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Chapter 1

Introduction and Motivation

1.1 Cardiovascular disease burden

Cardiovascular disease is pervasive throughout the United States, affecting
approximately 10% of individuals according to a 2017 National Health Interview Survey. It is the
leading cause of mortality, contributing to more deaths than cancer [1]. The economic burden of
cardiovascular disease accounts for approximately 2% of the GDP of the United States [2]. A
significant subset within cardiovascular disease is ischemic heart disease, which most notably
presents as a myocardial infarction (MI). It is estimated that the annual incidence of Ml in
Americans is over 800,000 [1]. However, mortality from acute MI has dropped dramatically in
the past 40 years due to improvements in percutaneous coronary intervention [3]. Percutaneous
coronary intervention has emerged as the dominant clinical approach to treating acute ST-
elevated MI, and it functions to restore blood flow through the occluded vessel responsible for
the ischemic event. A catheter is placed into the occluded vessel, a balloon is inflated to
increase vessel diameter, and a stent is placed to maintain the vessel opening. Door-to-balloon
time is a metric used to track how long from the onset of vessel occlusion until the vessel is
reopened. Increases in door-to-balloon time are associated with increased infarct size, morbidity
and mortality [4]. The recommended time is less than 90 minutes, creating a significant hurdle in

patients without close proximity to a hospital [5].

Concerted effort has gone into salvaging myocardial tissue following MI due to the lack
of intrinsic regenerative capability of cardiomyocytes. This deficiency paired with a higher

survival rate from primary Ml has resulted in a significant increase in heart failure prevalence.



Heart failure carries a high mortality rate along with significant social and economic costs. The
chronic nature of heart failure amplifies a decreasing quality of life due to the constant reliance

on medication and decreased physical capabilities [6], [7].

1.2 Tissue response to Ml

Ml is an ischemic injury most commonly caused by the rupture of an atherosclerotic
plague which is subsequently lodged in a coronary vessel. Lack of blood flow and oxygen to
cardiomyocytes causes irreversible cardiac damage within minutes of the occlusive event [8].
The wound healing response post-MI aims to effectively remove damaged tissue and replace it
with a fibrotic scar, while maximizing ventricular wall integrity and cardiac contractile function.
This process occurs though two overlapping phases: an inflammatory phase and a
reparative/proliferative phase (outlined in Figure 1.1) [9]. Rapid cell death instigates a dramatic
inflammatory response during the first few days following MI. Various hematopoietic cells initiate
a finely coordinated response to clear damaged cells, cellular debris, and extracellular matrix
(ECM). Granulation tissue is formed to act as a scaffold for neovascularization and scar
deposition. [10]-[12]. Since most cells do not survive the ischemic event, resident cardiac
fibroblasts (CFs) from the border zone (BZ) of the injury rapidly proliferate and infiltrate within 3
days of the initial insult [13]. Following debridement of necrotic cardiomyocytes by a rapid and
robust inflammatory response, the granulation phase begins to stabilize and reinforce the left
ventricle (LV) wall via formation of a collagen-dominated scar [10], [12]. The quality of initial scar
formation plays a leading role in determining future outcomes. Insufficient matrix deposition can
lead to LV rupture or aneurysm, while excessive scar formation can lead to tissue stiffening,
scar expansion, and arrhythmias [14], [15]. Furthermore, replacement of contractile myocardium
with a collagenous scar creates a local increase in mechanical strain at the BZ of surviving

myocardium and scar tissue. To compensate for the biomechanical alterations, connective



tissue often expands beyond the original injury, creating a subsequent decline in tissue

compliance and cardiac output [16], [17].

Myocardial Infarction
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Figure 1.1. Schematic outlining the stages of healing following MI.
Reprinted with permission from Prabhu et al. [9]

1.3 Therapeutic shortcomings to address Mi

Much research has gone into diverse approaches for optimizing healing after MI. Several
trials have attempted to target the inflammatory response to MIl. The CANTOS trial
(Canakinumab Antiinflammatory Thrombosis Outcome Study) inhibited the cytokine interleukin
(IL)-1PB to reduce subsequent cardiovascular events [18]. While some short-term benefits were
observed in this trial, a large body of evidence reveals that pharmacological approaches to
modify inflammation have no clinical benefits [19]-[21]. Importantly, clinical practice guidelines

recommend to avoid using steroids and nonsteroidal inflammatory agents in the acute and early
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stages following M, citing concerns over adverse outcomes [22]. Targeting inflammation post-
Ml is a challenge because of the fine-tuned coordination of inflammatory components that, when
imbalanced, is more likely to damage tissue than heal. Likewise, the inflammatory response is
first a reflection of the initial injury and not a direct cause of the subsequent clinical events

arising from the damaged tissue [21].

Because of the lack of success in targeting inflammation, most pharmacologics
administered post-MI aim to limit the spread of fibrotic tissue in order to preserve cardiac
structure and function and prevent the progression to heart failure. Current drugs are incapable
of reducing the degree of tissue remodeling, but they have been successful in limiting the
expansion of fibrotic tissue. Angiotensin Il receptor type 1 (AT1R) blockers (also known as
ARBs) and angiotensin converting enzyme inhibitors (ACEi) prevent the creation of the pro-
fibrotic hormone angiotensin Il (Angll) from its precursor angiotensin |. Both of these classes of
drugs have been effective in limiting fibrosis and attenuating LV dilation and are used as the first
choice drugs following Ml [23]-[26]. B-blockers are another ubiquitous class of drug prescribed
following MI. Targeting B-adrenergic receptors is effective for inhibiting CF activation and ECM
deposition; however; a 2018 study revealed that 3-blockers cease to be beneficial three years
after Ml [27]. Statins are also frequently prescribed to Ml patients. Used in many cardiovascular
pathologies, studies have shown statins are capable of lowering cholesterol. While potentially
able to prevent subsequent ischemic events, statins have been shown to be ineffective for
blocking the progression of fibrosis post-MI [16]. Identification of an effective drug target to
specifically control the fibrotic response to Ml in a manner that prevents the progressive
deterioration of cardiac tissue would massively benefit a significant portion of the population

suffering from this disease.



1.4 5-HT2 influences fibrotic cardiopulmonary disease

Cardiopulmonary disease is driven by a plethora of factors, some well characterized and
others still undiscovered. Serotonin 2B receptor (5-HT2g) is one such factor that has gained
attention and contributed to the understanding of disease development. 5-HTzz is present
throughout the cardiopulmonary system, most notably in cardiac valves, lung tissue, and the
myocardium. Persistent activation of the receptor contributes to disease onset, initially reported
following administration of anti-obesity compounds whose metabolites were potent 5-HT2g
agonists [28], [29]. These patients had increased incidences of valve disease as well as
pulmonary arterial hypertension (PAH). Diseased valves of patients taking medications with off-
target 5-HT.g activation appear hyperplastic with plaque-like lesions and are incapable of
providing optimal function [30]. Improper activation of this receptor is believed to impair the
function of fibroblast-like interstitial cells which are responsible for maintaining valve matrix
homeostasis [31]. In the case of PAH, blocking 5-HT2g activation can prevent small artery
muscularization and increased right ventricular pressures that lead to right heart failure and
death. This effect is understood to act on a bone marrow-derived cell population disrupting small
artery homeostasis [32], [33]. 5-HT2z is integral to normal cardiac development, and there is
evidence describing the impact of 5-HTg activation inducing cardiac hypertrophy through CF-
mediated cytokine release [34], [35]. These reports intersect at a pro-fibrotic role of 5-HT 2z

following injurious stimuli.

1.5 Dissertation overview

My doctoral work has sought to investigate the cell-specific contribution of 5-HT2g to scar
formation after Ml and how controlling tissue mechanics can impart long-term benefits. The first
major focus of this research was to explore the effect of global 5-HT»g antagonism on cardiac

structure and function post-MI. The second aim of my work sought to identify which cell



population expressed 5-HT2g to influence fibrotic remodeling post-MI. Multiple experimental and
genetic models systematically explored the contribution of 5-HT»g from various cell lineages.
Lastly, my work focused on the 5-HT.g-driven cellular processes in CFs which regulate tissue

remodeling.

In this dissertation, | present a thorough background of the known roles of 5-HTzz in
cardiopulmonary disease initiation and progression. Subsequently, | present a summary of my
doctoral research into the benefits of global 5-HT2s antagonism using an experimental model of
MI. Histological and microstructural analyses describe tissue-level alterations of 5-HT2s
inhibition. Following this, | describe the generation and implementation of novel genetic models
to explore cell-specific 5-HT2g contribution to fibrotic remodeling post-MI. Next, | present my
exploration into cell phenotype and cell signaling in 5-HT2g-knockout CFs. RNA sequencing and
in vitro assays are implemented to characterize molecular and phenotypic alterations
downstream of 5-HTg ablation. Finally, | discuss the impact of this work and potential future

directions the research could be taken.



Chapter 2

5-HT2g in Cardiopulmonary Disease

Text for Chapter 2 was adapted from Snider JC and Merryman WD. 5-HT2gR in Cardiopulmonary

Disease, in 5-HT2B Receptors, Giuseppe Di Giovanni, Editor. Springer Science, NY.

2.1 Introduction

Cardiopulmonary disease is widely appreciated to be the leading cause of death
worldwide. Such diseases have a vast range of etiologies, and extensive research efforts have
been focused on understanding disease initiation and progression. Serotonergic dysfunction
has long been understood to contribute to cardiopulmonary pathology, and recent discoveries
have elucidated unique roles for serotonin — or 5-hydroxytryptamine (5-HT) — receptors, such
as 5-HT2g, in the pathophysiology of various cardiopulmonary diseases. This chapter focuses on
three main areas of research involving 5-HT2g: 1) heart valve disease, 2) pulmonary
hypertension, and 3) cardiac hypertrophy. The following studies have motivated the

investigation of 5-HT.g as a chief mediator of cardiopulmonary disease.

2.2 Heart valve disease

The discovery that 5-HT plays a causal role in cardiopulmonary disease can be traced
back to 1931 when the Dutch pathologist A. J. Scholte documented thickened tricuspid valves in
a deceased carcinoid syndrome patient [36]. Carcinoid syndrome occurs following oncogenic
transformation of enterochromaffin cells, which are the primary synthesizers of 5-HT in the
gastrointestinal tract. If a carcinoid tumor metastasizes to the liver, tumor cells will release

vasoactive 5-HT into the systemic circulation via the hepatic vein. Increased plasma 5-HT level
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leads to carcinoid heart disease, indicated by the characteristic development of a plaque-like,
fibrous thickening of the heart valves found in over 65% of carcinoid syndrome patients [29], [37],
[38]. Further, several classes of drugs that target 5-HT signaling were found to contribute to the
onset of heart valve disease and ultimately led to the investigation of the specific 5-HT receptor

subtype responsible for the development of heart valve disease.

Discovery of the role of 5-HT2g in heart valve disease can be attributed to the observation
of diseased valves in patients taking medications for non-valve related conditions. Several classes

of medications have metabolites now known to activate 5-HTg, resulting in compromised cardiac

valves, which are summarized in Table 2-1.

Table 2-1 5-HTzs-mediated, drug-induced valvulopathy

Drug Class Intended Use Mechanism of 5- Valve Pathology  References
HT.g Activation
Anorexigen Appetite control  Derivative Valve hypertrophy  [39]-{42]
and weight loss  norfenfluramine is a and scarring
high affinity 5-HT 2z lesions. Plague
agonist. Inhibition of deposition in
5-HT reuptake glycosaminoglycan
transporters. matrix.
Ergot Migraine High affinity for 5- Moderate-to- [43]-{47]
derivatives suppression HT2g due to the severe
structural similarity of  regurgitation.
ergot agents and 5- Fibrotic lesions.
HT.
Amphetamines Anti-obesity and Reverses 5-HT Induce prolonged  [48], [49]

recreational use

reuptake transporter
to concentrate
bioavailable 5-HT.
Derivatives bind to 5-

HT2s with high affinity.

mitogenic
signaling in vitro in
valve interstitial
cells.

2.2.1 Anorexigens as initiators of heart valve disease

Imbalance between energy intake and expenditure can result in eating disorders and

obesity, which are important health concerns in developed countries. Medication for excessive

eating disorders inadvertently aided in the discovery of 5-HT2s as a key mediator of heart valve



disease. The anorexigen combination regimen of fenfluramine and phentermine (‘Fen-Phen’)
became widely prescribed starting in 1984. While both drugs had been previously prescribed
with minimal success, the combination of the two drugs resulted in sustained weight loss with
fewer adverse side effects and improved appetite control [50]. Phentermine primarily functions
through the release of norepinephrine to reduce perception of hunger [51]. However,
fenfluramine is an amphetamine derivative that stimulates serotonin release while
simultaneously inhibiting the function of 5-HT uptake transporters, increasing available 5-HT
which signals through the hypothalamus to suppress appetite [39]. Fen-Phen was highly popular
until 1997 when it was found that it increased both left- and right-sided heart valve defects after
12 months of use [40]. The incidence of heart valve disease was later reported to be as high as
25% in patients treated on average for 20 months [41]. These studies were followed by a
seminal report which comprehensively tested 15 molecules at 11 distinct 5-HT receptor
subtypes and systematically determined that the fenfluramine metabolite, norfenfluramine,
exhibited high potency and high affinity for 5-HT2s. All other 5-HT receptor subtypes were ruled
out based on pharmacological differences from heart valve disease-associated molecules and
negative control molecules. Interestingly, phentermine did not display agonism at 5-HT 2z,
providing an explanation as to why the use of phentermine for decades prior to Fen-Phen did
not result in the emergence of heart valve disease and further connected serotonin signaling

through 5-HT2g to disease [28].

