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Summary X

SUMMARY

Numerous studies have recently implicated mast cells in cardiovascular diseases.
However, the role of mast cells in the development of right ventricular (RV) hypertrophy is
not known. RV hypertrophy was induced in C57BI/6 and WBB6F1/J-Kit"/Kit"" (MC-
deficient) and their wild type littermate mice by pulmonary artery banding (PAB). Mast cell
stabilization in C57BI/6 mice with cromolyn sodium was performed starting either from day
0 of PAB (early intervention) for 3 weeks or day 7 (late intervention) for 2 weeks. The
functional changes of RV were assessed by high resolution ultrasound echocardiography.
Hemodynamics, RV hypertrophy, RV mast cell density, mast cell activation/degranulation,
RV interstitial fibrosis, cardiomyocyte hypertrophy, capillary density, mRNA expression of

hypertrophic, profibrotic and mast cell specific genes were evaluated.

Pressure overload-induced RV remodeling in banded C57BI/6 mice was characterized by
significant interstitial fibrosis, increased mast cell activity and RV dysfunction. Inhibition of
mast cell degranulation significantly reduced RV interstitial fibrosis and decreased mRNA
expression of genes for collagen 1 and 3 and mast cell proteases 4 and 5. Moreover,
these changes were associated with significantly improved RV function (cardiac output,
myocardial performance index and tricuspid annular plane systolic excursion).
Furthermore, we observed a beneficial RV remodeling characterized by the absence of
interstitial fibrosis and chamber dilatation with preserved RV function in mast cell-deficient
mice. These improvements were associated with decreased SMAD phosphorylation in

mast cell-deficient mice.

Our data suggest that mast cells play a critical role in the pressure overload-induced RV
remodeling. Stabilization of mast cells may represent a new approach in the RV-directed

therapy.
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ZUSAMMENFASUNG

Im Rahmen verschiedener Studien wurde das Auftreten von Mastzellen im Zusammenhang mit
kardiovaskuldren Erkrankungen bereits untersucht, allerdings ist ihre Rolle bei der Entwicklung von
rechtsventrikuldrer Hypertrophie bisher noch nicht hinreichend gekléart. Die rechtsventrikulére
Hypertrophie wurde mittels Pulmonalarteriellem Banding (PAB) in C57Bl/6- und WBB6F1/J-
KitV/Kit"™" (MC-defizienten)-Mausen, sowie deren Wildtypen, induziert. Die Mastzell-
Stabilisierung mittels Cromoglycinsdure wurde bei den C57Bl/6-Miusen entweder ab Tag 0 der
PAB-Operation (frithe Intervention) iiber einen Zeitraum von 3 Wochen oder ab Tag 7 (spite
Intervention) iiber einen Zeitraum von 2 Wochen durchgefiihrt.Die Verdnderungen der
Funktionsparameter des rechten Ventrikels wurden mittels Echokardiographie (hoch auflosender
Ultraschall) ermittelt. Ausgewertet wurden auflerdem Hémodynamik, rechtsventrikuldre
Hypertrophie, rechtsventrikuldre Mastzelldichte, Mastzell-Aktivierung/Degranulation,
rechtsventrikuldre Fibrose, Kardiomyozyten-Hypertrophie, Kapillardichte und die mRNA-

Expression der hypertrophen, profibrotischen und mastzellspezifischen Gene.

Das durch Druckbelastung induzierte rechtsventrikuldre Remodeling in den gebandeten C57Bl/6
Maiusen war gekennzeichnet durch signifikante interstitielle Fibrose, erhhte Mastzellaktivitdt und
rechtsventrikuldre Funktionseinschrinkung. Die Hemmung der Mastzelldegranulation konnte die
rechtsventrikuldre Fibrose signifikant reduzieren und die mRNA-Expression der Gene fiir Kollagen
1 und 3 sowie der Mastzellproteasen 4 und 5 deutlich senken.Zudem zeigte sich
einesignifikanteVerbesserung der rechtsventrikuldren Funktionsparameter (Herzzeitvolumen,
MyocardialPerfomance Index und TricuspidAnnular Plane SystolicExcursion).Beziiglich des
rechtsventrikuldrenRemodelingskonnte in den Mastzell-defizienten Maiusen eine verminderte
Auspragung der interstitiellenFibrose und der Kammerdilatation beobachtet werden. Die

festgestellten Verbesserungen gingen mit verminderter SMAD- Phosphorylierung einher.

Unsere Daten lassen vermuten, dass Mastzellen eine entscheidende Rolle bei der Auspragung von
rechtsventrikulirem Remodeling, bedingt durch Druckbelastung, spielen. Daher konnte die
Mastzellstabilisierung einen neuen therapeutischen Ansatz im Rahmen der Behandlung der

rechtsventrikuldren Hypertrophie darstellen.
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1 INTRODUCTION

1.1 Right ventricular remodeling

1.1.1 Background

Cardiac remodeling is an adaptive process by which the heart changes its shape, size and
function in response to mechanical, neurohumoral or genetic factors'. It occurs during the
normal growth or in response to hemodynamic stresses?. In response to an increase in
load (volume or pressure overload or combination of both), the heart has to work harder
than under normal physiological conditions. To counterbalance the chronic increase in wall
stress, the cardiomyocytes enlarge which leads to an increase in size and mass of the
heart>®. In addition to cardiomyocytes, fibroblasts, extracellular matrix proteins and the
coronary vasculature are also involved in the remodeling process'. Cardiac remodeling is
associated with alterations of many mediators such as neurohumoral factors, cytokines,
enzymes, ion channels, oxidative stress and mechanical stress. Although remodeling is
initially an adaptive response to maintain normal cardiac function and cardiac output by
ameliorating ventricular wall stress, it gradually becomes maladaptive and leads to
progressive ventricular dilatation and heart failure.

Most of the current therapies are documented to be effective in reducing mortality and
morbidity in left heart failure®’. Beneficial effects of pharmacological and non-
pharmacological therapies on prognosis in heart failure patients have been associated with
favourable changes in cardiac geometry, suggesting that modulation of remodelling
process is effective for preventing the progression of heart failure®°. Recent research has
attempted to elucidate underlying molecular mechanisms of cardiac remodeling and to
develop novel therapeutic strategies to prevent heart failure'®"%,

Numerous recent studies have provided strong evidence to recognize the pivotal role of
the right ventricle (RV) in heart diseases™. Thus, the performance of the RV defines
prognosis in patients with congenital heart disease'®, pulmonary arterial hypertension

719 and even

(PAH)" myocardial infarction involving the RV'®, advanced left heart failure
in patients with stable cardiovascular diseases®. Although the response of the RV to

chronic pressure or volume overload is an important determinant of patient outcome, very
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little is known about the underlying mechanisms. For many years, the RV was viewed as
less important than the left heart in the maintenance of normal overall hemodynamic
performance®'. Consequently, studying cardiac remodeling process has mainly been
restricted to the left ventricle, whereas the role of the RV has remained comparatively
ignoredzz. Only recently, after recognizing its key role in various physiological and

pathological conditions, the forgotten chamber of the heart regained attention.

1.1.2 Etiology and epidemiology

The prevalence and severity of RV dysfunction differs depending on the etiology of the
underlying disease?. It is commonly thought that RV hypertrophy is related to increased
pulmonary artery pressure and RV hypertrophy is considered a consequence of pulmonary
hypertension (PH). Clinically, PH is defined as the elevation of mean pulmonary arterial
pressure of more than 25 mm Hg at rest and/or more than 30 mm Hg during exercise®*%°.
A variety of conditions can lead to the development of PH.

Idiopathic pulmonary arterial hypertension (PAH) is a rare disease characterized by
remodeling of small pulmonary arteries leading to chronic pressure overload and
associated volume overload with the development of tricuspid regurgitation. Pulmonary
vascular disease may complicate untreated congenital heart diseases including ventricular
septal defect, patent ductus arteriosus, atrial septal defect, as a result of increased
pressure or volume overload or both®®. After idiopathic PAH and PAH associated with
connective tissue diseases, PAH associated with congenital heart defects is the third most
common form of PAH in Group 1 of the PH classification?’.

PH associated with chronic parenchymal lung diseases in Group 3, including chronic
obstructive pulmonary disease, interstitial lung diseases and sarcoidosis, is one of the
most common forms of PH?. Chronic obstructive pulmonary disease is one of the leading
causes of morbidity and mortality worldwide and represents thus a major public health
issue®. The prevalence of PH in these patients depends on the population under study,
the definitions applied and the tools used to evaluate patients®*. Most studies have
reported a prevalence of PH in between 30% and 70%>'. In general, the degree of PH is
low to moderate in magnitude. However, numerous studies have shown that the presence

of even mild PH is of prognostic relevance in patients with COPD™*.
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Left heart disease represents the most common cause of PH*3* and are summarized in
Group 2. Heart failure is a major public health issue, with a prevalence of over 23 million
worldwide™>. Approximately 60% to 70% of patients with chronic heart failure develop
pulmonary venous hypertension'”'®. Over a period of time, an increase in pulmonary
vascular resistance resulting from extensive remodeling of lung resistance vessels may
ensue. The resulting increase in RV afterload may ultimately cause fatal RV failure.
Moreover, in patients with chronic heart failure the presence of signs and/or symptoms of
RV failure identify a subgroup of patients with a very poor prognosis.

RV hypertrophy and failure can also develop in various right-sided cardiac valvular
diseases as a result of the adverse hemodynamic consequence of RV volume or pressure
overload. In the past, right-sided cardiac valvular disease was considered less clinically
important than left-sided valvular disease. However, with the recent advances in modern
imaging techniques, it has been shown that detectable tricuspid regurgitation is very
common. Recent studies suggest that right-sided valvular disease has a significant and

independent impact on morbidity and mortality®*>’

. Tricuspid regurgitation is most
frequently secondary to another disease process causing RV dilatation, distortion of the
subvalvular apparatus, tricuspid annular dilatation, or a combination of these>®*". However,
structural abnormality of the tricuspid valve of congenital (Ebstein anomaly, displasia or
hypoplasia of the tricuspid valve) or acquired origin (endocarditis, trauma, rheumatic heart
disease) can also cause tricuspid regurgitation®®?’. High RV pressures can cause RV
hypertrophy and eventually right-sided heart failure in several diseases with congenital or
acquired obstruction to pulmonary blood flow (e.g. tetralogy of Fallot, pulmonary valve
stenosis, pulmonary atresia and diGeorge's syndrome).

Thus, the etiological spectrum of RV hypertrophy and failure is very broad and the
prevalence of some underlying diseases is very high representing a major public health
issue. RV failure is a significant complication, which is frequently encountered and
aggravates prognosis in these patients. Despite the recent recognition of an important role
of the RV in heart diseases, there has been little interest in RV-targeted therapeutic
approaches>®. A better understanding of the mechanisms underlying the RV remodeling

processes may provide important clues about possible candidate targets which will help us
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develop novel therapeutic strategies directed specifically at RV and thus improve survival

in patients.

1.1.3 Pathophysiology

The RV hypertrophy with subsequent failure may develop as a result of pressure or
volume overload, intrinsic myocardial dysfunction, or preload reduction®®*°. The underlying
pathophysiological mechanisms may differ depending on the etiological factors. The
mechanisms of pressure overload induced RV hypertrophy and failure will be described
here.

According to the old paradigm, hypertrophy occurs as an adaptive response to normalize
wall stress and compensate for an increased load. Cardiomyocytes increase in size and
initiate remodeling of the entire ventricular chamber. However, recent studies in animal
models of pressure overload indicate that hypertrophy is not a necessary adaptive
response to elevated cardiac workload and inhibition of hypertrophy can, in fact, prevent
rather than promote systolic dysfunction*'*2. More recent studies suggest that modifying a
particular signaling mechanism could exhibit more profound effects on the maintenance of
cardiac function in response to hemodynamic overload than normalizing the wall stress.
Indeed, cardiac hypertrophy occurs in response to a wide variety of stimuli, each of which
activates an intricate network of signaling molecules*®. These molecular pathways not only
mediate cardiac hypertrophy but are also responsible for activation of deleterious or
beneficial mechanisms for the heart, resulting in development of heart dysfunction and
failure or maintained heart function, respectively. Therefore, the reduction of heart mass
itself should not represent the main target in the treatment of cardiac hypertrophy. More
important is the correction of the molecular pathways that account for complications
associated with cardiac hypertrophy and/or the enhancement of the activity of cellular
signals mediating cardioprotective actions.

