submitted work in Appendix 4). 
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3 Results and Discussion 

3.1. Role of Laminin β1 and Laminin β2 in the Endothelial Niche of the Aging 

Heartb 

Endothelial cells are not solely the inner lining of blood vessels that supply all tissues 

with oxygen and blood. They also maintain vessel integrity by interacting with surround-

ing cells and are the main cell type forming the vascular microenvironment, the so-

called “endothelial niche”169. By secreting ECM proteins or releasing auto- and para-

crine factors, ECs are able to modulate the endothelial niche and thereby control cell 

functions such as adhesion and motility especially during angiogenesis184, but also 

control tissue homeostasis by sequestering growth factors in their ECM. The function 

of the vascular niche has been extensively studied in the past decades showing that 

the endothelial niche additionally maintain tissue regeneration upon injury, particularly 

in bone marrow, lungs and the liver171–176. Whether the endothelial niche drives repair 

and regeneration in the heart is unknown. 

However, the reparative capacity of the heart decreases with age155,156, associated 

with a endothelial impairment and dysfunction131. As a matter of fact, one may argue 

that an impairment of the endothelial niche and consequently an impaired intercellular 

communication might be responsible for the increased vulnerability of the aging heart. 

Hence, we aimed to decipher the role of the endothelial microenvironment underlying 

EC impairment in the aging heart. 

To address our aim, we first isolated perfused ECs from hearts of young (12-15 weeks 

old) and aged (18 months old) mice followed by total RNA isolation. By using bulk RNA 

sequencing, we intended to assess age-dependent changes in the endothelium and 

observed serval genes clustered in aged and young mice. To specifically monitor 

changes in the endothelial niche, we strongly focused on genes that encode for se-

creted proteins and particularly observed a switch in the expression of laminin β-chain 

1 (Lamb1) and 2 (Lamb2). Whereas Lamb1 expression was increased, Lamb2 was 

decreased with age. However, the expression of laminin α and γ chains remained un-

changed. Interestingly, the same switch in laminin β chain expression was observed in 

mouse hearts upon acute myocardial infarction (AMI). Immunohistological analysis 

 
b This chapter is a summary of the most import findings from the previously published manuscript186. 
The full manuscript can be found in the Appendix2. 
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confirmed the dysregulation of Lamb1 in the aging as well as AMI hearts and revealed 

also changes in the localization of Lamb1. In young mouse hearts, Lamb1 was pro-

foundly localized with the myocardial BM as assed by laminin α2 immunostainings, 

whereas in aged mice, Lamb1 was co-localized with endothelial cells. 

The antipodal expression from Lamb2 to Lamb1 in the aging endothelium suggested 

that laminins carrying these two beta chains might have distinct functions on EC. To 

verify this suggestion, we switched to the human system and mimicked the in vivo 

situation by culturing HUVECs (human umbilical vein endothelial cells) on laminin 421 

(LM421) as “young matrix” and laminin 411 (LM411) as “aged matrix”. Both laminin 

isoforms, LM421 and LM411 carried the major endothelial laminin α4-chain185 and the 

laminin γ1-chain, which was the only γ-chain expressed in young and aged cardiac 

ECs according to the bulk RNA sequencing data set186. Only the laminin β-chains dif-

fered in both isoforms. HUVECs were cultured on both matrices. After 10 days, a sig-

nificantly reduced number of HUVECs was observed on the LM411 matrix compared 

to the LM421 matrix. To determine if this observation is due to alterations in cell prolif-

eration or cell death, we applied HUVEC proliferation and apoptosis microplate assays. 

Interestingly, neither HUVEC proliferation (as assessed by EdU incorporation) nor 

apoptosis (by determining caspase 3/7 activity) were altered by the respective matri-

ces. However, we found that cell-matrix adhesion was impaired in the presence of 

LM411, thus explaining the reduced number of HUVECs in the initial finding. In addition 

to this, LM411 also reduced the migratory as well as tube formation capacity of HU-

VECs when compared to the LM421 matrix. Comparable results were found in human 

coronary artery ECs by assessing migration assays demonstrating that the findings are 

not unique for HUVECs. 

Since replicative aging was shown by in vitro assays to induce endothelial-to-mesen-

chymal transition (EndoMT) in human ECs187 and since EndoMT marker genes were 

up-regulated in aged cardiac ECs on RNA level, we questioned whether LM411 and 

LM421 also affect TGFβ2-induced EndoMT. Indeed, HUVECs cultured on the LM411 

matrix showed an increased mRNA expression of the mesenchymal markers SM22α, 

calponin and vimentin compared to HUVECs on LM421, in both the presence and ab-

sence of TGFβ2. Distinct morphological alterations and SM22α-induction were further 

observed in TGFβ2-stimulated HUVECs cultured on LM411. The cells showed a de-
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creased VE-cadherin (as EC marker) expression as well as less pronounced VE-cad-

herin localization, compared to HUVECs cultured on LM421, implicating that LM411 

augments EndoMT in vitro.  

In the aging heart, EndoMT was shown to occur in human atherosclerotic lesions188, 

where acute events may be triggered by plaque erosions189. To determine whether 

erosion might be affected by the different laminin matrices, we performed a HUVEC 

detachment assay. In line with the cell-matrix adhesion assay, HUVECs showed sig-

nificantly increased detachment when cultured on LM411 compared to HUVECs on 

LM421, suggesting a putative role of laminin β1 during atherosclerotic plaque erosion. 

After having found serval cellular functions that were changed in the presence of 

LM411, the mechanism underlying these alterations needed to be elucidated. Integrins 

are well known to be the main receptor for laminins regulating cellular functions44. 

Among of the different integrin subtypes, integrin β1 (ITGB1) is the key unit that is 

functionally important and expressed in ECs190. Thereby, we determined the activation 

of ITGB1 in HUVECs cultured on LM421 and LM411 using a monoclonal antibody that 

binds to the activated conformation of ITGB1. Interestingly, HUVECs cultured on 

LM421 showed a significant higher activation of ITGB1 compared to HUVECs on 

LM411. Moreover, siRNA-mediated silencing of ITGB1 reduced the adhesion of HU-

VECs to LM421 to the level of control HUVECs on LM411 and completely abolished 

adhesion towards LM411. 

In summary, the data of the first part of this thesis provides insights in the age-depend-

ent dysregulation of the endothelial laminin β-chains (Figure 11). Whereas Lamb2 is 

profoundly expressed in ECs of young mouse hearts, aged cardiac ECs switch the 

expression to Lamb1. This Lamb2/Lamb1 switch was found to regulate multiple cellular 

functions and EC phenotype. HUVEC adhesion and migration were decreased by 

LM411, most likely because of a reduction in ITGB1 activation. Interestingly, LM411 

stimulates HUVECs to lose their endothelial phenotype and acquire a more mesen-

chymal-like identity, suggesting that Lamb1 contributes to the induction of EndoMT in 

the aging heart. On the one hand, EndoMT was described in multiple studies to con-

tribute to cardiac fibrosis191 and atherosclerosis188,192, two diseases that are prototypi-

cal for age-associated diseases. On the other hand, this switch might also be a com-

pensatory mechanism, since a similar Lamb2/Lamb1 switch was observed in hearts 

upon AMI and a transient or partial EndoMT may induce angiogenic sprouting193. More-

over, ECs are known to drive tissue regeneration in other organs in a paracrine as well 
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as autocrine manner and thereby balance tissue repair and fibrosis171–176. It can be 

speculated that an impaired endothelial matrix expression not only affects EC functions 

but also alters the endothelial paracrine environment and hence contribute to age-as-

sociated disorders. Indeed, we observed dysregulations of various growth factors and 

cytokines measured in supernatants of HUVECs cultured on LM411 versus LM421. In 

this regard, we found thrombospondin-2 and FGF2 to be less secreted by HUVECs 

cultured on the LM411 matrix compared to HUVECs on LM421. Whereas thrombos-

pondin-2 is in fact involved in CVDs194, FGF2 is known to inhibit EndoMT195. Thus, a 

reduction of FGF2 release might even promote EndoMT during cardiac aging. 

To further investigate the role of Lamb1 and Lamb2 in the aging heart in vivo, condi-

tional knock-out mice have to be generated. Since Lamb1-knock-out is lethal in mice 

at E5.5196 and Lamb2-knock-out is lethal within 3 weeks after birth197–199, conditional 

knock-out mice would be a better option. In this regard, conditional Lamb2-knock-out 

animals could be then used to investigate the role of Lamb2 during AMI and EndoMT, 

when combined with endothelial lineage-tracer lines. 

 

 

 
Figure 11: Switch in Lamb2 to Lamb1 controls cell functions in cardiac endothelial cells. 
Upon aging and acute myocardial infarction (AMI) cardiac endothelial cells shift the expression 
from Lamb2 to Lamb1. This switch decreases the activation of integrin β1, thereby reducing cell-
matrix adhesion, migration and tube formation. However, endothelial-to-mesenchymal transition 
(EndoMT) is elevated. Figure is adapted adopted from the online available graphical abstract 
of the previously published manuscript186.  
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3.2. Transcriptional Heterogeneity of Fibroblasts as a hallmark of Cardiac Agingc 

Aging is described as the major risk factor for cardiovascular diseases (CVDs)119, 

which represent the main cause of deaths globally1. Especially cardiac aging gained 

attention, since the aging heart is associated with severe cardiac remodeling such as 

increased vascular and ventricular rigidity, perivascular and interstitial fibrosis, LV wall 

thickening as well as impaired angiogenesis upon hypoxic injuries119,200. Interventions 

with cardio-protective drugs were shown to decrease the development of CVDs and 

significantly expand life expectancy201. Many of the above mentioned remodeling pro-

cesses can be linked to maladaptations on cellular levels that are accompanied by 

impaired intercellular communications and replicative senescence114. By now, among 

others, fibroblast (FB) activation, disturbed angiogenesis as well as cardiomyocyte 

(CM) hypertrophy are known to drive cardiac remodeling during age119,202. Additionally, 

increased numbers of monocyte-derived macrophages and granulocytes were further 

found in the aging heart203. To what extend the communication and heterogeneity of 

cardiac cells are altered and how they control cardiac remodeling during aging is sur-

prisingly little understood. 

To shed light on the heterogeneity and intercommunication of cardiac cells in the adult 

and aged mouse heart, we applied single-nucleus RNA sequencing (snRNA seq) on 

young (12 weeks) and aged (18 months) mouse hearts. By including 3 mice per group, 

we received a total number of 14,827 nuclei from young and 12,981 nuclei from aged 

hearts that were bioinformatically assessed using a t-distributed stochastic neighbor 

embedding plot (short: t-SNE plot)204. This procedure allowed us to visualize clusters 

of nuclei that share similar transcriptomic signatures. Unsupervised clustering resulted 

in a total of 15 distinct nuclei clusters that were annotated to specific cell types using 

the expression of cell-specific genes and by using already published scRNA / snRNA 

seq data sets179,205. In this way, we determined 7 major cell types among of which FBs, 

CMs, ECs, pericytes, immune cells, epicardial cells and adipocytes were present, 

whereas FBs contained 2 sub-clusters and ECs as well as CMs contained 3 sub-clus-

ters each. 

Although cell cycle activity as well as relative nuclei distribution were not significantly 

altered by aging, 128 uniquely differentially expressed (non-redundant) genes (DEGs) 

 
c This chapter summarizes the key findings of the recently accepted manuscript shown in the Appendix 
3. 
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were identified in young versus aged nuclei. Among of the DEGs, 107 genes were 

uniquely up- and 21 genes were uniquely down-regulated in aged hearts. Surprisingly, 

the majority of all DEGs were associated with FBs, suggesting that cardiac aging 

mainly influences this cell population. Thus, we turned our main attention to cardiac 

FBs and performed a FB sub-clustering. We ended up with a total of 12 distinct FB 

sub-clusters, whereas four sub-cluster were mainly populated by young nuclei and six 

sub-cluster predominantly populated by old nuclei. Each sub-cluster showed distinct 

gene expression that were used for gene ontology (GO) analysis. Interestingly, sub-

clusters from young FB nuclei displayed an enrichment for GO terms associated with 

cardio-protective pathways (energy generation, regulation of muscle system pro-

cesses), whereas sub-clusters from old FB nuclei showed GO terms connected to “an-

giogenesis”, “EC proliferation”, “migration” and “osteoblast differentiation”. Genes con-

nected to inflammatory responses were also enriched in aged FBs which is in line with 

the current literature showing a pro-inflammatory response of FBs during remodeling 

and cardiac fibrosis206. In addition, genes that are associated with “epithelial cell pro-

liferation” were also enriched in sub-clusters that were mostly populated by old FB 

nuclei. We considered this GO term as FB expansion in the aging heart and confirmed 

our hypothesis by Picrosirius Red stainings showing increased perivascular and inter-

stitial fibrosis in aged compared to young hearts. However, whether certain FBs gain 

a rather angiogenic and osteogenic phenotype during age, was so far unknown. 

To receive more detailed insights into the trajectory of aging FBs, we applied a 

pseudotemporal analysis of the entire FB population allowing the sorting of all FB nu-

clei in a linear order. The pseudotemporal representation displayed the dynamics of 

FBs during aging and revealed 11 specific states. In line with the previous sub-cluster-

ing we found states that were predominantly populated by aged nuclei and states that 

contained mostly young nuclei. Also GO term analysis showed that young nuclei en-

riched genes that are connected to cardiac and FB functions (e.g. ECM structure or-

ganization), while old nuclei enriched genes associated with angiogenesis, osteo-

blasts, inflammation and cell proliferation. RNA-Velocity analysis further showed higher 

amounts of pre- or un-spliced mRNA in old nuclei versus young nuclei, indicating a 

higher transcriptional activity (“RNA verlocity”207) in aged FBs. This was true especially 

for states that were connected to the GO terms “angiogenesis” and “osteoblast differ-

entiation”.  
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To address the functional consequences of the observed “angiogenic” FB states, we 

first focused on the angiogenesis-related genes that were enriched in these states. 

Interestingly, we observed that some of the genes were connected to ECM and se-

creted proteins, leading us to the assumption that the paracrine signaling between FBs 

and ECs might be changed upon cardiac age. Driven by this notion, we applied a 

weighted ligand-receptor anaylsis183 on the entire snRNA seq data set. The ligand-

receptor analysis predicted a potential interaction network, demonstrating that FBs rep-

resent the most ligand providing population and ECs express most corresponding re-

ceptors in the aging heart. To confirm alterations of the paracrine activity of FBs in 

vitro, we collected conditioned culture media of FBs isolated from young and aged 

mouse hearts and applied them to HUVEC tube formation assays. Whereas condi-

tioned medium derived from young cardiac FBs improved the angiogenic capacities of 

HUVECs, aged FB medium reduced HUVEC tube formation, demonstrating an im-

paired paracrine signaling between FBs and ECs with age. In line with these observa-

tions, we found that aged FB nuclei expressed several anti-angiogenic factors such as 

Efemp1, which is known to reduce angiogenesis in tumors208 and multiple members of 

the anti-angiogenic serpin family, including serpin E1 and E2209. A mouse proteome 

profiler array confirmed increased levels of serpin E1 in conditioned medium of aged 

FBs, while increased levels Efemp1 were validated by RT-qPCR in isolated FBs from 

young versus aged hearts. By using neutralizing antibodies, we depleted serpins and 

Efemp1 from the conditioned media of aged FBs and repeated the tube formation as-

say. Interestingly, neutralization of serpins was sufficient to rescue the anti-angiogenic 

effect of the aged FB medium completely, whereas depletion of Efemp1 did not alter 

the aged phenotype. In summary, these data showed that cardiac FBs increase serpin 

expression upon aging which promotes an anti-angiogenic effect on ECs. 

In line with the “hallmarks of aging” described by Lopez-Otin in 2013114, aged FB me-

dium further increased inflammatory gene expression but decreased autophagy in HU-

VECs as demonstrated by in vitro studies. However, replicative senescence as well as 

mitochondrial dysfunctions could not be observed. 

Next, we aimed to assess the meaning of the osteogenic genes, that were enriched in 

2 of the aged FB states. Since cardiac FB were shown to acquire osteogenic properties 

during pathological remodeling upon AMI210, it seemed plausible that a comparable 

transition also occurs in the aging heart. We found in the aged FB states several genes 

that were associated with osteoblast function and differentiation such as Cebpb, Ddr2 
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and Runx2 which were further validated by bulk RNA sequencing. Histological analysis 

of young and aged mouse hearts confirmed that Osteocalcin, a further canonical oste-

oblast marker210, was profoundly expressed by Pdgfrα+ FBs in aged hearts. However, 

these specific FB population was -besides in valves- found in the epicardium of aged 

mouse hearts. In line with this, punctiform calcifications were observed in the aged 

epicardium, unlike the young epicardium, where no calcification was found. 

In summary, the present study comprehensively compared the transcriptional signa-

ture of the main cell types of the adult and aged mouse heart on single-nucleus level. 

In our data set, aging affected mostly FBs that displayed major changes in heteroge-

neity and gene expression. Especially FB fates were changed, indicating a decreased 

number of functional FBs and subsequently a decline in cardiac function upon age. 

Interstitial fibrosis is such an impairment that includes a dysregulation of FBs acquiring 

an inflammatory phenotype211. Those findings can be recapped in our pseudotemporal 

analysis, where certain FB states enriched pro-inflammatory genes and genes that are 

connected to cell proliferation. In addition, Picrosirius Red stainings confirmed intersti-

tial and perivascular fibrosis in the aging heart. 

Due to the ligand-receptor analysis, we gained further insights in the endothelial cross-

talk. We predicted that ECs were the most “signal receiving” cells in the aging heart. 

Functional assays strengthened our hypothesis, demonstrating an age-related impair-

ment of angiogenesis driven by FB-derived serpins signaling (Figure 12). Serpins be-

longs to the well-known anti-angiogenic protein family209 that are profoundly expressed 

by senescent cells212. They further have a pro-inflammatory effect that may enhance 

fibrotic activity in aged hearts213 while a serpin depletion might be cardioprotective. A 

study by Khan et al. indicates that a SERPINE1 null mutation protects from biological 

aging in humans. By studying 177 subjects of the Berne Amish community including 

43 subjects carrying a null SERPINE1 allele, SERPINE1 heterozygosity was associ-

ated with lower fasting insulin levels together with lower prevalence for diabetes melli-

tus and significant longer leukocyte telomeres. Carriers of the null SERPINE1 allele 

even had a longer life span in the extended Amish kindred214. In this regard, FB might 

be able to remodel the endothelial niche in the aging heart. By expressing serpins, they 

may control EC functions and trigger inflammations. However, the contribution of fur-

ther cytokines and matrix proteins cannot be excluded since the in vivo conditions are 

certainly more complex and needs to be further explored. 
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Moreover, we observed that aged FBs acquire osteogenic properties (Figure 12). Ag-

ing is associated with vascular calcification, but an osteogenic transition of FBs was so 

far only reported in hearts upon AMI210. A recent publication demonstrated that aged 

skin-FBs acquire adipogenic features, indicating that aging has a tissue specific effect 

on FBs. Indeed, our data implicates that aged cardiac FBs acquire osteogenic proper-

ties, especially in the epicardium, but whether this phenotype has a functional impact 

or contributes to ventricular stiffness or impaired epicardial function needs to be further 

investigated. 

Future studies may continue on this and investigate the role of osteogenic FBs in the 

aging heart. Osteocalcin- or Runx2-tracer mice can be used to capture a time course 

giving the age of mice when FBs acquire osteogenic traits. A second possibility could 

be the characterization of isolated aged cardiac FBs and testing their ability to transit 

to osteogenic cells as described previously210. Since an osteogenic transition of FBs 

was reported in hearts upon AMI210, osteogenic FBs in the aging heart might not be 

too absurd. 

 

 
Figure 12: Cardiac fibroblasts control angiogenesis and acquire osteogenic traits upon 

aging. Single-nucleus RNA sequencing (snRNA seq) of young and aged mouse hearts revealed 

that cardiac fibroblasts impair endothelial cell (EC) sprouting by expressing serpins and acquire 

osteogenic properties as seen by expression of Osteocalcin and calcifications, especially in the 

epicardium. The figure is adopted from the graphical abstract (suppl. figure 11) of the accepted 

manuscript that can be found in the Appendix 3.  
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3.3. Generation of a Cardiac Tissue Mimetic to dissect Cellular Cross-Talk of 

the Heartd 

The heart consists of a variety of different cell populations, including CMs, ECs and 

FBs resulting in a remarkable cellular cross-talk that maintains tissue homeostasis dur-

ing physiological as well as pathophysiological states and aging215,216. To date, mostly 

two-dimensional CM cultures were used to study pathophysiology and effects of ther-

apeutics in the cardiac system217. Yet, two-dimensional cultures lack CM maturity as 

well as spatial organization and are hence not able to resemble the in vivo situation 

properly218. To overcome this issue, three-dimensional CM monocultures were gener-

ated. Although, spatial orientations and CM interactions can be studied, three-dimen-

sional CM monocultures ignore the cross-talk between ECs, FBs and CMs which is 

characteristic for the native myocardium215,216. In in vivo situations, pathologic stimuli 

were demonstrated to induce angiogenesis and EC growth to meet the oxygen and 

nutrient demands of the remodeled heart219,220. These EC adaptions were reported to 

occur in parts via the release of CM-derived pro-angiogenic factors, such as VEGF89, 

angiopoietins221,222, NO223 and CM-derived extracellular vesicles224. However, ECs not 

solely provide blood and oxygen to the tissues, they were also found to signal back to 

CM and induce CM growth, protection and fibrosis225–227. The fact that ECs and FBs 

forms up to 80% of the heart’s cell count228,229 further underlines the importance of 

using a multicellular culture system. 

So far, multiple groups established different three-dimensional multicellular in vitro 

models to recapitulate the cellular heterogeneity and cross-talk of the heart. In this 

regard, engineered CM tissues, scaffolds, biodegradable matrices and similar other 

constructs were generated230–232. Adding primary or iPS-derived ECs lead to rudi-

mental vascularization233–236. Despite some exceptions237–239, most models fail to dis-

play a proper network formation, making these models inadequate to study angiogen-

esis in a cardiac-like environment240. Therefore, we aimed to establish a three-dimen-

sional spheroid system including CM, FB and EC to study hetero-cellular interactions 

under physiological and pathophysiological conditions in particular in terms of angio-

genesis. 

 
d This chapter summarizes the key findings from the previously submitted manuscript that can be 
found in the Appendix4. 
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To establish a three-dimensional spheroid system, we isolated primary CMs and FBs 

from neonatal (P1-2) rat ventricles. For each spheroid, we used 62,000 CMs and 6,400 

FBs that formed a spheroid in a hanging drop. After 4 days, spheroids were collected, 

coated with growth factor reduced Matrigel and distributed in a 96-well U-bottom plate. 

Spheroids were allowed to recover in an incubator and 10,000 HUVECs transduced 

with a GFP-expressing lentivirus were added per spheroid. The spheroids (referred to 

as “cardiac tissue mimetics” or CTMs) were then cultured for 10 days in the presence 

and absence of the hypertrophic α-adrenergic receptor agonist phenylephrine (PE)241. 

First, we assessed how the CTMs respond to PE. Interestingly, in the presence of PE 

CTMs displayed hypertrophic growth and maturation as assessed by CM size, adult-

type titin expression and sarcomere organization. In line with the known effects of PE 

treatment241, CTMs showed increased contractile amplitude and contraction fre-

quency. We further observed a metabolic switch upon PE-treatment, showed by in-

creased mitochondrial function and increased oxidative metabolism. 

Since we wanted to study endothelial cross-talk in terms of angiogenesis, we then 

turned our focus to vascularization. As reported by previous in vivo studies242,243, PE 

stimulation increased vascular density also in the CTM system as determined by in-

creased sprout length, sprout thickness and number of branch points. Increased filo-

podia formation indicated further augmented angiogenesis in the presence of PE. To 

assess whether vascularization was driven by a direct influence of PE on ECs, we used 

a HUVEC-spheroid based angiogenic sprouting assay, where we stimulated HUVECs 

with PE, a positive control (VEGF) or no stimulus. Surprisingly, PE did not affect HU-

VEC sprouting at all, whereas VEGF profoundly induced sprouting, leading us to the 

assumption, that if PE has no direct effect on ECs, it might stimulate CMs or FBs to 

release pro-angiogenic factors. Driven by this notion, we generated conditioned media 

of FB- and CM-monocultures in the presence and absence of PE and used these as 

adding for HUVEC-spheroid sprouting assays. Indeed, conditioned medium - derived 

from CMs stimulated with PE – significantly induced HUVEC sprouting, while medium 

from untreated CMs did not. Conditioned medium from untreated FBs also induced 

HUVEC sprouting which was not further increased upon PE stimulation. Hence, we 

hypothesized that PE induces the secretion of pro-angiogenic factors in CMs. Since 

pro-hypertrophic stimulation of CMs was reported to induce VEGF secretion243 and 

since we found increased levels of VEGF in culture media from CMs treated with PE, 

we determined the contribution of VEGF in our conditioned medium system. By using 
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neutralizing antibodies, we depleted VEGF from the PE-CM-conditioned medium and 

repeated the HUVEC-spheroid sprouting assay. Indeed, VEGF-depletion was suffi-

cient to reduce EC sprouting to the level of untreated HUVEC-spheroids. In line with 

these findings, PE-stimulated CTMs showed a significant reduction in sprouting, when 

treated with neutralizing antibodies. Together, these data suggest that the three-di-

mensional CTM platform is able to mimic already published in vivo findings showing 

intercellular communications between CMs and ECs mediated by VEGF244. 