Prescribed to patients with hypertriglyceridemia or diabetes, benfluorex functioned as an
appetite suppressant due to its close structural relationship with amphetamines. This drug, like
Fen-Phen, metabolizes into norflenfluramine, now known to be a high affinity 5-HT.g agonist. A
2012 study documented that a 40-year-old woman on benfluorex therapy underwent a mitral
valve replacement and resumed the therapy after the operation. Upon examination 4 years after

valve replacement, the woman presented with mitral valve bioprosthesis hypertrophic scarring
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and similar histopathological lesions on the aortic valve. These lesions were formed by smooth
muscle a-actin- and vimentin-positive cells which deposited plagues in the glycosaminoglycan
matrix [42]. This case further validates the hypothesis that norfenfluramine activation of 5-HT2z

causes valve disease.

2.2.2 Ergot derivatives as initiators of heart valve disease

Migraine headaches are believed to be transmitted through blood vessels in the brain
associated with the meninges. Several human meningeal tissues express HTR2B — the gene
encoding 5-HT2g — and circulating 5-HT levels fluctuate during the phases of a migraine. In an
animal model exposed to a known migraine-inducing agent, 5-HTg activation is required for the
release of neuroinflammatory peptides which mediate trigeminal nerve activation and the
sensation of pain. It is known that 5-HT.g activation can induce the release of nitric oxide as well
as induce the relaxation of cerebral vessels, suggesting a causative role of 5-HT,g activation in
neuroinflammation, endothelium-dependent relaxation, and activation of sensory

trigeminovascular afferents [52], [53].

Ergot-derived therapeutics were the standard treatment for migraines until the mid-
1960s when a strong link was discovered between the ergot agents — methysergide and
ergotamine — and heart valve disease. A later study determined that these compounds
possessed a high affinity for 5-HT2g in heart valve tissue [43]. It is even suggested that the
similar structure of 5-HT and ergot agents could point to a common pathology with carcinoid

valve disease [44].

The non-specific dopamine agonists pergolide and cabergoline were popular
therapeutics prescribed to patients with Parkinson’s disease and are also ergot-derived

compounds. Unsurprisingly, the interference of these compounds with the dopamine/5-HT
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signaling axis resulted in decidedly similar echocardiographic and histopathological findings as
observed in patients with carcinoid heart disease [45]. Patients receiving either pergolide or
cabergoline were reported to have moderate-to-severe regurgitation in at least one heart valve
more frequently compared to patients who received non-ergot therapeutics or controls.
Furthermore, the incidence of heart valve disease has been found to be as high as 28% in
patients receiving ergot-derived dopamine agonists where no increase in prevalence is

associated with other dopamine agonists [47], [54].

Pergolide and cabergoline induced fibrotic changes in cardiac valves due to their high
affinity for 5-HT.g. The association of ergot-derived compounds with fibrotic pathologies as well
as the structural and functional similarity to 5-HT acting upon 5-HTs reveal yet another

pathological function of 5-HTz signaling.

2.2.3 Amphetamines as initiators of heart valve disease

While amphetamine derivatives have been prescribed as anti-obesity drugs, the
amphetamine 3,4-methylenedioxymethamphetmaine — MDMA (“ecstasy”) —is a
psychostimulant drug of abuse used recreationally throughout Europe and North America. This
drug reverses the function of the 5-HT reuptake transporter, resulting in a concentrated release
of 5-HT and psychostimulatory effects [48]. MDMA and its metabolite 3,4-
methylenedioxyamphetamine — MDA — preferentially bind and activate human recombinant 5-
HT2g. Similarly to fenfluramine, these drugs induce and prolong mitogenic signaling through 5-
HT2g in vitro which suggests that MDMA would induce valvular heart disease with continued use

[49].
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2.2.4 Heart valve disease mechanisms

HTR2B and HTR2A mRNAs are highly expressed in human heart valves with no HTR2C
MRNA detectable. 5-HT2s signaling is of particular interest since the above-mentioned
prescribed drugs and their active metabolites activate this receptor and result in valve disease
whereas chemically similar drugs which do not bind 5-HT2z (e.g., lisuride and terguride) do not
result in valve pathology. This highlights the public health implications of therapeutics aimed at
5-HT signaling. In order to avoid mistakes of the past, 5-HT2g screening is a necessity to identify

potential drug-induced valvular heart disease.

Despite the litany of disease-causing agents described, mechanistic characterization of
5-HT2s-induced valve disease is lacking. It is known that medications acting through
serotonergic mechanisms, specifically 5-HTzg, are likely to result in valvulopathy. While it
appears that the valve interstitial cells are responsible for valve fibroplasia, it is unclear if they
are the direct target of 5-HT.s agonists. Valvular regurgitation and insufficiency can result from
subtle, non-destructive thickening and the associated hemodynamic overload can lead to
myocardial dysfunction and heart failure, highlighting the need to understand 5-HT2g signaling

mechanisms and limit erroneous receptor activation.

Several reports have described valvular lesions arising after treatment with anorexigens,
ergot alkaloids, or carcinoid syndrome as “glistening, superficial plaque-like thickenings” that
present on the surface of the leaflets and cusps [30]. This valve phenotype is recapitulated in
Sprague-Dawley rats by continuous 5-HT administration over a three-month period.
Morphological and echocardiographic alterations of the rat aortic valve mimic those observed in
carcinoid heart disease. Aortic valve leaflets are thickened and retracted with evident carcinoid-
like plaques made of collagen rich tissue in rats treated with 5-HT. These changes are thought
to be due to increased proliferation of cardiac valvular subendocardial cells which concomitantly

increased expression of the 5-HT»g (Figure 2.1) [55]. Another study observed similar changes
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as early as seven days following 5-HT administration. Modified Movat’'s pentachrome staining
revealed significantly thicker mitral and aortic valves due to an expansion of glycosaminoglycan
content resulting in loss of valve compliance and function. The glycosaminoglycan network was
also more vascularized following 5-HT administration indicating a loss of quiescence and
increased remodeling. These changes faithfully mimic anorexigen-associated valvulopathy. 5-
HT treated rats had transcription of the gene encoding the 5-HT transporter (SERT) down
regulated, indicating a decrease in 5-HT receptor recycling; 5-HT2s gene transcription was also
increased [30]. SERT is critical to protect against the adverse effects of 5-HT overactivity, so
valve remodeling is thought to be a combined effect of its downregulation combined with

increased mitogenic 5-HTg signaling.

Aorta . Lv
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Figure 2.1. Diseased aortic valves due to serotonin overexposure.

A, Bold arrow indicates a thickened and retracted aortic valve with collagen deposits at the
valve cusp (thin arrow) after 3 months of 5-HT administration in a rat model. B, Healthy aortic valve in
untreated rat. C, Higher magnification image of a 5-HT-treated rat with aortic valve insufficiency, seen

in a shortened, thickened, and collagen-rich cusp. D, Ki-67 positive nuclei reveal proliferation in the
valve after only 5 days of 5-HT administration. (Reprinted with permission from Gustfasson et al. [55])
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Similar to six other classes of 5-HT receptors, 5-HT2s is a G protein-coupled receptors
(GPCR) that follows a well characterized signaling cascade. The Gaq subunit is released upon
receptor activation which proceeds to activate the downstream effectors phospholipase C- and
protein kinase C through release of intracellular calcium and diacylglycerol liberation. 5-HTzc
receptors are absent in the cardiovascular system while 5-HT2a and 5-HT.s are presumed to
have similar cardiovascular functions due to the significant sequence homology. In the context
of valve disease, specific activation of the 5-HT.s GPCR also activates second messenger
signals identified by the phosphorylation and activation of both the tyrosine kinase Src and
extracellular regulated kinases (ERK) pathways. These pathways may synergize with signaling

of transforming growth factor B (TGF) leading to enhanced mitogenesis [29].

Valve interstitial cells are thought to be the drivers of valve remodeling. In the context of
calcific aortic valve disease, quiescent cells are activated into a myofibroblast-like phenotype,
leading to increased ECM deposition and eventual formation of bone-like calcific nodules.
Nodule formation can be modeled in vitro by treating valve interstitial cells with TGFB1 resulting
in simultaneous phosphorylation of the tyrosine kinase Src and expression of the contractile
marker SM22a. Interestingly, treatment with the specific 5-HT.g antagonist SB204741 mitigates
the formation of nodules by preventing SM22a upregulation, but Src phosphorylation is still
increased. Time-lapse microscopy revealed Src is sequestered upon administration of the 5-
HT.gs antagonist, arresting its motility to restrict the phosphorylation and activation of the type I

TGF receptor [31].

5-HT2e may also play a role in the progression of mitral valve disease. In a canine model
of myxomatous mitral valve disease, a significant increase in the expression of 5-HT2s was
observed in symptomatic valves compared to control animals while there was no change in 5-
HT.a expression in either group. Staining of this receptor co-localized with a-smooth muscle

actin expression, indicating a potential role for the 5-HT»g in valve remodeling by contractile
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interstitial cells [56]. A subsequent study investigated 5-HTz in the context of mitral valve
prolapse in human, canine, and murine tissue and observed an association between mitral
valve prolapse and leaflet 5-HT.g expression in humans. The same was observed in canine
tissue along with an increase in ERK phosphorylation, which is known to increase interstitial cell
activation and remodeling. This effect was prevented with the 5-HT2g antagonist LY272015.
Finally, in mice given chronic Angll infusion, valve leaflet area was significantly increased in
response to Angll but was mitigated in the presence of a 5-HT.g antagonist; neither 5-HT2a
antagonist terguride or ketansarin had an effect on leaflet area [57]. These studies sufficiently
describe a role for 5-HT2g, but not 5-HT-4, in the remodeling of mitral valves.

5-HT2BR
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Figure 2.2. Impact of 5-HT2g activation on valve structure and function.
Interstitial cell expansion and glycosaminoglycan (GAG) deposition decreases valve
compliance and coaptation

Due to the lengthy nature of valve disease onset, the scarcity of available tissue, and a
variety of disease triggers, animal models of valve disease are lacking and have limited studies
focused on perturbations and probing of specific molecular mechanisms behind valvulopathies.

However, observational studies have made it clear that 5-HT.g signaling plays an extensive role
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in disease development — most likely through the activation of normally quiescent valve cells —
resulting in valve remodeling, loss of compliance, and ultimately, loss of valve function (Figure

2.2).

2.3 Pulmonary arterial hypertension

PAH is a deadly disease of the pulmonary vasculature that is incompletely understood in
terms of its cellular and molecular mechanism. Over 200,000 people are hospitalized annually in
the United States with some form of pulmonary hypertension (PH) with a mortality rate
approaching 10% [58]. PH is clinically defined as a mean pulmonary arterial pressure exceeding
25 mmHg, measured by right ventricle catheterization [59]. Group 1 PH encompasses PAH
which can be idiopathic, heritable, or acquired. Idiopathic PAH has no known cause with 2-3
new cases per million annually, whereas over 75% of heritable PAH is due to a mutation in the
bone morphogenetic protein receptor Il (BMPRII) gene and is about 10 times less prevalent
than idiopathic PAH. Acquired PAH is commonly associated with exposure to other risk factors
such as human immunodeficiency virus, scleroderma, or anorexigen use [60]. While incidence
is rare, the mortality rate is striking, with merely 67% of patients surviving three years after
diagnosis. However, this number may even be artificially high due to a strong influence of

survival bias introduced from the method of data collection [61], [62].

2.3.1 Models of PAH

Increased pulmonic blood pressure, the hallmark of PAH, is due to a progressive
increase in pulmonary vascular resistance and remodeling associated with vasoconstriction. It is
histologically characterized by neomuscularization of small pulmonary arteries, intimal

thickening, medial hypertrophy, adventitial proliferation, and abnormal ECM deposition. The
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culmination of these remodeling events is irreversible lumen narrowing, increased pulmonary
artery resistance, hypoxia, right heart hypertrophy, and eventually, right heart failure and death
[32]. Multiple experimental models of PH in rodents have been utilized to capture different
aspects of the disease, and interpretation of results should consider the method used to induce
disease. Small rodents do not develop disease that completely recapitulates human PAH. While
many experimental models are characterized as PH models and do not further designate a PH
group, for the sake of simplicity in this chapter, the discussed experiments will be referred to as

models of PAH.

The classical model of PAH is chronic hypoxia exposure. This model has led to
understanding of hypoxia-induced vascular remodeling, however, the obliterative lesions
observed in human patients with severe PAH are not replicated with chronic hypoxia. The
monocrotaline lung injury model attempts to address this limitation of chronic hypoxia by
causing pulmonary arterial endothelial cell dysfunction and inflammatory cell infiltration.
Pulmonary vasoconstriction and right heart hypertrophy are faithfully modeled with
monocrotaline administration; however, this model is restricted to rats as mice do not develop
disease in response to monocrotaline, which is yet to be understood. While monocrotaline injury
is simple and reproducible, it is an acute injury that fails to fully capture the evolving nature of
human PAH [63]. In order to recapitulate heritable PAH, mouse models harboring BMPRII
mutations have been developed to study the disease. Smooth muscle- and vascular endothelial
cell-specific knockouts of BMPRII have independently been shown to generate pulmonary
vascular remodeling and increases in right ventricular systolic pressure (RVSP). However, this
model is highly variable, incompletely penetrant, and complex vascular lesions do not form [64].
Toward this end, the vascular endothelial growth factor receptor 1 and 2 blocker, SU5416
(“Sugen”), combined with chronic hypoxia has served as a preclinical drug model. Sugen-

hypoxia results in angioobliterative pulmonary lesions and increased RVSP which is not
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reversible upon returning to normal air. This model has been useful for studying the reversibility
of PAH and uncovering the immunological mechanisms behind the pathobiology of PAH [64].
While no one method completely emulates human PAH, these models have increased the

understanding of disease progression and characteristics.