The hypertrophy of individual cardiomyocyte requires a reinforcement of the fibrous
scaffold of the heart or the extracellular matrix, which is sustained by deposition of
collagen and other extracellular matrix proteins. Extracellular matrix, particularly fibrillar
collagen, provides tensile strength that allows cardiac muscle to perform systolic and
diastolic functions. Collagen is the predominant structural component of the extracellular

matrix, forming an intricate network of fibers around individual cardiomyocytes and
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interconnects myofibrils, muscle fibers and muscle bundles. An abnormal accumulation of
collagen occurs within the interstitium and adventitia of intramyocardial coronary arterioles
due to increase in collagen synthesis and/or decrease in collagen degradation. However,
increased levels of interstitial collagen are detrimental for heart function, distorting tissue
structure and causing abnormal myocardial stiffness.

Insufficient blood supply is another important issue in cardiac hypertrophy and failure. This
may result from an inadequate growth of the capillary vascular bed while ventricular mass
is increasing®, an increase in diffusion distance due to cardiomyocyte hypertrophy and
failure of cross-sectional area of the vascular bed to enlarge in proportion to the degree of
hypertrophy*®. Recent studies demonstrated that cardiac angiogenesis is crucially involved
in the adaptive mechanism of cardiac hypertrophy and its impairment is essential for the
transition from the compensated cardiac hypertrophy to heart failure*®.

Sustained pressure overload leads to dilatation of the hypertrophied RV (Scheme 1).
Dilatation of the RV chamber leads to dilatation of the tricuspid annulus causing tricuspid
regurgitation, resulting in volume overload and further exacerbating dilatation. As the RV
dilates, the crescentic shape of the RV cavity is lost and the RV acquires a spherical
shape. Because of interventricular interdependence, the interventricular septum bulges
into the LV cavity resulting in impaired left ventricular filling and function. Furthermore,
impaired left ventricular function leads to decrease of systemic and right coronary

perfusion pressures, further compromising the RV function.
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Pulmonary vasculature Right ventricle

Normal

Hypertrophied RV
Abnormal PA endothelium
Constricted-stiff PAs
Loss of microvessels

MNormal CO
Mild increase in PVR
Moderate decrease in perfusion

Mild PAH and
compensating

Thin RV

Healthy PA endothelium
Thin walled-relaxed PAs
Large capillary network

Normal CO

Normal PVR

Normal perfusion

Dilated RV
Cell proliferation in the PA wall
Obliterative PA remodeling

Severe decrease in CO
Severe decrease in PVR
Severe decrease in perfusion

Severe PAH and

failing RV

Scheme 1: Pulmonary hypertension and right ventricular remodeling
Modified from Champion et al., 2009,*

1.2 Animal models of RV remodeling

A common approach for understanding the mechanisms underlying human diseases and
for testing potential therapies is to mimic the disease in animal models. Various species
from small to large animals have been used for cardiovascular research. Although, large
animals have contributed to understanding of human diseases in the past, currently, large
animal models are not as widely used as rodents. While large animals have anatomical
and physiological similarities to humans, they are expensive and require substantial

resources for housing and care. Additionally, in many countries, investigations on larger



Introduction 7

animals are restricted due to ethical considerations. Small animals such as rodents offer
many advantages like their easy availability and low maintenance cost. Moreover, with the
advancement of genetically engineered animals, the popularity of the rodents has
increased.

A number of rodent models of PH have been developed to study the underlying
pathophysiological processes involved in the disease state and in the development of
novel agents to treat the disease. The most commonly used animal models of PH are
chronic exposure to hypoxia and injection of monocrotaline. As RV hypertrophy is the
outcome of the PH, animal models of PH can also be used to study RV remodeling

processes.

1.2.1 Hypoxia-induced PAH

Acute hypoxia induces hypoxic pulmonary vasoconstriction, an essential mechanism of the
ventilation-perfusion matching in the lung. In contrast, chronic exposure of mice and rats to
hypoxia leads to pulmonary vascular remodeling with subsequent PH and right heart
hypertrophy. However, hypoxic PH is characterized by only mild-to-moderate PH and RV
hypertrophy without development of RV failure*®*°. Recently, combination of hypoxic
exposure and VEGFRII inhibition was reported as a robust rodent model of PH
characterized by pulmonary vascular lesions that resemble those found in human PAH and
associated with fatal RV failure®. VEGF is a crucial pro-survival cytokine which keeps the
endothelial cells alive. Single injection of SU5416, a VEGFRII antagonist followed by
exposure to chronic hypoxia induces initial apoptosis of endothelial cells and selection of
apoptosis-resistant endothelial cells with an extensive proliferative capacity®’. Proliferation
of pre-capillary endothelial cells results neointima formation and obliteration of pulmonary

vasculature resulting severe PH which leads to RV hypertrophy and failure.

1.2.2 Monocrotaline-induced PAH

Monocrotaline, a pyrrolizidine alkaloid toxin present in the plant Crotalaria spectabilis, is
quite often used to induce experimental PH in rodents. Several hours upon single
subcutaneous or intraperitoneal injection of monocrotaline causes perivascular and
interstitial lung edema and diffuse alveolar damage®. Monocrotaline-pyrrole released after

hepatic metabolism of monocrotaline is a major metabolite responsible for vascular injury
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in the pulmonary vessels®*®*. Two weeks after monocrotaline injection, progressive
remodeling of the pulmonary vasculature occurs finally leading to an increased pulmonary
vascular resistance. This increased pulmonary vascular resistance results in increased
workload to the right heart leading to RV hypertrophy and failure. Combination of
pneumonectomy and monocrotaline injection has been proposed in order to develop more

severe phenotype>®®.

Recent evidence suggests that the monocrotaline causes
myocarditis in rats, which complicates the study of the RV hypertrophy and failure®’ .

The model of monocrotaline-induced PH is best characterized in rats. Although, according
to some publications, mice do not develop PH after monocrotaline exposure58, this model
was also applied in mice®®°. Nevertheless, hemodynamic changes after monocrotaline

injection in mice are very mild and there is no evidence of heart failure.

1.2.3 Pulmonary artery banding (PAB)

RV hypertrophy with subsequent dysfunction has been the subject of extensive study. The
underlying molecular mechanisms however remain elusive as experimental models of RV
hypertrophy created by pulmonary artery banding (PAB) in the past involved mostly large
animals®'°.

With the advent of gene targeting technology, the mouse has rapidly become the most
important model organism in cardiovascular research®. Recently, pressure overload-

67-74 and rats™®®',

induced RV hypertrophy and failure have been produced by PAB in mice
The availability of a murine model of PAB provides us with a valuable tool to explore the
molecular mechanisms of hypertrophy as well as its transition to heart failure by
application of pressure overload in various genetically modified mice. A better
understanding of the mechanisms underlying the RV remodeling processes may provide
important clues about possible candidate targets which will help us to develop novel
therapeutic strategies directed specifically at RV. In contrast to the models of PH, this
model allows investigating direct afterload-independent effects of therapy on RV
remodeling and RV function.

Following PAB in mice, the heart is challenged with an immediate pressure overload and
there is an initial increase in RV end-diastolic pressure at 6 h after PAB with following
recovery by 24 h. Subsequently, the RV end-diastolic pressure further increases

depending on the severity of the stenosis. Myocardial hypertrophy develops within 1
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week®. Although, a similar degree of hypertrophy is induced by applying different degrees
of pulmonary constriction, severe overload results in more significant RV dilation and
depression of RV function’. Therefore, PAB can be used as a model of both pressure
overload-induced compensated right heart hypertrophy and failure. Markedly enlarged RV
chamber in severe pulmonary stenosis leads to flattening or bowing of the septum into the
left ventricle (Figure 1) thus compromising the function of the left ventricle®”. However, a
detailed characterization of time course changes in RV morphology and function in

response to pressure overload is still lacking.

_—
Right Yentricle

-

Intra-¥entficular
Septum

Intrg’@entncular b
iSeptum

Left ¥Yentricle

= Left Yentricle

Sham Day 1 after PAB Day 35 after PAB

Figure 1: Representative Echocardiograms of sham and banded mice
Progressive increase in RV wall thickness, dilatation of the RV, flattening of the interventricular
septum and compression of the left ventricle is shown. Left parasternal short-axis view.

1.3 Mast cell biology

Mast cells are multifunctional granular cells localized in various tissues throughout the
body®2. The mature mast cells activate inflammatory and tissue repair processes by
releasing a variety of chemical substances including cytokines, proteases, leukotrienes
and histamine®. Traditionally, mast cells were considered only as an early effecter cells of
allergic diseases®. However biological functions of mast cells include also a role in innate
and acquired immunity. Although mast cell functions have classically been related to
allergic and non-allergic immune responses, a rapidly growing body of evidence has
implicated these cells in a large variety of pathophysiologic processes including tissue

repair, remodeling, pathological fibrosis and angiogenesis®*°.
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1.3.1 Mast cell heterogeneity

Although mast cells share many characteristics, they do not represent a homogeneous
population. In rodents, two subtypes are distinguished: connective tissue mast cells
localized in the sub-mucosa of the gastrointestinal tract, in the skin and in the peritoneum
and mucosal mast cells, found in the mucosa of the gastrointestinal system and in the
lamina propria of the respiratory tract. In addition to the tissue localization, there are also
phenotypical differences between these mast cell subtypes, including cell size, histamine,
protease, proteoglycan content and their function. In contrast to rodents, human mast cells
have the major differences in protease content but not in histamine and proteoglycans. In
humans, mast cells are classified according to the protease content. Mucosal type mast
cells contain only tryptase, whereas connective tissue type mast cells produce both

tryptase as well as chymases®’.

1.3.2 Mast cell activation and mediators release

Mast cells can be activated in two ways: immunologic and nonimmunologic activation.
During the immunologic activation, stimulation of the mast cell activation is initiated either
by interaction of the antigen specific antibodies or the antigen with the corresponding mast
cell receptors®®°. Alternatively, mast cells can be activated by substances such as
neuropeptides, basic compounds, cytokines and certain drugs®*°'. This way of stimulation
is called nonimmunologic activation. Both mechanisms lead to mast cells degranulation
and release of mediators. Upon activation, mast cells release a large array of mediators
which play a crucial role in different cellular responses. The mediators are broadly
classified into three categories; namely preformed mediators (histamine, proteoglycans,
serotonin, proteases), lipid derived mediators (prostaglandins and leukotrienes) and newly
synthesized mediators (interleukins IL-1, 3, 4, 5, 6, 8, 10, 13, 16, tumor necrosis growth
factor a, vascular endothelial growth factor, nerve growth factor)92. Tryptase, chymase,
carboxypeptidase, cathepsin G are the mast cell proteases which play a critical role in
extracellular matrix remodeling. Mast cell activation and release of mediators are shown in

more detail in scheme 2.
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Scheme 2: Mast cell activation and mechanism of mediator release
Modified from Klueh et al., 2010”°

1.3.3 Mast cell in innate and adaptive immunity

Mast cells are commonly located at the sites that interface the external environments such
as skin, alveolar surface, the gastrointestinal tract and in close proximity to nerves and
blood vessels®. Mast cells act as sentinels ready at the first signal of the infection/trauma
to release massive amount of preformed and newly synthesized mediators e.g. histamines,
proteases, lipid mediators, cytokines and chemokines. So they work as a first line of
defense like macrophages. The cytokines from mast cells induce other inflammatory cells
such as neutrophils to release mediators and chemokines and play a role in recruiting
inflammatory cells to the site of the injury®*.