Since PE stimulation increased CTM contraction, we additionary questioned whether 

PE-mediated mechanical force induces EC sprouting in the CTM model. To answer 

this question, we uncoupled the contribution of contraction on angiogenic sprouting by 

applying the β-adrenergic receptor antagonists propranolol (β1/2-specific antagonist) 

and metoprolol (β1-specific antagonist)245,246 to PE-treated CTMs. First of all, both β-

blockers significantly reduced CTM contraction frequency, while propranolol addition-

ally decreased CTM growth. Surprisingly, uncoupling of contraction significantly dimin-

ished vascularization compared to CTMs without β-blocker treatment. Because β-ad-

renergic receptor antagonists were shown to directly affect vascularization247,248, we 

tested propranolol and metoprolol on HUVEC monocultures using tube formation as-

says. However, we were not able to see any direct effects of propranolol or metoprolol 

on HUVECs. To finally exclude that the used β-blockers cause secretomic changes in 

CMs, we collected conditioned medium from CMs treated with PE, PE in combination 

with propranolol and PE in combination with metoprolol. The conditioned media were 

then used on HUVEC-spheroid sprouting assays again. Interestingly, we could not find 

any effect on HUVEC sprouting, suggesting that PE-induced contractile force likely 

mediate -in addition to paracrine effects- angiogenesis. 

Next, we turned our focus to possible applications and thus tested, whether the CTM 

platform can be used to study pathological or inflammatory stress. Thus, we cultured 

mature CTMs (CTMs being already treated with PE for 10 days) for 3 days either in 

medium containing TGFβ2 (as previously described186) to induce EndoMT or under 

hypoxic conditions (0.1 % O2). Interestingly, TGFβ2 marginally but significantly in-

creased vascularization. However, immunostainings against vimentin suggested in-

creased FB activation in TGFβ2-treated CTMs, accompanied by increased collagen 

deposition as assessed by second harmonic generation and Picrosirius Red stainings. 

As TGFβ2 is a well-known driver of EndoMT, we scanned CTM cryo-sections for ECs 

expressing mesenchymal markers such as vimentin, SM22α and collagen III. Single 
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ECs located to both the CTM’s surface and center were double-positive for endothelial 

and mesenchymal markers such as vimentin, demonstrating the occurrence of En-

doMT. 

In contrast to TGFβ2-treated CTMs, hypoxic CTMs displayed diminished vasculariza-

tion but also increased collagen deposition. 

In summary, we have established a three-dimensional in vitro cardiac tissue mimetic 

(CTM) containing CMs, FBs and ECs which can be used to study intercellular commu-

nication between CMs and ECs. The study demonstrated that the treatment with the 

hypertrophic α-adrenergic receptor agonist phenylephrine promotes CTM vasculariza-

tion which was mediated at least partially by VEGF (Figure 13). However, depletion of 

VEGF didn’t fully diminish CTM vascularization, suggesting the contribution of further 

pro-angiogenic cytokines and ECM proteins secreted by CMs or FBs as well as the 

contribution of mechanical activation by contracting CMs. 

Although many other three-dimensional culture systems have been established for 

drug screenings, only few uses engineered tissues and cultures for mechanistic stud-

ies236. Our study provides a more in-depth analysis of the cardiac microenvironment 

and intercellular cross-talk especially in terms of CM-EC interaction. In addition to the 

communication via CM-derived VEGF, we demonstrated that mechanical activation 

may contribute to cardiac vascularization. The use of β-adrenergic receptor antago-

nists diminished CTM contraction and thereby CTM vascularization. We excluded di-

rect effects of the used β-blockers on ECs and demonstrated that conditioned media 

of CMs treated with β-blockers did not affect angiogenesis, suggesting a potential di-

rect influence of mechanical activation on EC sprouting. However, the influence of fur-

ther angiogenic factors such as matrix proteins cannot be excluded in our experimental 

set-up. 

Finally, we assessed whether our model can be used to study pathophysiological con-

ditions (Figure 13). By addition of the pro-fibrotic cytokine TGFβ2, CTMs displayed 

augmented vascularization and increased collagen deposition. Additionally, we found 

EndoMT occurring within the CTMs suggesting that the CTM platform may be used to 

study EndoMT in a more cardiac relevant environment. The combination of TGFβ2 

with further inflammatory cytokines (such as IL-1β) might be an option to mimic chronic 

inflammation in cardiac remodeling. By contrast, severe hypoxic conditions fully dimin-

ished CTM vascularization but augmented collagen deposition. 
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In addition, we established a robust three-dimensional cardiac tissue mimetic that can 

be used for drug screenings going beyond targeting CM intrinsic functions only. The 

system may allow to study putative therapeutic benefits or side effects and to investi-

gate intercellular communication under physiological and pathophysiological condi-

tions. In following studies, CTMs may also be adjusted to mimic an aged phenotype. 

They might bridge the gap between two-dimensional in vitro cultures and in vivo mod-

els. By using CMs and FBs from aged mouse or rat hearts, CTMs may be a useful tool 

to study intercellular cross-talk during aging. In spite of this, the effect of various matrix 

proteins could be tested. During CTM formation, CM-FB spheroids are coated with 

Matrigel. One might use other ECM components such as fibronectin, collagen or lam-

inins to study the impact of ECM components on CTM function and vascularization. 

However, the extensive culturing duration might be too long to observe any effects, 

taking the quick ECM turn-over into considerations. 
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Figure 13: Generation of a cardiac tissue mimetic to study intercellular cross-talk. To study 

intercellular cross-talks in the heart during physiological and pathophysiological conditions, car-

diomyocytes (CM) and fibroblasts (FB) were isolated from neonatal rat and allowed to form sphe-

roids in hanging drops. Spheroids were harvested, coated with growth factor reduced Matrigel 

and coated with GFP-transduced HUVEC. By culture the cardiac tissue mimetics (CTM = sphe-

roids + HUVECs) for 10 days under phenylephrine, it was found that CM-derived factors as well 

as CM contraction increased vascularization which was impaired by VEGF depletion and the use 

of β-blockers. Stress conditions were resembled by treating mature CTMs with TGF β2 or hypoxia 

(0.1% O2). Whereas TGF β2 induced vascularization, collagen deposition and EndoMT, hypoxia 

diminished vascularization but induced fibrosis. Figure is adapted adopted from figure 4H of the 

submitted manuscript in Appendix 4.  

 

  



Results and Discussion 
 

63 
 

3.4. Conclusions and Future Perspectives 

The data of the present dissertation provide novel insights in the endothelial cross-talk 

in the aging heart on both autocrine and paracrine level (Figure 14). 

By using bulk RNA seq of ECs derived from young and aged mouse hearts, we identi-

fied an autocrine interaction of cardiac ECs upon aging. We documented a dysregula-

tion of the endothelial matrix proteins Lamb1 and Lamb2, showing that the endothelial-

derived Lamb1 reduces EC migration, matrix adhesion but contribute to the induction 

of EndoMT. A novel paracrine cross-talk was discovered between FBs and ECs, by 

using snRNA seq, in which aged cardiac FBs may reduce endothelial sprouting via 

serpin signaling. Finally, the use of our novel cardiac tissue mimetic model revealed 

that upon PE stimulation CMs induce endothelial sprouting via VEGF expression and 

putatively through mechanical activation via contraction. However, we cannot exclude 

that CMs express further factors such as matrix proteins which modulate angiogenesis, 

as well. 

Of note, these results reveal certain limitations, since most of the data were raised by 

in vitro studies. Animal models need to be utilized to validate their in vivo significance. 

In this regard, conditional endothelial Lamb2 or Lamb1 knockout mice may be a helpful 

tool to study the impact of laminin in the diseased and aging heart. Likewise, the rele-

vance of serpins in the aging heart might be targeted by SerpinE1-deficient mice. Given 

the fact that we found a putative FB-EC paracrine interaction by conditioned media 

studies in vitro does not necessarily mean that this cross-talk spatially happen in the 

heart. Hence, an aging mouse study with Serpin knockout mice may shed light on this 

interesting point. However, since the generation of transgenic mice, breeding, crossing 

(also with linage tracer lines) and aging would take years, both the Lamb and Serpin 

knockout studies are beyond the scope of the present dissertation. To bridge the gap 

between in vitro and in vivo, the cardiac tissue mimetic model may be used where the 

FB-CM spheroids might be covered with laminin 421 or 411 before HUVEC addition or 

Serpin-deficient FBs might be used for spheroid formation. 

Nevertheless, the results of this thesis provide interesting and novel insights into the 

cellular interaction within the aging heart. Particularly, the first “atlas” of the aging heart 

is a rich data source, that provides putative targets for further studies and therapeutic 

interventions. 
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Figure 14: Graphical summary of the present dissertation. Age-dependent changes of endo-

thelial cells can be found on both autocrine and paracrine level. On the one hand, aging shifts the 

expression of laminin β2 to laminin β1 in cardiac endothelial cells and thereby controls endothelial 

functions (tube formation, migration, adhesion and EndoMT) on autocrine level. On the other 

hand, aging also affects fibroblasts that control angiogenesis, endothelial autophagy and inflam-

mation via the release of serpins and hence control endothelial function on a paracrine level. 

Paracrine changes can be further studied using artificial cardiac tissue mimetics. By using this 

platform, it was found, that cardiomyocytes promote endothelial sprouting upon phenylephrine 

stimulation, by releasing VEGF and putatively by mechanical activation via cardiomyocyte con-

traction. Parts of this figure were taken from the manuscripts in the Appendix 1, 3 and 4.
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Abstract 

Communication between cells is an important, evolutionarily conserved mechanism which 
enables the coordinated function of multicellular organisms. Heterogeneity within cell 
populations drive a remarkable network of cellular cross-talk that allows the heart to function 
as an integrated unit with distinct tasks allocated to sub-specialized cells. During diseases and 
aging, cells acquire an overt disordered state that significantly contributes to an altered cellular 
cross-talk and hence drive cardiac remodeling processes and cardiovascular diseases. However, 
adaptive mechanisms, and phenotypic changes in subpopulations of cells (e.g. reparative 
macrophages or fibroblasts) can also contribute to repair and regeneration. In this article, we 
review the cellular cross-talks between immune cells, endothelial cells, fibroblasts and 
cardiomyocytes that control heart failure by contributing to cardiac dysfunction and aging, or 
by mediating repair and regeneration of the heart after injury.  
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Disorders or diseases of the cardiovascular system are still the primary cause of death 
globally1,2. Although the heart and the cardiovascular system has been studied for centuries, 
researchers mainly focused on cardiomyocyte functions and cardiac fibrosis as key mechanisms 
of heart failure. However, the more recent reports showing that cardiomyocytes only account 
for up to 35 % of the total cells of the heart 3–5 inspired a more integrated view of cardiac 
biology. Many cell types including endothelial cells, pericytes, smooth muscle cells, various 
immune cells, fibroblasts/mesenchymal cells and nerves contribute to the cellular composition 
of the heart. This diverse set of cells together maintains cardiac function and is the key to 
control repair and cardiac regeneration. In the present review, we focus on the interplay of 
immune cells and the three cell populations namely cardiomyocytes (CM), fibroblasts (FB) and 
endothelial cells (EC) during disease, regeneration and aging. The heterocellular cross-talk in 
the heart under physiological conditions was recently reviewed by Perbellini, et al6. The first 
two chapters will focus on detrimental and beneficial changes in cellular communication as it 
occurs during cardiac disease and regeneration, while the last chapter will discuss cellular 
changes during cardiac aging. 

 

1. Cellular Cross-Talks in the diseased Heart 

In the past, cellular cross-talks within hearts have been studied in various animal and disease 
models including acute myocardial infarction (MI), trans-aortic constriction (TAC), heart failure 
with preserved ejection fraction and diastolic dysfunction and during aging. During MI, the 
occlusion of a coronary artery results in a reduced blood and nutrient supply in the underlying 
tissue causing cell death. This leads to a dramatic change in the cellular composition within the 
heart tissue: reduced numbers of CMs, ECs and FBs are replaced by various immune cells within 
the first days upon MI7 (Figure 1A). The initial inflammation driven phase is followed by 
increased EC and FB proliferation, whereas CMs - due to their limited proliferation capacity- 
remain depleted in the scar tissue of adult mammalians. Interestingly, the loss of cells after 
injury can be counterbalanced in zebrafish8,9 or newts10 as well as in neonatal mice11,12, which 
are able to regenerate the myocardium after injury. However, unlike the zebrafish heart whose 
regenerative capacity is preserved throughout the entire lifespan13, the regenerative capacity 
of the murine heart is decreasing after postnatal day 711,12,14,15. In contrast to MI, the changes 
of cell compositions upon TAC are less dramatic but also involve invasion of inflammatory cells 
and an adaptive response of CM-EC communication to cope with the increased oxygen 
demands of the hypertrophic CM. The interactions occurring in models of HEFpEF and aging are 
less well studied but certainly involves an increase in fibrosis and extracellular matrix 
remodeling, which affects other cell types of the heart. 
 
Inflammatory cells in heart disease 
Immune cells represent a minor population in the heart under steady state conditions, although 
all major leukocyte classes are represented including monocyte/macrophages, neutrophils, T- 
and B- cells and dendritic cells16. However, invasion of bone marrow-derived inflammatory cells 
is a hallmark in most if not all cardiac disease models. MI leads to a rapid accumulation of mast 
cells and neutrophils followed by an activation of tissue resident macrophages and invasion of 
inflammatory C-C chemokine receptor 2 positive (CCR2+), Ly6high monocytes17,18 (Figure 1A). 
Especially tissue resident TIMP4+ macrophages were found to proliferate in the peri-infarct zone 
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and reinforce the macrophage pool in the injured heart19. In models of pressure overload and 
HFpEF, CCR2+ macrophages also infiltrate the heart20,21. For a detailed description of the various 
immune cell subsets in cardiac disease, the reader is referred to Swirski & Nahrendorf 22. 
 
The inflammatory response has a double-edged role in the regulation of remodeling and heart 
failure23: Whereas early stimulation of inflammatory signaling is important for clearance of dead 
cells from the infarcted tissue, excessive inflammatory injury contributes not only to 
pathophysiological remodeling of the ventricle but also induces reparative processes. These 
processes are mediated by a variety of cytokines which interact with non-leukocytes. These 
include for example mast cell-derived tumor necrosis factor (TNF), which activates endothelial 
cell24, and T cell-derived IL-17, which stimulates cardiac fibroblasts25. Macrophage and T-cell 
derived factors can also induce reparative processes (Figure 1B). E.g. transforming growth 
factor- β (TGFβ) and IL-1026,27 promote collagen production and resolution of inflammation, 
whereas vascular endothelial growth factor (VEGF)28 promotes neoangiogenesis (for details 
see22). TGFβ, however, can also have detrimental effects29: It promotes cardiomyocyte death 
and hypertrophy and mediates cellular differentiations processes, such as fibroblast-to-
myofibroblast and endothelial-to-mesenchymal transition (EndoMT)30,31, which both increase 
the pool of active mesenchymal cells and may contribute to scar formation and detrimental 
cardiac remodeling31. 

Endothelial-to-mesenchymal transition (EndoMT) is a complex process by which ECs adopt 
mesenchymal features such as cellular motility and contractile element. ECs that undergo 
EndoMT lose the expression of endothelial-specific genes including vascular-endothelial 
cadherin and CD31 but acquire mesenchymal transcriptomic signatures by expressing –among 
others– SM22α, S100A4, fibronectin EDA, N-cadherin, type I and III collagen32. The process is 
induced by many different stimuli. In the injured and diseased heart, mostly inflammatory or 
pro-fibrotic factors such as TGFβ and hypoxia drive EndoMT33. During cardiac development 
EndoMT plays a critical role. While it has been shown that about 10% of ECs in human fetal 
cardiac valves undergo EndoMT, only 1% remain in adult valves34. However, in adulthood 
EndoMT can also be maladaptive and displays a role in valvular diseases35. Furthermore, 
EndoMT was shown to occur during MI36, in atherosclerotic lesions and was associated with 
plaque erosions37. For a detailed description of EndoMT in development and disease, the reader 
is referred elsewhere32,35. 
 
IL-10 reduces the ratio of pro-inflammatory M1 to M2 macrophages in MI models thereby 
eliciting an anti-inflammatory effect38,39 (Figure 1B). Consistently, IL-10-deficient mice have 
increased infarct size and enhanced myocardial necrosis with increased neutrophil infiltration40. 
Although its role as anti-inflammatory mediator, which improves cardiac function after injury 
in the MI model is well established, a recent study suggest that it may have mild, but adverse 
effects if released by macrophages in a model of diastolic dysfunction21. A common effect 
observed in diastolic dysfunction21 and post-infarction remodeling39 is that IL-10 activates FBs. 
Since FBs play an important role in wound healing and cardiac remodeling their activation may 
contribute to the beneficial effect of IL-10 in acute injury models, whereas a long term chronic 
activation of FBs may be detrimental to the heart. In this regard, Hulsmans et al.21 examined 
cardiac macrophages in two different approaches to study diastolic dysfunction by using first a 
combination of salty drinking water, unilateral nephrectomy as well as chronic exposure to 



Appendix 

 94

aldosterone and second a mouse model of physiological aging. They documented that the 
density of myocardial macrophages and IL-10 expression increased upon diastolic dysfunction, 
whereas IL-10 expression shifted macrophages in an autocrine manner to a more pro-fibrotic 
subset, and additionally activated FBs resulting in increased FB proliferation and elevated 
collagen deposition and thereby to ventricular wall stiffness. By contrast, a macrophage-specific 
IL-10 depletion improved cardiac filling during diastole21.   
 
Endothelial cross-talks 
Cardiac ECs form the inner surface of the heart chambers, as well as the inner lining of the entire 
macro- and microvasculature supplying the myocardium with blood. To fulfil the high oxygen 
demands, a capillary ratio of > 1 capillary/myocyte is required and hence it is not surprising that 
ECs outnumber CMs by a ratio of 3:141. However, the total EC content has not been uniformly 
defined yet since it varies depending on the methodology that were used. For example, Pinto 
et al. reported by immune fluorescence staining that ECs make up 60% of the non-myocytes in 
the murine heart16, while using histological techniques, Perbellini et al. described that ECs 
account for 48% of the entire heart42. On the other extreme, Banerjee and co-workers showed 
via FACS studies that the EC content of the entire mouse heart is only 7%43. Admittedly, one has 
to keep in mind, that tissue dissection can be very harsh and might digest even membrane 
surface proteins such as CD144 or CD31 on ECs preventing capturing these cells in flow 
cytometry studies. However, various studies have consistently reported changes in EC numbers 
and functions within the heart upon injury. After an initial decline in EC after infarction which is 
caused by cell death, new blood vessels growth between 7-14 days after injury. In models of 
pressure overload, adaptive angiogenesis and neovascularization is augmented  to fulfill the 
increased oxygen demand of the hypertrophic CM44. A failure of angiogenesis in both models 
leads to  the progression of HF45. 

In the heart, EC closely interact with CMs already during development, e.g. by releasing 
neuregulin, neurofibromatosis type-1 (NF1) and platelet-derived growth factor β (PDGFβ)6,46–48. 
After cardiac injury, a major function of ECs was attributed to the control of immune cell 
invasion49 via up-regulation of P-selectin50 as well as MCP-151 and the restoration of the vascular 
network to provide oxygen to the ischemic or hypertrophic cardiac tissue. Several studies, 
however, suggest that EC have important functions beyond acting as inflammatory gate keeper 
or oxygen pipelines52,53. In other organs, such as the liver or lung, a paracrine activity of ECs (so 
called “angiocrine” mediators) was shown to control regeneration54,55. In the heart, EC can 
release many factors that control FB and CM functions but a direct pro-regeneration activity 
has not yet been reported.  

Important insights into CM-EC communication paths were provided by studies showing that 
hypertrophic CM secrete pro-angiogenic factors such as VEGF or angiopoietin-1 to promote 
adaptive vessel growth. Inhibition of VEGF prevented increased capillary density and induced 
heart failure44,56. But EC can also signal back to CM: For example, EC derived endothelin-1 acts 
in a  paracrine manner on CMs (via the ETA receptor) and induces hypertrophy as well as 
remodeling in the diseased heart6. Other EC-derived factors were shown to elicit protective 
effects on CM. For example, apelin, which is mainly expressed by ECs, protects against the 
progression of heart failure in mice57. Likewise, nitric oxide, which is mainly produced by the 
endothelial nitric oxide synthase under baseline conditions, is known to inhibit CM 
hypertrophy58. However, disease or cardiac stress-related uncoupling of eNOS can promote 
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oxidative stress and result in pathological cardiac remodeling59. EC also express transporters of 
gluthathione (such as the ATP-binding cassette transporter ABCG2), which enriches the 
extracellular space with this important antioxidant and reduces reactive oxygen species that 
mediate CM damage60 (Figure 1C). 
Since the interpretation of in vivo studies targeting ECs are often hampered by potential 
confounding effects of increased or diminished perfusion, co-culture studies have been used to 
gain insights into direct EC-CM interactions. Such a study demonstrates that EC promote CM 
survival by reducing apoptosis and necrosis and promoted spatial remodeling as well as 
synchronized contraction of CMs by augmenting connexin 43 expression 61. A cardiac protective 
role of ECs was further described by Kuramochi et al, showing that EC-derived neuregulin 
reduces apoptosis of CMs in a co-culture system62.  
 
Cardiomyocytes 
CMs are the contractile element of the myocardium. Their synchronized contraction maintains 
a proper cardiac strain that is needed to pump blood through the circulatory system. To 
maintain cardiac contraction throughout a whole lifespan, CMs are equipped with a very large 
cytoplasm that is crammed with sarcomeres, the contractile unit of myocytes and mitochondria 
to meet their high energy demand6. The main interaction partners of CMs are neighboring CMs. 
The connection is established by specific gap junctions, so-called intercalated disks that are 
usually formed by connexins6. These junction proteins allow the direct exchange of ions, small 
molecules as well as small peptides between CMs and also electrically couple the entire 
myocardium6.  
 
CM also communicate with other cells, via secretion of various chemokines. For instance, CM-
derived VEGF-A plays a crucial role during cardiac development by controlling the formation of 
capillaries63. In addition to the bidirectional interplay of CM with EC and inflammatory cells 
described above, CM death itself can contribute to the pro-inflammatory extracellular milieu. 
Thus, CM death or stimulation of CMs by immune cells cause the secretion of pro-inflammatory 
chemokines and cytokines, which further aggravates inflammation and activates neighboring 
EC or FB. For example, CM-derived IL-6, TNFα and IL-1β activates neutrophils and augment 
adhesion as well as invasion into the damaged tissue via expression of intercellular adhesion 
molecule 164. Dying CMs and degraded ECM both further release danger-associated molecular 
patterns that promote additional inflammatory reactions via toll-like receptor (TLR) signaling65. 
Reactive oxygen species that additionally trigger the immune response, are increasingly formed 
and released by CMs upon hypoxic conditions64. However, deciphering the role of the innate 
immune system in myocardial diseases turned out to be challenging, because of conflicting 
observations that were made in ischemic heart diseases indicating both a beneficial and a 
detrimental role of cardiomyocyte TLRs upon cardiac injury. Whereas a short-term activation of 
TLRs was found to have a cytoprotective effect within the heart, long-term activation of TLRs is 
maladaptive resulting in increased pro-inflammatory cytokine release and adhesion molecule 
expression leading to the recruitment of neutrophils, dendritic cells and monocytes into the 
myocardium and adverse cardiac remodeling66,67. In the murine heart, at least six TLRs are 
expressed including TLR2, TLR3, TLR4, TLR5, TLR7 and TLR968, of which TLR2 and TLR4 are best 
studied69–71. Interestingly, both TLR2 and TLR4 seem to have an anti-apoptotic effect in CMs 
upon serum-deprivation and LPS-stimulation72,73. TLR4 further mediates iNOS induction in CMs 
leading to an increased NO production that was documented to inhibit caspase-3 activity74,75. 
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Frantz et al. demonstrated that the blocking of TLR2 in neonatal rat CMs oxidative stress-
induced apoptosis and cell injury76. However, as mentioned above, TLR signaling may also be 
detrimental to heart including adverse cardiac remodeling. For instance, studies reported a 
reduced infarct size, neutrophil recruitment and ROS as well as cytokine release and augmented 
contractile performance and recovery in TLR2-deficient mice77,78. Similar findings were shown 
after deletion of TLR4 79,80. 
 