The cellular mechanism behind PAH hinges upon an interplay between the vascular
endothelium, pulmonary artery smooth muscle cells (PASMCs), and bone marrow-derived cell
populations. Nitric oxide is a key mediator of vasodilation, as well as downregulation of
leukocyte adhesion and vascular proliferation. Reduced nitric oxide bioavailability has been
reported in PAH and contributes to increased PASMC migration and proliferation in the distal
arteries of the lungs [65]. Disruption of vascular homeostasis in the context of PAH is commonly
due to an imbalance of prostacyclin and endothelin. Prostacyclin is produced by endothelial
cells and induces PASMC relaxation and vasodilation. Endothelin is produced by vascular
endothelium, PASMCs, and lung fibroblasts and induces calcium release by the sarcoplasmic
reticulum as well as PASMC proliferation and vasoconstriction. As these factors become
imbalanced, vascular resistance and remodeling occurs, leading to right ventricle hypertrophy
[66]. On a molecular level, receptor tyrosine kinases play a critical role in modulating cell
proliferation, migration, and differentiation. In humans and experimental models of PAH,
platelet-derived growth factor (PDGF), epidermal growth factor, fibroblast growth factor, and c-
kit receptors have all been investigated for their pathogenic role in contributing to excessive
vascular remodeling. Ample evidence exists for the tyrosine kinase Src being abnormally
activated in PAH and mediating the effect of receptor tyrosine kinases [67]. Evidence for
inflammatory infiltrate in the onset and progression of PAH pathology is growing. Known
increases in cytokines such as IL-6, IL-1B, and tumor necrosis factor-a are elevated in patients
with PAH. Elevated circulating cytokine levels are associated with inflammatory cell recruitment

and accumulation, and they have been correlated with worse clinical outcomes [68].
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Therapies aimed at treating PAH are lacking and often focus on mitigating symptoms of
the disease but are yet unable to address the underlying pathophysiology due to the limited
understanding of disease mechanisms. Three classes of medications currently used include:
prostacyclin analogues to restore deficient endogenous prostacyclin levels, phosphodiesterase
type 5 inhibitors to compensate for down-regulated nitric oxide signaling, and endothelin
antagonists to inhibit the up-regulated endothelin pathway [69]. These medications were
adopted from treatments for other illnesses and are not ideal for managing PAH. They modestly
improve disease symptoms through transitory vessel dilation without addressing the underlying
pathophysiological hypertensive agents of vessel stiffening and remodeling [70], [71]. This
highlights the need for a more specific class of therapies aimed at directly targeting molecular

pathways relevant to PAH.

2.3.2 Serotonin in PAH

Identification of the role of 5-HT in PAH pathogenesis goes back to the 1960’s when an
epidemic of PAH arose in a Swiss population taking the anorexigen aminorex fumarate; a
second serotonergic aneroxigen-induced outbreak of PAH accompanied the use of Fen-Phen in
the 1990s [72]. These drugs are SERT substrates responsible for modulating bioavailable
plasma 5-HT levels. SERT inhibitors abrogate 5-HT-induced mitogenesis, and mice deficient for
SERT have partially reduced pulmonary vascular remodeling under hypoxic conditions [73]. A
correlation between high plasma 5-HT levels and total pulmonary resistance was established in
the 1980s when a patient was diagnosed with PH while carrying a familial platelet storage
deficiency [74]. 5-HT is released by pulmonary neuroendocrine cells and neuroepithelial bodies
in response to hypoxia and is sustained in PH patients. 5-HT mediates a myriad of functions in
the vasculature, most notably smooth muscle cell hypertrophy and hyperplasia [75]. PASMCs

and endothelial cells both express mMRNA encoding 5-HT1g, 5-HT2a, 5-HT7, and 5-HT.s. Being a
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potent pulmonary vasoconstrictor and capable of inducing vascular remodeling, 5-HT has a dual

role in response to hypoxia and acting through its cognate receptors [76].

2.3.3 5-HT2s mechanism in PAH

The anorexigens fenfluramine and dexfenfluramine increase the risk of developing PH
by a factor of 3.7- to 23-fold depending on the study referenced [77], [78]. The primary
dexfenfluramine metabolite, nordexfenfluramine, is a high affinity 5-HT.g agonist. Furthermore,
5-HT2g overexpression (but not 5-HT2,) is observed in PAH [76]. This led to the discovery of 5-
HT2g activation being necessary for the development of hypoxia-induced increases in RVSP and
vascular muscularization. In mice, five weeks of exposure to 10% O, causes a pathologic
increase in RVSP that is completely nullified in the presence of the 5-HT2g antagonist
RS127445. Compared to normoxic mice, hypoxia significantly increases the number of fully
muscularized arteries, an effect prevented with RS127445 administration. These results were
reproduced in 5-HT2g knockout mice, and the utility of 5-HT.g ablation was further strengthened
when the dual insult of hypoxia and dexfenfluramine was unable to increase RVSP. Hallmarks
of lung-remodeling associated with PAH progression are cell proliferation and increased serine
elastase, which activates stores of growth factors such as TGFf. Cell proliferation, elastase
activity and TGFp levels are all normalized in hypoxic animals treated with RS127445 and in 5-
HT2s knockout animals. Interestingly, repeated acute exposure to hypoxic conditions increases
RVSP independent of 5-HTg activity, but 5-HT2s knockout mice do not have increase elastase
activity compared to wild-type (WT) mice after repeated acute hypoxia [76]. This indicates the
function of 5-HT2z is not at the level of acute vasoconstriction but rather at the level of

downstream signaling mechanisms that govern vascular remodeling.

Following the discovery that 5-HTg is necessary for hypoxia-induced PAH, the

experimental inflammatory model of PAH using monocrotaline administration was investigated
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in rats in order to parse out the individual contributions of SERT and 5-HT receptors. It was
demonstrated that SERT inhibitors were able to prevent an increase in RVSP and pulmonary
artery muscularization but 5-HT2g antagonism was not. SERT inhibitors abrogate the production
of inflammatory cytokines characteristic of monocrotaline-induced injury as well as reverse right
ventricle hypertrophy with no effect of 5-HT2s antagonism reported [79]. These findings point
back to the original serotonin hypothesis of PAH that peripheral 5-HT availability is the key
driver of disease. However, the monocrotaline model of PAH has received fair amounts of
criticism for the acute, destructive nature of disease, and since it has been shown that 5-HT2s
inhibition does not confer protection over acute disease onset [76], these data should be
considered carefully. In contrast, subsequent studies in the monocrotaline experimental model
of disease have shown the utility of 5-HT2g antagonism in treating PAH in rats. Multiple 5-HT2g-
specific antagonists have been shown to reduce RVSP, vascular remodeling, and right ventricle
hypertrophy in monocrotaline-injected rats [80], [81]. The discordant results in the discussed
monocrotaline experiments demonstrate a need for a better experimental model of PAH that

captures disease progression more faithfully.

Mice expressing the patient-derived R899X BMPRII mutation develop PAH within a few
weeks with about 50% disease penetrance. These mice have been a useful model for exploring
the cellular mechanism behind the heritable form of PAH for patients harboring a BMPRII
mutation. 5-HT.g antagonism with SB204741 normalizes RVSP to control levels and decreased
the stiffness of distal pulmonary vessels, consistent with other models of PAH. In this model, 5-
HT2s antagonism was observed to work through the tyrosine kinase Src. Antagonism
simultaneously decreased Src phosphorylation and trafficking. Abrogation of Src activity lead to
decreased activation of downstream effectors and eventual transcription of genes encoding
contractile proteins such as RhoA, gamma actin, and myosin light chain 12a. Isolated mutant

BMPRII smooth muscle cells displayed significantly enhanced contractile behavior which was
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abrogated with 5-HT,g antagonism (Figure 2.3). Interestingly, administration of a 5-HTs
antagonist to WT animals increased immune cell infiltrate and slightly increased vessel
stiffening, findings opposite from the treated BMPRII mutants [67]. These data indicate a
protective role of 5-HT.s in heritable PAH most likely through direct control of signaling
downstream of BMPRII through Src. Notably, this model does not require exposure to hypoxic
conditions or endovascular injury, and as such is able to directly isolate signhaling mechanisms

that could influence disease.
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Figure 2.3. Proposed 5-HT,s mechanism in heritable PAH.

BMPRII mutations increase Src transport and signaling. 5-HT2s antagonism arrests Src
trafficking and decreases Src signaling. This functionally causes increased small vessel compliance,
reduced inflammatory infiltrate, and decreased vascular smooth muscle contractility to restore mean

pulmonary arterial pressure. (Reprinted from Bloodworth et al. [67])

Platelets are a primary source of peripheral 5-HT, but do not express 5-HT.s. Therefore,
a link between 5-HT levels and 5-HT2s must be established to understand the mechanism
behind 5-HT2g’s control over the development of PAH. Hypoxia-induced increase in plasma 5-
HT can be prevented in 5-HT2s knockout mice or with 5-HT2g antagonism. Plasma 5-HT strongly
correlates with RVSP, lung 5-HT2s expression, and the plasma 5-HT metabolite 5-HIAA, but not

blood 5-HT, indicating a platelet-independent mechanism [82]. While SERT expression levels
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are not altered by treatment of dexfenfluramine or RS127445, SERT uptake of plasma 5-HT is
significantly increased with 5-HT.g ablation. 5-HT2s agonism causes the reverse effect, and
pretreatment with the SERT inhibitor paroxetine prevents 5-HT.z mediated increase in plasma
5-HT [82]. These findings indicate that the hypoxia-induced increase in plasma 5-HT is
completely dependent on both 5-HT.s and SERT and is carried out in a platelet-independent
manner. The molecular regulators guiding this effect are uncertain, however 5-HT2s-dependent
SERT phosphorylation has been observed in a mouse stem cell line providing a potential

molecular link between the two [83].

2.3.4 5-HT2s controls bone-marrow contribution to PAH

While early studies have focused on the form and function of 5-HT and its availability, a
shift in focus to bone marrow-derived cell contributions to differentiating/proliferating smooth
muscle cells has gained significant attention recently. Striking evidence using bone marrow
transplantation combined with chronic hypoxia showed that bone marrow 5-HT2g expression is
required to develop pathologic RVSP measurements. WT mice receiving Htr2b” bone marrow
were immune to RVSP increases following 3 weeks of exposure to hypoxic conditions. Prior to
hypoxia exposure, Htr2b” mice have altered bone marrow composition. Most notably, there are
fewer CD45+CD11b-CD31+ proangiogenic precursor cells, and this composition is preserved
following exposure to hypoxia and may constitute the endothelial/PASMCs responsible for PAH

[32].

Bone marrow-derived proangiogenic cells (PACs) are a subset of myeloid lineage cells
thought to directly contribute to small-vessel remodeling. While they are poorly characterized,
they are commonly identified by a combination of endothelial and hematopoietic or stem cell
markers, and their presence in peripheral blood has been correlated with PAH through indirect

mechanisms of promoting pathologic vascular remodeling in neighboring cells. In the Sugen-
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hypoxia model of PAH, ablation of PACs prevents any RVSP increase and vessel stiffening,
indicating the direct contribution of PACs to experimental PAH with enhanced endovascular
injury. Administration of the 5-HT2s antagonist SB204741 decreases the number of PACs
(CD45+CD11b-CD31+) in peripheral blood as well as the number of PACs that have taken
residence in lung tissue, leading to normalized RVSP values and vessel wall stiffness. PAC
ablation following three weeks of Sugen-hypoxia is also sufficient to reverse disease. This
phenomenon is potentially conserved in humans as the presence of at least one bone marrow-
derived CD31+ cell in pulmonary vessels from PAH patients enhances vessel wall stiffness [33].
This study relied upon enhanced endovascular injury, indicating endothelial injury response is
integral for PAC function. This cell population is also broadly defined and translation beyond
mouse models will be aided by further characterization of the cell type. While the mechanism
driving PAC-induced vessel stiffening and RVSP elevation has yet to be investigated, the
discovery that 5-HT.g-driven PAC recruitment promotes the development of PAH provides

further impetus to pursue 5-HTs as a driver and potential therapeutic target for PAH.

The data presented above clearly shows that 5-HT,g contributes to the development and
progression of disease in experimental models of PH mimicking human PAH. The myriad of
experimental procedures model different contributors to disease, with strengths and
weaknesses evident for each. Convincing evidence has been put forth regarding 5-HT2s
affecting unique aspects of PAH in various disease models (Figure 2.4). While the exact
mechanism is not fully understood and current understanding must be viewed in a context-
dependent manner, encouragement can be taken from the successful application of 5-HT2s

ablation in mitigating pulmonary hypertensive disease across the board.
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Figure 2.4. 5-HT.s dependent PAH initiation.
PAH is mediated by 5-HT2g via recruitment of PACs which drive arterial muscularization and
stiffening

2.4 5-HT4g in cardiac development, vascular injury, and hypertrophy

5-HT is an active signaling molecule throughout early embryogenesis. 5-HT signaling
can be impaired even before neurogenesis, indicating an even wider role beyond
neurotransmission. 5-HT’s suspected role in cardiovascular morphogenesis was confirmed
when embryos grown in high concentrations of 5-HT or SERT inhibitors were observed to
decrease the proliferation of myocardium, cardiac mesenchyme, and cardiac endothelium [84].