Mast cells do play a role in host defense against bacterial and parasitic infection. Mast
cells are the major source of inflammatory mediators and they are the only cells which
store the pre-formed TNF-a which play important role in inflammation and host resistance
to parasites®® and promote lymph node hyperplasia®®. Mast cell mediators are potential
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vasodilators and increases vascular permeability. Mast cells are not only able to recruit
effector cells, but by modulating vascular permeability also provide an optimal environment
for the effective functioning of the complement cascade in the extravascular environment
and for access of other innate effector mechanisms®. In addition, mast cells induce
physiologic changes in the airways, such as bronchoconstriction and increased intestinal
motility and epithelial sloughingg7. Furthermore, mast cells respond through pathogen

phagocytosis and production of antimicrobial peptides®®.

Although professional
phagocytes such as neutrophils and macrophages are the major source of reactive oxygen
species (ROS), several reports have shown that activated mast cells also generate
intracellular ROS® which acts as potent antimicrobial agent and regulates the cell
signaling and activation pathways. Mast cells play a role in antigen presentation via major

99-101 t102

histocompatibility complex and dendritic cell maturation and recruitmen

1.3.4 Mast cell in cardiac remodeling

Although mast cell functions have classically been related to allergic and non-allergic
immune responses, a rapidly growing body of evidence has implicated these cells in a
large variety of pathophysiologic processes'®. Mast cells are also present in the

heart'®1% and recent studies have identified critical roles for mast cells in cardiovascular

diseases including atherosclerosis'®, progression of vascular aneurysms'?”108.109

M0 “myocardial infarction''®""3, left ventricular hypertrophy and

116-118

pulmonary hypertension
failure’*1"°. Enhanced accumulation of mast cells in hypertrophied and failing hearts
suggests that mast cells play a role in the pathogenesis of these diseases. However, the
molecular mechanisms by which cardiac mast cells may participate in such pathological
processes remains unclear.

Mast cells are the major source of a whole host of growth factors, proteases, cytokines,
chemokines, polypeptides, biogenic amines, proteoglycans and phospholipid metabolites
including histamine, heparin, chymase, tryptase, phospholipases, kinins, tumour, tumor
necrosis factor alpha and transforming growth factor''®. Several of these mast cell
mediators have been implicated in a number of cardiovascular pathologies. Chymase, a
family of chymotrypsin-like serine proteases stored in secretory granules of mast cells, has
been implicated in tissue remodeling through activation of endothelin 1 and matrix

metalloproteinases'?®'??, formation of angiotensin 1'% and activation of transforming
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growth factor TGF-B'%. Angiotensin Il is a potent vasoactive peptide which also exerts
direct growth-promoting effects on cardiac tissues, resulting in cardiomyocyte hypertrophy
and mechanical dysfunctionm. Most of the circulating angiotensin Il is generated by
plasma angiotensin | converting enzyme (ACE) but in the cardiac tissues, angiotensin |l
generation is chymase dependent. Angiotensin Il promotes proliferation of cardiac
fibroblasts coupled with collagen synthesis and expression of adhesion receptors which
play a key role in myocardial remodeling process'?®"*'. Recently, it was reported that mast
cell chymase limits the cardiac efficacy of ACE inhibitor therapy in rodents'?. Interestingly,
Wei et al. demonstrated that combined chymase and ACE inhibition, relative to ACE
inhibition alone, improved left ventricular function, decreased adverse cardiac remodeling
and improved survival after myocardial infarction in hamsters'®. Mast cell chymase
inhibition has been shown to reduce atherosclerotic plaque progression1°6, prevent cardiac
fibrosis and improve diastolic dysfunction in the progression of heart failure'4""°,

TGF-B released by mast cells has also been involved in induction of cardiac hypertrophy
and fibrosis™*. Mast cell chymase is involved in the activation of latent TGF-B which is
ultimately associated with increased collagen | and Ill expression in cardiac fibroblasts''®.
TNF-a plays an important role in the transition from compensated to decompensated
hypertrophy''®. Cardiac mast cells are involved in the regulation of cardiac growth during
development of cardiac hypertrophy via activation of TNF-a/NF-kB/IL-6 signaling pathway.
In contrast, some studies suggest the protective role of mast cells in myocardial
remodeling™*"*®. One explanation for this discrepancy is that the mast cells can release a
wide range of mediators, cytokines and growth factors with multiple potential functions in
relation to the target organ, so that may counteract the effects of each other with the
resulting beneficial or detrimental outcome depending on the disease model. In addition,
mast cells may be beneficial or harmful, depending on the stage of disease'’. The
discrepancy may also be explained by the functional heterogeneity of mast cell populations

138

involved in pathological processes ™. Indeed, the secondary increase in mast cells in

failing myocardium under mechanical ventricular support was associated with an increase
in chymase-negative mast cells and a change in phenotypic expression in mast cells with

decreased myocardial basic fibroblast growth factor levels'®.
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Thus, mast cells are involved in the development of left heart hypertrophy and failure.
However, the role of mast cells in the development of RV hypertrophy has not been
studied yet. A potential role of mast cells in cardiac hypertrophy is summarized in scheme

3 and 4.

Stress/insult —

Scheme 3: Mast cell and their mediators in cardiac hypertrophy
Modified from Balkumar et al.'*.
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Scheme 4: Involvement of mast cell in cardiac remodeling,
Modified from Wei et.al., J Clin Invest. 2010'*® and Paul M et al. Physiol Rev 2006™".

1.4 Aims of the study
According to our hypothesis, mast cells are causally involved in the deleterious RV

remodeling in response to pressure overload and represent therefore an interesting target
for a novel therapeutic strategy directed specifically at RV. The objectives of this study are,
therefore, to investigate the role of mast cells in RV remodeling process in response to
pressure overload and to explore potential of a clinically available mast cell-stabilizing

agent as a novel therapeutic strategy directed specifically at RV.
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2 MATERIALS AND METHODS

2.1 Materials

2.1.1 Solutions and substances

Isoflurane

Forene® Abbott, Wiesbach, Germany

Physiological saline solution

DeltaSelect GmbH, Dreieich, Germany

Baytril 2.5%

Bayer, Leverkusen, Germany

Ketavet (Ketamin hydrochlorid)

Pfizer Pharma GmbH, Karlsruhe, Germany

Rompun 2% (Xylazin hyrdochlorid)

Bayer, Leverkusen, Germany

Xylocain® 2% Jelly

Astra Zeneca, Wedel, Germany

Buprenorphine

Temgesic®, Essex Pharma GmbH, Munich,

Germany

Dexpanthenol eye ointment

Bayer, Leverkusen, Germany

Sodium hydroxide 1N (1mol/l)

Merck, Darmstadt, Germany

Hydrochloric acid acid 1N (1mol/l)

Merck, Darmstadt, Germany

Heparine Liquemin N 25000®

Roche, Basel, Swiss

Ketamin hydrochloride 100 mg/ mL

Ketamin®

Pharmacia, Erlangen, Germany

Ventilation gas, 50% O,, 50%N,

Air Liquid, Siegen, Germany

Ventilation gas, 100% O,

Air Liquid, Siegen, Germany

Glacial acetic acid 100 %

Roth, Karlsruhe, Germany

Haemalaun, Sauer nach Mayer

Waldeck GmbH and Co.KG, Muenster, Germany

Acetone

Mallinckrodt Baker B.V., The

Netherlands

Deventer,

Ethanol 70%, 95%, 99.6%

Otto Fischer GmbH and CO.KG, Saarbriicken,

Germany

Isopropanol (99.8%)

Fluka Chemie, Buchs, Switzerland

Methanol

Sigma-Aldrich GmbH,

Germany

Biochemie Steinheim,
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Formaldehyde alcohol free 3.5%

Roth, Karlsruhe, Germany

Xylol

Roth, Karlsruhe, Germany

Hydrogen peroxide 30%

Merck, Darmstadt, Germany

Picric acid

Fluka Chemie, Buchs, Switzerland

Pertex®

Medite GmbH, Burgdorf, Germany

Natriumchlorid

Roth, Karlsruhe, Germany

Di-Natriumhydrogenphosphat
Dihydrat

Merck, Darmstadt, Germany

Trypsin Digest All 2®

Zytomed, Berlin, Germany

Normal Goat Serum

Vector/ Linaris, Wertheim-Bettingen, Germany

Normal Rabbit Serum

Vector/ Linaris, Wertheim-Bettingen, Germany

Vectastain Elite ABC Kits (anti-

rabbit, anti-goat)

Vector/ Linaris, Wertheim-Bettingen, Germany

Vector VIP Substrat Kit

Vector/ Linaris, Wertheim-Bettingen, Germany

Sirius red

Niepoetter Labortechnik, Buerstadt, Germany

Toludine blue O, Sigma-Aldrich

Sigma-Aldrich, Steinheim, Germany

Resorcin-Fuschin

Waldeck GmbH and Co.KG, Muenster, Germany

EosinY

Thermo scientific, Kalamazoo, USA

Fe-Haematoxilin weigert

Waldeck GmbH and Co.KG, Muenster, Germany

Potassium dihydrogen phosphate

Merk, Darmstad, Germany

Dako Real™ proteinase K

Glostrup, Denmark

Methylgreen Counterstain

Vector/ Linaris, Wertheim-Bettingen, Germany

Tissue-Tek

Sakura Finetek Europe B.V., Alphen Aan den Rijn,
The Netherlands

Fluoro Care Anti-Fade Mountant

Biocare Medicals, Pike Lane, Concord, CA, USA

Antibody Diluent

Biocare, Berlin Germany

2.1.2 Consumables

Article name

Company

Single use syringes Inject Luer®, 1

mL, 2 mL, 5ml,10 mL

B. Braun Melsungen, Melsungen, Germany
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Single use gloves Transaflex®

Ansell, Surbiton Surrey, UK

Gauze balls size 6

Fuhrman Verrbandstoffe GmbH, Munich,

Germany

Disposable feather scalpel

Feather Safety Razor Co, Ltd, Osaka, Japan

Pipette tips, blue, yellow, white

EPPENDORF, Hamburg, Germany

100 um

Cell Strainer nylon mesh, 40 ym,

BD Biosciences, Bedford, USA

Single use nitrile gloves

Paul Hartmann AG, Heidenheim, Germany

Medical adhesive bands

Durapore® 3M St. Paul, MN, USA

Parafilm American National Can Menasha, Wisconsin,
USA
cover slips Menzel, Braunschweig, Germany

Microtom blades MX35 Premier

Thermo Scientific

Paraffin embedding medium

Paraplast Plus®

Sigma Aldrich, Steinheim, Germany

2.1.3 Surgical instruments, sutures and needles

Company Article No. | Article name

FST 11370-31 Moria MC31 Forceps - Serrated Curved

FST 11050-10 Graefe Forceps - 0.8mm Tips Straight

FST 11052-10 Graefe Forceps - 0.8mm Tips Curved

FST 14106-09 Fine Iris Scissors - Large Loops Straight Sharp 9.5cm

FST 11009-13 Semken Forceps: curved, tipps serrated 1.3mmx1mm

FST 12060-01 Castroviejo Micro Needle Holder -Straight w/Lock 9cm

FST 15003-08 Vannas-Tubingen spring scissors, Tip Shape:
Sharp/Sharp, Effective Cutting Edge: 5mm

Aesculap BC313R Standard Scissors — Blunt

FST 15024-10 Spring Scissors - 8mm Blades Straight Sharp, Length:

10cm, Tip Diameter: 0.2mm, Effective Cutting Edge: 8mm

FST 30087-20 Plastic Caliper

Aesculap FD562R Vessel clip Biemer, jaw opening 5 mm, jaw length 9 mm,
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closing force 20-25¢g

FST 18025-10 Suture Tying Forceps

Beckton 304000 BD Microlance™ 3 disposable hypodermic needles, 20

Dickinson x1%2”, 0.9 x 40 mm, yellow

Beckton 303800 BD Microlance™ 3 disposable hypodermic needles,

Dickinson 26GxY2", 0.45 x 13 mm, brown

Beckton 30200 BD Microlance ™ 3 disposable hypodermic needles,

Dickinson 27Gx% “, 0.40 x 19 mm, grey

Beckton 304000 BD Microlance ™ 3 disposable hypodermic needles,

Dickinson 30Gx’%"%, 0.30 x 13 mm, yellow

Ethickon Surgical threads non-absorbable ETHIBOND EXCEL®,
size 5-0

Ethickon EH7228H Prolene 6-0, C-1 13 mm 3/8c, polypropylen, blue monofil
suture, non resorbable

Braun 4268113S- Vasofix® Safety 20Gx1%4”, 1.1x33 mm, safety

Melsungen | 01 intravenous catheter with injection port

Braun 4268210S- | Vasofix® Safety 14Gx2”, 2.2x50 mm, safety intravenous

Melsungen | 01 catheter with injection port

Braun 8728810F Perfusor® Syringe 50 mL

Melsungen

Edward Hemoclip®, ligating clip

Weck

2.1.4 Devices for surgery and invasive hemodynamics

Company | Article Article name

Number
AD ML295/M-220 | The ML295/M Homeothermic Controller and Plate
Instruments provides temperature feedback control for controlling

small animal (mouse) temperature through a heating
plate. The system includes the controller, heating plate

and mouse rectal probe.
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Leica Leica M50 Surgical stereomicroscope
with small
boomstand

Schott KL-200 Cold light source

Hugo MiniVent Type 845, a quiet, compact and light weight

Sachs ventilator designed specifically for mice

Electronics

VetEquip Table Top Laboratory Animal Anesthesia System

Inc includes a precision, agent-specific vaporizer; oxygen
flowmeter; oxygen flush valve; non-rebreathing circuit;
mouse- and rat-sized nosecones; induction chamber;
waste gas filters; and oxygen supply hose.