Fibroblasts 
Cardiac FBs are small elongated spindle-shaped cells with a strong secretory phenotype. They 
display a granular cytosol containing a pronounced rough endoplasmic reticulum. Unlike CMs, 
that are organized in a defined structure within the heart, FBs are roughly distributed 
throughout the entire myocardium and are located in the interstitial space between CMs81. 
Studies on fibroblasts have been hampered by the lack of specific marker, since many of the 
proteins which are highly expressed on FBs such as vimentin or fibroblast-specific protein 1 
(FSP1) are also expressed on other cells82. More recent studies used platelet-derived growth 
factor receptor α (PDGFRα), TCF21 or DDR2, which are considered to be more specific for FBs82. 
FBs derive from multiple origins including the epicardium, the endocardium and neuronal crest 
derived cells, which all give rise to FB during development. The origin of FBs that is responsible 
for cardiac fibrosis in the diseased adult heart has been controversial but most recent lineage 
tracing studies suggest a predominant contribution of tissue resident FBs82. FBs may directly 
interact with other cells via connexins possibly allowing an electric coupling with CMs83. 
Cardiac injury and subsequent inflammation induces dramatic changes in FB resulting in 
increased proliferation, differentiation and matrix production84. FBs thereby respond to many 
factors (e.g. IL-6, IL-10) provided by inflammatory cells, EC and CM but also can signal back to 
these cells. For example, fibroblast-derived granulocyte–macrophage colony-stimulating factor 
(GM-CSF) was shown to induce the production and recruitment of myeloid cells85. Moreover, 
bioinformatic assessment of single cell sequencing data sets suggest that FB are cells with a high 
expression of “outgoing” signals representing extracellular factors that can putatively interact 
with receptors expressed on other cardiac cells7 (Figure 1D). Such a view of FBs being major 
determinants of the microenvironment is consistent with findings in other tissues or 
pathologies demonstrating that FBs drive the microenvironment e.g. in cancer86. 
FBs are major producers of extracellular matrix components and modifying enzymes e.g. Lysl 
oxidases or proteases. Since CMs are physically linked to the ECM via integrin molecules87, 
regulation of the ECM by FBs indirectly influences CMs. Of the numerous additional factors 
released by FBs (but also other cells), TGFβ, IL-6, and endothelin 1 have significant effects on 
CMs. FBs also secrete miRNA-loaded exosomes; here miR-21* loaded exosomes were shown to 
induce CM hypertrophy88. Recent studies also suggest that a FB subset can produce Wnt 
inhibitory factors, which may have autocrine or paracrine functions7. Interestingly, this FB 
subset was shown to be reduced after MI7. While these examples highlight the interaction of 
FBs with CM, bioinformatics analysis of single cell sequencing data sets suggest that the main 
interacting cell type of fibroblasts in the heart may be endothelial cells, which may trigger 
further research to elucidate the interactions between these two cell types7,89. 
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Figure 1: Cellular cross-talk in the injured heart. (A) Cardiac injury and thereby the lack of oxygen 
stimulates cardiomyocytes (CMs) in the injured heart to release pro-inflammatory factors (ROS, 
TNFα, IL-6 and IL-1β) into the extracellular space. T cells (TC), granulocytes (GC) and 
CCR2+/Ly6high monocytes infiltrate the injured area and release further pro-inflammatory factors 
(IL-6, IL-17). The released factors stimulate fibroblasts (FBs) to become activated FBs (act. FBs). 
Damaged extracellular matrix (ECM) components and hypoxic CMs additionally release danger-
associated molecular patterns (DAMPs) that further activate FBs and also stimulate M1 and M2 
macrophages (MΦ) via toll-like receptors (TLR). Activated FBs secrete matrix metalloproteases 
(MMPs) that degrade the ECM and enables the infiltration of phagocytes to remove cell and matrix 
debris. (B) TC- and MΦ-derived IL-10 reduces the ratio of pro-inflammatory M1 to M2 macrophages 
thereby eliciting an anti-inflammatory effect. IL-10 further activate FBs to produce ECM components 
in order to form the scar tissue in infarcted hearts. (C) Hypoxic CMs release pro-angiogenic factors 
(VEGF, ANG1) to induce revascularization, whereas endothelial cells (ECs) interacts with CMs by 
releasing ET-1 and nitric oxide (NO). To neutralize ROS concentration, ECs transporters of 
gluthathione (such as the ATP-binding cassette transporter ABCG2). (D) FBs cross-talks with a 
variety of cardiac cells. By secreting granulocyte–macrophage colony-stimulating factor (GM-CSF), 
FBs recruit monocytes, but also signals to ECs via paracrine and autocrine factors. CM hypertrophy 
is induced by FB-derived TGFβ, IL-6 and ET-1 as well as exosomes loaded with miR-21*. 
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2. Cellular cross-talks in regeneration 

In contrast to model organisms such as zebrafish or newts, the adult mammalian heart has a 
limited capacity for regeneration. Recent studies, however, demonstrated that mice hearts can 
regenerate during the first week after birth11,12,14,15. The regenerative capacity has been mainly 
attributed to an increase in CM proliferation, which is lost during adulthood14,15. However, 
several studies are providing evidence that other cell populations are required as well to allow 
a successful regeneration of the cardiac tissue. 

Inflammatory cells during cardiac regeneration: Pro-angiogenic macrophages can play an 
active role in cardiac regeneration by promoting vessel growth90. Macrophage subpopulations 
are also required for regeneration of hearts in in salamander91. In contrast to the transient 
extracellular matrix that normally accompanies regeneration in salamander hearts, 
macrophage depletion resulted in a permanent, highly cross-linked extracellular matrix scar 
derived from alternative fibroblast activation and lysyl-oxidase enzymes91. Interestingly, cardiac 
resident macrophage-derived cytokines can promote CM proliferation in hypoxic neonates92 
suggesting an additional potential role of macrophages in CM replacement. However, in 
salamander hearts, macrophage depletion did not interfere with CM proliferation91 indicating 
that CM replacement may be controlled by a macrophage-independent mechanism in this 
setting (Figure 2A). In zebrafish models, Bevan et al.93 recently demonstrated that both tnfα+ 
and tnfα- macrophage subsets manipulate cardiac regeneration. While tnfα+ macrophages 
facilitate a pro-inflammatory response and promote scar formation via Csf1ra upon cryoinjury, 
tnfα- macrophages contribute to scar removal and resolution of the inflammatory response 
during regeneration93. For a more detailed description of the regenerative capacity of 
macrophages, the reader is referred to further review articles94,95. 

The important role of immune cells is further underlined by findings showing that T-cells are 
important players in regeneration96–98. Thus, zebrafish Treg-like (Treg) cells modulated 
inflammation and stimulated regeneration in different organs including the heart99. 
Interestingly, the pro-regenerative activity was mediated through interleukin-10-independent 
secretion of organ-specific regenerative factors, namely Neuregulin 1, which rescued the 
regeneration defects associated with Treg cell depletion99. In addition, Treg conditioned 
medium or overexpression of Treg secreted factors (Cst7, Tnfsf11, Il33, Fgl2, Matn2, and Igf2) 
reduced infarct size and augmented CM proliferation in infarcted mouse hearts100 (Figure 2B). 

Fibroblasts during cardiac regeneration: Increasing evidence suggests that also specific FB 
populations may support CM growth and maturation through the secretion of specific ECM 
components. Therefore, it is not surprising that regenerated cardiac tissue in zebrafish and in 
neonatal mice is characterized by a fibroblast-rich scar tissue82. In line with this, embryonic 
cardiac FB were shown to induce CM proliferation in vitro, whereas adult cardiac FB rather 
promoted myocyte hypertrophy101. Fibronectin, collagen and heparin-binding EGF-like growth 
factor were identified as embryonic cardiac fibroblast-specific signals that collaboratively 
promoted via integrin beta 1 CM proliferation in a paracrine fashion101. The responsible FB (sub) 
population that promotes regeneration in adult hearts remains to be identified. They may be 
remnants of embryonic FBs, epicardial-derived cells or other pro-regenerative fibroblast 
population described in the adult heart81 (Figure 2A). 
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Endothelial cells during cardiac regeneration: A rapid restoration of oxygen supply by growth 
of new capillaries and vessels is key to regeneration. Besides re-establishing perfusion, ECs 
express a number of cardio-affective paracrine factors to restore CM survival and function. 
Bassat et al. recently reported that ECs express the extracellular matrix protein agrin, which 
enhances CM proliferation in mouse- and human-derived iPS cells in vitro and improve cardiac 
repair in vivo upon MI102. ECs also synthesize nitric oxide (NO) by the endothelial NO-synthase, 
which  has a protective role during cardiac damage103. Whether NO also affects cardiac 
regeneration, however, is unclear. 

Cholinergic nerves during cardiac regeneration: Since 1950 we know that nerves play an 
important role during tissue regeneration: limb regeneration is impaired, if the intervening 
nerve is severed prior to or shorty after limb amputation104. These results were further 
confirmed in 1960s and the regenerative effect was linked to cholinergic nerves105,106. 
Interestingly, Mahmoud et al. transferred these regenerative effects to the cardiovascular field 
and showed that pharmacological inhibition of sympathetic nerves reduces CM proliferation in 
zebrafish and neonatal mice after MI107,108. The reduction in CM proliferation was rescued by 
using nerve growth factor and neuregulin-1108. 

 

 

Figure 2: Cellular cross-talk during regeneration. In contrast to adult mammalian heart, newts 
and zebrafishes are capable to regenerate their hearts. (A) Macrophage- (MΦ-) derived pro-
angiogenic factors as well as FGF and PDGF stimulate endothelial cell (EC) sprouting to induce 
revascularization. Cardiomyocyte (CM) proliferation is driven by fibroblast- (FB-) derived FN, Col and 
HBEGF, EC-derived neuregulin-1 and apelin as well as MΦ-derived proliferative factors. (B) 
Regulatory T cells (Treg) further induce CM proliferation by releasing Nrg-1, Cst7, Tnfsf11, Il33, Fgl2, 
Matn2, and Igf2 and attenuate MΦ activation.  

  



Appendix 

 100 

3. Changes in Cellular Cross-Talks during Aging 

Aging is the major risk factor for decline in cardiovascular physiological functions and 
development of cardiovascular diseases. On macroscopic level, characteristic cardiac 
remodeling processes can be observed that mostly affect the cardiac chamber geometry, 
including age-related dilation of the left atrium accompanied by myocardial fibrosis109. Further 
structural alterations can be found in the left ventricle that undergoes cardiac hypertrophy, 
increased wall thickness and chamber dilation, as well as interstitial fibrosis110. Apart from 
chamber abnormalities, age-related valve diseases also occur with aortic valve stenosis being 
the most prevalent one111. Furthermore, diastolic function also declines with advanced age, 
whereas concomitant systolic dysfunction was not reported112. However, Feridooni et al. noted 
that the ability to augment ventricular function is disturbed under high demand situation, such 
as exercise, in old adults, while the systolic function at rest is not affected112. Cellular and 
molecular processes that underlie these cardiac alterations can be quite diverse. Replicative 
senescence caused by shorting of telomeres113–115, increased oxidative stress116 and DNA 
damage117, deregulation of genes and proteins, impaired cell-cell communication, and an 
altered systemic and local environment cause the eventual demise of cells118. Many of these 
changes are described in the aging heart. In cardiomyocytes, however, telomere shortening 
likely is caused by telomere erosion119.  

Senescent cells and SASP in the aging heart: Cellular senescence is characterized by a growth 
arrest and is part of a physiological process that maintains tissue homeostasis and limits tumor 
progression. However, it has also been implicated as a major cause of age-related disease in 
part mainly because senescent cells release a pro-inflammatory senescent associated secretory 
phenotype (SASP)120 (Figure 3A). The secretome of senescent cells include soluble signaling 
molecules, secreted proteases as well as insoluble / extracellular matrix components. Examples 
are inflammatory cytokines (e.g. IL-1, IL-6, IL-8), ROS, matrix metalloproteases and urokinases, 
or FB-derived collagens (e.g. Collagen type 1a), which can all act in an auto- or paracrine fashion 
on neighboring cardiac cells (for review see121,122). The aged human heart was shown to contain 
an increased proportion of senescent cardiac progenitor cells that displayed high levels of the 
senescent biomarkers SA-β-gal, γH2AX and p16Ink4a. As described for other senescent cells, 
these cells expressed also high amounts of SASP factors such as PAI-1, IL-8, IL-1β, MMP-3, GM-
CSF and IL-6 that negatively impacted surrounding cells and promoted senescence of other cells 
to switch to a senescent phenotype, thereby reducing cardiac repair during aging123. Also FB of 
the aged heart secrete SASP associated factors. Single nucleus sequencing revealed that cardiac 
FBs of the aging heart highly express the SASP factor PAI-1. PAI-1 was further identified as one 
of the crucial factors in conditioned medium from age-heart derived FB, which interferes with 
endothelial cell angiogenesis89. In addition, mesenchymal stromal cells display senescence and 
SASP in the aging heart, which contributes to the recruitment of CCR-2-dependent monocytes. 
The recruited monocytes were associated with increased inflammatory macrophage-derived IL-
1β, which in turn promoted further cardiac mesenchymal stromal cell senescence124. 
Interestingly, also systemic interactions control cardiac senescence. In parabiosis models it was 
shown that young mice can provide cardiac protection for aged mice125. While the origins of the 
cardioprotective effectors are not fully understood, a recent study suggests a contribution of 
adipose tissue126. Visceral adipose tissue was reported to increase osteopontin (OPN) 
expression during aging, which was associated with cardiac fibrosis and reduced cardiac 
function. Both the removal of visceral adipose tissue and OPN-deficiency in aged mice restored 
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cardiac function and reduced cardiac fibrosis. Interestingly, conditioned medium of OPN 
deficient adipocytes promoted  FB senescence thereby limiting their expansion, indicating that 
FB senescence might also be a mechanism to protect from cardiac fibrosis126. But overall, 
targeting senescent cells in the aging heart might be a promising therapeutic strategy. In this 
respect, genetic removal of p16Ink4a+ senescent cells by a INK-ATTAC transgenic mouse line 
extended lifespan and attenuated cardiac deterioration127. To be applied to patients, a new 
class of drugs was identified targeting specifically senescent cells, the so-called senolytics. 
These class of agents including dasatinb and quercetin and the anti-cancer drug ABT263 has 
been used in various experimental models128–130 and is being tested in proof-of-concept clinical 
trials to clear senescent cells from the aging tissue131. In a small Phase I study with patients with 
idiopathic pulmonary fibrosis, hints of improved physical functions were reported after 
treatment with dasatinb and quercetin, but the treatment was also associated with adverse 
events131.  

 

Immune cells in the aging heart: Ageing is additionally associated with major alterations of the 
immune system, referred to as “inflamm-aging” (Figure 3B). This is reflected by alterations in 
the relative numbers and proportions of cardiac leukocytes: old hearts have proportionally 
more monocyte-derived cardiac macrophages and an increased population of granulocytes21. 
Moreover, aged mouse hearts have more CD8+ T-cells than other lymphocytes, but the potential 
implications of these specific changes remain unclear (for review see22). In addition, 
hematopoietic stem cells can acquire mutations that lead to the expansion of mutated clones 
(so called clonal hematopoiesis of indeterminate potential, CHIP) leading to changes in the 
inflammatory properties of the mutated cell132,133. Such mutations predominantly occur in 
epigenetic regulators (such as DNMT3a or TET2) and are associated with detrimental effects of 
heart function in mice injury models133,134 and prognosis of patients with aortic stenosis135 or 
heart failure136. To what extend and how these mutations affect the local paracrine pattern and 
influence cardiac cells remains to be investigated. 

Cardiomyocytes in the aging heart: With advancing age, the myocardium undergoes 
degenerative alterations121. This includes in particular a decrease in β-adrenergic receptor (β-
AR) response that has been described by a process called “β-adrenergic receptor 
desensitization” by which phosphorylation of receptor structures results in a reduction in β-AR 
density and their internalization in the cell membrane137,138. Since β-AR stimulation triggers 
intercellular Ca2+ release from the sarcoplasmatic reticulum and thereby the activation of 
contractile proteins, the age-related decrease in β-AR density has a negative ionotropic effect 
that leads to a reduced ventricular function137. Cardiac aging is also associated with 
mitochondrial dysfunction with an increased ROS generation and release causing mitochondria 
DNA damage and hence further mitochondria dysfunction139,140. Furthermore, elevated levels 
of angiotensin II has been shown to induce CM hypertrophy, apoptosis as well as cardiac fibrosis 
directly141. The long-term inhibition of the angiotensin II converting enzyme and the angiotensin 
II receptor were both shown to prevent age-related cardiac pathologies and prolonged rodent 
survival142. 

Further factors, which are involved in cardiac aging include (but are not limited to) IGF-1 and 
GDF-11 which are both decreased on circulating level. GDF-11 (= growth differentiation factor-
11, a member of the TGFβ family) shows a decreased blood level in cardiac aging. By combining 
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young and aged mice in a parabiosis study, Loffredo et al. restored circulating GDF-11 blood 
levels that prevented age-related cardiac hypertrophy and a reduced expression of the 
hypertrophy-related marker genes ANP and BNP in CMs125. In humans, low circulating levels of 
GDF-11 were associated with increased ventricular hypertrophy143. However, the findings have 
been controversial. Smith et al. injected recombinant GDF-11 in 24-months-old mice to restore 
circulating GDF-11 levels and were unable to reverse cardiac hypertrophy. Cardiac structure and 
function were also not restored. By using phenylephrine-treated neonatal rat CM, GDF-11 did 
not prevent but rather promoted hypertrophy in vitro144. Likewise, IGF-1 appears to have also a 
controversial role in cardiac aging: both protective and detrimentally effects have been 
described in the aging heart. Several studies demonstrated that IGF-1 acts anti-inflammatory 
and has a cardio-protective functions145. In addition, IGF-1 deficient mice showed an increased 
life expectancy and the same association was seen in human146,147. However, some studies show 
contradicting results. Whereas IGF-1 overexpression in mouse hearts showed reduced CM 
death after MI and reduced ventricular dilation, hypertrophy, as well as diabetic 
cardiomyopathy148–150, other studies demonstrated that IGF-1 overexpression causes cardiac 
hypertrophy and heart failure and worsen recovery upon MI151,152. Additionally, age-dependent 
increased expression of the inflammatory mediator ANGPTL2 (angiopoietin-like protein 2) is 
associated with cellular senescence (so far only proven in the skeletal muscle153) and its 
overexpression in the heart impairs cardiac function by decreasing myocardial energy 
metabolism and inactivation of Akt as well as sarco(endo)plasmic reticulum Ca2+-ATPase 
(SERCA)2a signalling154 suggesting that it might also contribute to cardiac dysfunction in the 
aging heart. 

Fibroblasts in the aging heart: Cardiac aging is associated with an increase in fibroblasts relative 
to other cell types of the heart 155. Cardiac fibrosis is a reactive phenomenon that is associated 
with left ventricular hypertrophy156. However, the underlying mechanisms mediating fibrosis 
during aging are still not fully understood. It is known that elevated angiotensin II levels and 
chronic inflammation can increase FB activation, proliferation, matrix protein production and 
hypertrophy156. Furthermore, aged cardiac FB were demonstrated to increase the expression of 
prolyl hydroxylases and lysyl oxidase that promote ventricular stiffness by cross-linking matrix 
protein chains157,158. 

Additionally, aging is generally associated with an impairment of receptor-mediated functions, 
because of the loss of receptors or their uncoupling from their specific signaling pathways159. 
This is true for FBs, which show an impaired TGFβ and EGF response160,161 and ECs, which are 
characterized by compromised VEGF signaling162 in aging (Figure 3C-D). One may speculate that 
a more general decline in receptor-mediated signaling may compromise the cellular 
interactions and fine tuning of communication in the heart. 

 

Endothelial cells in the aging heart: Aging plays a major role in vascular and cardiac remodeling. 
With advancing age, endothelial senescence and inflammation is mediated via the above 
mentioned pathways including oxidative stress, telomere erosion and mitochondrial 
dysfunction163. FOXO and SIRT are two major regulators that control endothelial function164. 
Whereas overexpression of FOXO1 in mice shows reduced angiogenesis through a so far unclear 
mechanism165, FOXO3 and SIRT1 were described to regulate the expression of genes involved 
in mitochondrial antioxidant defense (MnSOD, catalase, sestrins, and selenoprotein P) and DNA 
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repair (GADD45a), thus, opposing the age-related effects of ROS in ECs166–168. Since both FOXO 
and SIRT are downstream targets of IGF-1 and given that FOXO and SIRT play a protective role 
in maintaining health and function of ECs, they could be potential players in the age-related 
decline of endothelial function. 

Similar to FBs, aging may also control extracellular matrix production in ECs. A dysregulation of 
the laminin β1 and β2 chain expression in aged cardiac mouse ECs was previously described. In 
the aging heart, ECs shift the expression from laminin β2 to β1 and thereby modulate cell-matrix 
adhesion, cell migration and EndoMT in an autocrine manner that may impair vessel integrity169. 
Endothelial integrity is further disturbed by the age-related increase in ROS in the vasculature 
that leads to a Src-dependent degradation and loss of vascular-endothelial (VE)-cadherin from 
adherens junctions which impairs the ability to amplify endothelial dilation170. 

Advanced age is also associated with deteriorations of the arterial system that contribute to 
organ and tissue dysfunction171. Aging central arterial ECs display a decreased NO 
production172,173, impaired barrier function174 and are more prone to apoptosis175. They 
additionally have a pro-inflammatory phenotype which includes the expression of various pro-
inflammatory mediates such as ET-1176, angiotensin II177, TGFβ, TNFα and IL-6178. This pro-
fibrotic and pro-inflammatory environment can be permissive for EndoMT and hence 
contribute to pathophysiologic alterations of the arterial wall like neointima formation and 
atherosclerosis. Evidences are given by studies showing that aged arterial ECs reduce 
internalization but increase degradation of VE-cadherin170,179. Furthermore, aging arterial ECs 
reveal a prominent intimal fibrous lesion with expression of rigid proteins such as collagen and 
fibronectin. Vascular stiffness is further promoted by reduced compliance of elastic fibers and 
extensive cross-linking of collagen and fibronectin chains180–182. The expression of the pro-
fibrotic and pro-inflammatory factors mediating these processes can be localized to ECs and 
smooth muscle cells (SMC). In vitro assays showed that SMCs from aged arteries have increased 
proliferative and migratory capacities as well as higher NFkB activity and expression of pro-
fibrotic and pro-inflammatory mediators compared to young arterial SMCs. In contrast, mature 
contractile SMCs might have a reduced viability in aging arteries180–183. As the aged arterial wall 
provides a pro-inflammatory environment that might support EndoMT, ECs undergoing 
EndoMT and not solely SMCs might contribute to arterial stiffness and fibrosis and hence 
promote arterial dysfunction171. 
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Figure 3: Cellular cross-talk in the aging heart. (A) Cellular senescence is characterized by the 
presence of various biomarkers such as high senescence-associated β-galactosidase activity (SA- 
β-gal+), γH2AX, p16INK4a expression (p16INK4a+), etc. Senescent cardiac progenitor cells (CPC) 
release SASP factors like PAI-1, IL-1, IL-6 and IL-8 and render senescence in otherwise healthy 
CPC. Aged cardiac fibroblasts (FB) secrete the SASP factor PAI-1 to inhibit angiogenesis and 
senescent mesenchymal stromal cells (MSC) release SASP factors that recruit CCR2+ monocytes 
that release IL-1 β and further render senescence in MSC. (B) Ageing is associated with major 
alterations of the immune system, referred to as “inflamm-aging”. This is reflected by alterations in 
the relative numbers of cardiac leukocytes: old hearts have proportionally more monocyte-derived 
cardiac macrophages (MΦ) and an increased population of granulocytes (GC). Moreover, aged 
mouse hearts have more CD8+ T cells (TC) than other lymphocytes. (C) In addition, aging is 
generally associated with an impairment of receptor-mediated functions, because of the loss of 
receptors or their uncoupling from their specific signaling pathways. This is true for FBs, which show 
an impaired TGFβ and EGF response and endothelial cells, which are characterized by 
compromised VEGF signaling. (D) Aging FBs display increased extracellular matrix (ECM) 
production and an increased expression of lysyl oxidase (LOX) as well as advanced glycation end-
products (AGE) that excessively cross-link collagens and thereby promote ventricular rigidity. 