Prior to the generation of 5-HT2g knockout mice, no obvious developmental defects (other than
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behavioral) had been attributed to 5-HT receptors. The generation of mice harboring a specific

genetic mutation deleting Htr2b uncovered the contribution of 5-HT 2 to cardiac development.

2.4.1 5-HTz is required for normal cardiac development

In the year 2000, the existence of cardiovascular abnormalities associated with 5-HT2g
mutation were first documented. The observed frequency of pups from 5-HT2s-mutant parents
was lower than the expected frequency, indicating a non-negligible rate of midgestational
lethality. At 10.5 days postcoitum, fewer trabecular cells and decreased myocardial thickness
are observed. Thinner myocardial walls lead to myocardial rupture as the cause of death,

explaining the observed accumulation of blood in the pericardium [34].

Neuregulin, a protein playing a significant role in neural and cardiac development,
functions through binding its receptor ErbB-2. ErbB-2 is localized to the ventricular wall of the
myocardium, and interestingly, mice lacking neuregulin exhibit a similar embryonic cardiac
phenotype as mice lacking 5-HT2s. There is a significant reduction of ErbB-2 expression in 5-
HT.s mutant mice, providing a potential mechanism for abnormalities in cardiac development.
The signaling cascade of ErbB-2 is transactivated by GPCRs, suggesting Gg-coupled 5-HT2s
transactivates the ErbB-2 pathway to regulate cardiac morphogenesis. This hypothesis is further
supported by data showing that cardiomyocytes in newborn mice will proliferate in response to
5-HT or neuregulin, but 5-HT»s mutant cardiomyocytes do not display a mitogenic response to

these signals [34].

The developmental defects of 5-HT.z mutant mice manifest themselves in impaired
cardiac structure and function in adult hearts. Adults exhibit noticeable LV dilatation with
increased LV end-diastolic and end-systolic diameter, consistent with persistent tissue-level

remodeling in response to impaired cardiac morphogenesis. Functionally, 5-HT2s mutant hearts
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have a 20% decrease in fractional shortening compared to WT mice. These changes coincide
with a 15% decrease in the number of cardiomyocytes, and the existing cardiomyocytes are
12% shorter, resulting in decreased ventricular mass (Figure 2.5). Upon ultrastructural analysis,
myofilaments are misaligned, | bands are not observed, and Z bands are wider than expected,
resulting in decreased sarcomere length. Despite increased preload condition (indicated by
increased LV end-diastolic diameter), mutant hearts treated with the adrenergic stimulant
isoproterenol generate significantly less force upon contraction than WT hearts [85]. Decreased
force generation resulting from fewer cardiomyocytes formed into shorter sarcomeres is the
ultimate functional consequence of the developmental deficiency of 5-HT2s and is typical of what
is observed in dilated cardiomyopathy. Of note, myocardial apoptosis or immune cell infiltrate is
not observed in response to 5-HT,g deletion. Additionally, this appears to be a partially sex-
dependent phenomenon as male mice had more pronounced biological changes than age-
matched females [85]. While cardiomyocyte defects are the most pronounced and easily
observable, fibroblasts have been specifically shown to transduce mitogenic signals in a 5-HT2z-
dependent manner [86]. Note that these developmental studies were all performed in the

context of global 5-HT.g deletion.

Cardiomyocyte-specific overexpression of 5-HT2s was shown to have the inverse effect
of global 5-HT2g deletion. Mice exhibiting cardiomyocyte-restricted 5-HT.g overexpression
displayed an increase in LV free wall thickness as well as approximately 11% more
cardiomyocytes, resulting in an overall increase in cardiac mass. The effect is not accompanied
by a concomitant decrease in systolic performance indicative of compensated LV hypertrophy.
Similar to 5-HT2g knockout animals, 5-HT.g overexpression does not lead to myocardial

apoptosis, fibrosis, or notable inflammatory cell infiltration. Contrary to the knockout model,

28



D

++ -l 4+ -l

ANF  o-MHC

++ -~ 4+ -l

B-MHC GATA4

MHC+PI

g

Length: 135+5 um n=29 Length: 12043 um n=15
Width: 42.7+1.9um Width: 29.1+1.3um

Figure 2.5. Developmental deficiencies in 5-HT,z mutant mice.

A, Mice lacking 5-HT2s exhibit decreased ventricular mass due to decreased cardiomyocyte
number and size. B, Decreased staining of the cardiomyocyte marker (MHC) normalized to total cell
population (Pl-stained). C, Ventricular myocytes from newborn mice are narrower and shorter. D, No

compensatory increase in hypertrophic markers (ANF, MHC, and GATA4) were observed in adult mice.
(Reprinted with permission from Nebigil et al. [85])

sarcomeric structure is normal, but differences in mitochondria can be observed. They
appear rounded, irregular, and more abundant. Functionally, the mitochondria are significantly
more enzymatically active with decreased expression of the mitochondrial defect marker
adenine nucleotide translocator. These data suggest 5-HT2g signaling increases metabolic
activity and oxidative phosphorylation in mitochondria [87]. 5-HT signaling through 5-HT2g acts

as a survival signal to cardiomyocytes by inhibiting serum withdrawal-induced apoptosis. [88].
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This effect could potentially transition from a hypertrophic to cardiomyopathic phenotype,

controlled by the signaling of 5-HT2s.

2.4.2 5-HT2 mediates vascular function and remodeling

Due to the peripheral storage of 5-HT in platelets and its vasoactive function, 5-HT likely
plays a pathologic role in low-flow conditions such as thrombosis, ischemic injury, and
hypertension. In autoperfused rat hindquarters, 5-HT results in conflicting vasoactive functions,
causing vasodilation at low concentrations and vasoconstriction at high concentrations. In this
investigation of healthy vessels, the contractile response was mimicked with the non-selective
5-HTz; agonist a-methyl-5-HT, but not the selective 5-HT.s agonist BW723C86 indicating a 5-
HT.g independent mechanism [89]. However, 5-HT.z expression does increase in the context of
injury. In the small arteries of deoxycorticosterone acetate (DOCA)-salt-hypertensive rats, 5-HT
causes contraction, exacerbating the hypertensive phenotype. mRNA levels of Htr2b are
increased in the mesenteric arteries suggesting this receptor begins to contribute to the disease
phenotype. Endothelium-denuded isolated superior mesenteric arteries of DOCA-salt rats have
a substantial increase in maximum contraction in response to the 5-HT2g agonist BW723C86
compared to normotensive rats, indicating a smooth muscle cell-mediated effect. The 5-HT2s
antagonist LY-272015 effectively reduced mean blood pressure in DOCA-salt rats with no effect
on normotensive rats [90]. These results indicate that in the context of injury, 5-HT2s influences

vessel contraction contributing to hypertension.

The use of percutaneous interventions such as balloon angioplasty and stenting has
widened for the treatment of occluded vasculature. A concern accompanying these types of
interventions is the restenosis of the vessel through infiltration of smooth muscle cells. 5-HT2g
influences vascular restenosis modeled through wire injury of the femoral artery. Administration

of BW723C86 intensifies restenosis by increasing the degree of neointima formation. Wire injury
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denudes the vascular endothelium, inducing a strong smooth muscle cell response. Smooth
muscle cells respond to 5-HT.g agonism by increasing their proliferation and migration. This
adverse response contributes to neointima formation and is blocked in 5-HT2s knockout mice.
The intracellular signaling of 5-HT2g in this context is not through the canonical Gaq protein but
through B-arrestin2 mediated activation of mammalian target of rapamycin/p10S6K signaling

[91].

These findings reveal a smooth muscle cell-mediated role of 5-HT.s in exacerbating
arterial contraction in hypertensive patients and vascular restenosis following percutaneous
intervention which could potentially be leveraged to therapeutically reduce injurious vascular

remodeling.

2.4.3 Hypertrophic response to 5-HT.s stimulation

Cardiac hypertrophy is a physiological adaptation in response to increased workload,
whether it is through increased chronotropic or ionotropic effects. While this can be an
advantageous adaptation, as seen following exercise by an athlete, prolonged and extensive
hypertrophic remodeling can lead to cardiomyocyte death and cardiac fibrosis. 5-HTg functions
in cardiac hypertrophy in a context-dependent manner wherein different experimental models
yield results contingent upon the method of hypertrophy induction and cell populations

influenced.

Chronic adrenergic stimulation of cardiomyocytes through B-adrenergic activation is a
strong predictor of morbidity and mortality in cases of congestive heart failure. Models using
prolonged dosing with norepinephrine and the specific 1/82 adrenergic agonist isoproterenol
have been instrumental in elucidating the mechanisms underlying cardiac hypertrophy in

response to sympathetic stimulation. 5-HT levels are also associated with sympathetic
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overstimulation providing a potential mechanism for 5-HT2s overexpression-induced myocardial
hypertrophy [92]. Isoproterenol administration causes an increase in heart mass, heart rate, and
cardiomyocyte size. Despite cardiomyocytes expressing 5-HT2g, activation of the receptor does
not elicit a contractile response [48]. One reported function of 5-HT2g antagonism in
norepinephrine induced cardiac hypertrophy is through the downregulation of Bax, decreasing

cardiomyocyte apoptosis and partially reversing established cardiac hypertrophy [93].

An important hallmark of cardiac hypertrophy is an increase in the inflammatory milieu
within the myocardium. In response to in vitro isoproterenol induction, CFs will secrete the
inflammatory cytokines IL-6, IL-13, and tumor necrosis factor-a. This increase is prevented in 5-
HT2s knockout CFs or when treated with a 5-HT.g antagonist. This same cytokine response is
observed in vivo, and the 5-HT2g antagonist SB206553 prevents increases in plasma levels of
these inflammatory cytokine and subsequent cardiac hypertrophy, indicating a deleterious role
of CF 5-HT2z signaling [92]. The contribution of CFs was further magnified in a model of
cardiomyocyte-driven overexpression of 5-HT2g in mice on a Htr2b™ background, thus
relegating 5-HT2g expression strictly to cardiomyocytes. In response to chronic isoproterenol
infusion, these transgenic animals do not develop cardiac hypertrophy or exhibit a decrease in
cardiac function. The transgenic animals also do not exhibit an increase in IL-6, IL-1[3, or
TGFB1, indicating a cardiomyocyte-independent mechanism. It was reported in human LV
tissue that 5-HT2g co-localizes and co-precipitates with another GPCR, AT:R. These two
receptors work in concert to initiate cytokine release that drives ventricle dilatation, wall thinning,
and hypertrophy (Figure 2.6). Activation of both receptors by their respective ligands is required
to achieve cytokine release. An investigation of 16 patients diagnosed with congestive heart
failure revealed that 5-HT2g expression is significantly elevated irrespective of cardiomyopathy

etiology, disease severity, or treatment. 5-HT.g expression significantly correlated with
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expression of the cytokines IL-6, tumor necrosis factor-a, and TGF1, further highlighting its

contribution in cardiac hypertrophy [35].

Chamber dilatation
R+ 5HT,5R Functional deficiency
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Figure 2.6. Cardiac hypertrophy driven by concomitant activation of AT1R and 5-HT2z.
Inflammatory and fibrotic cytokines released following AT1R and/or 5-HT2s activation lead to LV
remodeling as seen by wall thinning and chamber dilatation.

Left ventricular hypertrophy has been linked with excessive formation of reactive oxygen
species (ROS). Cardiac ROS is triggered by Angll as well as isoproterenol, both of which elicit a
hypertrophic cardiac response. Administration of the 5-HT»g antagonist SB215505 is sufficient to
prevent cardiac dilatation and increased mass in a load-independent manner as it acts without
cardiodepression or lowering blood pressure. The effect of treatment can be attributed to a
normalization of the superoxide anion of oxygen by abolishing NAD(P)H oxidase over-
activation. The in vivo findings were replicated in LV fibroblasts, further supporting the idea that
5-HT2g acts through CFs [94]. In addition, ROS generation could potentially be linked to a
functional role of 5-HT2g in mitochondria. This study highlights the interplay between 5-HT,s and

AT:R to regulate cardiac hypertrophy through production of hypertrophic cytokines and ROS.
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Arterial banding is another methodology to induce cardiac hypertrophy by artificially
increasing loading immediately distal to the ventricles. The tissue responds through
cardiomyocyte hypertrophy, fibrosis, and cardiomyocyte apoptosis. Banding of the pulmonary
artery causes a decrease in cardiac output due to TGFf1-induced collagen deposition which
can be mitigated through 5-HT.g antagonism [95]. Wistar rats that have undergone an aortic
banding procedure increase the expression of Htr2b in cardiomyocytes. Administration of a 5-
HT.g antagonist prevents the hypertrophic characteristics of increased heart mass and
decreased wall thickness. Cardiomyocyte hypertrophy in response to mechanical stress was
found to be mediated by nuclear factor-kB and blocked through 5-HT.g antagonism [96]. These
data point to 5-HT2z directly influencing cardiomyocyte hypertrophy in response to mechanical

load.