Millar SPR-671NR An ultra-miniature pressure catheter (1.1F Nylon) with a

Instruments single 1.4F pressure sensor side mounted at the tip and
is suitable for use in mice.

AD ML870B47/M | MPVS-Ultra Single Segment Foundation System for

Instruments Mice is configured for measurement of ventricular
pressure and volume in mice using the appropriate
pressure-volume catheter. The system includes a
PowerLab, LabChart and LabChart Pro acquisition and
analysis software.

Aalborg PMR1-012148 | Model P single flow tube rotameter for low flow rate

measurement, 100 mL/min, air

2.1.5 Systems, softwares and machines

Sakura cassette printer, Sakura finetek Germany GmbH, Staufen, Germany

Selecta filter paper, Schleicher + Schuell GmbH, Dassel, Germany

Blood analyzer ABL 330 Radiometer, Copenhagen, Denmark
Robert: Leica ST5020
Robert: Leica CV5030

100 mL Automated microtom RM 2165, Leica Microsystems, Wetzlar, Germany
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e Flattening table HI 1220 Leica Microsystems, Wetzlar, Germany

e Flattening bath for paraffin sections HI 1210 Leica Microsystems, Wetzlar, Germany

e Tissue embedding machine EG 1140H Leica Microsystems, Wetzlar, Germany

e Cooling plate EG 1150C Leica Microsystems, Wetzlar, Germany

e Tissue processing automated machine TP 1050 Leica Microsystems, Wetzlar,
Germany

e Stereo light microscope DMLA Leica Microsystems, Wetzlar, Germany

e Digital Camera Microscope DC 300F Leica Microsystems Wetzlar,Germany

e Leica Microsystems, Wetzlar, Germany

e Computer Q 550 IW Leica Microsystems Wetzlar, Germany

e Software Q Win V3 Leica Microsystems Wetzlar, Germany

e Makro for Muscularization degree, Fibrosis, Cardiomyocyte size, Leica Microsystems,

Wetzlar, Germany

2.1.6 Antibodies and Lectins

Company Company

Armenian hamster Novus Biologicals, Littleton, CO,
anti-FCeR1 80160 USA

WGA-FITC Sigma aldrich

IB4-TRITC Sigma aldrich

Avidin-Rhodamine Vector Laboratory

p-SMAD Santa Cruze Biotechnology
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2.2 Experimental design

Sham/PAB 1 Day 3 Days 1 Wk 2Wks | 3Wks 5 Wks

v
High frequency ultrasound, Hemodynamics, RV hypertrophy, fibrosis, RV cellular hypertrophy,
capillary density, mast cell density and activation, hypertrophic, profibrotic & MC specific
genes expression

Placebo
S;'ig"{ Cromolyn Early intervention
1 Wk Cromolyn Late intervention
] v NAY
v

High frequency ultrasound, Hemodynamics, RV hypertrophy, fibrosis,
cellular hypertrophy, capillary density, mast cell density and activation,
hypertrophic, profibrotic & MC specifi genes expression

Sham/ Mast cel' knock out and their wild type littermates PAB

PAB Mast cell knocit out and their wild type littermates Sham
A v

High frequency ultrasound, Hen*odynamics. RV hypertrophy, RV fibrosis,
cellular hypertrophy, hypertrophic, capillary density, investigation of TGF- beta
pathway

Scheme 5: Experimental design

2.3 Experimental procedures

2.3.1 Animals

Adult C57BI/6 and WBB6F1/J-Kit"/Kit""* mice with the respective wild-type littermates
were purchased from Charles River Laboratories (Sulzfeld, Germany). WBB6F1/J-
Kit"IKit"" (Kit"IKit"") compound heterozygous mice, which combine the severe Kit"

mutation with the milder Kit""

mutation, have markedly reduced Kit receptor activity and
are severely mast cell-deficient'*?. Because of this deficiency, Kit"/Kit""" mice are used
to study mast cell biology in vivo. Kit"/Kit"" mutant mice possess pleiotropic defects in
pigment-forming cells, germ cells, red blood cells and mast cells. In addition, they exhibit
impaired resistance to parasitic infection and an intrinsic progenitor cell defect. Kit""
homozygotes resemble Kit" homozygotes in color, anemia and germ cells, but many of
them survive to maturity. The lack of germ cells in mutant mice leads to the development

of some ovarian tumors (mesotheliomas and granulosa cell), associated with an
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overproduction of pituitary gonadotropic hormone. Kit"Kit"" double heterozygotes are
viable but sterile because of germ cell deficiency. They are also mast cell deficient.
Kit"Kit"" double heterozygotes lack intermediate cells, derived from melanoblasts, in
the stria vascularis resulting in endocochlear degeneration, loss of endocochlear
potential and hearing impairment.

Mice were given free access to water and food and were housed under controlled
temperature (22°C) and under standard light-dark cycle (12 hrs each) throughout the
experimental period. All experiments were approved by the governmental ethics committee
for animal welfare (Regierungsprasidium Giessen (Gl 20/10) and Regierungsprasidium
Darmstadt (B2/244), Germany.

2.3.2 Orotracheal intubation and ventilation

The intubation and surgical procedures were performed with the aid of a surgical
stereomicroscope (Leica Microsystems, Wetzlar, Germany) at 8x magnification. A custom-
made endotracheal tube made from an intravenous catheter (Vasofix® Safety 20Gx174”,
1.1x33 mm, B. Braun Melsungen AG, Melsungen, Germany) with a blunted stylet as a stiff
guide to facilitate the introduction of a cannula were prepared. A drop of lidocaine
(Xylocain® 2% Jelly, Astra Zeneca GmbH, Wedel, Germany) was put on the tip of the tube
to numb the throat and reduce the gag reflex. A blunted stylet (Vasofix® Safety 14Gx2”,
2.2x50 mm, B. Braun Melsungen AG, Melsungen, Germany) attached to a 50 mL syringe
(Perfusor® Syringe, B. Braun Melsungen AG, Melsungen, Germany), which was held on a
retort stand, allowed the mouse to be fixed in a hanging position for the intubation
procedure. As intubation requires both hands, the microscope was prefocused
approximately 15 mm below the needle to the putative working field, the vocal cords. For
illumination a power light with flexible horns (KL-200, Fiber Optics Schott, Mainz,

Germany) was used.

For induction of general anesthesia (Table Top Laboratory Animal Anesthesia System,
VetEquip Inc, Pleasanton, USA), the animal was placed into a transparent induction
chamber, 5% isoflurane (Forene® Abbott, Wiesbach, Germany) in 100% oxygen (Air
Liquid, Siegen, Germany) at a flow rate of 2 L/min was used until the animal lost its righting

reflex. Thereafter, the mouse was taken out and suspended by the superior incisors on a
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blunted needle attached to a 50 mL syringe, which was held on a retort stand. A power
light with flexible horns was focused on the ventral neck to transilluminate the trachea. The
tongue of the mouse held with the curved forceps held in the operator’s right hand, was
moved to the left. The forceps held in the left hand are put under the tongue to hold it firmly
to the lower jaw. The vocal cords and trachea were then visualized. With the operator’s
free right hand, the intubation tube was gently inserted into the trachea for 6 mm starting
from the vocal cords. Then the guide was removed and the mouse was placed supine on a
thermally controlled surgical table and connected to a small animal ventilator MiniVent type
845 (Hugo Sachs Elektronik, March-Hugstetten, Germany), with the exhaust tube
immersed in water to confirm the flow of air. The success of the intubation was evaluated
by the visual observation of the rhythmic expansion of the thorax synchronous with the
ventilator. The ventilation settings for mice were calculated, depending on the animal

weight, according the following formulas:

Vt = 0.0062 x M"%" where Vt is tidal volume, and Mb is animal mass in kg;

Ventilation rate (breaths/minutes) = 53.5 x M%-%

Maintenance of anesthesia was provided by continuous inhalation of 2% isoflurane mixed
with oxygen. The eyes of animals were protected from drying with dexpanthenol eye

ointment (Bepanthen® Bayer, Leverkusen, Germany).

2.3.3 Pulmonary artery banding
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Surgery was performed under isoflurane (Forene® Abbott, Wiesbach, Germany)
anesthesia (Table Top Laboratory Animal Anesthesia System, VetEquip Inc, Pleasanton,
USA) with the aid of a surgical stereomicroscope (Leica Microsystems, Wetzlar, Germany)
at 8 x magnification. For illumination a power light with flexible horns (KL-200, Fiber Optics
Schott, Mainz, Germany) was used.

After endotracheal intubation the mouse was placed supine on a custome-made
homeothermic plate (Keutz Labortechnik, Reisskirchen, Germany) and connected to a
small animal ventilator MiniVent type 845 (Hugo Sachs Elektronik, March-Hugstetten,
Germany).

Using surgical tape, the four paws of the mouse were taped down to the plate. In an
anesthetized and immobilized mouse, the left thoracic wall was shaved and then cleaned
with Braunoderm® (B. Braun Melsungen, Melsungen, Germany). A transverse 5 mm
incision of the skin was made with scissors 2 mm away from the left sternal border, 2 mm
lower than the level of the armpit. Both layers of thoracic muscles were gently pulled apart.
The chest cavity was opened with scissors by a small incision at the level of the second
intercostal space 2-3 mm from the left sternal border. The chest retractor was gently
inserted to spread the wound 4-5 mm in width, taking care to avoid the lungs getting
caught in the teeth of the retractor. The thymus and fat were pulled away with forceps to
the left arm of the retractor. With two forceps the pericardial sac was gently pulled apart
and attached to both arms of the retractor. After a mobilization of the pericardium, the
pulmonary trunk was visualized. The pulmonary trunk was bluntly dissected with curved
forceps from the aorta and left atrium. To create a tunnel underneath the pulmonary trunk,
an L-shaped 26-gauge blunted needle (Becton Dickinson, Drogheda, Ireland) was used.
The needle was placed from the side of the pulmonary trunk closest to the left atrium and
gently pushed underneath the pulmonary trunk so that the end of the needle appeared
between the pulmonary trunk and aortic trunk. A small titanium ligating clip (Hemoclip®,
Edward Weck, Research Triangle Park, NC, USA) was placed around the pulmonary trunk
with specially adapted appliers set to a width to produce 65-70% constriction. The chest
retractor was removed and the thymus was moved back to its physiological position. The
lungs were then reinflated by shutting off the outflow on the ventilator for 1-2 sec using a

finger. The chest cavity was closed by bringing together the third and fourth ribs with two
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6-0 polypropylene sutures (Prolene®, Ethicon, Norderstedt, Germany). While making a
knot, slight pressure was applied on the chest with the needle holder to reduce the volume
of free air in the chest cavity. All layers of muscle were moved back to their physiological
position. Then, the skin was closed with 6-0 polypropylene suture and the wound was
treated with Braunoderm® (Braun, Melsungen, Germany).