 

 

4. Perspectives 

The presented examples illustrate many facets of intracellular communication, which can be 
essential for maintenance of tissue homeostasis, repair and regeneration but may also 
contribute to pathological processes in the heart. Most studies so far focused on the elucidation 
of well-known mediators of cellular communication, mainly connexins, soluble cytokines or 
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growth factors which act on receptor expression in other cell types or other ligand-receptor 
interaction. Other ways of communication, e.g. microRNAs or other RNAs by exosomes, have 
also been studied, but mainly as therapeutic vehicles; their role as natural communication tools 
in physiological settings in tissues is less clear. Advanced technologies are likely to provide novel 
insights into small metabolites or lipids which can control cell-cell communication and influence 
cardiac physiology and disease. Finally, we are just at the beginning to understand the cellular 
heterogeneity within given cell types. Here single cell technologies likely will provide insights 
into the changes of cellular phenotypes under disease setting and may help to gain a deeper 
understanding of the impact of disease and aging on cellular phenotypes. All of these new 
insights may provide targets for controlling pathologically relevant alterations of cellular 
communication pathways in the future. 
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Abstract 

Aging is a major risk factor for cardiovascular disease. Although the impact of aging has been 
extensively studied, little is known regarding the processes in cells of the heart. Here we 
analyzed the transcriptomes of hearts of 12 weeks and 18 months old mice by single-nucleus 
RNA-sequencing. Among all cell types, aged fibroblasts showed most significant differential 
gene expression, increased RNA dynamics and network entropy. Aged fibroblasts exhibited 
most significantly changed expression patterns of inflammatory, extra-cellular matrix 
organization angiogenesis- and osteogenic genes. Functional analyses indicated deterioration 
of paracrine signatures between fibroblasts and endothelial cells in old hearts. Aged heart-
derived fibroblasts impaired endothelial cell angiogenesis and autophagy but augmented the 
pro-inflammatory response. In particular, expression of Serpine1 and Serpine2 were 
significantly increased and secreted by old fibroblasts to exert anti-angiogenic on endothelial 
cells, an effect that could be significantly prevented by using neutralizing antibodies. Moreover, 
we found an enlarged subpopulation of aged fibroblasts expressing osteoblast genes in the 
epicardial layer associated with increased calcification. Taken together this study provides 
system-wide insights and identifies molecular changes of aging cardiac fibroblasts, which may 
contribute to declined heart function. 
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Introduction 

In general, aging increases the incidence of cardiovascular disease and significantly alters 
cardiac structure and function (1). Intervention with cardioprotective substances has been 
proposed to extend life span (2). Cardiovascular aging is associated with increased vascular and 
ventricular stiffness, interstitial cardiac fibrosis, augmented left ventricular wall thickness and 
reduced neovascularization abilities after ischemia (1, 3). Fibrotic remodeling of the aging 
ventricle plays an important role in the pathogenesis of diastolic heart failure and fibrosis of the 
conduction system contributes to the development of arrhythmias and conduction 
abnormalities (4, 5). On a cellular level, replicative senescence caused by shortening of 
telomeres, increased oxidative stress and DNA damage, deregulation of genes and proteins, 
impaired cell-cell communication, and an altered systemic and local environment are hallmarks 
of aging (6). In the heart, aging is associated with increased fibroblast activation, impaired 
angiogenesis and increased cardiomyocyte hypertrophy together contributing to the above 
described cardiac phenotypes (7). In addition, relative numbers and proportions of cardiac 
leukocytes are altered: old hearts have proportionally more monocyte-derived cardiac 
macrophages and an increased population of granulocytes (8). However, we still know 
surprisingly little about the fundamental effects of aging on cellular heterogeneity of cardiac 
parenchymal, mural and vascular cells.  

Here we describe a first mammalian transcriptional cell atlas of the aging heart. This data allows 
for both understanding the healthy state and the causal effects of intrinsic cardiac aging. 

 

Results 

Single-nucleus RNA-sequencing reveals cellular heterogeneity of cardiac cells in aging 

To comprehensively decipher the expected cellular responses to intrinsic cardiac aging, we 
applied micro-droplet based single-nucleus RNA-sequencing (9) of cross-sections of snap-frozen 
heart samples from syngeneic 3 young male mice (12 weeks old) and 3 aged male mice (18 
months old). In total, we analyzed 14.827 nuclei from young hearts and 12.981 nuclei from old 
hearts were used (Supplemental Table 1). Using t-distributed stochastic neighbor embedding 
(t-SNE) (10) global dimension reduction was constructed from all samples to visualize clusters 
that were defined by cell-specific gene markers (Figure 1A and Supplemental Table 2). 
Alignment of samples indicated high reproducibility across samples (Supplemental Figure 1). 
Most of the cells were in G1 phase and no influence of aging on cell cycle activity was observed 
Supplemental Figure 2). 

Unsupervised clustering revealed a total of 15 distinct gene expression patterns (Figure 1A, 
Supplemental Figure 3). Using cell type specific gene markers (Supplemental Table 2) and 
published mouse single-cell gene expression data (11, 12), 7 major cell types could be annotated 
including fibroblasts (A, B), cardiomyocytes (A, B, C), endothelial cells (A, B, C), immune cells (A, 
B, C), pericytes, epicardial cells, and adipocytes (Figure 1A and Supplemental Figure 3). In 
particular, for fibroblasts, the unsupervised clustering revealed two main clusters (fibroblast A 
(79.42%) and fibroblast B (20.58%). Separation of these two clusters was not significant 
(Supplemental Figure 3B) and gene markers were very similar (Supplemental Table 2); 
moreover, these two clusters were almost equally populated by young and old cells. Analysis of 
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the cell numbers in clusters of other cell types than fibroblasts showed in part trends for 
changes during aging (Supplemental Figure 4), but did not reveal statistically significant 
differences.  

In general, 128 differentially expressed non-redundant genes (DEGs) were found between 
young and aged hearts (Figure 1B and Supplemental Table 3). Considering the DEGs in all cell 
clusters, a total of 107 genes showed significantly increased expression (padj. < 0.1) and 21 
genes showed significantly decreased expression (padj. < 0.1) in aged versus young hearts 
(Supplemental Table 3). Interestingly, aging predominantly affected gene expression patterns 
in fibroblasts (Figure 1B). Several highly differentially expressed genes could be confirmed by 
qRT-PCR of isolated cardiac fibroblasts (Supplemental Figure 5). 

GO analysis of differentially expressed genes revealed a cell type specific enrichment of genes 
associated with various pathways such as angiogenesis, chemotaxis/migration, 
inflammation/immune response and cell/matrix association (Figure 1C). Only few co-expression 
networks and significantly regulated genes were shared between the main cell types. Among 
them, the expression of the components of the complement system were commonly 
augmented in all cell types (Figure 1D), which is consistent with the finding of a general cardiac 
aging promoting effect of the complement system (13).  
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Figure 1: Cell type-specific composition of the heart in young and old mice. (A) t-SNE 
representation of all cells and cell-clusters from all 6 samples. Clusters were annotated according to 
their detected gene markers. Details about each cell population can be found in Supplemental Figure 
3 and Supplemental Table 2. Most cell clusters could be separated with high confidence; however, 
in this initial analysis fibroblasts remained difficult to distinguish from each other. (B) A total of 128 
unique differentially expressed genes (DEG) (adj. p-value < 0.1) were found between young and old 
samples among all detected clusters. Outer circle represents up-regulated genes in old samples and 
inner circle represents the down-regulated genes in old. (C) GO enrichment comparison (hyper-
geometric test) of the DEGs between young and old samples in the cell populations with at least one 
significant result (adjusted p-value < 0.1). Up and down-regulated genes were analyzed together. 
Subpopulations were analyzed together. (D) The differentially expressed genes were grouped into 
co-expressed networks and represented as different color; these networks were functionally 
annotated according to their genes. These genes were spatially organized in a Venn diagram for 
easy access of same DEGs in multiple cell types 
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Single-nucleus RNA-sequencing identifies specific fibroblast subpopulations involved in cardiac 
aging 

Since our data suggest that aging has the most profound impact on cardiac fibroblasts (Figure 
1, B and D), we focused our attention on these cells. To gain insights into age-associated 
fibroblast populations, we applied sub-clustering techniques to sort and group cells using the 
85 unique genes that were differentially expressed in fibroblasts during aging. Sub-clustering 
identified 13 fibroblast subpopulations (Figure 2, A and B), of which sub-clusters 1, 5, 10 and 11 
were mostly populated by young cells, whereas sub-clusters 2, 3, 4, 7, 8 and 12 were mostly 
populated by old cells (Figure 2C). All gene markers for the sub-clusters are listed in 
Supplemental Table 5.  

The different age-dependent sub-clusters showed profound alterations in gene pathways 
(Figure 2D, Supplemental Table 6). GO terms that were enriched in sub-clusters of young 
fibroblasts were connected to regulation of muscle system process and generation of 
metabolites (sub-cluster 11) (Figure 2D). Angiogenesis was in general found to be enriched in 
all sub-clusters that were mainly populated by old fibroblasts. Moreover, sub-clusters 2, 4 and 
8, also mainly populated by old cells, associated with genes involved in regulation of endothelial 
cell proliferation and migration. Genes associated with osteoblasts were also prominently 
augmented in sub-clusters 2 and 4. Immune response genes were mainly found in sub-cluster 
3 (Figure 2D, Supplemental Table 6), which was predominant for cells from old mice. The 
increase in pro-inflammatory phenotypes resembles the response of fibroblasts during cardiac 
injury or remodeling (4, 5). The age-associated phenotypes of sub-cluster 2 showing an 
induction of epithelial cell proliferation is consistent with an expansion of fibroblasts and 
increased interstitial fibrosis in the aging heart (4) (Supplemental Figure 6). However, it was 
unknown that cardiac fibroblasts elicit cell-specific individual changes in vascular/angiogenesis 
profiles during aging (as observed in sub-clusters 2, 3, 4, 7 and 8) or may acquire more cells with 
osteogenic phenotypes (as in sub-clusters 2 and 4).  
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Figure 2: Aging fibroblasts sub-clusters. (A) Old and young fibroblasts were clustered using 
differentially expressed genes as anchors. (B) Sub-clusters of fibroblasts were found using Louvain 
algorithm implemented in Monocle2 (see Materials and Methods). (C) Differences in cell numbers 
between old and young in all sub-clusters were calculated by comparing the normalized means and 
the significance by fisher exact test (*p-value < 0.05 and **p-value < 0.01). (D) GO enrichment 
(hypergeometric test with adjust p-value cutoff of 0.1) comparison between all fibroblast sub-clusters 
(if any). 
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Single-nuclei RNA sequence reveals dynamic states of fibroblasts and entropy increase change 
during aging 

Next, we applied the DDRTree algorithm from Monocle2 to sort and plot cells in a linear order. 
The linear representation of the cells shows the dynamic states of fibroblasts during the aging 
process (Figure 3A, B, Supplemental Figure 7). Here, states of the right end (states a, b, and d) 
were dominantly populated by young fibroblasts, which showed increased expression of genes 
required for heart fibroblast functions such as extracellular structure organization. States of the 
left end (states h, j and l) were predominantly populated by aged fibroblasts, which were 
enriched with genes required for cell proliferation (j), inflammatory response (h, j, l), 
angiogenesis (j, l) and osteoblast differentiation (j, l) (Figure 3, A and C, Supplemental Table 7 
and Supplemental Table 8).  

Interestingly, analyzing the entire single-nucleus mRNA expression data of cardiac fibroblasts, 
we observed highest amounts of unspliced RNAs (increased transcriptional activity or so-called 
“RNA velocity” (14)) in the fibroblast states j, l and h (Figure 3D); these most dynamic states 
were in particular populated by old cells (Figure 3, A, B, C and D). 
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Figure 3: Transcriptional activity in aging cardiac fibroblasts. (A) Fibroblasts were sorted using 
DDRTree algorithm and using the DEGs between old and young in order to define different cell 
development states during in aging. (B) Projection of sub-clusters into the different cell states, same 
colors from Figure 2B were used. (C) Differences in cell numbers between old and young of all 
fibroblast states were calculated by comparing the normalized means. Significance was calculated 
by Fisher exact test (*p-value < 0.05 and **p-value < 0.01). (D) Transcriptional activity is estimated 
by measuring the ratio between unspliced and spliced mRNAs. This so-called RNA velocity is 
represented by high-dimensional vectors; the longer the arrow in the plot, the higher the 
transcriptional activity as seen in the extremities of states h, j and l plot containing mostly old cells. 

 

Furthermore, we observed a consistent age-related increase of entropy in all fibroblasts when 
comparing young and old (Figure 4A). Subpopulations that were mainly populated by old cells 
showed higher entropy than subpopulations that were rather populated by young cells (Figure 
4B). Of note, genes related to the cell-specific functions of fibroblasts such as extracellular 
matrix organization showed increased entropy in aged versus young fibroblasts (Figure 4C). 
These results indicate a higher transcriptional heterogeneity of aged heart fibroblasts, which 
could lead to a decline of efficient, synchronous expression of fibroblast-specific genes, 
eventually resulting in decreased molecular network stability. 
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Figure 4: Single-cell entropy (scEntropy). (A) Single-cell entropy observed in old and young 
fibroblasts cells. (B) Single-cell entropy (transcriptional “disorder”) detected in fibroblast sub-clusters. 
Highest entropy was found in sub-clusters (2, 4, 7 and 8), which were mostly populated by aged 
fibroblast cells. (C) Single-cell entropy observed in overall old and young fibroblasts cells for selected 
gene sets. Mann-Whitney-Wilcoxon Test was applied in the pairwise comparisons (young versus 
old) in order to calculate statistical significance between young and old cell entropy means (*p-value 
< 2.2e-16). 

 

Aging alters fibroblast-endothelial interactions 

To analyze potential functional consequences of the observed transcriptional changes, we first 
assessed the differentially expressed angiogenesis-related genes found in fibroblast cell clusters 
2, 3, 4, 7 and 8 (Figure 2, B and D). Interestingly, many of these genes are known from 
endothelial-mesenchymal transition (EndMT), which refers to the process leading to the 
phenotypic change of endothelial cells into mesenchymal cells (15) (Figure 5A). Therefore, we 
speculated that endothelial cell-derived fibroblasts might have accumulated during aging. 
However, no significant increase of endothelial markers was found in old fibroblasts, suggesting 
that the EndMT-associated regulated genes (e.g. Klf4, Tgfbr2, Sulf1, Loxl2; Figure 5B) represent 
the activation of a transcriptional transition program in cardiac fibroblasts but are not related 
to the transition of the endothelial lineage.  

Some of the observed angiogenesis-related genes associated with aging are also known to 
encode for extracellular proteins, suggesting that a paracrine cross talk of cardiac fibroblasts 
with cardiac endothelial cells may be affected during aging. Indeed, weighted analysis of the 
ligand-receptor interactions indicated that fibroblasts were the most “out-bound” cells, 
whereas endothelial cells were the most “receiving” cells in the aging heart (Figure 5, C and D). 
To address whether the paracrine activity of fibroblasts is altered in aging, we generated 
conditioned medium from aged and young mice cardiac fibroblasts and determined the 
angiogenesis regulatory activity in vitro (Figure 6A). Conditioned medium derived from aged 
fibroblasts showed a reduced angiogenic property compared to medium of young heart-derived 
fibroblasts demonstrating an impaired cross talk during aging (Figure 6B). Consistently, capillary 
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density was profoundly reduced in fibrotic regions of aged hearts (Figure 6C and Supplemental 
Figure 8A). 

 

 

Figure 5: Fibroblast and endothelial interaction (A) Genes associated with endothelial-
mesenchymal transition (EndMT) and epithelial-mesenchymal transition (EMT) expressed in 
fibroblasts states l, j and h. (B) Expression of Klf4, Loxl2, Sulf1 and Tgfbr2 in fibroblast sub-clusters. 
(C) Interaction network of each annotated cluster showing the total outgoing weights (secreted/ 
paracrine / autocrine signals) and total incoming weights (ligand binding / receptor activation) signals 
among the clusters. (D) Ligand receptor interaction analysis. Connections found between fibroblasts 
and endothelial cells are shown for young and old mouse hearts. 

 

Aged fibroblasts expressed various candidates that might mediate anti-angiogenic effects 
including Efemp1 (also known as Fibulin 3), a gene that is known to inhibit tumor angiogenesis 
(16), and several members of the anti-angiogenic serpins such as Serpine1 (also known as PAI1) 
and Serpine2 (alias Nexin) (17) (Figure 6D). Using a screen for angiogenesis-related proteins we 
detected increased levels of Serpine1 in the medium of aged fibroblasts (Figure 6E). Next, we 
tested the effect of recombinant Serpine1 and Serpine2, which both reduced tube formation 
(Supplemental Figure 8B/C). To determine their contribution to the anti-angiogenic activity of 
aged fibroblast supernatants on endothelial cells, we used neutralizing antibodies which block 
both serpins (Supplemental Figure 8B/C). Inhibition of serpins significantly rescued the impaired 
angiogenesis induced by conditioned medium from aged fibroblasts (Figure 6F), whereas 
Efemp1 antibodies had no effect on endothelial cells (Supplemental Figure 8D). These data 
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suggest that increased expression of serpins in fibroblasts during aging mediates an anti-
angiogenic effect on endothelial cells.  

 

 

Figure 6: Age-dependent changes of fibroblast function on endothelial cells. (A-B) 
Experimental outline and tube formation assay of human umbilical vein endothelial cells (HUVEC) 
that were cultured in conditioned medium received from young (12 weeks) and aged (20 months) 
cardiac mouse fibroblasts. Accumulated tube length was measured in five randomly chosen 
microscopic fields with a computer-assisted microscope using Axiovision 4.5 (Zeiss) (scale bar: 100 
µm; n=4). (C) Capillary density of random areas of young (12 weeks; n=6) and old (n=8) heart section 
vs. capillary density of fibrotic (n=8) areas of aged hearts (20 months). Shown is the quantification 
of the Isolectin B4-positive area vs. the total area (%). (D) Expression of Serpine 1, Serpine 2 and 
Efemp1 in fibroblasts displayed in log scale in trajectory plots. (E) Secretion of SerpinE1 in isolated 
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young and aged cardiac fibroblasts cultured for 24h in serum-free medium. Data were derived using 
a mouse angiogenesis array (R&D Systems) of culture supernatants of isolated cardiac fibroblasts 
(n=4). (F) Tube formation assay of human umbilical vein endothelial cells (HUVEC) that were 
cultured in conditioned medium received from young (12 weeks) and aged (20 months) cardiac 
mouse fibroblasts. The aged phenotype was rescued by supplementing the aged fibroblast medium 
with 4 µg of an anti-Serpin antibody. Accumulated tube length was measured in five randomly chosen 
microscopic fields with a computer-assisted microscope using Axiovision 4.5 (Zeiss) (scale bar: 200 
µm; n=4). (G) RNA expression of IL-6 in HUVECs cultured in conditioned medium received from 
young (12 weeks) and aged (18 months) cardiac mouse fibroblasts and in the presence and absence 
of 10 ng/mL TNFα for 24h (n=5). (H) Quantification of autophagosomes in HUVEC cultured with 
conditioned medium received from young (12 weeks) and aged (18 months) cardiac mouse 
fibroblasts. Autophagosomes were detected by immunostainings against p62 and LC3, whereby 
autophagosomes were considered to be p62/LC3-double positive (n=5). Data are shown as mean ± 
SEM (B, C, E, F, G and H). After passing Gaussian distribution, statistical analysis was performed 
using the unpaired, two-sided T-test (C, E, G and H). For comparisons of >2 groups, multiple-group 
one-way ANOVA with a post hoc Bonferroni test was used (B and F), indicated as follows: *P<0.05; 
**P<0.01; ***P<0.001 and ****P<0.0001. 

 

Effect of fibroblasts on age-associated signatures of endothelial cells 

To determine if aged heart-derived fibroblasts may further promote an aging phenotype of 
endothelial cells, we tested the effect of conditioned medium on hallmarks of aged endothelial 
cells. Conditioned medium of aged heart-derived fibroblasts did not affect proliferation of 
endothelial cells (Supplementary Figure 8E) suggesting that it does not influence replicative 
senescence. However, aged fibroblast conditioned medium enhanced the pro-inflammatory 
activation of endothelial cells (Figure 6G) and reduced endothelial cell autophagy (Figure 6H), 
which both are typical features of impaired endothelial cells (18, 19) These data suggest that 
aged heart fibroblasts impair endothelial cell pro-angiogenic functions and promote age-
associated changes in endothelial cells.  

 

Aging fibroblasts adopt osteogenic fates 

Finally, we addressed the relevance of the observed augmented and more entropic expression 
of osteogenic genes in fibroblasts of sub-clusters 2 and 4 (Figure 2D, Supplemental Table 6 and 
Figure 7A). Cardiac fibroblasts were shown to adopt osteogenic fates in conditions of 
pathological heart remodeling (20); however, whether such transitions occur during aging 
remained unclear. Therefore, we further explored these findings by analyzing the expression of 
genes associated with osteogenesis. Various genes involved in osteoblast differentiation and 
functions (e.g. Ddr2, Runx2, Gpm6b, Junb, Cebpb) were all expressed at higher levels in sub-
cluster 2, which was populated by old fibroblasts (Figure 7A and Supplemental Table 5). Some 
of these genes such as Runx2 were also significantly elevated in the total fibroblast population 
(Figure 7B). Histological assessment confirmed the occurrence of a subset of osteocalcin-
expressing fibroblasts in the aging heart (Figure 7C), which were mainly located in the epicardial 
layer (Figure 7D and E). Consistently, calcification was increased in the aging heart, particularly 
in the epicardium (Supplemental Figure 9A). To determine if epicardial cells may acquire an 
osteogenic state, we determined the expression of the osteoblast genes in the epicardial cell 
cluster (Supplemental Figure 9B/C). The epicardial cell cluster is characterized by high 
expression of epicardial markers Wt1 and Upk3b but only weakly expresses fibroblast marker 
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genes such as Pdgfra (Supplemental Figure 9B). However, this cluster did not show any changes 
in the expression of osteogenic genes such as Cebpb or Runx2 (Supplemental Figure 9C) 
suggesting that the acquirement of the osteogenic state may preferentially occurring in Pdgfra-
positive fibroblastic populations within the epicardial layer. 

 

 

 

Figure 7: Aging alters fibroblasts to adopt osteogenic fates. (A) Expression of Cebpb and Runx2 
in fibroblasts displayed in log scale in sub-cluster analysis plot. Young and old enriched sub-clusters 
are separated by lines and as displayed in Fig. 2A-B (B) Expression of Runx2 in young and aged 
cardiac fibroblasts. Data were derived from bulk RNA sequencing of isolated cardiac fibroblasts (4 
young vs. 3 old samples). (C-E) Histological analysis of heart sections derived from young (12 weeks 
old) and old (>18 months old) mice. Immunostaining was performed against osteocalcin (OCN, 
green) as osteogenic marker and PDGFRa (grey) as fibroblast marker. Nuclei were stained with 
Hoechst 33342 (blue) (n=8; 4-6 images per heart). Quantification of OCN+/PDGFRa+ double-positive 
cells vs. PDGFRa+ single-positive cells is shown in C. Representative examples are shown in D 
(scale bar: 10 µm) and E (scale bar: 100 µm). Images were monitored using the Leica TCS SP8 
confocal microscope. Data are shown as mean ± SEM (B, C). After passing Gaussian distribution, 
statistical analysis was performed using the unpaired, two-sided T-test, indicated as follows:  
*P<0.05 and ****P<0.0001. 
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Discussion  

Here we analyzed transcriptional changes of major cell types of the aging mouse heart at single-
cell resolution. Of note, fibroblasts showed most profound heterogeneity and the highest 
number of differentially expressed genes. In particular, in cardiac fibroblasts we observed more 
fuzzy and diverse transcriptional profiles in old versus young heart cells, as evidenced by 
increased entropy of cell-type specific, functionally relevant genes and pathways, indicating 
quantitative loss of systemic function of fibroblasts during cardiac aging. These results suggest 
a general age-associate change in cellular heterogeneity of cardiac fibroblasts, which is in line 
with previous studies showing an age-dependent increase in cell-to-cell transcriptional 
variability after immune stimulation of CD4+ T-cells in mice (21). Possibly, the increased RNA 
velocity of fibroblasts may relate to resolution of cell specific boundaries associated with de-
differentiation or acquirement of interim cellular phenotypes.   