Spontaneously hypertensive rats (SHR) progressively develop diastolic dysfunction with
preserved ejection fraction without any exogenous stimuli. After a few weeks of hypertension,
diastolic dysfunction develops without a deterioration of systolic function, similar to essential
hypertension in humans. Administration of the highly selective 5-HT,g antagonist RS127445
during the natural course of hypertensive cardiomyopathy in SHRs did not reduce left ventricular
dilatation despite increased Htr2b mRNA but instead exacerbated LV dilatation and thinning of
the septal and posterior walls, resulting in a severe eccentric hypertrophic phenotype. Brain
natriuretic peptide levels, a cardiac hormone correlated with hypertension and hypertrophy, are
decreased by RS127445 despite worsened cardiac hypertrophy, pointing to an intracellular
mechanism independent of the pathological state. Interestingly, 5-HT2g antagonism causes an
increase in subendocardial interstitial fibrosis in SHRs. In the same study, aortic rings isolated
from WT and 5-HT.s knockout mice demonstrated different vasoactive responses when
stimulated with the general 5-HT, agonist a-methyl-5-HT. WT samples respond in a dose

dependent manner, where 5-HT.s mutants vasoconstrict with increased tension, indicating a
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potential vasodilating role of 5-HT.g [97]. These confounding results to aforementioned studies
highlight the context-dependent action of 5-HT2g signaling in the realm of cardiac hypertrophy,
and its actions must be understood in a variety of environments to characterize its pathologic or

therapeutic mechanisms.

Cardiac hypertrophy is a complex condition associated with a wide variety of initiating
factors. 5-HT2g plays a dual function in both CFs and cardiomyocytes regulating the in vivo

response to these factors.

2.5 Future considerations

Findings throughout the literature show that multiple cardiopulmonary diseases can
potentially be addressed through therapeutic manipulation of 5-HTg signaling (Figure 2.7). The
tissue distribution and function of 5-HT2g in rodents and humans are similar, emphasizing the
translational importance of the findings described in rodent models [98]. Importantly, drugs (and
their metabolites) targeting serotonergic signaling should be screened for activation of 5-HTzg,
as it has been well documented in cases of valve disease and PAH that 5-HT2g activation
significantly increases risk of disease. Multiple conditions mediated by vascular and interstitial
cell dysfunction have been reported to be facilitated through signaling of 5-HT2s. In particular,
valve hyperplasia, arterial remodeling leading to pathologic RVSP and subsequently PAH, and
inflammatory cytokine secretion upstream of cardiac hypertrophy all have contributions from 5-
HT.s. Evidence has been presented for the influence of 5-HT.g signaling over both resident and
recruited cells, indicating a utility in both early and chronic stages of disease. Further
investigation into disease- and tissue-specific 5-HT.g-targeted treatment paradigms is warranted
based on the therapeutic potential supported by strong evidence put forth throughout years of

research and current lack of effective therapies for cardiopulmonary disease.
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Figure 2.7. Cardiopulmonary diseases facilitated by 5-HT2g activity.
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Chapter 3

Global 5-HT2s Antagonism Preserves Cardiac Structure and

Function Following MI

Text for Chapter 3 was adapted from Snider JC, Riley LA, Mallory NT, Bersi MR, Gautam R,
Zhang Q, Mahadevan-Jansen A, Maroteaux L, Lal H, and Merryman WD. Targeting 5-HT2s Receptor
Signaling Prevents Border Zone Expansion and Improves Microstructural Remodeling after Myocardial

Infarction. Submitted

3.1 Abstract

Introduction: Serotonin signaling, specifically from the 5-HT2g receptor, has been shown
to control fibrotic remodeling in the setting of various cardiopulmonary pathologies. One
pathology that has not been associated with 5-HTg signaling is MI. The tissue response to Ml is
drastic, with infiltration of various cells types which coordinate to remove cellular debris and
form a permanent scar. The scar formation process has been shown to directly influence future
cardiac outcomes. Since 5-HT.zg signaling plays a role in fibrotic remodeling in cardiopulmonary

disease, we investigated the therapeutic potential of 5-HT.g antagonism following Ml in mice.

Methods: Two independent 5-HT.g antagonists were administered following
experimental Ml in adult mice. Echocardiography was used to assess cardiac structure and
function throughout the duration of the experiment after which we investigated histological and
microstructural changes. The scar and BZ were characterized, and collagen content was
analyzed using PSR stain, PSR staining imaged under polarized light, SHG imaging, and AFM.
Lastly, we investigated changes to uninjured myocardium through quantifying cardiomyocyte

area distant to the infarct.
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Results: Systolic structure and cardiac function were both improved with administration
of a 5-HT2g antagonist following MI. The fibrotic injury response was hampered, as seen by a
decrease in scar thickness and prevention of BZ expansion. Thinner collagen fibers were also
more highly aligned, contributing to an increase in contractility. Tissue stiffness was decreased
with 5-HT.g antagonism measured by AFM. These changes to scar formation prevented

cardiomyocyte hypertrophy in the viable, remote tissue.

Conclusions: 5-HT>g signaling plays a detrimental role in the healing process following
MI. Pharmacological inhibition of 5-HT,g improves the quality of scar formation, preventing scar

expansion and adverse myocardial remodeling.

3.2 Introduction

Serotonergic dysfunction has long been understood to contribute to a myriad of
cardiopulmonary pathologies. Specifically, signaling through 5-HT2g controls the fibrotic
remodeling involved in valvular heart disease and pulmonary hypertension [43], [76], [78], [99].
In response to TGF, fibroblast-like valve interstitial cells undergo myofibroblast transformation
and remodel the valve, which can be prevented with the administration of a 5-HT.s antagonist
[31]. In a murine model of experimental PAH, it has been shown that 5-HT2g is necessary in the
myeloid compartment to develop disease and instigate the contraction and stiffening of
arterioles [32], [33]. 5-HT2s has also been shown to play an integral role in mediating
isoproterenol-induced cardiac hypertrophy through modulating the inflammatory milieu in a CF-
dependent manner [35]. Downstream mediators of 5-HTg signaling are the mitogen-activated
protein kinase effector p38 and the tyrosine kinase Src; both of which are known regulators of

cell contractility, ECM deposition, and ECM stiffness [67], [100]-{102].
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Ml initiates a drastic and coordinated wound healing response to address myocardial
necrosis. An initial inflammatory response begins with neutrophil influx to degrade damaged
ECM and facilitate macrophage polarization [103]. Monocytes infiltrate the injury to digest
damaged and degraded tissue to debride the wound. These cells then shift their function to
attenuate inflammation and promote CF infiltration, angiogenesis, and collagen deposition [104].
CFs are best characterized by their role in matrix production and deposition following injury or
insult. The resolution of inflammation is not merely a cessation of pro-inflammatory signals, but
the activation of inhibitory pathways, driven by mediators such as TGFB1 and IL-10, to aid in the
resolution of inflammation. While CFs have not been directly established as an anti-
inflammatory cell type, their drastic phenotypic changes in response to anti-inflammatory signals
suggest a potential role [11]. The start of the remodeling phase of healing is marked by the
infiltration of the infarct BZ with myofibroblasts. Myofibroblasts are an activated fibroblast
phenotype that is hyper-secretory and hyper-contractile, extensively secreting matrix proteins

and contracting newly deposited matrix.

Several strategies for improving healing and controlling cardiac fibrosis have been
proposed and implemented in the clinic, but there is less success in human patients than
studies suggest from in vitro and in vivo animal models. This discrepancy in part is due to the
complex, multi-cellular system that controls chemical and mechanical cues during healing. The
diverse population of cells that express and are controlled by 5-HT.g has resulted in many
interesting findings, all of which could affect the healing process following MI. 5-HT2g has been
shown to stimulate detrimental behaviors in major cell types that are also involved in healing
following MI. Despite the diverse processes that are initiated following an Ml, the ultimate
outcome is the formation of a permanent scar. The degree, duration, and successful resolution
of the inflammatory phase as well as the emergence of CFs as the main effector cell type all

influence the quantity and quality of fibrotic tissue deposited to repair the wound. Therefore, we
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hypothesized that global 5-HT2s antagonism could preferentially alter the wound healing
response in a manner that improves cardiac performance. We utilized a permanent occlusion
model of experimental MI along with administration of 5-HT.g antagonists and performed serial
echocardiography to track the changes in cardiac structure and function. We then explored the
histological and microstructural changes induced by 5-HT.g antagonism to establish 5-HT.z as a

target for improving outcomes following experimental Ml.

3.3 Methods

Mice

All mouse experiments were approved by the Vanderbilt Institutional Animal Care and
Use Committee before their commencement. Mice used in this study were WT C57BL/6

(Jackson Laboratory, Stock No. 000664).

Animal Studies

MI was induced in 12-week-old mice by permanent coronary artery ligation, as
previously described [105]-[107]. Briefly, mice were anesthetized with 2% isoflurane inhalation.
A small incision was made over the left chest and dissection and retraction of the pectoral major
and minor muscles was performed. A small hole was punctured in the fourth intercostal space
and gently held open with a mosquito clamp. Using gentle pressure superior and inferior to the
heart, the heart was popped out of the chest. A 6-0 silk suture was used to ligate the left main
descending coronary artery approximately 3 mm from its origin. The heart was immediately
placed back into the chest cavity, air was manually evacuated, the muscle was replaced, and

the skin sutured.
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For antagonist studies, mice were administered 1 mg/kg/day of either the 5-HT2z
antagonist SB204741 (SB; Tocris, Cat. No. 1372) or RS127445 hydrochloride (RS; Tocris, Cat.
No. 2993) — both dissolved in a 50:50 mixture of dimethyl sulfoxide (DMSO; Sigma D8418) and
polyethylene glycol 400 (PEG400; Fisher Scientific, P167-1) to dilute the organic solvent.
Control mice were administered 50:50 PEG400:DMSO. SB was administered subcutaneously
via microosmotic pumps (Figure 3.1; Alzet Corp, 1004). RS was administered through twice-
daily intraperitoneal injections of 0.5 mg/kg separated by 6-8 hours due to the limited half-life of
the compound in vivo (Figure 3.2) [108].
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Figure 3.1. Experimental approach for Ml with SB treatment.
12-week-old mice were subjected to Ml surgery and coincidentally administered either vehicle
control or the 5-HT2g antagonist SB. Treatments were administered subcutaneous via microosmotic
pump. Treatment began day of injury and continued for three weeks. Microosmotic pumps were
removed at 3 weeks, and mice were dissected six weeks after injury. Echocardiography was performed
at indicated times.
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Figure 3.2. Experimental approach for Ml with RS treatment.
12-week-old mice were subjected to Ml surgery and coincidentally administered either vehicle
control or the 5-HT2g antagonist RS. Treatments were administered intraperitoneal via twice-daily
injections. Treatment began day of injury and continued for three weeks. Injections ceased at 3 weeks,
and mice were dissected six weeks after injury. Echocardiography was performed at indicated times.
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At the end of each study, mice were euthanized through CO; inhalation in accordance

with Vanderbilt University Medical Center’s Division of Animal Care guidelines.

Echocardiography

Blinded echocardiographic measurements were taken from short-axis cardiac M-mode
images captured on a Vevo2100 small-animal ultrasound system (VisualSonics). A minimum of
9 independent measurements of ventricle dimensions were used to calculate metrics of cardiac
structure and function for each mouse at each time point. Global longitudinal strain (GLS)
measurements were acquired using the VevoStrain software package to measure long-axis B-
mode images (VisualSonics) at the initiation of contraction. Two independent images were
analyzed for each mouse at each time point. Measurements were taken prior to surgery (Day 0),
as well as 1, 3, and 6 weeks post-surgery. Exclusion criteria were employed for animals without
at least a 15% decrease or more than an 85% decrease in ejection fraction at day seven

compared to day zero to ensure that surgery was successful.

Histology

Upon euthanasia, hearts were perfused with PBS-/-, excised, and submerged in 3M
potassium chloride to arrest hearts in diastole. Hearts were then bisected along the transverse
plane just above where the suture was tied to induce MI, embedded in OCT media (Fisher
Scientific, 23-730-571), and snap frozen. Frozen tissue was cryosectioned at 7um, mounted
onto glass slides, then stored at -20°C. Picrosirius red (PSR) staining was employed to identify
fibrosis (red) and cell bodies (yellow). Prior to staining, slides were brought to room
temperature, OCT was removed via PBS-/- wash, and sections were fixed for one hour in

Bouin’s solution (Sigma-Aldrich, HT10132) at 55°C. Slides were stained in PSR (Electron
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Microscopy Sciences, 26357) for one hour at room temperature, dehydrated in ethanol, and
cleared in xylenes. Images were analyzed using a semiautomated image-processing pipeline
that was developed based on local ventricular thickness measurements and color segmentation
[109], [110]. This process extracted regional area fractions of myocardium and fibrosis as well
as local thickness values used to quantify tissue properties. The BZ was defined by the change
in collagen area fraction per circumferential degree in the transition region lying between tissues
comprised of 85% collagen (scar) to 15% collagen (uninjured myocardium). PSR-stained
sections were imaged under polarized light to study collagen fiber thickness distributions and

analyzed using a color segmentation algorithm as previously described [110].