For the sham operation, dissection of the pulmonary trunk was performed using the curved
forceps and the L-shaped needle but a ligating clip was not placed around the pulmonary

artery. The lungs were then reinflated and the wound was closed.

Immediately after the operation 0.5 mL of 37°C saline was given intraperitoneally and a
dose of analgesic buprenorphine hydrochloride (Temgesic®, 0.1 mg/kg, Essex Pharma
GmbH, Munich, Germany) was given subcutaneously after recovery from anesthesia and
then every 8 hrs for the next 48 hrs. Once spontaneous respiration resumed, animals were
extubated, placed under a heating lamp and were closely observed for 6 hrs to ensure
complete recovery from the anesthesia. The mice were then housed to a standard rodent

cage with free access to food and water in a room kept at 25°C.

2.3.4 Pharmacological treatments

To investigate the effects of mast cell stabilization in @ murine model of pressure overload
induced RV hypertrophy, chronic treatment with cromolyn sodium salt (50 mg/kg/day
intraperitoneally) was performed. The animals were randomized into placebo, early
intervention (starting from day zero for 3 weeks) and late intervention (starting from day 7
after PAB for 2 weeks) groups and were treated intraperitoneally either with placebo
(saline) or cromolyn At the end of the experiment (day 21 of PAB), the animals were
subjected to hemodynamic measurements. Afterwards the animals were sacrificed and

heart tissues were harvested for further analyses.

2.3.5 High frequency ultrasound

Immediately before performing the echocardiographic study, the animal was placed into a
transparent induction chamber (Table Top Laboratory Animal Anesthesia System,
VetEquip Inc, Pleasanton, USA). For induction of general anesthesia, 5% isoflurane
(Forene® Abbott, Wiesbach, Germany) in 100% oxygen (Air Liquid, Siegen, Germany) at a

flow rate of 2 L/min was used until the animal lost its righting reflex.
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Thereafter, the mouse was taken out and placed in a supine position atop a heating pad
with embedded ECG leads. Subsequently, the snout was placed within a nose cone
connected to the anesthesia system to maintain a steady-state sedation level throughout
the procedure (1.0% to 1.5% isoflurane mixed with 0.5 L/min 100% O) while
spontaneously breathing. A rectal probe was gently inserted after lubricating to
continuously monitor and keep body temperature at 37°C via the heating pad. The eyes of
the animal were protected from drying with dexpanthenol eye ointment (Bepanthen®
Bayer, Leverkusen, Germany). Using surgical tape, the four paws of the mouse were
taped down to the ECG electrode after applying electrode gel to them. Depilatory cream
was applied to the chest from the neckline to mid chest level using a cotton applicator tip.
The cream was removed after 2 min with a gentle rolling motion of the cotton tips and then
the chest was cleaned with distilled water.

To start the transthoracic two-dimensional, M-mode and Doppler imaging, a layer of
preheated to body temperature ultrasound gel was applied to the chest of the anesthetized
and immobilized mouse, primarily the area overlying the heart. Echocardiographic images
were acquired with a commercially available VEVO770 High-Resolution imaging system
(VisualSonics, Toronto, Canada) equipped with a 30-MHz transducer. RV free wall
thickness (RVWT) was measured in the modified parasternal long-axis view. RV outflow
tract (RVOT) dimensions were measured from the RVOT view at the level of the aortic
valve. For assessment of right ventricular performance, the RV Tei index and tricuspid
annular plane systolic excursion were measured. For determination of TAPSE M-mode
cursor was oriented to the junction of the tricuspid valve plane with the RV free wall using
the apical four chamber view. RV myocardial performance index (MPI) or Tei index was
measured in by Tissue Doppler imaging (TDI) at the lateral part of the tricuspid annulus in
the four-chamber view and calculated as the sum of isovolumic contraction time (IVCT)
and isovolumic relaxation time (IVRT) divided by the ejection time (ET).

Peak aortic velocity and velocity time integral were determined from a right supraclavicular
view. Aortic stroke volume (SVao) was calculated from pulse wave aortic Doppler
recordings and measurements of the proximal ascending aortic diameter. The aortic
diameter (D) was measured using M-mode echocardiography at the level of the proximal

ascending aorta. Because of the pulsatile nature of the cardiovascular system, velocities
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are not constant throughout the cardiac cycle, thereby requiring temporal integration of the
Doppler velocities known as the time velocity integral (TVI). The cross-sectional area of the
aorta (CSAao) was calculated assuming a constant circular orifice throughout the cardiac

systole by use of the formula:

CSAao = (AO diameter/2)® x T
SVao = CSAao x TVlao

COao = SVao x HR

Cl = COao/body weight,

where CO is cardiac output, Cl is cardiac index and HR is heart rate.

All echocardiographic parameters were calculated off-line using tool section of the Visual
Sonics Vevo770 system.

Once the imaging was completed, the restraints were removed from the animal and the
electrode gel was wiped off with standard gauze pads. The anesthesia was turned off and
the unrestrained animal was allowed to recover on the heated ECG pad. Once the mouse

was awake, it was returned to its cage.

2.3.6 Invasive hemodynamic measurements

In vivo cardiac hemodynamic function was assessed in mice following various time periods
of pulmonary artery banding and in sham controls. Measurements were preformed under
isoflurane (Forene® Abbott, Wiesbach, Germany) anesthesia (Table Top Laboratory
Animal Anesthesia System, VetEquip Inc, Pleasanton, USA). Maintenance of anesthesia
was provided by continuous inhalation of 1.5% isoflurane mixed with oxygen (Air Liquid,
Siegen, Germany). The surgical procedures for catheterization were performed with the
aid of a surgical stereomicroscope (Leica Microsystems, Wetzlar, Germany) at 8x
magnification. For illumination a power light with flexible horns (KL-200, Fiber Optics
Schott, Mainz, Germany) was used.

After endotracheal intubation the mouse was placed supine on a homeothermic plate (AD
Instruments, Spechbach, Germany) and connected to a small animal ventilator MiniVent

type 845 (Hugo Sachs Elektronik, March-Hugstetten, Germany). The body temperature
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was controlled by the rectal probe connected to the control unit (AD Instruments,
Spechbach, Germany) and was kept at 37°C during the catheterization.

Using surgical tape, the front paws of the mouse were taped down to the heating blanket.
The distal paws were used to monitor the depth of anesthesia. In an immobilized
anesthetized animal, the neck and chest area were cleaned with Braunoderm® (Braun,
Melsungen, Germany) and then an inverted T-shaped middle-neck incision from mandible

to the sternum was made.

2.3.7 Right heart catheterization

The right external jugular vein was carefully exposed by bluntly dissecting the surface of
the right neck along the midclavicular line. After careful removal of the connective tissue
surrounding the jugular vein, three ligatures of 6-0 polypropylene sutures were placed
around the vein. The rostral ligature, placed just below the junction of the internal and
external jugular vein, was ligated to prevent bleeding and then gently pulled and taped to
the table. A very loose knot was placed to the middle suture. The caudal suture was gently
pulled (without securing it) with a needle holder and clamped to the skin of the animal to fix
it in the desired position. A couple of drops of physiological saline were put in the vessel
area and a small incision was made in between both the rostral and middle ligatures using
microincision scissors. Afterwards, the tip of the presoaked (for 30 min into physiological
saline solution) high fidelity 1.4F micromanometer catheter (Millar Instruments, Houston,
USA), was inserted in the caudal direction into the vein, using a bent 27-gauge needle,
followed by gently securing the middle suture. Simultaneously, the caudal suture was
released and the catheter was quickly advanced into the right atrium and then RV. After
stabilization of the signal, the pressure was recorded. During the data collection, the
ventilator was shut off for a few seconds to acquire data without lung motion artifact. The
parameters measured were heart rate, RV systolic pressure (RVSP) and end-diastolic
pressure (RVEDP), the maximal and minimal first derivative of ventricular pressure
(dP/dtMax and dP/dtMin, respectively) and mean right atrial pressure. At the conclusion of
the measurements, the catheter was removed by gently pulling it back and was

immediately placed into a syringe filled with saline to prevent clotting.
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2.3.8 Left heart catheterization

Parotid glands were moved aside and the thin muscle layer around the throat were bluntly
dissected with forceps to expose and isolate the right carotid artery. A suture was secured
around the distal end of the artery, then gently pulled and taped to the table. An additional
suture was inserted beneath carotid artery and a very loose knot was placed. A Biemer
microvessel clip (Aesculap, Tuttlingen, Germany) was placed on the proximal part of the
carotid artery. A couple of drops of physiological saline were put in the vessel area and a
tiny incision was made near the distal end of the artery with a microincision scissors. Using
a bent 27-gauge needle, the catheter tip was inserted into the vessel followed by gently
securing the second suture. Simultaneously, the clip was released and the high fidelity
1.4F micromanometer catheter (Millar Instruments, Houston, USA) was quickly advanced
into the left ventricle until the pressure signal was displayed in the monitor. After
stabilization of the signal, the pressure was recorded. During the data collection, the
ventilator was shut off for a few seconds to acquire data without lung motion artifact. All
data were collected and analyzed using PowerLab data acquisition systems and LabChart
7 for Windows software (MPVS-Ultra Single Segment Foundation System, AD
Instruments, Spechbach, Germany). The parameters measured were heart rate, systolic
and mean aortic pressure, left ventricular systolic pressure (LVSP) and end-diastolic
pressure (LVEDP) and the maximal and minimal first derivative of ventricular pressure
(dP/dtMax and dP/dtMin, respectively). At the conclusion of the measurements, the
catheter was removed by gently pulling it back and was immediately placed into a syringe
filled with saline to prevent clotting.

At the end of the experiment, the mice were sacrificed and the hearts were harvested for

further examination.

2.3.9 Tissue processing

The ventricles were dissected out from the great vessels and atria. The RV was isolated
from the left ventricle (LV) + septum (LV + S) by dissection along the septal insertion. The
RV and (LV + S) were patted dry and weighed. We assessed RV hypertrophy by using the
ratios of RV to tibial length and to body weight. The tissue samples were then either fixed

in formalin or snap-frozen.
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2.4 Histological examinations

2.4.1 Cardiac fibrosis

Heart tissues were immersed in 3.5% formalin for 12 hrs at 4°C. They were then
transferred to cold PBS at 4°C overnight and further to 50% alcohol with following
dehydration and paraffin embedding. Paraffin embedded blocks were sectioned at a
thickness of 3 ym. To detect collagen fibers RV sections were stained with 0.1% Sirius
Red (Sirius Red F3B, Niepoetter, Burstadt, Germany) in picric acid (Fluka). Briefly,
sections were deparafinized and rehydrated in xylol and graded ethanol series (99.9%,
96%, 70%), washed with PBS and dipped in 0.1% picrosirius red solution for an hour.
Afterwards, excess of picrosirius staining was washed away with 1% glacial acetic acid
series, dehydrated with graded ethanol series of increasing concentration from 70% to
absolute alcohol. Finally slides were cleared in xylol series and mounted in pertex. The
percentage of interstitial collagen area fraction was counted using collagen counting Leica
Qwin V3 computer-assisted image analysis software (Leica Microsystem, Wetzlar,

Germany). Average data reflect results from at least 5-7 different hearts in each group.

2.4.2 Cardiomyocyte size determination

For cardiomyocyte size determination, 3 um thin transverse sections of RV were stained
with FITC conjugated wheat germ agglutinin (WGA-FITC, Sigma-Aldrich) which specifically
binds to the N-acetylglucosamine residue of the cell membrane. Nuclei were stained with
4',6-diamidino-2-phenylindole (DAPI, Invitrogen). Briefly 3 pym thin formalin fixed paraffin
embedded transverse sections of RV were deprafinized and rehydrated as mention before.
Antigen retrieval was done by digesting with proteinase K for 30 min at room temperature
and blocked with 10% BSA to avoid background staining. Sections were incubated with
WGA-FITC overnight at 4°C, excess of WGA-FITC was washed for 2 hrs in TBS and finally
nuclear staining with DAPI for 10 min at room temperature. Finally, slides were cleaned
and mounted in Fluoro Care Anti-Fade Mountant (Biocare, CA, USA). Sections without
WGA-FITC and DAPI were used as a negative control. Photomicrographs were quantified
to determine the mean cross-sectional area of cardiomyocytes using Leica Qwin V3

computer-assisted image analysis software (Leica Microsystem, Wetzlar, Germany).
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Average data reflect results from at least 5-7 different hearts in each group (more than 200

cells for each heart).