Fibroblasts are well known to contribute to interstitial fibrosis, which is a pathological process 
that increases the stiffness of the heart and contributes to age-associated decline in diastolic 
heart function.  Interstitial fibrosis is associated with deregulation of resident mesenchymal 
fibroblasts, which acquire a pro-inflammatory state (22). This finding is recapitulated in our 
trajectory analysis demonstrating immune/inflammatory activation in the fibroblasts, in 
particular in states j and l, which are preferentially populated by cells from old heart-derived 
fibroblasts.  

Various previous studies suggest that fate changes between endothelial cells and fibroblasts 
can occur in both ways under pathological conditions. Both EndMT and mesenchymal-
endothelial transitions (MEndT) were described after pathological activation of the heart e.g. 
after infarction. The incidence of EndMT in aging seems largely unknown, but senescent 
endothelial cells were shown to acquire mesenchymal properties in vitro (23). However, we 
could not find evidence for an increase of cells co-expressing mesenchymal and endothelial 
markers, which is compatible with recent lineage tracing studies, suggesting that also the extent 
to which endothelial cells contribute to heart fibroblasts after myocardial infarction is rather 
limited (24).  

Our comprehensive single-cell transcriptome data and weighted analysis of the ligand-receptor 
interactions suggested interaction of fibroblasts and “receiving” endothelial cells in the aging. 
Single-nucleus RNA-seq data indicated deregulation of angiogenesis-related genes with known 
paracrine functions in the aging fibroblast cell populations. In line with this, our functional tests 
revealed a disturbed cross talk of aged cardiac fibroblasts with endothelial cells during aging. 
Fibroblasts may contribute to the change of the microenvironment in the aged heart to control 
the functional response of endothelial cells. Specifically, we identified fibroblast-derived serpins 
as mediators of endothelial dysfunction. Serpine1 expression is well known to be increased in 
senescent cells in the aging heart (25). A null mutation of SERPINE1 in humans protects against 
aging (26). In combination with its anti-angiogenic activity (17), the induction of this pleiotropic 
gene in aging fibroblasts may contribute to the reduced capillary density observed in the fibrotic 
regions of the aging hearts. The impaired microcirculation observed in the aging heart may 
further aggravate fibrosis, cardiac hypertrophy and cardiac dysfunction. In addition, we showed 
that conditioned medium increased the pro-inflammatory activation of endothelial cells and 
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reduced endothelial cell autophagy. While the mechanism by which aged fibroblasts may 
interfere with endothelial cell autophagy is unclear, one may speculate that Serpine1, which 
was shown to exhibit a pro-inflammatory activity (27), may also affect endothelial inflammatory 
responses. Enhanced vascular inflammation may potentially lead to tissue invasion of 
inflammatory bone marrow-derived cells, which may replace tissue resident macrophages and 
further enhance the aging process.  Interestingly, conditioned medium from aged fibroblasts 
had no significant effect on cellular proliferation suggesting that aged fibroblasts do not 
contribute to endothelial cell replicative senescence. Together, our data suggest that fibroblasts 
of the aging heart induce some but not all of the signatures of aging endothelial cells. In addition 
to serpins many other cytokines and extracellular matrix genes are dysregulated in the aging 
fibroblast, many of which are predicted to interact with endothelial cells. Therefore, it is likely 
the interaction of aging fibroblasts with endothelial cells in vivo is more complex than could be 
mimicked by mechanistic experimental intervention. 

In addition, we found that old fibroblasts of the heart acquired osteogenic traits. Interestingly, 
a very recent study showed that aged skin fibroblasts appear to gain adipogenic traits (28), 
suggesting a tissue-specific impact of aging on fibroblast identity. Aging is well known to 
augment vascular calcification, but a fate change of fibroblast to osteogenic cells in the heart 
has only recently been described under pathological stress conditions (20). Our data suggest 
that natural aging is also associated with such a change in fibroblast fates leading to an 
increasing, but low number of osteocalcin gene expressing cells in the heart. Previous published 
single-cell datasets of young mice hearts (11, 29) showed mostly cells with gene expression 
profiles resembling here-shown young fibroblast sub-clusters (Supplemental Figure 10). Very 
few cells from these public datasets have transcriptional profiles related to fibroblast sub-
clusters 2, 4 or 8 (enriched with genes involved in epithelial cell proliferation and osteoblast). 
Histological staining suggested that osteocalcin expressing cells were located in the epicardial 
layer, in which calcification was in particular observed. Our in silico analysis of the epicardial 
cell cluster suggested that aged heart epicardial cells do not show an increase in osteoblast 
genes, but we cannot rule out that a subset of Pdgfra expressing epicardial cells of the aging 
heart may cluster within the fibroblast population. The consequences of these fate changes on 
cardiac function need to be further explored.  

In this study we focused on the discovery of cell-type specific effects of aging under well-defined 
conditions. Our single-nucleus transcriptome data revealed systemic responses of cardiac cells 
to aging, in particular with respect to the heterogeneity and specific age-related changes of 
fibroblast sub-populations (Supplemental Figure 11). Of note, beyond shedding light on 
mechanistic processes of aging with unprecedented resolution, transcriptome analyses of 
individual cells can be leveraged to discover entry points of physiological disorder, resulting 
from the effects of intrinsic aging. 

 

Material and Methods 

Laboratory animals 

Isogenic male C57BL/6JRj inbred mice were obtained from Janvier (Le Genest Saint-Isle, France). 
C57BL/6JRj strain. Homozygosity of these inbred mice was controlled by Janvier using exome 
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sequencing (https://www.janvier-labs.com/461.html). To obtain hearts, mice were sacrificed 
by cervical dislocation under anesthesia with isoflurane. The obtained hearts were either snap 
frozen with liquid nitrogen for nuclei isolation or freshly used for cell isolation.  

Nuclei isolation 

Whole mouse hearts (derived from three 12 weeks old and from three 18 months old mice) 
were dissociated in liquid nitrogen using a mortar. The sample was then transferred into a 
Dounce homogenizer. For isolation of nuclei we strictly followed the experimental steps that 
are detailed in (30). Samples were homogenized and lysed to release the nuclei, followed by 
FACS (Aria III, BD Genomics) of DAPI stained high quality nuclei to sort out any residual cell 
debris. Integrity and purity of the nuclei was inspected visually using a Leica DMi8 inverted 
microscope. Yield of nuclei was quantified by using a Neubauer chamber.  

 

(Single-nucleus) cDNA library preparation and Illumina short-read sequencing 

Generation of libraries for single-cell mRNA sequencing was done using the Chromium Single 
Cell 3’ protocol (10X Genomics). Briefly, we applied droplet based nuclei encapsulation, lysis, as 
well as individual transcript (UMI) and nuclei barcoding for generation of 3’ end-counting mRNA 
sequencing libraries, using the Single Cell 3’ v2 Reagent Kits from 10X Genomics. The libraries 
were sequenced using a HiSeq 4000 sequencer (Illumina). Bulk transcriptome data of fibroblasts 
generated by applying conventional TruSeq library preparation (Illumina) and Illumina 
sequencing were used to validate single-nucleus sequencing results. 

 

Quality control and read mapping 

The Cell Ranger suite version 2.1.0 was used to perform barcode processing and single cell gene 
UMI (unique molecular index) counting (http://software.10xgenomics.com/single-
cell/overview/welcome). 

Reads were aligned to GRCm38 reference genome and gene annotation was extracted from 
gencode vM12. Intronic mapped reads were assumed to be part of pre-mRNAs; therefore, they 
were also assigned to the respective gene. Since Cell Ranger counts only those reads that map 
to exons, we created a modified GTF (gene transfer format) file, which denotes each gene 
transcript locus as one exon and rebuilt cellranger reference (cellranger mkref). This step was 
necessary due to high number of pre-mRNA in nuclei. Final results of the Cell Ranger analysis 
contain the count values of UMIs assigned to each gene in each of the cells for each respective 
sample using all mapped reads. The summary of all statistics for each sample can be found in 
Table S1. Data is accessible through The full raw and processed data was submitted to the 
ArrayExpress database of the European Bioinformatics Institute (EBI); accession number: E-
MTAB-7869 

 

Cell cycle analysis 
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Cell cycle states were established using cyclone implemented in scran package (v1.6.6) and the 
mouse model, available in the package (mouse_cycle_markers.rds). Cells were classified into 
G1, S and G2M phase, based on their normalized gene count (31).  

 

Data normalization, clustering and cell population definition 

Cell Ranger raw result tables were merged and analyzed using Seurat suite version 2.2.0 (32). 
Only genes expressed in at least 40 different nuclei and nuclei with a minimum of 200 genes 
were generally kept for analysis. For some specific analysis below, we partly applied more 
restricted values. Gene expression (in UMI) was log-normalized and scaled. Variable genes for 
each of the 6 samples were detected by Seurat “FindVariableGenes” function using default 
options. Clustering was done using only variable genes. In order to obtain a global set of variable 
genes, we combined the set of variable genes from all 6 samples using the union of the top 1000 
variable genes in each one. To align all 6 samples and remove potential batch effects derived 
from sample preparation and sequencing, we first run a canonical correlation analysis (CCA) 
using a diagonal implementation of CCA on each sample. Then we aligned the subspaces across 
all selected variables on this CCA.  

To explore transcriptional heterogeneity and to undertake initial cell clustering, we reduced 
dimensionality using the aligned CCAs. We used CCA loadings as input for a graph-based 
approach to cluster cells by cell type and as input for t-distributed stochastic neighbor 
embedding (t-SNE) for reduction to two dimensions for visualization purposes. For the overall 
dataset, we selected the first 20 dimensions that explained more variability than expected by 
chance using a permutation-based test as implemented in Seurat. For further clustering of cells 
within primary clusters (sub-clustering), we selected variable numbers of CCAs for 
dimensionality reduction using either a permutation-based test or heuristic methods 
implemented in Seurat. Clusters were identified using the function “FindClusters” from Seurat 
using default parameters. The robustness of the clusters was calculated using the function 
“AssessNodes” from Seurat. For each cluster, a phylogenetic tree based on the distance matrix 
in gene expression space is computed. Next, it computes an out of bag error for a random forest 
classifier trained on each internal node split of the tree.  

 

Cluster annotation to heart cell types 

To identify specific markers to each cluster and consequently annotate them with the respective 
heart cell type, we applied Seurat “FindAllMarkers” function using the area-under-the-curve-
based scoring classifier with default parameters. We used the default Wilcoxon rank sum test 
for the specific cell type analysis.  

The assignment of each cluster to a specific cell type was done manually by making use of 
published gene expression data and by single cell profile projection using scmap. We projected 
heart single-cells from Tabula Muris consortium (12) set onto our single-nuclei in order to 
identify the similar cell types and show the reproducibility from both approaches. All default 
parameters were used; the numbers of selected features were defined as the top 40. 
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Differential expression using DESeq2 

To identify differentially expressed genes (DEGs) between the old and the young hearts we used 
the DESeq2 (v. 1.20) in order to explore the statistical power of the replicates (33). Differential 
expression analysis was conducted separately for each cluster. Data were filtered for quality; 
for each sub cell-type we allowed only cells/nuclei with more than 1000 UMIs (for 
cardiomyocytes we used 2000 as minimum due to the high number of nuclei from this type), 
500 detected genes and maximum 0.05% of mitochondrial reads. Only clusters with more than 
500 cells after filtering were analyzed. Clusters were summarized by total counts for each gene 
in order to generate an in silico bulk RNA-seq data set. This way we could access fold changes 
and adjusted p-values for differentially expressed genes between young and old samples, 
containing 3 replicates each sub-type. The test for significance was computed by the nbinomLRT 
DESeq2 function and the significantly differentially expressed genes selected using Independent 
hypothesis weighting (IHW) (34). 

 

Gene enrichment analysis 

We used ClusterProfile (R package; v. 3.8) and ConsensusPathDB 
(http://cpdb.molgen.mpg.de/CPDB) for pathway analysis of age-associated transcripts. In 
ClusterProfile, all gene names were first converted into Entrez IDs and then enriched for both 
KEGG and GO-terms. Benjamini & Hochberg FDR was used for multiple testing corrections. The 
significant threshold 0.05 after correction for multiple testing was applied. We further used the 
online tool Metascape (http://metascape.org/gp/index.html#/main/step1) for gene ontology 
analysis of genes enriched and differentially expressed in fibroblast population A and B. 

 

Co-expression networks 

WGNCA (35) was used to build co-expression networks from DEGs profiles. Each cluster was 
analyzed independently, as well as up (higher expression on old heart) and down regulated 
genes. Cells were extra filtered for quality as described in item “Differential expression using 
DESeq2”. The soft-threshold power parameter was selected when “scale-free topology r-
squared” reached a value higher than 0.7. Minimum module size was set to 5. 

Sub-clustering based on DEGs 

Differentially expressed genes between old and young fibroblasts were used for sub-clustering 
and detecting cell populations of fibroblasts based on the signal produced by these genes. We 
used Monocle2 sorting cell functions and set up the differentially expressed genes as ordering 
genes for reducing dimensions. Seurat objects were converted into Monocle (v2.4) (36) objects 
using the “importCDS” function. Two different dimension reduction algorithms were used for 
graphical representation of the data, the tSNE and DDRTree. For tSNE we used the following 
parameters: num_dim=15, max_components=2, norm_method=log. The clustering was 
performed using the following parameters: rho_threshold=2, delta_threshold=5. For DDRTree 
we used as parameter: auto_param_selection=T. 
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The DDRTree graph representation help us to visualize the progress of possible cells transitions 
within the cell types using aging as sorting factor. We plotted the sub-clusters split by age and 
states split by sub-cluster and age.  

 

 

RNA velocity 

We run velocyto.py (14) annotator for each mapped bam file using the default parameters for 
10X Genomics technology and gencode vM12 gtf file for intron-exon annotation. The resulting 
loom object for each sample was loaded and processed in R using the velocyto.R (v. 0.17) 
package. We used the embedding from monocle DDRTree representation for cell-cell distance 
calculation and final velocity plots. The estimation of RNA velocity was done with the grouping 
of 10 cells; the other parameters were set to default.      

 

Entropy calculation 

We used SLICE (v0.99.0) (37) package to calculate entropy values of groups of cells/nuclei based 
on a set of genes. The Seurat objects were sliced according to this set of genes and to the group 
of cells/nuclei to be analyzed. Entropy was calculated by using the getEntropy function from 
SLICE package applying a bootstrap calculation of size 1000, 100 iterations and random seed 
“201602”. 

 

Ligand-receptor interactions 

Ligand-receptor interaction analysis was performed according to the approach described 
previously (29). Briefly, a weighted directed graph with 4 layers of nodes was built linking source 
cell types (layer 1), defined by expression of a ligand (layer 2), to target cell types (layer 4) 
expressing a corresponding receptor (layer 3), after reference to a curated map of ligand-
receptor pairs (38) . Source-ligand and receptor-target edges were weighted according to 
expression fold-change in ligands and receptors, respectively. Ligand-receptor edges were 
further weighted by mouse-specific association scores from the STRING database (39). 
Permutation testing (100,000 permutations) of randomized network connections was applied 
to determine significant source-target network connections following Benjamini-Hochberg 
multiple-testing correction (adjusted P < 0.01).  

 

Cardiac Fibroblast Cell Isolation 

Cardiac fibroblasts were isolated from male old (20 months) versus young (12 weeks) mice. 
After sacrificing the mice, hearts were harvested, cut into small pieces and washed with Hank’s 
buffered saline solution (+Ca2+/+Mg2+). Tissue dissociation was performed in 2.5 mL of a 
commercial enzyme mix (Neonatal Heart Dissociation Kit, mouse and rat by Miltenyi Biotec 
GmbH). To dissociate the solid heart tissue, gentleMACSTM Dissociator (Miltenyi Biotec GmbH) 
with the pre-programmed program m_neoheart_01_01 was used after 25 minutes, three times 
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15 minutes of digestion at 37°C. The cellular components of the digested heart suspension were 
pelleted by centrifugation (80x g, 5 minutes, 4°C) and then resuspended in 3 mL DMEM High 
Glucose GlutaMAX (Invitrogen by Lifetechnologies) containing 10% FCS (Invitrogen by 
Lifetechnologies) and penicillin/streptomycin (Roche). Fibroblasts were isolated via plating the 
cell suspension for 2 hours at 37°C and 5% CO2 in a humidified atmosphere. After plating, the 
non-fibroblast cells were removed by three washing steps using PBS (Invitrogen). 

RNA isolation and quantification 

Total RNA was purified from cells using the miRNeasy kits (Qiagen), combined with on-column 
DNase digestion (DNase Set, Qiagen) according to the manufacturer’s instruction. The RNA 
concentration was determined by measuring absorption at 260 nm and 280 nm with the 
NanoDrop ®ND 2000-spectrophotometer (PeqLab). 

 

Bulk RNA sequencing 

RNA was isolated from isolated cardiac fibroblasts using the miRNeasy micro Kit (Qiagen) 
combined with on-column DNase digestion (DNase-Free DNase Set, Qiagen) to avoid 
contamination by genomic DNA. RNA and library preparation integrity were verified with a 
BioAnalyzer 2100 (Agilent) or LabChip Gx Touch 24 (Perkin Elmer). 200ng of total RNA was used 
as input for Truseq Stranded Total RNA Library preparation following the low sample protocol 
(Illumina). Sequencing was performed on the NextSeq500 instrument (Illumina) using v2 
chemistry, resulting in minimum of 30M reads per library with 1x75bp single end setup. 
Demultiplexing and adapter removal was performed by bcl2fastq software (Illumina) and 
resulting raw reads were assessed for quality, adapter content and duplication rates with 
FastQC. Fastx_trimmer was user to trim the first 5 bp. Trimmed and filtered reads were aligned 
versus the Ensembl mouse genome version mm10 (GRCm38) using STAR 2.4.0a with the 
standard parameters (40). The number of reads aligning to genes was counted and compared 
with Ciffdiff version 2.2.1 (41). The Ensemble annotation was enriched with UniProt data 
(release 06.06.2014) based on Ensembl gene identifiers (Activities at the Universal Protein 
Resource (UniProt)). 

 

cDNA synthesis  

To quantify mRNA expression by qPCR, 100 ng - 1 µg of total RNA were reverse transcribed 
using the reverse transcriptase MulV (Life Technologies) as previously described (42). The cDNA 
synthesis was performed in a reaction volume of 20 µL using 1x PCR Buffer II (10x) with 
magnesium (Thermo Fisher Scientific), 5 mM of MgCl2 (Applied Biosystems), 0.5 µg of random 
hexamer primer (Thermo Fisher Scientific), 0.5 mM of dNTP mix (Fermentas), 20 units of RNase 
inhibitor (Thermo Fisher Scientific) and 50 units of MulV reverse transcriptase. The reaction was 
incubated at 43 °C for 75 minutes followed by 5 minutes of heat-inactivation at 95 °C. The 
synthesised cDNA was diluted with RNase-/DNase-free water (Invitrogen) to prevent any 
interference during qPCR caused by the ion strength present in the cDNA reaction. 
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Real-time quantitative polymerase chain reaction (RT-qPCR)  

RT-qPCR was performed using Fast SYBR Green master mix (Applied Biosystems) and an Applied 
Biosystems StepOnePlus machine as described previously (42). The synthesised cDNA served as 
template. Primer sequences were designed using the NCBI Primer-BLAST online tool and were 
purchased from Sigma-Aldrich (a full list can be found in the Supplemental Table 9). The RT-
qPCR was performed in a volume of 20 µL containing 5 µL of cDNA template, 10 µL of 2x Fast 
SYBR Green master mix (Applied Biosystems), 3 µL water and 1µL of the sense and antisense 
primer (stock concentration of 10 µM each).  Mouse or human ribosomal P0 (RPLP0) mRNA 
served as endogenous control. The RT-qPCR was performed in duplicates and the analysis was 
carried out with the formula 2-ΔCT, with ΔCT = CT target gene - CT endogenous control. 

 

Cell culture of endothelial cells 

Human umbilical vein endothelial cells (HUVEC) were purchased from Lonza and cultured with 
endothelial basal medium (EBM, Lonza) supplemented with 10 % fetal calve serum (FCS; 
Invitrogen), Amphotericin-B, ascorbic acid, bovine brain extract (BBE), endothelial growth factor 
(EGF), gentamycin sulphate and hydrocortisone (EGM-singleQuots, Lonza) at 37°C and 5% CO2, 
at humidified atmosphere. Isolated cardiac mouse fibroblasts were cultured with DMEM high 
glucose GlutaMAX (Invitrogen) supplemented with 10% FCS (Invitrogen) and penicillin / 
streptomycin (Roche) at 37°C and 5% CO2 at a humidified atmosphere. Cells detachment was 
performed with 0.25% trypsin (Life Technologies), which was incubated for 2 minutes at 37 °C 
and 5% CO2 and neutralised with fully supplemented medium. The cell number was determined 
using the cell counter NucleoCounter (ChemoMetec), as described in the manufacturer’s 
protocol.  

 

Fibroblast-conditioned medium 

To obtain fibroblast-conditioned medium for endothelial cell – fibroblast interaction studies, 
isolated cardiac fibroblasts from young and old mice were cultured 24 hours after cell isolation 
in 12-well cell culture plates (Greiner Bio-One GmbH) with 1.5 mL of fully supplemented 
endothelial basal medium (EBM) per well at 37°C and 5% CO2 at humidified atmosphere. After 
24 hours, cell culture supernatants were centrifuged (500x g, 5 minutes) to deplete dead cells 
and stored at -80°C. 

 

Tube formation assay 

In vitro tube formation was performed with 1.5 x 105 HUVECs cultured in 1 mL of fibroblast-
conditioned EBM in 12-well plates or with 2 x 104 HUVECs cultured in 100 µL of conditioned 
medium in 96 well plates (Greiner Bio-One GmbH) that had been coated with 200 or 100 µL 
Matrigel (#356234, Corning). Tube formation was determined after 24 hours by measuring the 
accumulated tube length in five randomly chosen microscopic fields with a computer-assisted 
microscope using Axiovision 4.5 (Zeiss). 
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For rescue experiments, medium of aged fibroblasts were supplemented with 4 µg of a serpin 
(AF3828, R&D Systems) or Efemp1 (LS-B11500; LifeSpan Biosciences) neutralizing antibody. 

For the recombinant serpin study, HUVECs were cultured in medium supplemented with 10 
ng/mL serpin E1 (Cusabio, CSB-EP021081MO) or serpin E2 (R&D Systems, 2175-PI-010) for 24 
hours. 

 

 

Inflammation study 

We seeded 80,000 HUVECs in 24-well plates and cultured in conditioned medium of fibroblasts 
derived from young and aged mouse hearts in the presence and absence of 10 ng/mL TNFα. 
After 24 hours, IL-6 expression was determined using RT-qPCR. 

 

Autophagy 

We seeded 40,000 HUVECs in 8-well chamber slides that had been coated with fibronectin 
before. HUVECs were cultured for 24 hours and stained as follows: HUVECs were fixed for 10 
minutes with 4% HistoFix, permeabilized with 0.1% Triton X-100 and blocked in 10% donkey 
serum for 30 minutes. Primary mouse anti-p62 (Novus Biologicals, H00008878-M01) and rabbit 
anti-LC3 (Novus Biologicals, NB100-2220SS) antibodies incubated in 10% donkey serum over 
night at 4°C. DAPI (1:1000) as well as the secondary anti-rabbit Alexa488 (Invitrogen, A21206) 
and anti-mouse Alexa568 (Initrogen, 498389) antibodies incubated for one hour. 
Autophagosomes were identified as p62/LC3-double-positive areas and counted in four images 
per condition. 

 

Proliferation 

We seeded 40,000 HUVECs in 8-well chamber slides that were coated with fibronectin. HUVECs 
were cultured for 24 hours and stained with DAPI. Cell were counted in four randomly chosen 
images. 

 

Secretome Analysis 

Secreted proteins were detected in supernatants of isolated fibroblasts, which were cultured 
for 24 hours in DMEM without any supplements. Supernatants were centrifuged (1500 rpm, 5 
minutes) to remove cell debris and stored at -80°C. Cytokines and growth factors were detected 
using the Proteome Profiler Mouse Angiogenesis Array (ARY015; R&D Systems) according to the 
manufacturer’s protocol. 