Second Harmonic Generation

Second harmonic generation (SHG) produces images with a diffraction-limited
resolution (<300 nm), is intrinsic to specific structures allowing for quantification of collagen
without staining or background noise, and can be used to classify the anisotropic properties of
collagen fibers [111], [112]. SHG images were acquired using home built multimodal imaging
platform equipped with a photomultiplier tube (GaAsP Amplified PMT, Thorlabs, USA) on the
epi-detection port [113]. Each image was integrated for 7 microseconds/pixel and recorded
using a 20x water immersion objective (Olympus XLUMPLFLN, 1.0NA) with a high spatial
sampling density (401 nm/pixel) covering 1024x1024 pixels per image. SHG signals were
generated using 798 nm picosecond laser operates with a pulse repetition rate of 80MHz
(power ~30mW on the sample) and collected at using 400/£40nm filter (Semrock, Brattleboro,
VT, USA). Scanning and detection for imaging is controlled through ThorlmageLS version 2.1

(Thorlabs Imaging Research, Sterling, VA, USA).
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The Orientationd plugin was used in ImageJ (NIH) to obtain the distribution of fiber
angles from each image [114], [115]. Each distribution was smoothed using a centered moving
average with a five degree window, followed by calculation of the cumulative distribution
function (CDF),

F@) = ) I@)

®;=—89.5°

where |(®) is the amplitude of the distribution at angle ®. The CDF of an isotropic distribution is
a straight line. Therefore, we a fit a first-degree polynomial to the distribution and calculated the
correlation coefficient (R?) as a goodness of fit. If the R? was above a threshold of 0.98 (below
which dominant orientations in the fiber orientation distributions started to peak), the distribution
was considered isotropic, otherwise, the distribution was considered anisotropic. Figure 3.3
shows a range of obtained R? value from accompanying SHG images and fiber angle

distributions. [116].
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Figure 3.3. SHG analysis and curve fitting to determine anisotropy.

Top Row, Raw SHG images throughout the BZ organized from best (left) to worst (right) fit of a
first-order polynomial. Middle Row, Distribution of fiber angles. As you move from left to right, peaks
start to emerge which would result in anisotropic distribution. These peaks start to emerge at R2 < 0.98
and the width of the peak thins and amplitude increases as R? decreases. Bottom Row, First-order
polynomial fitting (red dashed line) to the CDF obtained from the distributions in the middle row.
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Atomic Force Microscopy

Tissue sections which had been arrested in diastole using 3M potassium chloride upon
dissection were brought to room temperature and cleared of OCT in PBS-/-. A Biocatalyst
atomic force microscope (AFM; Bruker, CA) was used to measure tissue topology and stiffness.
The AFM was operated in peak force quantitative nanomechanical mapping scanning mode
(Peak Force QNM) using probes constituted of blunted pyramidal tips designed for biological
samples (MLCT-Bio, Bruker, CA). The system was calibrated to obtain the spring constant and
deflection sensitivity of each probe then confirmed on standard polyacrylamide gels of known
stiffness (2, 20, and 40 kPa). Measurements were made in PBS for the scar, BZ, and remote
myocardium by scanning 3-6 regions of 36 — 100 um? each. Mean elastic modulus was

calculated for each scan, then averaged for each mouse.

Wheat Germ Agglutinin Staining

For cardiomyocyte cross-sectional area analysis, tissue sections which had been
arrested in diastole upon dissection were brought to room temperature and OCT was removed
via Hank’s balanced salt solution wash. The tissue was fixed in 4% paraformaldehyde for 15
min at 37°C then stained in 50 pg/mL wheat germ agglutinin (WGA; Invitrogen, Cat# W11262)
for 30 minutes at room temperature to label cardiomyocyte cell walls. Three, 20x images of
short-axis cardiomyocytes were taken in the uninjured myocardium. Cardiomyocyte area was
calculated using a custom pipeline in CellProfiler [117]. A minimum of 580 cells were quantified

per animal.
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Quantitative Polymerase Chain Reaction

A cohort of animals was set aside exclusively for quantitative polymerase chain reaction
(qPCR) and dissected under RNase-free conditions and immediately snap frozen. Samples
were subsequently thawed, and scar tissue was isolated via microdissection by transversely
bisecting the tissue at the suture and homogenized using a bead beater and lysis matrix tubes
(MP Biomedicals, 116923050). RNA was isolated using the RNeasy Mini Kit (Qiagen, 74104)
and cDNA was synthesized using the Superscript IV system (Invitrogen, 18091050). Real time
gPCR was performed using SYBR Green PCR Supermix (Bio-Rad, 1708882), the primers listed
in Table 3-1, and a Bio-Rad CFX96 C100 thermocycler. Gapdh and Hprtl were used as
housekeeping genes. Data presented was calculated using the delta delta Ct method and

statistical analysis was run on delta Ct values.

Table 3-1 qPCR primer sequences

Gene Target Forward Primer (5’ to 3’) Reverse Primer (5’ to 3)
Gapdh ATGACAATGAATACGGCTACAG TCTCTTGCTCAGTGTCCTTG
Hprtl CCCCAAAATGGTTAAGGTTGC AACAAAGTCTGGCCTGTATCC
Nppb GCACAAGATAGACCGGATCG CCCAGGCAGAGTCAGAAAC
Htr2b TCAATAGGCATCGCCATCCCAG CCATGATGGTGAGAGGTGCGAA
Htr2a AACCCCATTCACCATAGCC TGCCACAAAAGAGCCTATGAG

Statistical Analysis

Statistical analysis was performed using SigmaPlot version 11. Shapiro-Wilk test was
used to test for data normality. Subsequent statistical analyses used either a 2-way ANOVA with
Holm-Sidak post hoc or a Kruskal-Wallis rank-sum test with Conover-Iman post hoc test for
nonparametric data. A 2-tailed Student t test was used for comparisons of two normally
distributed groups. Applicable tests and significance are labeled in figure captions with P<0.05

as the cutoff for data to be considered significantly different.
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3.4 Results

3.4.1 5-HT2 antagonism improves echocardiographic metrics after Ml

To test our hypothesis that 5-HT2g regulates scar formation following MI, we first
confirmed the induction of Htr2b gene expression after experimental MI. We observe a marked
increase in Htr2b expression in the early stages of wound healing at three days after injury
which was sustained into the fibrotic healing phase seven days after infarction. Htr2a, which
encodes the only other member of the 5-HT- receptor subfamily expressed in the cardiovascular
system [48], is not upregulated until seven days post-MlI, and it is still only induced to a fraction

of Htr2b levels (Figure 3.4).
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Figure 3.4. Htr2b expression increases early and is sustained following MI.

The gene encoding 5-HTzg, but not 5-HT2a is significantly upregulated compared to sham operation 3
days after Ml surgery and remains significantly upregulated 7 days after Ml (N=3-4). Mean + SEM,
**P<0.01, via 2-tailed Student t test.

3.4.2 5-HT.s antagonism improves functional outputs and LV dimensions after Ml
These findings motivated our exploration into 5-HT.g signaling. To determine if 5-HT2s
signaling influences LV remodeling after MI, WT adult mice underwent permanent coronary

artery ligation and were administered either vehicle control (DMSO) or the 5-HT»s antagonist SB

at the time of injury.
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We observed a preservation of cardiac function as determined by increased LV ejection
fraction (EF) and fractional shortening (FS) one week after injury in mice treated with 5-HT2s
antagonist; this effect was maintained for the six-week period after injury, even with the removal
of the antagonist three weeks post-MI (Figure 3.5A-B). There were no observed differences in
LV inner dimension (LVID) and LV volume (LV Vol) at end-diastole (Figure 3.5C,E). LVID and
LV Vol at end-systole were significantly lower with SB treatment, indicating a contractile

capability closer to resembling uninjured levels (Figure 3.5D,F).
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Figure 3.5. SB treatment post-MI preserves cardiac function and systolic structure.
A, LV EF is improved one week after injury and maintained for the duration of the experiment.
B, LV FS is improved one week after injury and maintained for the duration of the experiment. C,D,
LVID at end-systole but not at end-diastole was improved with SB treatment. E,F, LV Vol at end-systole
but not at end-diastole was improved with SB treatment. Mean + SEM, *P<0.05, **P<0.01, ***P<0.001
between DMSO and SB treatments following 2-way ANOVA and Holm-Sidak post hoc test. Number of
mice denoted in A applies to subsequent groups.

In order to confirm these results, we repeated this experiment with another selective,
high affinity 5-HT.s antagonist, RS. Despite being administered through a different route, we
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observed comparable functional effects. LV EF and LF FS were both preserved one week after

injury which was maintained for the duration of experiment (Figure 3.6A-B). However, we did

not observe significant differences in either of the measures of cardiac structure (LVID or LV

Vol) during diastole or systole (Figure 3.6C-F).
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Figure 3.6. Antagonism of 5-HT2s with RS preserves cardiac function post-Ml.

A, LV EF is improved one week after injury and maintained for the duration of the experiment. B, LV
FS is improved one week after injury and maintained for the duration of the experiment. C-F, There
were no observed differences with RS treatment in the structural measurements of LVID and LV Vol at
both end-diastole and end-systole. Mean + SEM, *P<0.05, **P<0.01, between DMSO and RS
treatments following 2-way ANOVA and Holm-Sidak post hoc test. Number of mice denoted in A

applies to subsequent groups.

Interestingly, female mice showed no response to SB treatment (Figure 3.7A-C).

Therefore, all antagonist studies shown are conducted exclusively in male mice.
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Figure 3.7. 5-HT2s antagonism is ineffective following Ml in females.
12-week-old female mice underwent Ml surgery. A, No difference in EF or FS was observed
between DMSO control and SB-treated female mice. B, LVID at both end-diastole and end-systole
were similar between the two treatments. C, LV Vol at both end-diastole and end-systole were similar
between the two treatments.

3.4.3 Improved LV deformation observed in the 5-HT2s antagonist-treated cohort

We employed a speckle-tracking algorithm to obtain the GLS of the LV as another
sensitive measure of LV function. Uniform elements are formed across the LV wall and the
strain is calculated based on the deformation across the elements during a contraction cycle.

GLS is a metric that measures the maximum shortening during systole normalized to diastolic

length.

While GLS was identically reduced in the control and antagonist-treated groups the first
week after injury, cardiac contractility in SB-treated animals was stabilized, while function in
DMSO-treated animals continued to deteriorate over the duration of the experiment (Figure
3.8A-B). The same trends were observed in the RS-treated cohort. GLS was similarly
decreased between the two groups at one week, but the GLS of the control group significantly
deteriorated over time while the treated group exhibited a stabilized metric of cardiac

contractility (Figure 3.8C).
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Figure 3.8. Antagonism of 5-HT.g stabilizes LV contractility after Ml.

A, Vector diagram showing magnitude and direction of myocardial deformation in systole. B,
Quantified GLS in DMSO vs. SB treated animals. C, Quantified GLS in DMSO vs. RS treated animals.
Mean = SEM, *P<0.05, **P<0.01, ***P<0.001 between DMSO and SB treatments, #P<0.05 between
previous timepoint within treatment group following 2-way ANOVA and Holm-Sidak post hoc test.

3.4.4 Scar formation after Ml is altered by 5-HT.s antagonism

To understand how changes in tissue architecture contributed to the observed
alterations in echocardiographic outputs, we used a custom-built image processing pipeline to
analyze short-axis tissue sections six weeks (unless explicitly noted) following Ml and explored
differences between groups receiving 5-HT.g antagonist or DMSO [12]. PSR staining
demarcated viable myocardium (cell bodies stained yellow) from collagenous scar tissue
(stained red) and was used to calculate regional tissue thickness as well as identify the BZ
(Figure 3.9A-B). In SB-treated mice, the deposition of fibrotic tissue was diminished as
indicated by the formation of a thinner scar than control mice (Figure 3.9D). Scars in the SB-
treated group appear to form thinner one week after injury and retain this thinness throughout

the course of the experiment.

The BZ (green dots; Figure 3.9B-C) was defined as the transition region between
collagen-dominated scar tissue (stained >85% red) and myocardium dominated tissue (stained

>85% yellow). We calculated the BZ transition rate to quantify the area of material mismatch
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between contractile myocardium and stiff, collagenous scar. We observed an increased rate of

change from collagen to myocardium (i.e. a shorter BZ region) with 5-HT2s antagonism

revealing decreased BZ infiltration and scar disruption of viable myocardium (Figure 3.9E).

There were no changes detected in the amount of interstitial fibrosis calculated as the area

fraction of collagen in the remote, uninjured myocardium (Figure 3.9F). Scar thickness and

interstitial fibrosis outcomes were similar in RS-treated animals (Figure 3.9G-H).
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Figure 3.9. Scar morphology and ECM deposition is altered by 5-HT»g antagonism.
A-C, Analytical approach of calculating tissue thickness (A), demarcation of scar vs. healthy
myocardium (B) and (C) identification and mathematical definition of BZ as the transition region
between scar dominated (>85% collagen stained red with PSR) and myocardium dominated (>85%
myocardium stained yellow) with inset illustrating a representative curve from each treatment. D,
Thickness of the formed scar is decreased with SB treatment but does not thin over time (N=3-10). E,
Decreased BZ infiltration with 5-HT2s antagonism as indicated by the rapid transition from scar to
myocardium (N=8-10). F, No difference in interstitial fibrosis was observed with SB treatment (N=8-10).
G, Thickness of the formed scar is decreased with RS treatment (N=7-11). H, No difference in
interstitial fibrosis was observed with RS treatment (N=6-9). All data 6 weeks post-MI except where
noted in D. Mean + SEM, *P<0.05 following (D) 2-way ANOVA and Holm-Sidak post hoc test or (E-H)
2-tailed Student t test.

After observing alterations in collagen deposition, we used two separate imaging

techniques to gain a better understanding of collagen composition. First, we imaged PSR-

stained collagen under polarized light to observe collagen fiber thickness. While there was no
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shift in the distribution of collagen fiber thickness in the scar, a higher percentage of thin
collagen fibers was present in the BZ with SB treatment and a decreased percentage of thick
fibers in the BZ with RS treatment (Figure 3.10A-C). Second, SHG imaging was used to
analyze collagen fiber orientation. SB-treated mice had a higher fraction of fields of view (FOV)
dominated by strongly aligned, anisotropic collagen fibers in the BZ, which would impart an

improved contractility (Figure 3.10D).
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Figure 3.10. Collagen composition is altered by 5-HT,g antagonism.