2.4.3 Myocardial angiogenesis

To quantify the capillaries, 3 um thin transverse sections of right ventricles were stained
with FITC conjugated wheat germ agglutinin (WGA-FITC, Sigma-Aldrich) for membrane
staining and IB4-TRITC staining for endothelial cells. Nuclei were stained with 4',6-
diamidino-2-phenylindole (DAPI, Invitrogen) and mounted in Fluoro Care Anti-Fade
Mountant (Biocare, CA, USA). Briefly 3 pm thin formalin fixed paraffin embedded
transverse sections of RV were deprafinized and rehydrated as mention before. Antigen
retrieval was done by digesting the tissue with proteinase K for 30 min at room
temperature and blocked with 10% BSA to avoid background staining. Sections were
incubated with WGA-FITC (Sigma Aldrich) and IB4-TRITC (Sigma Aldrich) overnight at
4°C, excess of WGA-FITC was washed for 2 hrs in TBS and finally nuclear staining with
DAPI for 10 min at room temperature. Finally slides were cleaned and mounted in Fluoro
Care Anti-Fade Mountant (Biocare, CA, USA). Sections without WGA-FITC, IB4-TRITC
and DAPI were used as a negative control. Photomicrographs were quantified to count the
number of cardiomyocytes and capillaries using STEPanizer image analysis tool
(University of Bern, Department of Anatomy, Bern, Switzerland) and mean cross-sectional
area of cardiomyocytes using Leica Qwin V3 computer-assisted image analysis software
(Leica Microsystem, Wetzlar, Germany). Numbers of capillaries per cardiomyocyte and per
unit cross sectional area of the cardiomycyte were expressed. Average data reflect results

from at least 5-7 different hearts in each group.

2.4.4 Mast cell density and activity

To identify mast cells, toluidine blue staining was performed. Briefly, formalin-fixed RV
tissue samples were paraffin embedded and 3 um sections were stained with toluidine
blue. Toluidine blue stock solution (1%) was prepared in 70% ethanol. Toluidine blue
working solution was prepared by diluting 10 mL of stock solution in 90 mL of 1% NaCl
solution and fixed pH=2.2. Mast cell density was quantified by counting the number of
toluidine blue positive cells from each entire RV longitudinal sections (Leica QWin, 200X)

in 2 random sections. The mast cell density was expressed as a number of mast cells per
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mm?, Mast cell degranulation was defined by observing the membrane rupture and
leakage of the metachromatic granules143. The results were expressed as percentage of

degranulated mast cell to total amount of mast cells.
2.5 Molecular biology analysis

2.5.1 Reverse transcription polymerase chain reaction

Total RNA was extracted from snap-frozen RV tissue using Quagen RNA isolation kit
(Quagen), followed by the synthesis of cDNA using BioRad cDNA synthesis kit (BioRad).
cDNA was synthesized with 1 ug of RNA each, using the iScript cDNA Synthesis Kit (Bio-
Rad, Munich, Germany). The condition for the reverse transcription was as follows: 1 cycle
at 25°C for 5 min; 1 cycle at 42°C for 30 min; 1 cycle at 85°C for 5 min. The real-time PCR
was performed with the iQ SYBR Green Supermix according to the manufacturer's
instructions (Bio-Rad, Munich, Germany). Briefly, a 25 pyL mixture was used containing
12.5 uL iQ SYBR Green Supermix, 0.5 pL forward and reverse primers, 9.5 uL sterile
RNAse and DNAase free water and 2 pL of the 1:5 diluted complementary cDNA template.
Non-template control was used as a negative control in each run. The intron-spanning
primers for ANP, BNP, Col1a1 and Col3a1, TGF-B, HPRT, 18S RNA, MCP-4, MCP-5 (list
of primer sequence below in the box), were designed by using sequence information from

the NCBI database and obtained from Metabion international AG (Martinsried, Germany).

ANP F-TCTGCCCTCTTGAAAAGCAA, R-TTCGGTACCGGAAGCTGTT

BNP F-GAAGGTGCTGTCCCAGATGA, R-TCCAGCAGCTTCTGCATCTT

Col 1 F-GACGGGAGGGCGAGTGCTGT, R-ACGGGTCCCCTTGGGCCTTG

Col 3 F-AAAGGGTGAAATGGGTCCAG, R-TCACCTGAAGGACCTCGTGT

TGF-beta F-AGAAGGCAAGCCGGAGGGCA, R-TGGGCGGGATGGCATTTTCGG
MCP-4 F-TCTGGGGCTGGAGCTGAGGAGA, R-GCAGCAGTCAACACAAATTGGCGG
MCP-5 F-TGAAGCCTGCAGCAGCCCTG, R-CGTGCCTCCAATGATCTCTCCAGC
HPRT1 F-GCTGACCTGCTGGATTACAT, R-TTGGGGCTGTACTGCTTAAC

18SRNA F-CTTCGCCATCACTGCCATTA, R-CGTGAGTTCTCCAGCCCTCT
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The real time PCR was performed with a Mx3000P (Stratagene, Heidelberg, Germany)
under the following conditions: 1 cycle at 95°C for 10 min, then 40 cycles at 95°C for 10
sec, 59°C for 10 sec, 72°C for 10 sec, followed by a dissociation curve. PCR products
were detected in the ABI-PRISM 7700 sequence detection system (Applied Biosystems)
and the results were analyzed using the 2-AACT method. The level of expression of
mRNA was normalized to HPRT and 18S mRNA.

2.6 Statistical analyses

All data are presented as means + SEM. Comparison of multiple groups was performed by
analysis of variance (ANOVA) with the Student—Newman—Keuls post-test. For comparison
of two groups Student’s t-test was performed. p-value below 0.05 was considered as

statistical significant for all analysis.
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3 RESULTS

3.1 Time course of pressure overload-induced right ventricular remodeling

First, we investigated the time course changes in RV remodeling in a murine model of
pressure overload induced RV hypertrophy. Animals were investigated at various time
points (1, 3, 7, 14, 21 and 35 days) after PAB for assessment of hemodynamics, RV
function, expression profile of hypertrophic and profibrotic genes, histological assessment

of RV interstitial fibrosis, cellular hypertrophy and capillary density.

3.1.1 Effect of PAB on hemodynamics and cardiac function

To assess the degree of afterload imposed by PAB, we measured RVSP by invasive RV
catheterization at various time points after surgery. RVSP significantly increased at all time
points compared with sham animals (p < 0.05). There were no significant differences in SAP
between banded and sham mice at all time points (Figures 3a and 3b).

Cardiac index significantly decreased at postoperative day 1 but partially recovered by day 7
with further gradual decline (Figure 3c). Similar to cardiac index, RV function evaluated by
TAPSE and Tei index significantly deteriorated immediately after PAB, but partially

recovered on postoperative day 3 with further slow decline (Figures 3d and 3e).
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Figure 3: Effect of PAB on hemodynamics and cardiac function

(a) right ventricular systolic pressure (RVSP); (b) mean aortic pressure (mAP); (c) pressure gradient
across the PAB; (d) cardiac index (Cl); (e) tricuspid annular plane systolic excursion (TAPSE); and
(f) Tei index. Data are presented as meantSEM, p < 0.05 compared with sham at corresponding
time points, n=8 to 10.

3.1.2 Effect of PAB on RV remodeling

RV hypertrophy developed rapidly after PAB. Although, the RV mass was not significantly
different between PAB and sham-operated mice at postoperative day 1, it increased in
banded mice after 3 days and continued to increase further up to day 35 (Figure 4e). RV
remodeling was characterized by changes in size and shape of the RV. Pressure overload
resulted in acute dilatation of the RV chamber with partial reversal on day 3 after PAB and

further progressive chamber enlargement (Figure 4c). Significant RV wall thickening
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occurred at 3 days after PAB and changed nonsignificantly thereafter (Figure 4b). On a
cellular level, significant heart hypertrophy was evident at 7 days after PAB and gradually
increased further (Figures 4d and 4f).
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Figure 4: Effect of PAB on right ventricular hypertrophy

(a) HE staining, cross sections of hearts from sham and banded mice; (b) right ventricular wall
thickness (RVWT); (c) right ventricular internal dimension (RVID); (d) representative images of right
ventricles cut in cross-section and stained with wheat germ agglutinin-FITC conjugate; (e) right
ventricular weight/tibial length (RV/TL); and (f) cardiomyocyte cross-sectional area. Data are
presented as meantSEM, p < 0.05 compared with sham at corresponding time points, n=8 to 10 for
figures b, ¢, e and n=5 for figures d, f.

3.1.3 Effect of PAB on expression of hypertrophic and profibrotic genes

As RV remodeling comprises of hypertrophy and fibrosis, we investigated the mRNA
expression of hypertrophic and profibrotic genes at different time points after PAB. BNP
expression increased early after PAB and was maintained at high levels up to 35 days after
PAB (Figure 5a). Similarly, TGF-B was up-regulated very early and then remained highly
expressed (Figure 5e). In contrast, ANP expression increased only 1 week after PAB and
stayed high thereafter (Figure 5b). Similar to ANP, induction of mMRNA expression of
profibrotic genes collagen 1, collagen 3 and PAI-1 occurred late and then remained high
(Figures 5c, 5d and 5f).
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Figure 5: Effect of PAB on the expression of hypertrophic and profibrotic genes

Real-time PCR analysis for hypertrophic and profibrotic markers (a) B-type natriuretic peptide (BNP),
(b) atrial natriuretic peptide (ANP), (c) collagen 1 (Col 1) (d) collagen 3 (Col 3) and (e) transforming
growth factor 1 (TGF-B), (f) Plasminogen activator inhibitor (PAI-1). Data are presented as
meantSEM, p<0.05 compared with sham, n=5 in each group.
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3.1.4 Effect of PAB on RV fibrosis

To investigate the effect of PAB in RV remodeling proess, RV fibrosis was assessed by
quantifying the fibrosis percentage as decribed in the materials and methods section.
Interstitial collagen deposition in banded mice started increasing 1 week after surgery and
progressively increased further up to day 35 (Figures 6a and 6b).
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Figure 6: Effect of PAB on RV fibrosis.
(a) representative sirius red staining images of right ventricles. Scale bar, 40 ym; and (b) bar
graphs summarizing quantification of interstitial fibrosis. Data are presented as meantSEM, p<0.05

compared with sham, n=5 in each group.

3.1.5 Effect of PAB on RV angiogenesis
The number of microvessels per cardiomyocyte slightly increased until day 7 and did not
change thereafter. However, the number of capillaries per cross-sectional area of

cardiomyocytes progressively decreased in banded mice (Figure 7c).
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Figure 7: Effect of PAB on RV angiogenesis.

Representative images of right ventricles cut in cross-section and stained with (a) wheat germ
agglutinin-FITC conjugate (WGA-FITC), isolectin B4-TRITC conjugate (IB4-TRITC), DAPI and
merged. WGA marks cell boundaries (green), isolectin B4 (red) marks endothelial cells, DAPI marks
nuclei (blue). Bar graphs summarizing (b) capillaries per cardiomyocytes and (c) capillaries per cross
sectional area of cardiomyocytes. Data are presented as mean+SEM, p<0.05, n=5 in each group.
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3.1.6 Effect of PAB on RV mast cell density and activity

We found time-dependant increase in total number of mast cells (Figure 8b) and a
proportion of degranulated mast cells in the RV tissue (Figure 8c). The mast cell density
started increasing after 2 weeks and reached maximal values 3 weeks post-surgery.
Proportion of degranulated mast cells increased starting from day 1 after PAB and reached

a plateau by day 7 (Figures 8a and 8c).
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Figure 8: Effect of PAB on RV mast density and activity.