 

Picrosirius red staining 
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Picrosirius red staining was used to determine collagen deposition and fibrosis in paraffin 
sections of young versus aged mice hearts. In a first step, the paraffin sections were 
deparaffinised with xylene (twice 10 minutes) and an ethanol series of 100%, 95%, 80%, 70% 
and 50% ethanol (5 minutes each step), before washing the sections with water and PBS (5 
minutes each step). In a second step, a 0.1% Picrosirius Red solution was prepared by solving 
0.5 g Sirius Red (Waldeck GmbH) in 500 mL picric acid (Sigma-Aldrich) that incubated with the 
deparaffinised sections for 1 hour. After washing two times with acidified water, the sections 
were dehydrated with 100% ethanol, cleared with xylene and mounted with Pertex (Medite) 

Von Kossa staining 

Cardiac calcification was detected on paraffin section (10 µm) of young (12 weeks) and aged 
(18-20 months) mouse hearts by using the Silver plating kit acc. to von Kossa (1.00362.0001; 
Merck). In a first step, the paraffin sections were deparaffinised with xylene (twice 10 minutes) 
and an ethanol series of 100%, 95%, 80%, 70% and 50% ethanol (5 minutes each step), before 
washing the sections with water and PBS (5 minutes each step). In a second step, silver nitrate 
solution incubated for 20 minutes with the sections. After washing with water, sodium 
thiosulfate solution was used and incubated for 5 minutes with the sections. Sections were 
washed with water and nuclei were stained with Kernechtrot. After washing again with water, 
sections were dehydrated with an ascending ethanol series (70%, 96%, 100%: 1 minute each), 
cleared with xylene and mounted with Pertex (Medite). 

 

Immunostaining of PDGFRα and osteocalcin 

To validate single-nucleus RNA sequencing clustering, fluorescence immunostaining was 
performed in young (12 weeks) and aged (18-20 months) mouse heart paraffin sections. Hearts 
were fixed immediately in 4% HistoFix overnight, embedded in paraffin, sectioned at 4 µm 
thickness using a microtome and placed on adhesive glass slides. Next, slides were incubated at 
60 °C for 1 h and deparaffinised with xylene (twice 10 minutes) and an ethanol series of 100%, 
95%, 80%, 70% and 50% ethanol (5 minutes each step), before washing the sections with water 
and PBS (5 minutes each step). Sections were unmasked with 0.01 M citrate buffer (pH = 6), 
washed for 5 minutes with PBS, 0.1% Triton X-100 and blocked for 1 hour with PBS containing 
1% BSA, 2% donkey serum and 0.1% Triton X-100. The primary antibodies anti-osteocalcin 
(ab93876; Abcam) and anti-Pdgfra (AF1062; R&D Systems) were diluted 1:100 in Pblec buffer 
(1mM MgCl2, 1 mM CaCl2, 0,1 mM MnCl2, 1% Triton X-100 in PBS; pH=6.9) and incubated at 
4°C overnight (or for 1 hour at room temperature) on the sections. Sections were washed three 
times with PBS, 0.1% Triton X-100 and the secondary antibodies donkey anti-rabbit Alexa Fluor 
488 (A21206; Invitrogen) and donkey anti-goat Alexa Fluor 647 (A21447; Invitrogen) incubated 
for 1 hour at room temperature (dilution: 1:300) on the slides. After washing slides again three 
times with 0.1% Triton X-100, slides were mounted with mounting medium containing Hoechst 
33342. 

 

Immunostaining for capillary density 
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Capillary density was determined in 4µm thick paraffin-embedded sections from young (12 
weeks) and aged (18-20 months) mouse hearts. Sections were dried over night at 37°C, 
incubated at 60 °C for 1 hour and deparaffinised with xylene (twice 10 minutes). An ethanol 
series of 100%, 95%, 80%, 70% and 50% ethanol (5 minutes each step) was applied, before 
washing the sections with water. Sections were unmasked with 0.01 M citrate buffer (pH = 6), 
washed for 5 minutes with PBS, 0.1% Triton X-100 and blocked for 1 hour with PBS containing 
1% BSA and 0.1% Triton X-100. Biotinylated Isolectin B4 (Vector #B1205) was diluted 1:50 and 
incubated over night at 4°C. Next, 1:200 streptavidin Alexa Fluor 488 (Invitrogen #S32354) and 
1:400 wheat germ agglutinin Alexa Fluor 647 (molecular probes #W32466) incubated for 1 hour 
at room temperature. Nuclei were stained with Hoechst 33342. Capillary density was 
determined in Isolectin B4-positive area per total area in four images per condition. 

Statistical analysis of molecular and cell biological assays  

Data of targeted molecular and cell biological procedures described above are represented as 
mean and error bars indicate standard error of the mean (SEM). After passing Gaussian 
distribution as assessed by Kolmogorov-Smirnov or D'Agostino-Pearson normality test, 
statistical power was determined, using two-sided, unpaired T-test for two-group comparison. 
For comparisons of more than two groups, multiple group ANOVA with a post hoc Bonferroni 
test was used.  
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Supplemental Figure 1: Alignment of all samples. All 6 samples from young and old mice were 
aligned together in order to allow for inter-sample comparisons. (A) A canonical correlation analysis 
(CCA) was applied to identify common sources of variation between the datasets; the top 1000 
variable genes of all samples were used to align the CCA subspaces of all samples in a new 
dimensional reduction (cca.aligned). (B) Using these aligned dimensions; it was possible to run a 
single integrated analysis on all cells. t-SNE plots show a complete overlap of all samples and no 
library preparation or sequencing batch effects. 
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Supplemental Figure 2: (A) Quality control. Cell cycle distribution of all cells was predicted using 
mouse-trained model (see Materials and Methods). (B) t-SNE colored by cell stage. This quality 
control shows that data was homogeneous. Most of the cells were synchronized in G1 phase. 
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Supplemental Figure 3: (A) Cluster analysis. Genes enriched in each cluster were identified using 
a “ROC” test in Seurat (see Supplemental Table 2), comparing cells assigned to each cluster to all 
other cells. A heat-map was constructed using these genes found to define each cluster. The cluster 
labeled as “Low quality cells” in red showed excessive enrichment of mitochondrial genes; this one 
was not considered in further analysis as these nuclei likely represented low quality or dying cells. 
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(B) We built a phylogenetic tree based on the distance matrix in gene expression of each cluster and 
we computed an out of bag error for each internal node of the tree. All values below 0.1 show a high 
confidence for all clusters. Of note, fibroblasts A and B are within this threshold, so that these two 
different cell clusters can be separated with less confidence. (C) Heart cell type annotation derived 
from data of the Tabula Muris consortium (see Materials and Methods). (D) Projection of these RNA 
expression profiles to our single-nuclei RNA expression data. According to Tabula Muris consortium 
data, our endothelial A cluster should be considered endocardial cells. Cardiomyocyte B cells 
represent a merged cell type between endothelial cells and cardiomyocytes. Of note, 
cardiomyocytes may contain more than one nucleus, potentially in different states, which may 
complicate the assignment of such multinuclear cell types. In general, Tabula Muris data do not 
comprise many of our cell populations resulting in unidentified cells or cells with mixed signals, as 
was the case for pericytes, neuronal like cells and immune cells. (E) Heart cell type annotation 
derived from alternative single-cell heart data of Daniel et al. 2018 (see Materials and Methods). (F) 
Expressed gene markers of main cell types described in Daniel et al. 2018 in our cell populations 
(see Materials and Methods). 
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Supplemental Figure 4: Cell numbers. Comparison of number of nuclei on each cluster 
(normalized per 1000) between young and old samples detected by single-nucleus RNA-
sequencing. In line with expectations we observed in particular for (multinucleate) cardiomyocyte A 
cells a trend for higher numbers of nuclei in old versus young samples. Due to too few numbers of 
samples, no statistical test could be reasonably applied to test potential mean differences 
significances. Although we observed some trends we do not have statistical power to find any 
significant change in cell (nuclei) population numbers.  
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Supplemental Figure 5. Validation of fibroblast genes regulated by aging. (A) Violin plots of 
Adgrl3, Rgs6 and Efemp1 expressed in fibroblast population A derived from the single-nucleus 
sequencing data set. The validation of these genes was done via RT-qPCR with RNA derived from 
isolated cardiac fibroblasts (B) and RNA derived from whole mouse hearts (C). Data are shown as 
mean ± SEM (B, C). Statistical analysis was performed using the unpaired, two-sided T-test (B, C), 
indicated as follows:  *P<0.05; ***P<0.001 and ****P<0.0001.  
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Supplemental Figure 6: Fibrosis in aged mice hearts. Fibrosis was determined via picrosirius red 
staining of young (12 weeks) and aged (20 months) mouse heart sections. Shown are 2 
representative images of 24 images (n=4). Images were monitored using the Nikon Eclipse Ci 
microscope system and fibrosis was determined using the imageJ software. Data are shown as 
mean ± SEM. Statistical analysis was performed using the unpaired, two-sided T-test, indicated as 
follows:  *P<0.05. 

  



Appendix 

 163 

 

 

Supplemental Figure 7: Fibroblasts cell states in young and old mouse hearts. Samples 
feature a very similar cell state profile, showing data reproducibility. States are represented by 
different colours, enriched genes on each state is described in Supplemental Table 7. Each state 
can aggregate one or more fibroblast sub-cluster as shown in Figure 3B. 
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Supplemental Figure 8. Effect of fibroblast secretome on endothelial cells. (A) Capillary density of 
healthy young and healthy old, as well as fibrotic old heart sections. Capillaries were stained isolectin 
b4 (green), cell membranes with WGA (white) and nuclei (blue) with Hoechst 33342 (scale bar: 50 
µm). (B) Tube formation assay of human umbilical vein endothelial cells (HUVEC) that were cultured 
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in medium without any supplements (control), 10 ng/mL recombinant Serpin E1 (rec. Serpin E1) or 
10 ng/mL recombinant Serpin E1 + 4 µg anti-serpin   antibody (rec. Serpin E1 + Serpin AB). 
Accumulated tube length was measured in five randomly chosen microscopic fields with a computer-
assisted microscope using Axiovision 4.5 (Zeiss) (scale bar: 200 µm; n=5). (C) Tube formation 
assay. HUVECs that were cultured in medium without any supplements (control), 10 ng/mL 
recombinant Serpin E2 (rec. Serpin E2) or 10 ng/mL recombinant serpin E2 + 4 µg anti-serpin 
antibody (rec. Serpin E2 + Serpin AB). Accumulated tube length was measured in five randomly 
chosen microscopic fields with a computer-assisted microscope using Axiovision 4.5 (Zeiss) (scale 
bar: 200 µm; n=5). (D) Tube formation assay of HUVECs that were cultured in conditioned medium 
received from young (12 weeks) and aged (20 months) cardiac mouse fibroblasts. The aged 
phenotype was rescued by supplementing the aged fibroblast medium with 4 µg of an anti-Efemp1 
antibody Accumulated tube length was measured in five randomly chosen microscopic fields with a 
computer-assisted microscope using Axiovision 4.5 (Zeiss) (n=3). (E) Proliferation of HUVECs 
cultured with conditioned medium received from young (12 weeks) and aged (18 months) cardiac 
mouse fibroblasts (n=9). Data are shown as mean ± SEM. Statistical analysis was performed using 
an unpaired, two-sided T-test, indicated as follows: *P<0.05. 
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Supplemental Figure 9: Calcification in the aged epicardium. (A) Exemplary images of the 
epicardium in young (12 weeks) and old (20 months) mouse hearts. Calcification (dark spots, 
indicated by black arrows) is stained using the von Kossa staining method, whereas nuclei are 
stained with Kernechtrot (scale = 100 µm). (B) Expression of Pdgfra, Wt1 and Upk3b in young versus 
old nuclei cluster of the entire snRNA seq data set as shown in Figure 1A. (C) Expression of the 
osteogenic marker genes Cebpb and Runx2 in young versus old endothelial cell, fibroblast and 
epicardial cell clusters 

 



Appendix 

 167 

 

Supplemental Figure 10: Comparison of transcriptional profile from published fibroblast data. 
Using scmap (see methods), we mapped the fibroblast sub-cluster transcriptional profiles into 
already published datasets. 
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Supplemental Figure 11. (A) Summary visual description of the aging heart by single cell analysis. 
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Abstract 

Cellular specialization and interaction with other cell types in cardiac tissue is essential for the 
coordinated function of cell populations in the heart. The complex interplay between 
cardiomyocytes, endothelial cells and fibroblasts is necessary for adaptation but can also lead 
to pathophysiological remodeling. To understand this complex interplay, we developed 3D 
vascularized cardiac tissue mimetics (CTM) to study heterocellular cross-talk in hypertrophic, 
hypoxic and fibrogenic environments. This 3D platform responds to physiologic and pathologic 
stressors and mimics the microenvironment of diseased tissue. In combination with 
endothelial cell fluorescence reporters, these cardiac tissue mimetics can be used to precisely 
visualize and quantify cellular and functional responses upon stress stimulation.  

Utilizing this platform, we demonstrate that stimulation of /-adrenergic receptors with 
phenylephrine (PE) promotes cardiomyocyte hypertrophy, metabolic maturation and 
vascularization of CTMs. Increased vascularization was promoted by conditioned medium of 
PE-stimulated cardiomyocytes and blocked by inhibiting VEGF or upon β-adrenergic receptor 
antagonist treatment, demonstrating cardiomyocyte-endothelial cross-talk. 
Pathophysiological stressors such as severe hypoxia reduced angiogenic sprouting and 
increased cell death, while TGF β2 stimulation increased collagen deposition concomitant to 
endothelial-to-mesenchymal transition. In sum, we have developed a cardiac 3D culture 
system that reflects native cardiac tissue function, metabolism and morphology - and for the 
first time enables the tracking and analysis of cardiac vascularization dynamics in physiology 
and pathology.  

 

Keywords: cardiac 3D culture; intercellular cross-talk; EndMT 
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Introduction 

The heart comprises of several different cell types including cardiomyocytes (CM), endothelial 
cells (EC) and fibroblasts (FB), which closely interact during tissue homeostasis and in 
pathophysiological conditions [1, 2]. In spite of this, in vitro models largely rely on 2D CM 
monocultures for disease modeling and drug screening [3]. However, 2D monocultures lack 
cellular maturity and cannot accurately mimic native tissue response to pharmacological 
agents [4]. To circumvent these issues, 3D CM culture methods have been developed. While 
an improvement over 2D cultures, 3D CM monocultures do not recapitulate the inter-cellular 
cross-talk between CMs, FBs and EC that is typical of the native myocardium [1, 2]. This is 
particularly striking considering FBs and ECs make up 70-80% of the heart by cell number [5, 
6]. Thus, studying the response of 3D CM monocultures to pathologic stress or drug stimuli 
ignores the interaction and impact of resident cardiac FBs and ECs. For example, pathologic 
stimuli are shown to induce adaptive growth of ECs to satisfy the increased oxygen demands 
of the enlarged heart, and inhibition or impairment of this adaptive pro-angiogenic 
mechanism results in heart failure [7, 8]. Mechanistically, the adaptive response of ECs in 
pathology has been shown to occur in part in response to secretion of pro-angiogenic factors 
such as the vascular endothelial growth factor (VEGF) [9], angiopoietins [10, 11], pro-
angiogenic extracellular vesicles [12] and nitric oxide [13] secreted by CMs. In turn, ECs and 
blood vessels, initially thought being exclusively responsible for providing oxygen to the tissue, 
release a variety of “angiocrine” cytokines and matrix proteins to control CM growth, 
regeneration and fibrosis in various organs [14-16]. Hence, communication between ECs and 
CMs is bi-directional [17]. 

In vitro 3D models that accurately recapitulate this complex heterocellular interplay are 
necessary to bridge the gap between existing in vitro and in vivo models. Several groups have 
generated cardiac 3D tissue constructs using various types of biodegradable matrixes, 
scaffolds and different types of strategies to form such constructs [18-20]. The addition of 
cultured primary or stem cell-derived ECs has also led to reports of vascularized 3D tissues 
[21-27]. However, due to the lack of vascular network development, EC maturation and 
fibroblasts in these models, they provide limited insight into the dynamics and heterocellular 
interplay of the angiogenic response to physiologic or pathologic stimuli. Thus, 3D cardiac 
tissue models that attempt to mimic heterocellular interactions under pathophysiological 
conditions are sparse and largely fail to accurately mimic native tissue cellular composition, 
morphology, metabolism and function, and stress response [28]. 

Here, we used a 3D cardiac triculture approach to study heterocellular cross-talk in the context 
of physiologic and pathophysiologic (hypoxia, pro-fibrotic/-inflammatory) stimulation. These 
cardiac tissue mimetics (CTMs) comprise of CMs, ECs and FBs and display cellular maturation 
and well-developed tissue vascularization. CTMs generated using our methodology respond 
to cardiac stressors and display changes in metabolism, growth and vascularization 
resembling, in part, native tissue response. In this setting, we further explored the intercellular 
cross-talk between CM, EC and FB evoked by pathophysiologic stimuli. Taken together, our 
studies demonstrate the utility of CTMs as a robust in vitro model for heterocellular cross-talk 
studies in the settings of myocardial tissue homeostasis and disease, including studies of drug 
cardiotoxicity. 
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Materials and Methods 

Cell isolation 

Mated female Sprague Dawley rats were obtained from Charles River (Sulzfeld, Germany) and 
Janvier (Le Genest Saint-Isle, France). Rats were sacrificed by cervical dislocation and hearts 
were obtained from P1 and P2 rat pups. The obtained hearts were then transferred into 
Hank’s buffered saline solution (-Ca2+/-Mg2+) containing 0.2% 2,3-Butanedione monoxime 
(short BDM; Sigma-Aldrich; B0753-25G) and were cut into small pieces. Tissue dissociation 
was performed in 5 mL of a commercially available enzyme mix (Neonatal Heart Dissociation 
Kit, mouse and rat by Miltenyi Biotec GmbH). To dissociate the solid heart tissue, 
genteMACSTM Dissociator (Miltenyi Biotec GmbH) with the pre-programmed program 
m_neoheart_01_01 was used after four times 15 minutes of digestion at 37°C. 
Cardiomyocytes and fibroblasts of the digested heart suspension were pelleted by 
centrifugation (80x g, 5 minutes), resuspended in plating medium (DMEM high glucose, M199 
EBS (both without L-Glutamine by BioConcept), 10% horse serum, 5% fetal calf serum, 2% L-
glutamine and penicillin/streptomycin) and plated for 1 hour and 40 minutes in 6 cm cell 
culture dishes (Greiner Bio-One GmbH) at 37°C and 5% CO2 at humidified atmosphere [29, 
30]. The fact that fibroblasts are able to attach to uncoated culture dishes, allowed taking 
cardiomyocytes from the culture supernatant while fibroblasts attached to the culture dish.  

 

Cell culture 

Human umbilical vein endothelial cells (HUVEC) were purchased from Lonza and cultured with 
endothelial basal medium (EBM, Lonza) supplemented with 10% fetal calf serum (FCS; 
Invitrogen), Amphotericin-B, ascorbic acid, bovine brain extract (BBE), endothelial growth 
factor (EGF), gentamycin sulphate and hydrocortisone (EGM-singleQuots, Lonza) at 37°C and 
5% CO2, at humidified atmosphere. 

HEK293T cells were cultured with DMEM high glucose GlutaMAX (Initrogen) supplemented 
with 10% FCS (Invitrogen) and penicillin / streptomycin (Roche) at 37°C and 5% CO2, at 
humidified atmosphere. Isolated cardiac rat fibroblasts and cardiomyocytes were cultured 
with maintenance medium (DMEM high glucose, M199 EBS (both without L-Glutamine by 
BioConcept), 1% horse serum, 2% L-glutamine and penicillin/streptomycin) at 37°C and 5% 
CO2 at a humidified atmosphere. Before culturing cardiomyocytes, cell culture dishes had 
been coated with collagen (AdvanceMatrix; 5005-100ML) for 10 minutes at 37°C. Cell 
detachment was performed with 0.25% trypsin (Life Technologies), which was incubated for 
2 minutes at 37°C and 5% CO2 and neutralised with fully supplemented EBM medium or 
plating medium. The cell number was determined using the cell counter NucleoCounter 
(ChemoMetec), as described in the manufacturer’s protocol or by using Neubauer improved 
hemocytometer (Peqlab).  

 

Lentiviral GFP expression 

Lentiviral particles were generated by transfecting HEK293T cells with the packing plasmids 
pCMV∆R8.91 and pMD2.G as well as the plasmid SEW carrying the GFP-ORF. To generate the 
SM22α-GFP reporter virus, a SEW plasmid carrying an SM22α-GFP-ORF was used as previously 
described [31]. In brief, HEK293T cells were cultured in a T175 flask (Greiner Bio-One GmbH) 
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until reaching a confluence of 70%. A transfection mix of 100 µL Opti-MEM (Life Technologies 
GmbH) containing 6 µg of pCMV∆R8.91, 2 µg of pMD2.G and 8 µg of SEW was prepared that 
pre-incubated for 20 minutes at room temperature before adding to the HEK293T culture. 
After 4 days of culturing, culture supernatant was cleared from cellular debris by 
centrifugation (500x g, 5 minutes, 4°C) and concentrated 40x using the Amicon Ultra-15 
centrifugal units 100 KD (4 times, 2500x g, 30 minutes, 4°C) by Millipore (UCF910024). For GFP 
expression, 300,000 HUVECs were seeded in a T25 flask (Greiner Bio-One GmbH) and virus-
containing supernatants were titrated on HUVECs for 24 hours to determine the titres needed 
to transduce >95% of the cells. After 7 days of culturing, GFP expression was confirmed by 
fluorescence microscopy. 

 

CTM formation 

Primary rat cardiomyocytes (CM), cardiac rat fibroblasts (FB) and HUVEC were used for CTM 
formation. In brief, droplets of 30 µL plating medium containing 32,000 CMs and 6,400 FBs 
were cultured as hanging drops at 37°C and 5% CO2 at humidified atmosphere to form cardiac 
spheroids. After 4 days, cardiac spheroids were collected and coated in plating medium 
supplemented with either no additional matrix proteins, 1:500 fibronectin (Sigma-Aldrich; 
F0895) or 1:10 growth factor reduced matrigel (Corning; 356230) for 1 hour at 4°C. The coated 
spheroids were then singularized in 96-well plates (ultra-low attachment U-bottom plate by 
Corning; 7007) with 50 µL plating medium per well. At least 4 hours after spotting, 10,000 
HUVECs in 50 µL fully supplemented EBM were added to each well. HUVECs were allowed for 
24 hours to attach to the cardiac spheroids (spheroids containing CM, FB and HUVEC are 
referred as CTMs from here after) and medium was changed to maintenance medium 
containing fully supplemented EBM (50%:50%) containing either no treatment, 200 µM 
phenylephrine (short PE; Sigma-Aldrich; P6126-5G), PE + 0.1% DMSO, PE + 1 µM propranolol 
(Sigma-Aldrich; P0884-5G), PE + 50 µM metoprolol (Sigma-Aldrich; 80337-100MG), PE + 100 
nM ICI 118.551 (Sigma-Aldrich; I127-5MG) or PE + 1:50 neutralizing VEGF antibody (R&D 
Systems; AF564). CTMs were cultures for 10 days by refreshing the medium with the 
respective stimulus (no stimulus, PE, antibodies or β-blockers) every second day. 
Vascularisation was determined using the Leica TCS SP8 confocal microscope and the LAS X 
software by measuring the accumulated HUVEC-sprout length, mean HUVEC-sprout thickness 
and mean number of branch points within the vascular network. 

 

Contractility measurement 

Spontaneous CTM contraction: Spontaneous CTM contraction was determined by counting 
the number of beats per minute of at least 6 CTMs per condition using a computer-assisted 
microscope using Axiovision 4.5 (Zeiss).  

Paced CTMs: For pacing experiment, every single CTM was transferred into a 35/10 mm cell 
culture dish (Greiner Bio-One) and incubated at 37°C and 5% CO2 for 30 min. The CTM was 
then electrically paced at 1 Hz and 15 V with a Myopacer field stimulator (IonOptix). Changes 
in cell dimension which were observed using the Myocyte Calcium and Contractility system 
(IonOptix) were taken as readouts for contractility measurements. In brief, high speed digital 
imaging was performed with MyoCam-S to record CTM shortening. Units/pixels were 
determined by calibrating the system with a micrometer. The IonOptix CTM spacing algorithm 
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was used to record CTM shortening and connected to Fast Fourier Transformation (FFT) to 
determine the average CTM movement edge spacing of the region of interest in one or more 
lines of a video image. 

 

Size measurement 

CTM size: CTM diameter was measured after 10 days of culturing using a computer-assisted 
bright field microscope with the Axiovision 4.5 software (Zeiss).  