A-B, PSR stain imaged under polarized light in the BZ and scar revealed an increased
proportion of thinner, less mature collagen fibers in the BZ of SB-treated mice (N=9-10). C, RS
treatment resulted in fewer thick collagen fibers which was redistributed throughout the thinner fiber
compartments (N=8-15). D, Analysis of collagen fiber orientation in the BZs of DMSO- (31 FOVs
across 4 mice) and SB- (35 FOVs across 5 mice) treated animals to quantify the distribution of
orientations to classify as isotropic or anisotropic. All data 6 weeks post-MI. B,C, Mean = SEM,
*P<0.05, *P<0.01, **P<0.001 (color denotes difference between corresponding color proportion
following 2-way ANOVA and Holm-Sidak post hoc test.
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Despite alterations in the deposition of fibrotic scar tissue and composition of the scar
with 5-HT.g antagonism, we did not observe any changes in survival, indicating the preservation

of scar integrity (Figure 3.11A-B).
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Figure 3.11. Survival post-Ml.
No difference in proportion of mice that survived post-MI. A, DMSO (N=16) and SB (N=19) and
B, DMSO (N=33) and RS (N=37)

Histological analyses indicate that treatment with a 5-HT2s antagonist is capable of
controlling scar formation after Ml and limiting BZ expansion through alterations in collagen fiber

formation.

3.4.5 Microstructural changes in response to impaired 5-HT2s signaling

We next explored how the alterations in collagen deposition and composition affected
tissue mechanics. AFM was used to investigate the mechanical changes of the fibrotic area to
determine if tissue compliance could play a role in preserving cardiac function in response to 5-
HT.s antagonism. While there was not an initial difference in tissue stiffness in the early stages
of scar formation, antagonist-treated groups showed a decrease in tissue stiffness in both the
scar and BZ six weeks following injury (Figure 3.12A-D) While the stiffness of tissue in SB-
treated groups remains steady, it appears there is a slight but steady increase in scar and BZ

stiffness of control animals over the six-week time course (Figure 3.12B-C).
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Figure 3.12. Tissue stiffening is prevented with 5-HT.g blockade.

AFM analysis revealed scar and BZ stiffness after MIl. Each heart was arrested in diastole via
submersion in 3M potassium chloride upon dissection. A, Each row illustrates the distribution of
stiffness values within an individual mouse with representative histogram in the middle. B-C, Mean
tissue stiffness of scar (B) and BZ (C) (N=3-9) at multiple timepoints with SB treatment. D, Scar and BZ
stiffness in RS treated mice 6 weeks after Ml (N=10-18). Mean + SEM, *P<0.05, **P<0.01, following (B-
C) 2-way ANOVA and Holm-Sidak post hoc test or (D) 2-tailed Student t test.

Since increased tissue stiffening can lead to a hypertrophic response in cardiomyocytes,
we quantified the expression of the gene encoding the cardiomyocyte injury marker natriuretic
peptide B (Nppb) [118], [119]. Six weeks after MI, there was a significant reduction in Nppb
expression in the SB group (Figure 3.13A). As this finding indicated that cardiomyocytes were
undergoing an injury response and potentially remodeling, we assessed the short-axis cross-
sectional area of cardiomyocytes distant to the infarcted tissue. We observed a significant
increase in cardiomyocyte area six weeks after Ml in vehicle-treated animals compared to both
SB- and RS-treated animals (Figure 3.13B-D). There was also a significant increase in

cardiomyocyte area of vehicle-treated animals over their sham counterparts which was
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prevented with SB treatment (Figure 3.13C). These results indicate a biophysical alteration in
cardiac composition downstream of the scar formation process influences remote

cardiomyocyte hypertrophy after Ml.
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Figure 3.13. Cardiomyocyte remodeling is prevented by 5-HT2g antagonism.

A, gPCR analysis of Nppb (N=4). B-C, WGA staining of short-axis cardiomyocytes reveals
increased cross-sectional area in control-treated animals after Ml compared to sham operation is
prevented with SB treatment (N=3-12). D, RS treatment results in decreased cardiomyocyte area

compared to control. Mean + SEM, *P<0.05, following (A,D) 2-tailed Student t test or (C) 2-way ANOVA
and Holm-Sidak post hoc test.

3.5 Discussion

Experimental Ml induced by coronary artery occlusion results in the formation of a
permanent, collagenous scar. Since cardiomyocytes are unable to regenerate and replace the
necrotic cells in the injury site, scar formation has the integral function of patching the ventricular

wall. The quality of initial scar formation has lasting effects on cardiac outcomes. A structurally
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sufficient scar is necessary to reinforce the LV wall, but persistent fibrotic activity leads to
chronic cardiac deterioration [14], [15]. Fibrotic lesions are associated with poor prognoses and
attributed to excessive ECM deposition which limits diastolic and systolic function [120].
Therefore, it is desirable to properly tune the fibrotic response following Ml such that a functional

scar is able to form but is dampened before the fibrotic activity becomes deleterious.

Prior studies have shown anti-fibrotic effects of 5-HT.g disruption in various
cardiopulmonary pathologies [31]-[33], [35], [57], [94], [95]. To our knowledge, this study is the
first investigation into the direct contribution of 5-HT2g signaling in wound healing after Ml.
Through the implementation of two pharmacological inhibitors, we have shown that the 5-HT2z

receptor is an effective target to limit fibrosis following Ml in mice.

In the present study, echocardiographic analysis revealed global 5-HT,g antagonism
improves cardiac structure and function one week after Ml, evidenced by preserved EF, FS, and
systolic LV volume and internal dimension. While there were not significant changes in these
metrics between one and six weeks after injury, GLS deteriorated from week one to six in the
control groups whereas 5-HT2g inhibition stabilized this measure of cardiac contractility. GLS
has been shown to be an independent predictor of adverse remodeling after ST-elevated Ml in
humans and can be a more sensitive functional output than the traditionally used EF [121],
[122]. Systolic function is preserved, seen more strongly in the SB-treated cohort, which is
supported by the increased strain generated by the LV measured by GLS. These
echocardiographic results support the hypothesis that 5-HTg signaling is involved in

determining cardiac outcomes after MI.

Global knockout of 5-HT2g results in more severe histopathological lesions and a
stronger systolic dysfunction in adult male mice compared to females [85]. No differences were

seen in female mice administered 5-HT.g antagonist which could be attributed to a decreased
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influence of 5-HT2g signaling in females which was unaffected by administration of a

pharmacological agent.

We further explored the changes to tissue architecture that contributed to an
improvement in cardiac contractility and alterations in scar formation. A heavier collagen burden
increases passive tissue stiffness, heightening afterload and hindering systolic function [123],
[124]. 5-HT.s antagonism successfully decreased fibrosis, indicated by decreased scar
thickness, without negatively affecting survival rate. There were no temporal changes of scar
thickness, indicating that the first week of ECM deposition was deterministic of the future scar
thickness. While scar thinning can result in the loss of cardiac function and potential LV rupture
[125], [126], our results show a stabilized scar made up of less fibrotic tissue. There were no
changes in survival in the SB-treated cohort, and the RS-treated cohort had a slightly higher

survival probability, further supporting the formation of a less expansive, yet fully functional scar.

The BZ is a vulnerable region of tissue where scar expansion occurs, further damaging
cardiomyocytes that were not directly affected by the initial ischemic event [17], [127]. We
demonstrated an increased transition rate from scar tissue to surviving myocardium (i.e. shorter
BZ region length), revealing decreased BZ area and decreased intrusion of collagen fibers from
the scar into uninjured myocardium. Limiting scar expansion can minimize the disruption of the
cardiac syncytium, providing a more coordinated systolic cycle [23]. Similar to reports linking 5-
HT2s to collagen content and composition through activation of lung and valve fibroblasts [57],
[128], our results show a redistribution of collagen fiber thickness in the BZ, favoring less
mature, more compliant collagen fibers. This difference was not seen in the scar, further
suggesting the formation of a mechanically sound scar with limited capacity to expand beyond
the BZ. The collagen fibers in BZs of SB-treated animals exhibited more frequent regions of
anisotropic collagen fiber distributions determined by quantifying fiber orientation from SHG

images. Anisotropy of collagen fibrils will confer corresponding anisotropy to the mechanical
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properties of the tissue in which they reside [129], and more highly aligned collagen fibers have
been shown to increase LV contraction [130], [131]. Regions of anisotropic collagen fibers are
able to undergo elastic deformation along the length of the fiber in response to the strain
generated by cardiomyocyte contraction. The increased anisotropy in SB-treated BZs allows for
coordination of collagen deformation with cardiomyocyte deformation, increasing contractility
and cardiac output. These findings point to a muted initial fibrotic response that provided

adequate scar formation without hindering the systolic capabilities of the heart.

We then proceeded to investigate how changes in collagen architecture altered tissue
mechanics. In control animals, AFM analysis revealed a significant increase in both scar and BZ
stiffness six weeks after injury compared to 5-HT2g antagonist-treated animals, indicating
sustained tissue remodeling. While not statistically significant, there appears to be a continual
increase in tissue stiffness in the scar and BZ of control animals throughout the experimental
timeline. The lack of temporal changes in tissue stiffness with 5-HT 2z inhibition mirror the results
seen in the GLS data. Both of these data sets reveal similar initial results between treatment
groups, but as the tissue undergoes chronic remodeling, control animals worsen while 5-HT2s
antagonist-treated animals maintain their tissue properties. These findings further support the

achievement of optimized scar formation.

Following MI, the heart undergoes a hypertrophic response to the increased workload.
Cardiac hypertrophy was once believed to be a necessary response to injury in order to
maintain normal function, but this view has been challenged by recent data showing sustained
hypertrophy causes maladaptive remodeling that leads to HF secondary to cardiomyocyte death
[35]. The remodeling observed in vehicle-treated animals culminated in early signs of cardiac
hypertrophy, indicated by increased expression of Nppb and increased cardiomyocyte area of
remote cardiomyocytes, while 5-HT.s antagonism prevented cardiomyocyte hypertrophy

compared to cardiomyocytes in sham-operated hearts. Improved cardiac structure and function
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are supported by these microstructural analyses demonstrating desirable mechanical and

biophysical outcomes following M.

The differences between echocardiographic and survival outcomes with RS and SB
treatment should be noted. While we assume the muted differences observed in cardiac
structure with RS treatment are due to rapid clearance of the drug, it is worth confirming
identical mechanisms of action. With regards to survival, overall survival appears to be
decreased in the RS-treated cohorts compared to SB. This can likely be attributed to slight
alterations in technique and experience with regards to the surgical technique or the added
stress of twice-daily injections and the associated handling of the mice for the three weeks of

treatment.

This study shows that cardiac structure and function following MI can be preserved with
the administration of a 5-HT2g antagonist. The quantity and quality of collagen deposition have
an integral role in mediating these changes and determining lasting tissue properties. A
pharmacological approach for improving tissue mechanics and pump function would be an

exciting breakthrough in the therapeutic approach to post-Ml healing.
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Chapter 4

Genetic Ablation of 5-HT2s from Cardiac Fibroblasts and
Myofibroblasts Improves Cardiac Outcomes Following

Myocardial Infarction

Text for Chapter 4 was adapted from Snider JC, Riley LA, Mallory NT, Bersi MR, Gautam R,
Zhang Q, Mahadevan-Jansen A, Maroteaux L, Lal H, and Merryman WD. Targeting 5-HT2s Receptor
Signaling Prevents Border Zone Expansion and Improves Microstructural Remodeling after Myocardial

Infarction. Submitted

4.1 Abstract

Introduction: CFs are the effector cells responsible for deposition and remodeling of
ECM following MI. CFs respond to stimuli such as hypoxia, altered tissue mechanics, and
inflammatory and fibrotic cytokines by transdifferentiating into myofibroblasts and potentiating a
wound healing response. Resident CFs are marked by Tcf21 and give rise to the vast majority
of myofibroblasts, which can be marked by periostin. 5-HT.g signaling has been shown to
mediate fibrotic disease through both fibroblast and bone-marrow derived populations.
Therefore, we set out to isolate different cell populations and determine their relative

contributions to 5-HT2s-mediated wound healing after MI.

Methods: Sham operation and bone marrow transplantation were used to test effect of 5-
HT.g signaling in cardiomyocytes and hematopoietic cells, respectively. Two novel models of
cell-specific 5-HT2g ablation were generated. Resident CFs were targeted using the Tcf21
promotor as a driver of inducible Cre expression, and myofibroblasts were targeted by Postn

expression after injury. Experimental MI was performed and echocardiographic analysis was
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used to investigate the effects of 5-HT.g in each cell compartment on cardiac structure and

function.

Results: 5-HT.z antagonism in sham-operated animals did not induce any changes in
cardiomyocyte behavior. Bone marrow transplantation of Htr2b” bone marrow into WT
recipients did not result in any alterations of echocardiographic outputs following MI. 5-HT2g
ablation in Tcf21 lineage-traced CFs improved cardiac function and both diastolic and systolic
LV structure after MIl. These animals also presented with a decreased hypertrophic cardiac
phenotype. Ablation of 5-HTzg in myofibroblasts (driven by Postn expression) after injury

effectively replicated the results from Tcf21-expressing CFs.

Conclusions: 5-HT2g signaling works through CFs to negatively influence wound healing
post-MI. CF- and myofibroblast-specific ablation of 5-HTg effectively improves cardiac

outcomes after Ml.