(a) representative images of mast cells in RV tissue from sham and banded mice; (b) mast cell
density; and (c) mast cell activity. Data are presented as mean+SEM, p<0.05 compared with sham,
n=5 in each group.

3.1.7 Effect of PAB on the expression of mast cell specific genes in RV

The increased number of mast cells in pressure overload induced RV hypertrophy was

accompanied by increased expression of mast cell specific genes in the RV. There was a 3-
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and 6- fold increase in MCP-4 mRNA expression after one week and three weeks of PAB, in
the RV from banded mice compared with sham respectively. Similarly, MCP-5 expression
was increased 2- and 11- fold in the RV from banded mice after one week and three weeks

of PAB, respectively.
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Figure 9: Effect of PAB in the expression of mast cell specific genes in RV.
The mRNA expression of mast cell specific genes (a) mast cell protease 4 (MCP-4) and (b) mast cell
protease 5 (MCP-5). Data are presented as meantSEM, p<0.05 compared with sham, n=5 in each

group.

3.2 Effects of mast cell stabilization in pressure overload-induced right

ventricular remodeling

Banded mice were randomly grouped into placebo and treatment groups (early intervention
group which received cromolyn starting from day zero of PAB for 3 weeks and late
intervention group which received cromolyn starting from day 7 for 2 weeks). We
investigated the effects of mast cell stabilization on hemodynamic, RV remodeling and

function.

3.2.1 Effect of cromolyn on hemodynamics and cardiac function

PAB led to significant increase in RVSP compared with sham (Figure 10a). There were no
differences in RVSP between placebo and treatment groups indicating comparable levels of
pressure overload in those groups. Similarly, there were no significant differences in

systemic arterial pressure between the groups (Figure 10b). RV end-diastolic and right atrial
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pressures were significantly increased in placebo treated mice (Figures 10c and 10d). Both
treatment regimens significantly decreased RVEDP and right atrial pressure. Cardiac output
in placebo treated mice was significantly reduced compared with sham animals. Importantly,
early as well as late intervention by cromolyn resulted in significant increase in cardiac
output compared to placebo treated banded mice (Figure 10e). RV dysfunction evidenced
by reduced TAPSE and increased Tei index was observed in banded mice treated with
placebo. Cromolyn treatment significantly improved all the parameters of the RV function
(Figures 10f and 10g).
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Figure 10: Effect of cromolyn on hemodynamics and cardiac functions.

Treatment with cromolyn was started either from day zero of PAB (early intervention) or at day 7
after PAB (late intervention). (a) right ventricular systolic pressure (RVSP); (b) mean aortic pressure
(mAP); (c) right ventricular end-diastolic pressure (RVEDP); (d) mean right atrial pressure; (e)
cardiac index (Cl); (f) tricuspid annular plane systolic excursion (TAPSE); and (g) Tei index. Data are
presented as mean+SEM, *p<0.05 compared with sham and ®p<0.05 compared with placebo, n=10

in each group.

3.2.2 Effect of cromolyn on RV remodeling

RV remodeling in banded mice was characterized by RV chamber enlargement with
thickening of the RV wall and by increased RV mass (Figures 11a, 11b and 11d). Cromolyn
prevented significant RV dilatation with wall thickening and attenuated RV mass increase.
Although, RV mass and wall thickening were not reduced by late treatment with cromolyn,

RV dilatation was slightly but significantly reversed. Interestingly, improvement in RV
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remodeling induced by cromolyn treatment was not associated with any effects of therapy

on cardiomyocyte hypertrophy (Figures 11c and 11e).
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Figure 11: Effect of cromolyn on RV remodeling.
Treatment with cromolyn was started either from day zero of PAB (early intervention) or at day 7

after PAB (late intervention). (a) right ventricular wall thickness (RVWT); (b) right ventricular internal
dimension (RVID); (c) representative images of RV cut in cross-section show FITC-conjugated
wheat germ agglutinin staining for cross sectional analysis; (d) right ventricular mass/tibial length
(RV/TL); and (e) bar graphs summarizing cardiomyocyte (CM) cross sectional area. Data are
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presented as mean+SEM, *p<0.05 compared with sham and *p<0.05 compared with placebo, n=10
for figures a, b, d and n=5 for figures c, f.

3.2.3 Effect of cromolyn on expression of hypertrophic and profibrotic genes

Expression of hypertrophic (BNP and ANP) profibrotic markers (collagen 1 and collagen 3)
was significantly increased in banded mice receiving placebo compared with shams
(Figures 12a, 12b, 12c and 12d). Treatment with cromolyn did not have any effect on the
expression of hypertrophic markers. Although, expression of collagen 1 and collagen 3 was
significantly decreased in the treatment groups, expression of TGF-B and PAI-1 were not
significantly affected (Figures 12 e and 12f).
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Figure 12: Effect of cromolyn on expression of hypertrophic and profibrotic genes.

Treatment with cromolyn was started either from day zero of PAB (early intervention) or at day 7
after PAB (late intervention). (a) B-type natriuretic peptide (BNP); (b) atrial natriuretic peptide (ANP);
(c) collagen 1 (Col1); (d) collagen 3 (Col3); and (e) transforming growth factor  (TGF-B),
Plasminogen activator inhibitor (PAI-1). Data are presented as meantSEM, *p<0.05 compared with
sham and $p<0.05 compared with placebo, n=5 in each group.

3.2.4 Effect of cromolyn on mRNA expression mast cell specific genes

The increased mast cell number in PAB placebo was accompanied with increased mRNA
expression of the mast cell specific genes in RV. There was significant increase in MCP-4
and MCP-5 mRNA expression in placebo treated mice compared with sham. Treatment with

cromolyn significantly decreased expression of these genes (Figures 13a and 13b).
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Figure 13: Effect of cromolyn on mRNA expression of mast cell specific genes.

Treatment with cromolyn was started either from day zero of PAB (early intervention) or at day 7
after PAB (late intervention). (a) murine mast cell protease 4 (MCP-4) and (b) murine mast cell
protease 5 (MCP-5). Data are presented as mean+SEM, *p<0.05 compared with sham and $p<0.05
compared with placebo, n=5 in each group.

3.2.5 Effect of cromolyn on RV fibrosis

Banded mice receiving placebo showed significantly higher RV interstitial fibrosis compared
with sham. Treatment with cromolyn significantly decreased interstitial fibrosis, the effect

being more pronounced in the early intervention group (Figures 14a and 14b).
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Figure 14: Effect of cromolyn on RV fibrosis.

Treatment with cromolyn was started either from day zero of PAB (early intervention) or at day 7
after PAB (late intervention). (a) representative sirius red staining images of right ventricles. Scale
bar, and (b) bar graphs summarizing quantification of interstitial fibrosis. Data are presented as
mean+SEM, *p<0.05 compared with sham and $p<0.05 compared with placebo, n=5 in each group.

3.2.6 Effect of cromolyn on RV angiogenesis

There was a slight increase in the capillary density in banded mice compared with sham.

However, the number of capillaries per cross-sectional area of cardiomyocytes significantly



Results 50

decreased in banded mice. Treatment with cromolyn had effects neither on capillary density

nor on the relative blood supply (Figures 15b and 15c).
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Figure 15: Effect of cromolyn on RV angiogenesis.

Treatment with cromolyn was started either from day zero of PAB (early intervention) or at day 7
after PAB (late intervention). (a) Representative images of right ventricles cut in cross-section and
stained with wheat germ agglutinin-FITC conjugate (WGA-FITC), isolectin B4-TRITC conjugate (IB4-
TRITC), DAPI and merged. WGA marks cell boundaries (green), isolectin B4 (red) marks endothelial
cells, DAPI marks nuclei (blue). Scale bar, 20 ym. Bar graphs summarizing (b) capillaries per
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cardiomyocytes and (c) capillaries per cross sectional area of cardiomyocytes. Data are presented
as meantSEM, *p<0.05 compared with sham, n=5 in each group.

3.2.7 Effect of cromolyn on mast cell density and activity

There was an increase in the mast cell density in placebo treated banded mice compared
with shams, most of mast cells being degranulated. Treatment with cromolyn resulted in

significant reduction of both mast cell density and activity (Figures 16b and 16c¢).
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Figure 16: Effect of cromolyn on mast cell density and activity.
Treatment with cromolyn was started either from day zero of PAB (early intervention) or day at 7
after PAB (late intervention). As described in the methods, mast cells were stained with toluidine
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blue. (a) representative images of mast cells in RV tissue from placebo and cromolyn treated mice.
Scale, bar, 50 um, (b) mast cell density and (c) mast cell activity. Data are presented as mean+SEM,
*p<0.05 compared with sham and ®p<0.05 compared with placebo, n=5 in each group.

3.3 Role of mast cells in pressure overload-induced RV remodeling

We investigated the role of MCs in pressure overload induced RV remodeling using mast
cell-deficient WBB6F1-Kit""" (Kit"/Kit"") mice. These Kit"/Kit"" mice are compound

tW— 4

heterozygous mice, which combine the severe Kit" mutation with the milder Kit"" mutation.

These animals have markedly reduced Kit receptor activity and are severely mast cell-

deficient 2.

3.3.1 Hemodynamics and RV function in banded Kit"/Kit"" mice

There were no significant differences in the level of pressure overload imposed on the RV
between wild type and Kit"/Kit"" mice (Figure 17a). Systemic arterial pressure was not
different between the groups (Figure 17b). RV end-diastolic and right atrial pressures non-
significantly increased in wild type and Kit"/Kit"" mice compared with respective shams
(Figures 17c and 17d). Cardiac output significantly decreased in banded wild type mice
while in Kit"/Kit""" mice cardiac output remained stable (Figure 17e). In wild type mice, PAB
led to significant RV dysfunction evidenced by reduced TAPSE and increased Tei index;

whereas RV function was preserved in Kit"/Kit"" mice (Figures 17f and 179).
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Figure 17: Hemodynamics and RV function in banded Kit"/Kit"" mice

(a) right ventricular systolic pressure (RVSP); (b) mean aortic pressure (mAP); (c) right ventricular
end-diastolic pressure (RVEDP); (d) mean right atrial pressure; (e) cardiac index (Cl); (f) tricuspid
annular plane systolic excursion (TAPSE); and (g) Tei index. Data are presented as mean+SEM,
*p<0.05 compared with sham and $p<0.05 compared with banded wild type mice, n=5 for sham and

n=10 for PAB in each group.
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3.3.2 RV remodeling in banded Kit"/Kit"" mice

Although, PAB resulted on increase in RV mass of similar degree in wild type and Kit"IKit"
mice, cardiac remodeling was different in those mice. In wild type mice, RV remodeling was
characterized by RV chamber enlargement with thickening of the RV wall and by increased
RV mass. In contrast, RV remodeling was characterized by increased RV thickness without
RV chamber enlargement in Kit"V/Kit"" mice (Figures 18a, 18b and 18d). Banded Kit"V/Kit""
mice showed significantly higher cross sectional area of RV cardiomyocytes compared to

banded wild type mice (Figures 18c and 18e).
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Figure 18: RV remodeling in banded Kit"/Kit"" mice

(a) right ventricular wall thickness (RVWT); (b) right ventricular internal dimension (RVID); (c)
representative images of RV cut in cross-section show FITC-conjugated wheat germ agglutinin
staining for cross sectional analysis, (d) right ventricular mass/tibial length (RV/TL); and (e) bar
graphs summarizing cardiomyocyte (CM) cross sectional area. Data are presented as meantSEM,
*p<0.05 compared with sham, $p<0.05 compared with wild type PAB and *p<0.05 compared with
wild type sham, n=5 for sham and n=10 for PAB in each group.