Cardiomyocyte size: Cryo-sections of CTMs were stained with DAPI, anti-α-Actinin and Alexa 
Flour conjugate of Wheat-Germ-Agglutinin (WGA). Surface area quantification was performed 
using ImageJ (Fiji). 100-150 cells of each condition, exhibiting clear α-actinin signal and distinct 
cell boundary demarcation as marked by Wheat Germ Agglutinin (WGA) staining, were 
manually selected and outlined using the Wacom freehand tool. Marked areas were then 
quantified by ImageJ. 

 

Seahorse assay 

The Agilent Seahorse XFe96 spheroid microplate was coated with Poly-D Lysine 100 µg/mL 
following the manual instruction. 1X KHB medium (111 mM NaCl, 4.7 mM KCl, 2 mM MgSO4, 
1.2 mM Na2HPO4, 2.5 mM D-Glucose, 0.5 mM carnitine) supplemented with 6 mM D-Glucose 
was prepared prior the experiment. CTMs were washed twice with KHB medium and every 
single CTM was then transferred directly into each well of XFe96 spheroid microplate 
containing 175 µL of KHB medium. CTMs were centered into the micro-chamber and 
incubated at 37oC in non-CO2 incubator for 1 hour.  The Seahorse XF Cell Mito Stress Test was 
performed using sequential injection of Oligomycin (2.5 µM, Sigma, O4876), FCCP (2.0 µM, 
Sigma, C2920) and Antimycin A (0.5 µM, Sigma, A8674) following a 3-min-mixing and 3-min-
measuring cycles for up to 3 hours. Oxygen consumption rate (OCR) and Extracellular 
acidification rate (ECAR) were measured and calculated using Seahorse XFe96 Analyzers 
(Agilent Technologies).  

 

Fluorescence immunohistochemistry 

CTMs were collected and fixed with 4% Histofix (Carl-Roth GmbH & Co. KG) for 1 hour at room 
temperature. Whole CTMs as well as cryo-sections of CTMs were used for fluorescence 
immunohistochemistry. 

In case of whole mount stainings, CTMs were permeabilized with 0.2% Triton X-100 in PBS for 
1 hour at room temperature followed by blocking with 5% horse serum (Sigma-Aldrich) in PBS 
for 30 minutes at room temperature. Primary antibodies (see Table 1) were diluted 1:200 in 
5% horse serum and incubated over night at 4°C. Before using the secondary antibody (see 
table below), CTMs were washed three times with PBS containing 1% Tween 20 and 0.002% 
Triton X-100 (referred as PBT from here after) for 20 minutes at room temperature. Secondary 
antibodies (1:500) and DAPI (1:1000; Carl-Roth GmbH & Co. KG) were diluted in 5% horse 
serum together and incubated for 4 hours at room temperature in the dark. After washing 
CTMs again three times with PBT, CTMs were mounted with ProLong Gold Antifade Mountant 
(Thermo Fisher Scientific; P36934) and analysed using the Leica TCS SP8 confocal microscope. 
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Cryo-sections were prepared by embedding fixed spheroids in O.C.T medium (Tissue-Tek), 
snap-freezing them in liquid nitrogen and cutting them in 10 µm thick sections. Sections were 
permeabilized and blocked for one hour in 0.1% Triton X100 (in PBS + BSA). Primary antibody 
incubated with the sections diluted 1:50-1:100 in 1mM MgCl2, 1 mM CaCl2, 0,1 mM MnCl2, 1% 
Triton X-100 or 0.2% saponin over night at 4°C. The next day, sections were washed trice with 
0.1% Triton X100/PBS or 0.2 saponin (five minutes each) and incubated with the secondary 
antibody diluted 1:200 in 0.1% Triton X100 or 0.2% saponin (in PBS) for one hour at room 
temperature in the dark. Finally, sections were washed again trice with 0.1% Triton X100 /PBS 
or 0.2% saponin and mounted with mounting medium containing DAPI or Hoechst 33342. 
Endothelial cells were stained with Isolectin B4.  

In case of neonatal CM staining, cells were cultured overnight and then fixed with PFA 4% for 
30 minutes at room temperature. After that cells were permeabilized with 0.2% Triton X-100 
for 15 minutes at room temperature following by blocking with 5% horse serum in PBS for 15 
minutes at room temperature. Primary antibodies were diluted 1:200 in 2% horse serum and 
incubated over night at 4°C. Cells were then washed for five time with PBS for 5 minutes at 
room temperature. Secondary antibodies (1:500), DAPI (1:1000) and Phalloidin (1:50) were 
diluted in 2% horse serum together and incubated for 2 hours at room temperature in the 
dark. After washing cells five times with PBS for 5 minutes, cells were mounted with ProLong 
Gold Antifade Mountant and analysed using an inverted fluorescence microscope (Nikon 
Eclipse Ti2 fluorescence microscope).  

 

Second-harmonics generation  

The second-harmonics generation imaging was performed on an upright spectral multiphoton 
microscope (Leica TCS SP8 DIVE, non-descanned spectral detectors, objective HC IRAPO L 
25x/1.00 W) using 10 µm thick CTM sections. A 1045nm laser was used for SHG and the signal 
was detected with a PMT and a detection window from 517nm to 527nm. A second detection 
window was used to record autofluorescence for comparison (552nm to 565nm). 

 

Sirius red staining 

Sirius red staining was used to determine collagen deposition and fibrosis in CTM cryo-
sections sections. In a first step, sections were washed with water and PBS (5 minutes each). 
In a second step, a 0.1% Picrosirius Red solution was prepared by solving 0.5 g Sirius Red 
(Waldeck GmbH) in 500 mL picric acid (Sigma-Aldrich) that incubated with the deparaffinised 
sections for 1 hour. After washing two times with acidified water, the sections were 
dehydrated with 100% ethanol, cleared with xylene and mounted with Pertex (Medite). 

 

Transmission electron microscopy 

Mature CTMs were washed once with PBS and fixed in 4% formaldehyde in 0.1 M phosphate 
buffer over night at 4°C. After postfixing with 1% osmium tetroxide for 1 hour at room 
temperature, CTMs were washed twice with 0.1 M phosphate buffer and incubated over night 
at 4°C in 2% aqueous uranyl acetate (Polysciences). CTMs were washed twice with water and 
dehydrated in an ethanol series (30, 50, 70, 80, 90, 96, and 99% [vol/vol], 10 minutes each) 
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and embedded in Epon (Serva). Ultrathin sections were inspected in the transmission electron 
microscope (EM 912a/b; Zeiss) and images were recorded at a slight underfocus using a cooled 
2,000- by 2,000-pixel slow-scan charge-coupled device (CCD) camera (SharpEye/TRS) and the 
iTEM package (Olympus Soft Imaging Solutions). 

 

Generating cardiomyocyte-/fibroblast-conditioned media 

To obtain cardiomyocyte- and fibroblast-conditioned medium, 200,000 isolated cardiac 
fibroblasts and 250,000 isolated cardiomyocytes were seeded in 24-well plates (Greiner Bio-
One GmbH) and cultured with 0.5 mL of maintenance medium containing no further 
supplement, 200 µM PE, PE+0.1% DMSO, PE+1 µM propranolol, PE + 100 nM ICI 118.551 or 
PE+50 µM metoprolol. After 72 hours, cell culture supernatants were centrifuged (500x g, 5 
minutes) to deplete dead cells and stored at -80°C. 

 

VEGF ELISA 

The rat VEGF Quantikine ELISA kit (RRV00, R&D Systems) was used to quantify VEGF in the 
supernatants of cardiomyocyte monocultures. 

 

Spheroid-based angiogenic sprouting Assay 

Endothelial cell sprouting was studied by in vitro spheroid-based angiogenesis assays. In brief, 
HUVECs were trypsinized and transferred into a mixture of fully supplemented EBM and 
methylcellulose (80%:20%). 400 HUVEC in 100 µL per well were distributed to a U-bottom 96-
well plate (Greiner Bio-One GmbH) and cultured at 37°C and 5% CO2 at humidified 
atmosphere. After 24 hours, spheroids were collected, pelleted (200x g, 3 minutes), 
resuspended in methylcellulose supplemented with FCS (80%:20%) and embedded in a 
collagen Type-I gel (Corning; 354236). HUVEC spheroids were then either cultured with fully 
supplemented EBM (+/- VEGF (50 ng/mL; BioLegend; 583702) or +/- PE (200 µM)), 
maintenance medium or conditioned cell culture medium. After 24 hours, sprouting was 
determined by measuring the cumulative sprout length of ten randomly chosen spheroids 
using a computer-assisted microscope using Axiovision 4.5 (Zeiss). 

 

Network Formation Assay 

Vascular endothelial cell network formation assay was performed as previously described 
[32]. Briefly, in vitro network formation was performed with 2 x 104 HUVECs cultured in 100 
µL of fully supplemented EBM in 96-well plates (Greiner Bio-One GmbH) that had been coated 
with 100 µL matrigel (Corning; 356234,). Network formation was determined after 24 hours 
by measuring the accumulated tube length in three randomly chosen microscopic fields with 
a computer-assisted microscope using Axiovision 4.5 (Zeiss).  
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RNA Isolation and quantification 

CTMs, heart tissues of neonatal pups and adult rats were collected into Lysing Matrix D tubes 
(MP Biomedical; 6913-500) and 700 µL of TriFast (VWR; 3010-100ML) was added. Cells and 
tissues were homogenized 3 times for 20s following by 5 min. pause on ice. Total RNA was 
purified with the Direct-zolTM RNA MicroPrep kit (Zymo Research; R2060). The RNA 
concentration was determined by measuring absorption at 260 nm and 280 nm with the 
NanoDrop ®ND 2000-spectrophotometer (PeqLab). 

 

cDNA synthesis and quantitative Polimerase chain reaction (qPCR) 

cDNA was synthesized from 500 ng of total RNA with EcoDry Premix RNA to cDNA (Random 
Hexamers) (Clontech; 639546). qPCR was performed using 10 µL of iTaqTM Universal SYBR® 
Green Supermix (Bio-Rad; 172-5124), 1 µL of 10 µmol/L forward and reverse primer each, 1 
µL of cDNA template and 7 µL of H2O in a Bio-Rad CFX96 Connect Real-Time PCR system. 
Primers using to quantify mRNA expression were ordered from Metabion (Table 2). 

 

Bulk RNA Sequencing 

Bulk RNA sequencing was performed as previously described [32]. In brief, RNA and library 
preparation integrity were verified with a BioAnalyzer 2100 (Agilent) or LabChip Gx Touch 24 
(Perkin Elmer). 100-200 ng of total RNA was used as input for Truseq Stranded Total RNA 
Library preparation following the low sample protocol (Illumina). Sequencing was performed 
on the NextSeq500 instrument (Illumina) using v2 chemistry, resulting in minimum of 30M 
reads per library with 1x75bp single end setup. Demultiplexing and adapter removal was 
performed by bcl2fastq software (Illumina) and resulting raw reads were assessed for quality, 
adapter content and duplication rates with FastQC. Fastx_trimmer was user to trim the first 5 
bp. Trimmed and filtered reads were aligned versus the Ensembl mouse genome version 
mm10 (GRCm38) using STAR 2.4.0a with the standard parameters [33]. The number of reads 
aligning to genes was counted and compared with Ciffdiff version 2.2.1 [34]. The Ensemble 
annotation was enriched with UniProt data (release 06.06.2014) based on Ensembl gene 
identifiers (Activities at the Universal Protein Resource (UniProt)). 

 

Lactate Dehydrogenase assay 

Media of CTMs were replaced completely with fresh medium 24h before performing the 
assays. After 24h, supernatants were collected and in maximum 50 µL of each supernatant 
was used for every measurement with the Lactate Dehydrogenase Activity Kit (Sigma; 
MAK066). To determine enzyme activity, the absorbance at 450 nm (A450) was measured with 
the CLARIOstar plate reader (BMG Labtech). LDH activity were calculated following the 
manufacturer’s instruction.   

 

Toxicity assay 
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CTMs that incubated with 0.2% H2O2 in medium for 30 minutes at 37oC served as positive 
control. In the second step, CTMs were washed three times with PBS, fixed with 4% Histofix 
(Carl-Roth GmbH & Co. KG) for 1 hour at room temperature and stained against phospho-
Histone H2A.X following immunohistochemistry staining procedure (please see section 
Fluorescence immunohistochemistry). 

 

Injury assay 

CTMs (generated with GFP-HUVEC or SM22α-GFP-HUVEC) were cultured as described in the 
section CTM formation in the presence of PE to reach full maturation. After 10 days of PE-
treatment, inflammation was mimicked using culture medium with 10 ng/mL transforming 
growth factor β2 (short: TGF β2; R&D Systems; 302-B2) and PE as well as FGF-, EGF- and BBE-
depleted EBM instead of fully supplemented EBM for 72 hours at 37°C and 5% CO2. Culturing 
mature CTMs at 0.1 % O2 for 72 hours was used as ischemic model. Mature CTMs that were 
kept in PE-supplemented medium only, were used as control condition. After culturing mature 
CTMs under both injury model conditions, CTM cryo-sections or whole CTMs were used for 
immunofluorescence staining or SHG. 

 

Statistical Analysis 

Data are represented as mean and error bars indicate standard deviation (SD). Data were 
assessed statistically (Shapiro-Wilk and Kolmogorov–Smirnov test) for normality and 
statistical power was determined for Gaussian distributed data, using two-sided, unpaired T-
test for two-group comparison. For comparisons of more than two groups, multiple group 
ANOVA with a post hoc Bonferroni test was used. For data that were not Gaussian distributed, 
a Kruskal-Wallis test with a multiple group Dunn’s correction was used for multiple group 
comparison. For comparing two groups, a Mann-Whitney test was used. n.s. = not significant; 
*p < 0.05; **p < 0.01; ***p < 0.001 and **** p < 0.0001. 
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Results 

Establishment of vascularized 3D CTMs  

To establish the 3D culture, cardiomyocytes (CM) and cardiac fibroblasts (FB) were isolated 
from neonatal rat hearts. The respective fractions were separated by pre-plating and 
thereafter mixed at a ratio of CM:FB 5:1. The mixed cells were left to form spheroids in hanging 
drops containing 32000 CMs and 6400 FBs for 4 days. The spheroids were then collected and 
distributed individually into wells of Ultra-low-attachment (ULA) plates. GFP-transduced 
human umbilical vein endothelial cells (HUVEC) were added into each well with the ratio of 
CM:HUVEC of 3:1 to allowing monitoring of vessel growth. The cardiac tissue mimetics (CTMs) 
were subsequently treated with phenylephrine (PE) every second day and harvested 10 days 
after for further assays. A schematic overview of the protocol is shown (Fig. 1A).  

We assessed if CTMs respond to physiologic hypertrophic stimuli with PE, an -adrenergic 
receptor agonist [35]. Indeed, stimulation with PE significantly increased CTM growth (Fig. 
1B), CM maturation and hypertrophy as evidenced by increased sarcomeric α-actinin staining, 
enhanced sarcomere organization and density, and the shift towards adult-type titin isoform 
expression [36, 37] (Fig. 1C-E). Consistent with the physiologic effects of short term cardiac PE 
stimulation [35], a significant increase in contractile amplitude was detected in paced CTMs 
(Fig. 1F). Further, as observed in native myocardium, PE stimulation led to increased oxidation 
metabolism, mitochondrial function and mitochondrial density, concomitant with a reduction 
in glycolysis (Fig. 1G-J, Fig. S1A and B). These phenotypic changes in CTM adrenergic signaling 
response, metabolism and contractility are further reflected in the enrichment and elevated 
expression of these KEGG gene sets upon PE stimulation (Fig. S2A-D). 

To ascertain that our culture conditions with PE did not cause general cell death, we stained 
PE treated and untreated CTMs for phosphorylated histone H2AX (γH2AX), a DNA double 
strand break marker of genomic instability and apoptosis (Fig. S3A) [38]. In parallel, detection 
of extracellular lactate dehydrogenase (LDH), as a marker of necrosis [39], failed to reveal 
differences compared to control untreated CTMs (Fig. S3B). Taken together, our data 
demonstrates that CTMs generated with our platform are viable, functional, metabolically 
active and responsive to physiologic stimuli. 
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Figure 1: Establishment of a vascularized 3D CTM culture. (A) Schematic presentation of CTM 
formation. Cardiomyocytes (CM) and fibroblasts (FB) were isolated from neonatal rat hearts and 
cultured in hanging drops to allow spheroid formation. After 4 days, cardiac spheroids were 
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harvested, matrix proteins were added to optimize cells adhesion and human umbilical vein 
endothelial cells (HUVEC) that had been transduced with green fluorescence protein (GFP) were 
seeded on top of the cardiac spheroid. CTMs were cultured for 10 days. (B) Size of CTMs without 
treatment (control, Ctrl.) or treat-ed for 10 days with 200 µM phenylephrine (PE). CTM size is 
shown as volume (scale bar = 100 µm; n = 8). (C) Size of CM within CTMs cultured for 10 days 
under no PE or PE. CM were stained with WGA (green) and α-actinin (red). Nuclei were stained 
with DAPI (blue). Scale bar = 20 µm (n = 100 cells per condition). (D) mRNA expression of Titin 
N2B and N2BA2 in control and PE-treated CTMs, as well as in whole hearts from postnatal (pup) 
and adult rats (n = 4). (E) Immunofluorescence imaging of CTMs cultured for 10 days with no PE 
(Ctrl.) or PE. Cardiomyocyte maturation was monitored by striation formation seen by α-actinin 
staining (green). Scale bar = 100 µm and 30 µm. (F) CTM contractility upon electric pacing with 1 
Hz. Contractility was determined by determining the amplitude peak of contract-ing CTMs (8 
control vs. 9 PE-treated CTMs were used). One representative normalized amplitude trace per 
condition is shown on the right site. (G, H) Assessment of oxygen consump-tion rate (OCR) as a 
measure of glucose oxidation in CTMs treated with oligomycin, carbonyl cyanide-4 
(trifluoromethoxy)-phenylhydrazone (FCCP) and antimycin as indicated. Depicted are rates 
expressed as OCR. (*P < 0.05 compared to control treated CTMs, paired t-test). (I) Assessment 
of basal extracellular acidification rate (ECAR) as a measure of glycolysis in CTMs treated as 
indicated (n = 5). (J) To study if phenylephrine has a toxic effect on mitochondrial density, mature 
control vs. PE CTMs were stained against Atp5a1 (red). Nuclei were stained with DAPI (blue) and 
cytoskeletal with phalloidin (magenta). A representative image is shown (scale bar = 100 µm). Data 
are shown as mean ± SD. Statistical power was determined using the unpaired, two-sided T-test 
(B, C, F, G, H and I) and the nonparametric Mann-Whiteny test (D), indicated as follows: *p < 0.05, 
**p < 0.01, ***p < 0.001 and ****p < 0.0001. 

 

PE stimulation augments vascularization of CTMs 

Consistent with previous reports of increased capillary density after in vivo PE stimulation [40, 
41], treatment of CTMs with PE led to significantly augmented vascularization, increased tube 
length, branch points and tube thickness (Fig. 2A, B, Fig. S4A).  Furthermore, indicative of 
active neoangiogenesis, more filopodia were detected in PE-stimulated CTMs (Fig. 2A). To 
determine if increased vascularization was mediated by direct action of PE on the ECs, we 
generated 3D monocultures of HUVECs and treated these spheroids with an identical 
concentration of PE. Surprisingly, PE stimulation did not impact EC spheroid sprouting, while 
stimulation with the pro-angiogenic Vascular endothelial growth factor (VEGF) as positive 
control, significantly increased vascular network growth and branching (Fig. 2C). These data 
suggest that increased vascularization induced by PE in the 3D triculture CTM is likely a 
consequence of cross-talk between cells contained within the CTM (Fig. 2D), and not due to 
direct function of PE on ECs. To test this hypothesis, we collected conditioned medium of 
cardiac CMs or FBs monocultures and applied them to HUVEC spheroids (Fig. 2E, Fig. S4B and 
C). CM-conditioned and FB-conditioned medium displayed a tendency for increased EC sprout 
formation at baseline by about 1.5 (CM) and 3-fold (FB), but the difference failed to achieve 
statistical significance (Fig. 2E, Fig. S4C). However, additional stimulation of CM cultures with 
PE prior to conditioned medium collection did significantly increase the capacity for EC growth 
and sprouting (Fig. 2E), whereas no effect was observed from conditioned medium of PE 
stimulated FB (Fig. S4C). As pro-hypertrophic stimulation of CMs has been shown to induce 
VEGF release and can mediate an adaptive response of ECs [41], we tested the contribution 
of VEGF by adding neutralizing antibodies to the CM-conditioned medium. Indeed, 
neutralizing VEGF antibodies reduced the pro-angiogenic effects of conditioned medium from 
PE-stimulated CMs (Fig. 2F). Consistent with this finding, treatment of 3D CTMs with 
neutralizing VEGF antibodies also significantly reduced vascularization (Fig. 2G). These data 
suggest that our in vitro 3D CTM model recapitulates previous in vivo studies demonstrating 
a cross-talk between CMs and ECs via VEGF [12, 42]. This hypothesis is further strengthened 



Appendix 

 185 

as levels of VEGF were found to be increased in culture supernatants of PE stimulated CM 
monocultures compared to untreated CMs cultures (Fig. S4D). 

 

Figure 2: Phenylephrine induces CTM sprouting via paracrine signaling. (A-B) In comparison 
to control (Ctrl.) conditions, 200 µM phenylephrine (PE) treatment for 10 days induces 



Appendix 

 186 

angiogenesis (scale bar = 100 µm) and filopodia (scale bar = 12.5 µm) formation (A) as assessed 
by determining the accumulated sprout length, number of branch points and tube thickness in 
control vs. PE treated CTMs (B, n = 5) using the Leica TCS SP8 confocal microscope and the LAS 
X software. (C) To see if PE is influencing vessel growth directly, a spheroid-based angiogenic 
sprouting assay was performed using approx. 400 HU-VEC per spheroid. HUVEC spheroids were 
embedded in a collagen matrix and treated with no stimulus (Ctrl.), 200 µM PE or 50 ng/mL 
vascular endothelial growth factor (VEGF) for 24 hours. Sprouting was determined by measuring 
the cumulative sprout length of ten randomly chosen spheroids using a computer-assisted 
microscope using Axiovision 4.5 (Zeiss) (scale bar = 100µm; n = 4). (D) A schematic presentation 
is used to illustrate the hypothesis that phenylephrine stimulates cardiomyocytes to secrete pro-
angiogenic factors that activate the neighboring endothelial cells. (E) To assess whether PE-
treated cardiomyocytes secrete pro-angiogenic factors, a further HUVEC spheroid-based 
angiogenic sprouting assay was per-formed by stimulating the HUVEC spheroids with blank 
maintenance medium, 50 ng/mL VEGF or cell culture supernatants of neonatal rat cardiomyocytes 
that were treated either with no PE or PE for 72 hours. Each treatment was applied for 24 hours 
before determining sprouting using a computer-assisted microscope using Axiovision 4.5 (Zeiss) 
(scale bar = 100µm; n = 6). (F) The role of secreted VEGF was analyzed using a HUVEC spheroid-
based angiogenic sprouting assay by stimulating spheroids with blank maintenance medium, 50 
ng/mL VEGF, cell culture supernatants of neonatal rat cardiomyocytes that were treated with PE 
for 72 hours or cell culture supernatants of PE-treated neonatal rat cardiomyocytes that were 
supplemented with neutralizing anti-VEGF antibody (1:50, R&D Systems) before treating the 
HUVEC spheroids. Sprouting was determined by measuring the cumulative sprout length of ten 
randomly chosen spheroids using a computer-assisted microscope using Axiovision 4.5 (Zeiss) 
(scale bar = 100µm; n = 7). (G) To assess the role of VEGF also in the CTM system, CTMs were 
cultured for 10 days after HUVEC addition without PE, with 200 µM PE or with 200 µM PE + 1:50 
neutralizing anti-VEGF antibodies (R&D Systems). Sprout length (GFP) was quantified using the 
Leica TCS SP8 confocal microscope and the LAS X software (scale bar = 100µm; n = 6). Data are 
shown as mean ± SD. Statistical analysis was per-formed using the unpaired, two-sided T-test (B). 
For comparisons of >2 groups, multiple-group ANOVA with a post hoc Bonferroni test was used 
for Gaussian distributed data (E and F), for non-Gaussian distributed data, Kruskal-Wallis test with 
a Dunn’s correction was used (C and G) indicated as follows: n.s. = not significant; *P<0.05; 
**P<0.01; ***P<0.001 and ****P<0.0001. 