3.3.3 RV fibrosis in banded Kit"/Kit"" mice

Banded wild type mice showed significantly higher RV interstitial fibrosis compared with
sham. In contrast, banded Kit"/Kit"" mice displayed significantly decreased RV interstitial
fibrosis (Figures 19a and 19b).
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Figure 19: RV fibrosis in banded Kit"/Kit"" mice

(a) representative picrosirius red staining images of right ventricles. Scale bar 40 ym and (b) bar
graphs summarizing quantification of interstitial fibrosis. Data are presented as meantSEM, *p<0.05
compared with sham and $p<0.05 compared with wild type PAB, n=5 for sham and n=10 for PAB in
each group.
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3.3.4 RV angiogenesis in banded Kit"/Kit""" mice

There was a slight increase in the capillary density in all banded mice compared with shams

(Figure 20b). However, the number of capillaries per cross-sectional area of cardiomyocytes
significantly decreased in all banded mice (Figure 20c).
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Figure 20: RV angiogenesis in banded Kit"/Kit"" mice

(a) Representative images of right ventricles cut in cross-section and stained with wheat germ
agglutinin-FITC conjugate (WGA-FITC), isolectin B4-TRITC conjugate (IB4-TRITC), DAPI and
merged. WGA marks cell boundaries (green), isolectin B4 (red) marks endothelial cells, DAPI marks
nuclei (blue). Scale bar 20 um. Bar graphs summarizing (b) capillaries per cardiomyocytes and (c)
capillaries per cross sectional area of cardiomyocytes. Data are presented as meantSEM, *p<0.05
compared with sham and $p<0.05 compared with wild type PAB, n=5 for sham and n=10 for PAB in
each group.

3.3.5 RV TGF-B signaling in banded Kit"/Kit""" mice

Immunoreactivity for p-SMAD strongly increased in RV from banded wild type mice
compared to the sham. In contrast, immunoreactivity for p-SMAD was strongly reduced in

banded Kit"/Kit"" mice.
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Figure 21: TGF-B signaling in banded Kit"/Kit"" mice
Representative images of RV showing p-SMAD staining in (a) vascular (top) and interstitial (bottom)
area, scale bars 40 um.
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4 DISCUSSION

In the present study we demonstrated that mast cells play a role in pressure overload
induced RV remodeling. We showed a time-dependent increase in mast cell density and
activity in the remodeled RV. Inhibition of mast cell degranulation by a mast cell stabilizer
cromolyn significantly improved RV remodeling. Whereas RV remodeling in wild type mice
was characterized by chamber enlargement with thickening of the wall and RV
dysfunction, in mast cell deficient mice RV remodeling was characterized by a more
pronounced increase in wall thickness without chamber enlargement and most importantly

preserved RV function.

4.1 Time course of pressure overload-induced RV remodeling

The structural and functional alterations in cardiac tissue after chronic pressure overload
have been well characterized and extensively studied using animal models of aortic
stenosis'*'*®. Several studies on pressure overload to the RV have been carried out
218520 bt systematic time course changes were not investigated so far. We employed a
murine model of RV remodeling using PAB. The model of PAB is an emerging model of
RV hypertrophy, allowing investigations of the mechanisms of RV hypertrophy and direct
effects of therapy on RV remodeling and RV function. Cardiac hypertrophy is normally
known as adaptive response where cardiac remodeling comprises cellular, molecular and
interstitial alterations resulting in altered shape, size ultimately leading to impaired
function’. The molecular alterations comprise fetal gene reprogramming, impaired

excitation-contraction coupling and cellular metabolic switch’.

Using the PAB model, we studied the effects of pressure overload on RV performance at
early time points after PAB and the time course of the development of RV hypertrophy in
mice. To assess the degree of afterload imposed by PAB, we measured peak velocities
across the constriction by a Pulse Wave (PW) Doppler. The peak gradient by PW Doppler
was measurable in all banded mice and progressively increased. The low gradient early
after PAB may be explained by the fact that a thin walled RV is not able to generate high
pressures and fails. Indeed, cardiac output significantly decreased at postoperative day 1

but partially recovered by day 7 with further gradual decline. RV mass in banded mice
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increased 3 days after PAB and continued to increase further up to day 35. RV remodeling
in banded mice was characterized by dilatation and increased free wall thickness of the
RV, flattening of the interventricular septum and compression of the left ventricle. Similar to
cardiac output, RV function evaluated by TAPSE and Tei index significantly deteriorated
immediately after PAB, but partially recovered on postoperative day 3 with further slow
decline. Histological examination revealed increased RV cardiomyocyte size. Interstitial
collagen deposition in banded mice started increasing 1 week after surgery and
progressively increased further up to day 35. RV remodeling was associated with

increased expression of hypertrophic and profibrotic markers.

The impaired right ventricular function is also associated with decreased perfusion of RV
free wall as a result of massive dilatation of the RV wall and increased systolic
compression of the intramural coronary vessels and decreased capillary densities per
cross sectional area of the cardiomyocyte as shown in figure 7c . The impaired function is
not correlated to the number of capillaries supplied to each cardiomyocytes rather the
cardiomyocytes suffered from relative insufficiency because of the increased cell size.
Because of the increased RVSP and decreased capillary density per cross sectional area
of cardiomyocyte, RV myocardial blood flow fails to increase in proportion to the demand
and RV wall turns into ischemic condition it can’t work as efficiently as normal RV.
Vlahakes et al. showed similar results in dog using acute right ventricular hypertension

model (Scheme 6)'*°.
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Scheme 6: Progression of pressure overload induced RV remodeling and failure
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Recently, it was shown that accumulation and activation of perivascular mast cells in the
lungs are the histopathological features present in lungs from idiopathic PAH patients”o.
Moreover, it has been demonstrated that accumulation and activation of mast cells in the
lungs contribute to the development of PH using the experimental models of PH in

110

monocrotaline-treated rats '~ and PH secondary to left ventricular pressure overload"".

Similar increased number of mast cells in the hypertrophied RV was documented after
PAB in rats'. However, the role of mast cells in the pathogenesis of RV hypertrophy was
not investigated. Given the role mast cells play in PH and progression of left ventricular
failure’®, we were interested if mast cells are involved in the RV remodeling. Therefore,
we investigated the density and activity of mast cells in the RV at different time points after
PAB. We found a time-dependent increase in total number of mast cells and proportion of
degranulated mast cells in the RV tissue. The mast cell density started increasing after 2
weeks and reached maximal values 3 weeks post-surgery. Proportion of degranulated
mast cells increased starting from day 1 after PAB and reached a plateau by day 7.
Furthermore, we found upregulation of mMcp-4 and mMcp-5 levels in banded mice on
MRNA level.

However, MCs particularly play an important role during tissue repair by stimulating
fibroblast proliferation and migration'"'*2, Cardiac MCs are the potential source of TNF-q,
TGF-B, bFGF and chymase during different pathological stages of heart failure.
Especially prohypertrophic and profibrotic growth factors such as TGF- and chymase play
significant role in cardiac remodeling process. It is reported that mast cell chymase is
actively involved in generation of angiotensin Il (Ang IlI) and activation of transforming
growth factor TGF-B'®. MCs themselves are one of the major TGF-B. MC chymase

activates latent TGF-B leading to collagen | and Ill expression in cardiac fibroblast'"®.

Taken together, our preliminary data from the study of the time course of RV remodeling
suggested possible involvement of mast cells in the RV remodeling process. Mast cells,
may thus, represent an interesting target for the development of therapeutic strategies
directed specifically at RV and thus improve survival in patients.
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4.2 Effects of mast cell stabilization in pressure overload-induced RV
remodeling

To investigate the effects of mast cell stabilization in pressure overload induced RV
remodeling, we performed treatment with cromolyn. Mast cell stabilizing agents, such as
cromolyn, tranilast and ketotifen, are clinically available oral antiallergic drugs. Their
antiallergic effects are mainly mediated by the inhibition of the release of chemical
mediators from mast cells. As time dependent changes in RV performance and mast cell
density and activity in the remodeled RV were observed after PAB, we performed two
types of treatment: an early (starting from day zero of PAB for 3 weeks) and late (starting
from day 7 of PAB for 2 weeks) interventions. With the early treatment we sought to
interfere with early events in the RV remodeling. With the late intervention we sought to
affect the mechanisms involved in the transition from compensatory hypertrophy to heart
failure. Both treatment options were associated with improvements in major functional
parameters such as cardiac output, TAPSE and Tei index. BNP and ANP mRNA
expression was not affected by treatment being in line with the absence of effects of
cromolyn on cellular hypertrophy. Consistent with the decreased collagen 1 and collagen 3
MmRNA expression, there was significant reduction of interstitial fibrosis in the treatment
groups. Similarly, prevention of fibrotic deposits with mast cell stabilization was shown in
left ventricular hypertrophy in spontaneously hypertensive rats''’. All these changes may
underlie the improved RV remodeling and function in the treated mice (Scheme 7).
Santone et al. demonstrated improvement of cardiac contractile function by stabilization of

mast cells in an animal model of hemorrhagic shock and resuscitation'*.

Interestingly, treatment with cromolyn led also to reduction in mast cell density in the RV.
Inhibition of mast cell degranulation might have blocked further homing of mast cells from
bone marrow. Similar findings were reported in ischemia-reperfusion-induced cell
injury'®*1%°. Decreased mast cell density in the treatment groups is accompanied by a
significant decrease in mMRNA expression of mast cell specific genes MCP-4 and MCP-5.
As both early and late interventions resulted in improved RV remodeling and function, we
suggest that mast cell are involved in early events initiating adaptive processes to pressure

overload as well as in later transition from compensatory hypertrophy to heart failure.
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Scheme 7: Effect of mast cell stabilization in pressure overload induced RV remodeling.

4.3 Role of mast cells in pressure overload-induced RV remodeling

To further examine the role of mast cells in RV remodeling, we utilized mast cell-deficient
Kit"/Kit"Y mice.

In contrast to wild type mice, RV remodeling Kit"/Kit" mice was characterized by
increased RV thickness without RV chamber enlargement. Our results are in line with
those reporting that Kit"/Kit"™ mice are protected from decompensated LV hypertrophy
and chamber dilatation’'®. Moreover, this beneficial type of remodeling was evidenced by
absence of interstitial fibrosis and preserved RV function. The absence of interstitial
fibrosis in banded Kit"/Kit"" mice is further supported by the attenuated TGF-B signaling
pathway activation in these mice. Mast cells synthesize and store significant amounts of
latent TGF-B which is released upon activation/degranulation followed by activation by
mast cell chymase156. The active TGF-B binds to TGF-BRIl present on a cardiac
fibroblast'™’ thereby stimulating fibroblast proliferation, differentiation to myofibroblast and

158,159

an increased collagen synthesis (Scheme 8 left panel) where as mast cell deficient
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mice possesses reduced TGF-B activation (Scheme 8 right panel). In addition, Kit"/Kit"~
mice displayed a more pronounced cellular hypertrophy. Based on our findings and reports
from the literature®®, we assume a presence of a beneficial type of remodeling on a cellular
level as well. This type of remodeling is characterized by the increase of cardiomyocyte
diameter but not its elongation and is associated with activation of distinct signaling

pathways®®.
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Scheme 8: Role of MCs in pressure overload induced RV remodeling.

4.4 Future prospective

As mast cells contain multiple mediators which may have both beneficial and deleterious
effects on RV remodeling, inhibition of mast cell degranulation by mast cell stabilizing
agents is rather a nonspecific approach. Identifying those mediators that are involved in
the maladaptive remodeling and selective inhibition of them may represent a more specific
approach. Based on our findings and data from the literature'®®, we believe that mast cells
are involved in RV remodeling through their expression of chymase. Human chymases,
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which are mast cell-restricted serine proteases, can activate matrix metalloproteinases,
convert big endothelin to endothelin | and produce angiotensin Il. Therefore, mast cell
chymases may contribute to ventricular remodeling. Recently, it was reported that mast
cell chymase limits the cardiac efficacy of angiotensin | converting enzyme inhibitor

26 and demonstrated that combined chymase and ACE inhibition,

therapy in rodents
relative to ACE inhibition alone, improved left ventricular function, decreased adverse
cardiac remodeling and improved survival after myocardial infarction in hamsters. It is of
interest to utilize mMCP-4 and mMCP-5 knockout mice to delineate the role of chymases

in pressure overload induced right ventricular remodeling process.
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