 

 

β-receptor antagonist reduce PE-stimulated vascularization  

As PE stimulation was observed to augment CTMs contraction (Fig. 1F), we asked if PE-induced 
mechanical activation of ECs could also contribute to the increase in CTM vascularization. To 
uncouple the contribution of contractile activation on angiogenesis, we incubated CTMs with 
the β-adrenergic receptor antagonists propranolol and metoprolol to inhibit CTM contraction 
[43, 44]. Propranolol and metoprolol reduced the frequency of CTM contraction (Fig. 3A), 
whereas propranolol additionally diminished PE-induced hypertrophic growth (Fig. S5A). 
Importantly, inhibition of CTM contraction significantly reduced PE-induced vascularization 
(Fig. 3B, Fig. S5B). As previous studies have reported a direct effect of β-adrenergic receptor 
antagonists on EC growth and vascular network expansion [40, 45, 46], we treated HUVEC 
monocultures in a network formation assay with propranolol and metoprolol. However, 
despite repeated attempts, we could not detect a direct impact of propranolol and metoprolol 
on EC network formation and growth (Fig. 3C). Finally, we cultured CM monocultures with PE 
and a combination of PE with propranolol or metoprolol. Collected supernatants were used 
as stimulus for HUVEC spheroids to exclude β-blocker induced secretomic changes. 
Interestingly, we found no significant alterations on endothelial sprouting, indicating the role 
of mechanical stress induced angiogenesis (Fig. 3D).  
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Figure 3: CTM contraction increases angiogenic sprouting. (A, B) To decrease beating, CTMs 
were cultured for 10 days in 200 µM PE together with 1µM of the β-blocker propranolol, 50 µM of 
the β-blocker metoprolol or 0.1% DMSO only (as solvent). propranolol and metoprolol both 
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significantly decreased CTM contraction as determined by counting beats per minute (A). 12 CTMs 
per condition were used for contractility measurements and representa-tive images of quiescent 
and contracting CTMs are shown (n = 5). VE-cadherin staining (green; bottom) as well as the use 
of GFP-labeled HUVEC (green; top) in PE-treated CTMs under 0.1% DMSO (control), 1µM 
propranolol or 50 µM metoprolol showed a significant de-crease in angiogenic sprouting upon both 
β-blocker stimulations compared to DMSO (scale bar = 100 µm; B) as quantified by using the Leica 
TCS SP8 confocal microscope and the LAS X software (n = 5 for PE+propranolol and PE+DMSO 
and n = 4 for PE+metoprolol). (C) A network formation assay was used to show that both β-blockers 
have no direct effect on HUVEC network formation. HUVEC were cultured for 24 hours on Matrigel 
in the presence of fully supplemented EBM (Ctrl.), 0.1% DMSO, 1µM propranolol or 50 µM 
metoprolol. Quan-tification of the accumulated tube length showed no differences among the four 
conditions (scale bar = 200 µm; n = 4). (D) To exclude secretomic changes in the β-blocker treated 
CTMs, neonatal rat cardiomyocytes were cultured for 72 hours with 200 µM PE + 0.1% DMSO 
(served as solvent), 1 µM propranolol, 50 µM metoprolol or with no further supplement. A HUVEC 
spheroid-based angiogenesis assay was used with approx. 400 HUVEC per spheroid. The HUVEC 
spheroids incubated with 100 µL of each cardiomyocyte supernatant, fully supplemented EBM, 
maintenance medium or 50 ng/mL VEGF for 24 hours. Sprouting was determined by measuring 
the cumulative sprout lengths of ten randomly chosen sphe-roids using a computer-assisted 
microscope using Axiovision 4.5 (Zeiss) (scale bar = 100 µm; n = 5). Data are shown as mean ± 
SD. Statistical analysis was performed using multiple-group ANOVA with a post hoc Bonferroni 
test for Gaussian distributed data (A, B and D), for non-Gaussian distributed data, a Kruskal-Wallis 
test with a Dunn’s correction was used (D), indicated as follows: n.s. = not significant; **P<0.01 
and ***P<0.001. 

 

 

Pathophysiological stressors interfere with cellular cross-talk in 3D CTMs 

Next, we assessed whether 3D CTMs may be used as models to study stress related changes 
in cellular cross-talk. Therefore, we used transforming growth factor β2 (TGF β2), an 
established inducer of endothelial-mesenchymal transition (EndMT) and cardiac fibrosis, and 
hypoxia (0.1%) as a model of severe ischemia, both in combination with PE. The two stimuli 
were applied on mature CTMs (after 10 days of PE treatment) for 3 days. 

TGF β2 led to a slightly increased CTM vascularization (Fig. 4A and B). Vimentin fluorescence 
staining of mature CTMs in the presence or absence of TGF β2 revealed evidence of cardiac 
fibroblast activation (Fig. 4C) as well as induced collagen deposition as visualized by second-
harmonics generation (SHG) [47] and Sirius Red staining (Fig. 4D-F). Since TGF β2 is a well-
known EndMT inducer, we screened CTM cross-sections for ECs that were positive for 
vimentin, a commonly used FB marker [47]. Interestingly, we did find single ECs expressing 
vimentin but also SM22α and collagen III suggesting that EndMT is occurring in pro-
inflammatory CTMs (Fig. 4G, Fig. S6A). Furthermore, unlike TGF β2, severe hypoxia at 1%O2 
and 0.1%O2 significantly reduced CTM vascular network (Fig. 4A and B, Fig. S7A and B) and 
increased collagen deposition (Fig. 4D-F), indicating that this model accurately reflects 
changes observed in the native myocardium in response to severe myocardial hypoxia [48]. 
Finally, to ascertain that HUVECs were indeed differentiating into cells of the mesenchymal 
lineage, we utilized the SM22-GFP tracer reporter [31], wherein the mesenchyme lineage-
specific SM22 promoter is utilized to drive expression of GFP upon promoter activation, as 
readout for activation of EndMT. HUVECs were transduced with the SM22-GFP reporter prior 
to integration into CTMs. CTMs were then stimulation with PE alone, or in combination with 
TBF2. As noted in Fig. S6B, SM22 promoter activation was detected specifically upon TBF2 
stimulation, indicative of induction of EndMT in a subset of endothelial cells. 
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Figure 4: CTMs respond to stress stimuli. (A-G) After 10 days of culturing with 200 µM PE, 
mature CTMs were cultured for further 3 days with 200 µM PE (Control), 200 µM PE + 10 ng / mL 
TGF β2, or 0.1% O2 (Hypoxia), to mimic an inflammatory / hypoxic stress condition in mature 
CTMs. (A-B) Angiogenic sprouting (GFP-labeled HUVEC) within the CTMs was observed using 
the Leica TCS SP8 confocal microscope (scale bar = 100 µm) and quantified using the LAS X 
software (B, Control and TGF β2: n = 5 and Hypoxia: n = 4). (C) Vimentin (green) was stained in 
CTMs that were treated with or without TGF β2 (scale bar = 100 µm). (D) Collagen deposition was 
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recorded using second-harmonics generation (SHG) microscopy on 10 µm thick CTM sections that 
were derived from mature CTMs cultured as described for panel A and B. SHG microscopy enables 
label-free visualization of biomolecules with a certain molecular structure, such as collagen fibrils. 
Shown are representative SHG images of mature CTMs under PE alone, PE+TGF β2 or PE + 
hypoxia (scale bar = 100 µm). (E and F) Collagen deposition was further recorded using Sirius red 
staining on 10 µm thick CTM sections that were derived from mature CTMs cultured as described 
for panel A and B (scale bar = 100 µm; n = 15 (control), n =7 (TGF β2), n = 13 (hypoxia)). (G, top) 
Representative overview image of a mature CTM that has been treated for 3 days with TGF β2. 
Endothelial cells were stained with Isolectin B4 (red), whereas vimentin (green) was used as 
mesenchymal marker. Nuclei (blue) were counterstained with Hoechst 33342 (scale bar = 100). 
(G, bottom) High magnification images of endothelial cells (red; Isolectin B4) that are expressing 
vimentin (green) indicating endothelial-mesenchymal transition (white arrows). Nuclei (blue) were 
stained with Hoechst 33342 (scale bar = 50 µm). (H) Graphical abstract concluding the 
experimental data. Data are shown as mean ± SD. Statistical analysis was performed using 
multiple-group ANOVA with a post hoc Bonferroni test was used (B and F), indicated as follows: 
n.s. = not significant, *P<0.05, **P<0.01 and ***P<0.001. 

 

 

Discussion 

This study reports a cardiac mimetic platform for the study of EC communication with CM 
under physiological and pathophysiological conditions. We demonstrate that physiological 
pro-hypertrophic stimuli augments vascularization of the CTMs at least in part by inducing 
VEGF-release by CM. The developed model additionally enabled dissection of cardiac 
response to ischemia and pro-fibrotic stress conditions. 

Our tissue recapitulates cardiac responses to physiologic and pathologic stimuli at the level of 
tissue growth, vascularization, metabolism and function [28, 35] This is particularly striking in 
the response of the CTMs to high concentrations of PE, where we observed a significant 
increase in CTM growth, concomitant with the switch in metabolism from glycolysis to glucose 
oxidation (Fig. 1G-I). This switch reflects the dynamics and plasticity of our CTMs, which is 
further reflected at the gene expression level (Fig. S2A, C) [49, 50]. This mimicry of native 
tissue response was also observed with respect to cardiac function and contraction. In this 
regards, as reported in vivo [35], our CTM demonstrated an increase in the amplitude of 
contraction, thus reflecting a physiologic or adaptive hypertrophic response to PE stimulation. 
These changes in contractility were also reflected at the gene expression level (Fig. S2A, D).  

Although 3D cardiac tissue engineering models have been previously used for therapeutic 
cardiac tissue engineering or drug testing [24, 51-55], these studies did not address the 
recapitulation of more complex, cellular communication-dependent in vivo phenotypes with 
their models. The use of heterogenic cell mixtures, pluripotent cells or the addition of ECs 
from different sources has allowed the formation of vascularized tissue constructs [21, 22, 55-
57]. Despite the well-established importance of cellular interactions, few studies have used 
the 3D tissue engineering models for mechanistic studies. Here we provide a more in-depth 
elucidation of the role of cardiac microenvironment, particularly the impact of heterocellular 
cross-talk with respect to EC-CM interactions. Coating the pre-made spheroids with ECs 
allowed us to study the kinetics of angiogenic sprouting, which includes visualization of tip 
cells with filopodia. Our model further recapitulated the established pro-angiogenic response 
induced by cardiac hypertrophy and confirmed the importance of VEGF for mediating this 
effect [7, 8, 58-60]. Based on our previous work, we speculate that the induction of VEGF 
expression in cardiomyocytes in response to PE stimulation occurs through activation of 
Phosphoinositide 3-kinase (PI3K) signaling or direct induction of HIF1⍺ activation [49, 61, 62]. 
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Of note, inhibition of VEGF did not fully prevent the induction of vascularization induced by 
PE suggesting that additional growth factors, cytokines, matrix proteins and/or mechanical 
factors contribute to the observed effect. Interestingly, the pro-angiogenic effect of PE was 
dependent on β1/β2 receptor and likely involved mechanical activation mediated by the 
contraction of CMs. Whether this effect occurs directly by mechanosensing of ECs or is due to 
an indirect effect mediated by a change in CM paracrine effects remains to be further 
elucidated. However, first supernatant experiments of CMs treated with PE and β-blockers 
showed no anti-angiogenic effect compared to CMs stimulated with PE alone, giving rise that 
mechanosensing of ECs induce sprouting. Of note, we exclude a direct pro- and anti-
angiogenic effect of PE and β-blockers - at the concentrations used in the CTM experiments 
on EC sprouting. Interestingly, propranolol additionally reduced CTM hypertrophy whereas 
metoprolol did not, although we used very high concentrations of metoprolol that arose from 
previous experiences (data not shown). In line with our observations, previous studies have 
already reported in the 1990s that propranolol reverse ventricular hypertrophy [63, 64], while 
metoprolol is known to reduce hypertrophy to a lower extend only [65]. Another report even 
showed that metoprolol has no effect on left ventricular hypertrophy in systemic 
hypertension [66]. This nicely implicates that our 3D CTM platform mimics in vivo findings of 
β-blockers in terms of cardiac hypertrophy. 

Adrenergic Receptors (AR) are key regulators in the cardiovascular system, through the 
activation of specific ARs on the endothelial surface by the release of catecholamines [67, 68]. 
The activation of these receptors maintain the release of NO via eNOS to control endothelial 
function [69]. Phenylephrine (PE) is a specific αAR agonist and the activation of the α1AR in 
endothelial cells is known to induce NO release in rodent arteries [70]. Interestingly, PE 
stimulation indeed induced vessel formation and maturation in our CTM model, whereas PE 
had no pro-angiogenic effect on HUVEC mono-spheroids. It might be that the release of NO in 
endothelial cells within CTMs has an autocrine effect, facilitating vessel maturation, while NO 
did not induce angiogenesis. During hypoxic conditions, endothelial cells release ROS rather 
than NO, a phenomenon that is referred to as “eNOS uncoupling” [71, 72]. While it is known 
that ROS contributes to many changes underlying endothelial injury, hypoxia may also alter 
the response to GPCR signaling and thereby control endothelial function as we reported for 
CTMs under severe hypoxia. A second main class of the endothelial ARs is the β2AR. Since PE 
is a selective αAR agonist, it doesn’t activate βARs. However, the endothelial β2AR signaling 
pathway also induces eNOS activation and although PE doesn’t activate the endothelial β2AR, 
it could stimulate endothelial cells or other cells within the CTM via the αAR to release 
catecholamines that in turn activate the β2AR on endothelial cells and further promote eNOS 
activation [73]. In line with this assumption, Sorriento et al. found that endothelial cells are 
indeed able to produce catecholamines [74]. Of note, blocking β2AR in PE stimulated CTMs 
reduced endothelial sprouting. However, whether this effect is facilitated by a direct effect of 
the β2AR antagonist on endothelial cells or whether the reduction in CTM contraction was the 
main driver still needs to be studied in detail. A change in the CTM secretome cannot be 
excluded since we demonstrated no changes of soluble angiogenic factors in cardiomyocytes 
only. Fibroblasts and endothelial cells might also be affected and may display disturbances in 
catecholamine expression.  

We applied this model to study pathophysiological conditions as they occur in cardiac 
ischemia and during cardiac remodeling after infarction. We showed that treatment of the 
CTMs with the prototypical inducer of a pro-fibrotic response, TGF β2, indeed augments 
collagen deposition in the CTMs. ECs increased sprouting and in addition, we found ECs 
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undergoing EndMT in CTMs under pro-inflammatory conditions, indicating that our model 
might also be used for studying EndMT in terms of cell-cell communication. Combinations of 
TGF β2 with inflammatory cytokines may be an option to simulating pathophysiological 
conditions during cardiac remodeling and chronic heart failure. In addition, we showed that 
hypoxia exposure led to the induction of cell death, reduced contraction (data not shown) and 
increased collagen deposition, thus accurately reflecting changes in myocardial damage and 
dysfunction as result of severe ischemia [75, 76]. By further titrating graded levels of severe 
hypoxia from 0.1% O2 to 1% O2, we surprisingly observed a consistent decrease in endothelial 
vessel sprouting (Fig. S7A and B). These observations warrant further study, but as it stands, 
our data suggests that under conditions of severe hypoxia and consumption of oxygen by 
contracting myocytes vascular sprouting is impaired. Taken together, these data indicate that 
CTMs could serve as a robust 3D in vitro system to mimic severe myocardial ischemia and to 
potentially be utilized to identify efficacious pharmacological agent for therapy. 

While our model represents in some way an advancement over current methodologies due to 
inclusion of the three main cells types of the heart and at ratios present in the native 
myocardium, further work will need to be performed to better understand the extent to which 
our model can accurately recapitulate native myocardium responses to more physiologically 
relevant stressors such as pressure or volume overload, and focal ischemia. It will also be 
important to determine if improvements to the culture protocol could further increase 
cardiomyocyte maturation and vascular organization to better reflect structural organization 
of these components in native tissue. It should also be noted that despite lengths taken to 
ensure purity of the respective cardiomyocyte, fibroblast and endothelial fractions prior to 
CTM formation, our CM and FB cultures compose of approximately 8% contaminating cells. 
Although we anticipate that this will not significant impact most macroscopic readouts, it is 
conceivable particularly when used as a model to study transdifferentiation events, that these 
contaminating cells could confound data interpretation and overestimate the efficiency of 
transdifferentiation. This issue can however be overcome by use of lineage tracers to enable 
precise determination of the frequency of such transdifferentiation events, as performed in 
this study. 

In conclusion, such a model might be used for testing therapeutic modalities that go beyond 
targeting CM intrinsic functions such as calcium handling. Studying the vasculature may also 
provide a mean to determine putative detrimental side effects of therapeutic strategies on 
vascular growth under physiological stress responses. Finally, the knowledge acquired with 
such models might also be fundamental to develop novel therapeutics with specific biological 
targets for treatments of patients with heart disease.  
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Tables 

Table 2: List of antibodies. 

Antibody Company 
Wheat Germ Agglutinin, Alexa FluorTM 488 conjugate Thermo Fischer  

(W11261) 
anti-Phospho-Histone H2A.X (Ser139) (20E3) Rabbit mAb Cell Signaling (9718S) 
anti-VE-Cadherin antibody Rabbit Cell Signaling (2500S) 
anti-α-Actinin (Sarcomeric) antibody  (clone:  EA-53) Mouse mAb Sigma-Aldrich (A7811) 
anti-NG2 antibody Rabbit Merck (AB5320) 
Donkey anti-Mouse IgG (H+L) Cross-Adsorbed Antibody, Alexa Fluor 647 Invitrogen (A31571) 
F(ab')2-Goat anti-Mouse IgG (H+L) Cross-Adsorbed Antibody, Alexa Fluor 488 Invitrogen (A11017) 
F(ab')2-Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Antibody, Alexa Fluor 488 Invitrogen (A11070) 
F(ab')2-Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Antibody, Alexa Fluor 647 Invitrogen (A21246) 
Goat anti-Mouse IgG (H+L) Cross-Adsorbed Antibody, Alexa Fluor 568 Invitrogen (A11004) 
Goat anti-Rat IgG (H+L) Cross-Adsorbed Antibody, Alexa Fluor 488 Invitrogen (A11006) 
Goat Anti-Vimentin antibody Merck (AB1620) 
Goat anti-Tagln antibody Abcam (ab10135) 
Anti-ATP5A antibody [15H4C4]  Abcam (ab14748) 
Donkey anti-Goat IgG (H+L) HCross-Adsorbed Antibody, Alexa Fluor Plus 555 Invitrogen (A32816) 
Rabbit anti-collagen III antibody Abcam (ab7778) 
Biotinylated Isolectin B4 Vector–Linaris  (B1205) 
Strepavidin Alexa Fluor 555 Invitrogen (A32355) 

 

 

 

 

 

Table 2: List of primers used 

Primer Forward Reverse 
Total Titin CCA AGC TCA CTG TGG GAG AAA GCT ACT TCC AAG GGC TCA ATT C 
N2B CCA ACG AGT ATG GCA GTG TCA TGG GTT CAG GCA GTA ATT TGC 
N2BA-2 CCA ACG AGT ATG GCA GTG TCA ACT ACA GGC GGA AAG CTA CTA AAA AC 
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Supplemental Figures 

 

Supplemental Figure 1. Phenylephrine stimulation increases mitochondrial density. High 

magnifications of ultra-thin sections derived from untreated (A) and PE-treated (B) mature CTMs were 

analyzed by transmission electron microscopy. Low magnifications of untreated (C) and PE-treated CTMs 

(D) are shown in Panel C and D. Representative images are shown. 
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Supplemental Figure 2. Phenylephrine stimulation affects gene clusters implicated in angiogenesis, 

adrenergic signaling, angiogenesis, metabolism and contractility. (A) Relevant KEGG pathway 

enrichment in CTMs upon PE stimulation. (B-D) Heat map of differentially expressed adrenergic signalling 

pathway genes (B) metabolic genes (C) and genes involved in contraction (D) in phenylephrine-treated 

CTMs, normalized to log2 FPKM of untreated control CTMs. Normalised Ctrl vales are shown (n=3) with the 

respective PE-treated replicates (n=3). *P<0.05 (A-D). 
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Supplemental Figure 3: Phenylephrine-treatment shows no cytotoxicity. (A) Mature CTMs were 

stained for p-γ-H2SX (red). One representative image per condition is shown where nuclei were stained with 

DAPI (blue) and cytoskeletal with phalloidin (magenta). As positive control served CTMs treated with 0.2% 

H2O2 for 30 minutes prior to immune staining (scale bar = 50 µm). (B) Lactate dehydrogenase activity was 

determined in mature CTMs treated with (PE) or without (Ctrl.) phenylephrine using the lactate 

dehydrogenase activity assay kit (Sigma-Aldrich) (n=3). Statistical power was determined using a Mann-

Whitney test and data are shown as mean ± SD (n.s. = not significant). 

 



Appendix 
 

 198

 

Supplemental Figure 4: Angiogenesis in CTMs upon phenylephrine-treatment. (A) Kinetic of 

angiogenic sprouting in CTMs upon phenylephrine-treatment. CTMs after 1 day (t1), 5 days (t2) and 10 days 

(t3) after GFP-HUVEC addition were fixed. Vascularization was determined using the Leica TCS SP8 

confocal microscope and the LAS X software by measuring the accumulated HUVEC-sprout length (scale 

bar = 100 µm; n=3). (B) Schematic set-up of spheroid based angiogenic sprouting assay. (C) To assess 

whether PE-treated cardiomyocytes secrete pro-angiogenic factors, a further HUVEC spheroid-based 

angiogenic sprouting assay was performed by stimulating the HUVEC spheroids with blank maintenance 

medium, 50 ng/mL VEGF or cell culture supernatants of neonatal rat fibroblasts that were treated either with 

no PE or PE for 72 hours. Each treatment was applied for 24 hours before determining sprouting using a 

computer-assisted microscope using Axiovision 4.5 (Zeiss) (scale bar = 100 µm; n = 4). (D) VEGF levels in 

supernatants of CM-mono-cultures in the presence and absence of PE were determined using ELISA as 

fold change to no PE (n = 4). Data are shown as mean ± SD. Statistical analysis was performed using a 

multiple-group Kruskal-Wallis test with a post hoc Dunn’s correction test was used (A and C) and Mann-

Whitney test (D). n.s. = not significant; *P<0.05 and **P<0.01. 
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Supplemental Figure 5: CTM size is altered upon β-blocker-treatment. (A) Size of mature CTMs treated 
for 10 days with PE+ 0.1% DMSO (n = 6) or treated with 200 µM PE + 1µM propranolol (n = 6) / 50 µM 
metoprolol (n = 4). CTM size is shown as fold change. (B) Sprout length of CTMs stimulated for 10 days with 
no PE (n = 8), PE + DMSO (n = 11) or PE+ the β2-AR inhibitor ICI 118.551 (n = 13), scale bar = 100 µm. 
Data are shown as mean ± SD. Statistical analysis was performed using a multiple-group Kruskal-Wallis test 
with a post hoc Dunn’s correction test was used (A), one-way ANOVA with a post-hoc Bonferroni test (B). 
n.s. = not significant, *p < 0.05; **p < 0.01; ***p < 0.001 and **** p < 0.0001. 
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Supplemental Figure 6: Endothelial-mesenchymal transition occurs upon TGF β2 treatment. After 10 

days of culturing with 200 µM PE, mature CTMs were cultured for further 3 days with 200 µM PE (PE) or 

200 µM PE + 10 ng / mL TGF β2. (A) Mature CTMs stimulated for 3 days with PE + TGF β2. High 

magnification images of endothelial cells (white; Isolectin B4) that are expressing SM22α (green) and 

collagen III (red) indicating endothelial-mesenchymal transition (white arrows). Nuclei (blue) were stained 

with Hoechst 33342 (scale bar = 50 µm). (B) Mature CTMs were generated with endothelial cells that were 

transfected with a virus encoding GFP under the control of the SM22α and were cultured for 3 days with PE 

or PE + TGF β2. High magnification images of endothelial cells were taken that express GFP under the 

control of the SM22α-promoter. Nuclei were stained with DAPI. (scale = 100 µm). 
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Supplemental Figure 7: Effects of hypoxia on endothelial sprouting. (A) CTMs were cultured for 10 days with 

PE. After 10 days of PE stimulation, we kept CTMs 1% and 0.1% O2 for three days (scale = 100 µm). (B) As read 

out accumulated sprout length was measured. Statistical power was determined using a One-way ANOVA with a 

pot-hoc Bonferroni test (**p<0.01; ***p<0.001). 
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