4.2 Introduction

CFs comprise approximately 20% of non-cardiomyocytes in the adult heart [132].
Quiescent CFs reside in healthy ventricles and maintain homeostasis through low-level ECM
turnover and organization [133], [134]. CFs arise from epicardial and endothelial origins as
progenitor cells invade the developing heart. Most CFs are derived from transcription factor 21
(Tef21), Wilms tumour 1, or T-box 18 lineages, however, Tcf21 is the only marker that continues
to be expressed into adulthood [135]-[137]. Environmental stimuli, such as hypoxia, altered
tissue mechanics, and cytokines like TGF, signal the phenotypic switch of CFs to a more
proliferative, hypercontractile, and hypersecretory state [12], [13]. This phenotypic switch gives
rise to myofibroblasts; myofibroblast infiltration is a major player in all published experimental

models of MI (rat, mouse, rabbit, canine, and zebrafish) [11]. While several studies have shown
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contributions from various lineages to the myofibroblast pool, Kanisicak et al. convincingly
showed that myofibroblasts primarily and overwhelmingly originate from tissue-resident, Tcf21-
lineage CFs. These myofibroblasts can then be traced through their expression of the marker
periostin — a secreted matricellular protein produced in adults exclusively following injury [135],
[138], [139]. Resident CFs rapidly proliferate following Ml to create a pool of cells primed to
respond to chemical and mechanical signals to transdifferentiate into myofibroblasts and

potentiate scar formation.

Following MI, myofibroblasts play the indispensable role of stabilizing and reinforcing
the LV via formation of a collagen-dominated scar [10], [12]. Myofibroblasts localize to both
infarcted tissue and surrounding BZ to potentiate the reparative fibrotic injury response due to
the lack of intrinsic regenerative capacity of myocardium [9], [140], [141]. Insufficient ECM
deposition can lead to LV rupture or aneurysm, while excessive ECM deposition leads to tissue
stiffening, scar expansion, and arrhythmias [14], [15]. Furthermore, replacement of contractile
myocardium with a collagenous scar creates a local increase in mechanical strain at the BZ of
surviving myocardium and scar tissue. To compensate for biomechanical alterations, connective
tissue often expands beyond the original injury, creating a subsequent decline in tissue
compliance and cardiac output [16], [17]. Most chronic myocardial conditions are associated
with excessive deposition of fibrotic tissue, making the myofibroblast a desirable therapeutic

target to limit fibrotic overactivity [120], [142].

In the context of cardiopulmonary pathologies, 5-HT2g has been best described in
regulating cellular activity in lung and valve tissue. Platelets are the main source of peripheral
serotonin which functions to regulate cardiovascular homeostasis and blood pressure [34].
Interestingly, in Htr2b - mice, hematopoiesis is altered as seen by a decrease in platelet number
and an increase in CD11b+ circulating granulocyte/macrophage populations. These mice also

have decreased production of CD11b-CD31+ cells which are a population of endothelial
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progenitors [32]. 5-HT.s-mediated alteration of hematopoietic cells has been shown to be
effective in preventing small vessel remodeling in the context of an experimental model of PAH.
Pharmacologic inhibition of 5-HT2g prevents an increase in RVSP and remodeling of the distal
vasculature in the lungs. There is a decrease in the muscularization and stiffness of small
vessels in the lungs following 5-HT.g antagonism. Bloodworth et al. showed that the benefits of
5-HT2g inhibition can be recapitulated through genetic ablation of bone marrow-derived PACs,

indicating a causative role of 5-HTg in PAH mediated through PACs [33].

5-HT2g has also been implicated to drive disease through activation of resident cardiac
cell populations. Valve interstitial cells, a fibroblast-like cell population which undergoes
transdifferentiation into myofibroblasts under disease conditions, mediate aortic valve disease
through contraction and remodeling valve ECM. Myofibroblast activation of valve interstitial cells
has been shown to be prevented by 5-HT,g antagonism. Impaired TGFB1 signaling, diminished
activation of the mitogen-activated protein kinase p38, and physically restricted tyrosine kinase
Src all culminated in the decreased expression of the myofibroblast markers a-smooth muscle
actin and smooth muscle protein 22-a [31]. In a model of cardiac hypertrophy, 5-HT2s has been
shown to colocalize with AT1R and mediate ventricular remodeling. This study restricted 5-HTz
expression to cardiomyocytes, implicating a non-cardiomyocyte cell population responsible for
alterations in ventricular structure. Inhibition of either AT:R or 5-HT2s mitigated the hypertrophic

injury response to chronic isoproterenol administration [35].

Based on the available literature, we sought out to identify the cell population
responsible for the beneficial effects of global 5-HT.g antagonism following MI. We utilized a
bone marrow transplant model and novel genetic models to determine how 5-HT.z facilitated

adverse remodeling in a cell-specific manner.
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4.3 Methods

Bone Marrow Transplants

6- to 8-week-old mice carrying the CD45.1 hematopoietic marker (Jackson Laboratory,
Stock No. 002014) were given a split 12 Gy dose of radiation from a Cs**’ source. Twenty-four
hours later, 1 — 2.5x108 bone marrow cells isolated from age- and sex-matched cogenic WT or
Htr2b™ donors (carrying the CD45.2 allele) were transplanted via retro-orbital injection [33]. Six
weeks were given for reconstitution, then permanent occlusion Ml was performed. Transplant
efficiency was confirmed by flow cytometry of isolated bone marrow by observing the
engraftment of donor cells expressing the CD45.2 allele with concomitant absence of the native

CDA45.1 allele.

Generation of cell-specific 5-HT2g knockout animals

Two novel, inducible 5-HT2s knockout animals were generated. Htr2b floxed (Htr2b™™)
animals were generated and provided by Dr. Luc Maroteaux [143]. Briefly, genomic contigs
were generated and a LoxP site were inserted within the 5’-untranslated region of the second
exon of the Htr2b genetic locus. A neomycin-resistant selection cassette flanked by two LoxP
sites was also inserted in the second intron. Active Cre recombinase will recombine the allele

harboring these mutations, deleting the second exon and rendering 5-HT2g ineffective.

Mice with Tcf21 locus harboring the tamoxifen-inducible MerCreMer (MCM) cDNA,
provided by Dr. Michelle Tallquist [144], were bred with Hir2b™ animals to produce
Htr2b""Tcf21MM* animals. Htr2b™" mice were bred with Rosa26-stop-tdTomato reporter mice
(Jackson Laboratory, Stock No. 007914) to allow for identification of recombination events
through detection of the fluorescent reporter which is activated upon Cre-mediated removal of

the stop codon preceding the tdTomato encoded sequence. Experimental animals were
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obtained through mating Htr2b"R26tdTomato™* females with Htr2b™Tcf21M™* males to
ensure progeny had either zero (littermate control) or one (Htr2b knockout) copy of MCM cDNA,
1 copy of the tdTomato reporter, and were homozygous for Htr2b™ (Figure 4.1). Resident CFs
(marked by Tcf21 expression) in the presence of Cre recombinase and tamoxifen will have

truncated Htr2b preventing activation of the 5-HT.g receptor.

Figure 4.1. Htr2b deletion in resident CFs.
Schematic illustrating the Tcf21 locus harboring a tamoxifen-inducible MCM cDNA, tdTomato reporter
in the Rosa26 locus preceded by a loxP-flanked stop codon, and a loxP-flanked Htr2b target allele.

We utilized a mouse model which expressed the MCM cDNA driven by the periostin
promoter (Postn, Postn“™), provided by Dr. Jeffery Molkentin [139], to breed with Htr2b™"
animals to produce Htr2b""Postn™“™* animals. Htr2b™ mice were bred with Rosa26-stop-
tdTomato reporter mice (Jackson Laboratory, Stock No. 007914) to allow for identification of
recombination events through detection of the fluorescent reporter which is activated upon Cre-
mediated removal of the stop codon preceding the tdTomato encoded sequence. Experimental
animals were obtained through mating Htr2b""R26tdTomato** females with Htr2b""Postn™McM*
males to ensure progeny had either zero (littermate control) or one (Htr2b knockout) copy of
MCM cDNA, 1 copy of the tdTomato reporter, and were homozygous for Htr2b™ (Figure 4.2).
Myofibroblasts (marked by Postn expression) in the presence of Cre recombinase and

tamoxifen will have truncated Htr2b preventing activation of the 5-HT.g receptor.
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Figure 4.2. Htr2b deletion in myofibroblasts.
Schematic illustrating the Postn locus harboring a tamoxifen-inducible MCM cDNA, tdTomato reporter
in the Rosa26 locus preceded by a loxP-flanked stop codon, and a loxP-flanked Htr2b target allele.

Experimental Ml

MI was induced in 11-17-week-old mice by permanent coronary artery ligation, as
previously described in Chapter 3. Htr2b™Tcf21MM*  Htr2b"Postn“™* and Htr2b™ control
mice were administered tamoxifen chow (Envigo, TD. 130860) exclusively one week prior to
surgery and maintained throughout the remainder of the study. Sham-operation was performed
similar to Ml operation with SB treatment conducted as described in Chapter 3, however, a
suture was not placed within the wall of the LV. Echocardiography was performed as described

in Chapter 3.

At the end of each study, mice were euthanized through CO; inhalation in accordance

with Vanderbilt University Medical Center’s Division of Animal Care guidelines.

Flow Cytometry and Fluorescence-activated Cell Sorting (FACS)

Engraftment of bone marrow transplantation was tested using flow cytometry. Peripheral
blood was obtained via cardiac puncture into a K-EDTA-loaded syringe. Red blood cells were

immediately lysed (BioLegend, 420301), and the solution was centrifuged, resuspended in
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FACS buffer (PBS + 3% FBS), and filtered. Cells were labeled with DAPI (1:100,000; Thermo-
Fisher Scientific) to identify dead cells then stained with conjugated antibodies: Ter-119 (1:100;
violetFluor™ 450 clone; Tonbo Biosciences), CD45.1 (1:100; PE clone A20; BD Biosciences),
and CD45.2 (1:100; PErCP-Cy5.5 clone 104; Tonbo Biosciences). Cells were analyzed using a
BD LSRFortessa. The percentage of CD45.2+ donor cells was used as the metric of

engraftment.

Isolation of CFs for testing recombination efficiency was performed via FACS. Hearts
were excised, and the atria and greater vessels were removed. Hearts were placed in > 175
units/mL collagenase type 2 (Worthington Biochemical, LS004202) at 37°C for 30 minutes,
triturated, and replaced at 37°C for 15 minutes. Tissue was filtered through a 70 um cell
strainer, centrifuged at 350g at 4°C, and resuspended in 1x red blood cell lysis buffer for 10
minutes at room temperature. Tissue was filtered through a 40 um cell strainer, centrifuged, and
resuspended in FACS buffer with Fc block (1 pl/ 1 x 108 cells; BD Biosciences 553141) for 10
minutes on ice. Cells were then stained at 4°C for 30 minutes with DAPI (1:500,000) and Ter-
119 (1:400; violetFluor™ 450 clone; Tonbo Biosciences). Cells were analyzed using a BD

LSRFortessa and DAPI-Ter119-tdTomato+ cells were collected.

Recombination Confirmation

To test recombination efficiency, Tcf21M™*Htr2b™ animals harboring the Rosa26-stop-
tdTomato reporter were fed tamoxifen chow for two weeks. Hearts were digested as previously
described for flow cytometry, and viable, single, tdTomato-expressing cells were collected.
Genetic DNA was isolated using the DNeasy Blood and Tissue Kit (Qiagen, 69504). PCR was
conducted to identify three targets: 1) floxed allele before recombination with reverse primer

sitting within DNA that is excised upon recombination, 2) recombined allele with primers outside
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the targeted exon which will only amplify under our cycling conditions if recombination has
occurred, and 3) the WT, non-floxed allele as a positive control (Figure 4.3, Table 4-1, Table 4-

2).

5' 3
WT allele Exon 2
Lf =i ‘Er

e W e I
™ i — ",

—» Primer
Knockout D LoxP
allele
T ‘Er

Figure 4.3. Htr2b"°x¢d gene map.
Schematic illustrating recombination of Htr2b exon 2 and the primers used to achieve 5-HTzg ablation.

Table 4-1 PCR primer sequences for genotyping

Primer Sequence (5" to 3)
Lf TACATACCGTCCTATCAAAACG
Ef TTTCTTAGGAGCATGTTTACCC
Er TGCCTAACTTTAATTGGGACTC
Nf CAGCTCATTCCTCCCACTCATGATC

Table 4-2PCR products to identify WT, targeted, or knockout alleles

Primer pairs WT allele product size | Targeted allele | Knockout allele
Lf/Er 940 b.p. n.d. 393 b.p.
Ef/Nf n.d. 489 b.p. n.d.

- b.p. = base pairs, n.d. = not detected under cycling conditions used
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Statistical Analysis

Statistical analysis was performed using SigmaPIlot version 11. Shapiro-Wilk test was
used to test for data normality. Subsequent statistical analyses used either a 2-way ANOVA with
Holm-Sidak post hoc or a Kruskal-Wallis rank-sum test with Conover-Iman post hoc test for
nonparametric data. A 2-tailed Student t test was used for comparisons of two normally
distributed groups. Applicable tests and significance are labeled in figure captions with P<0.05

as the cutoff for data to be considered significantly different.

4.4 Results
441 5-HT.s antagonism does not alter cardiac structure or function in the
absence of injury
We examined potential cell populations responsible for the effects seen following
systemic administration of a 5-HT2g antagonist. It is known 5-HT2z influences cardiomyocyte
development and mitogenesis but does not induce contraction [34], [48], [85], [86]. We did not
observe alterations cardiomyocyte behavior presenting as changes in cardiac structure or

function in sham-operated animals given a 5-HT,g antagonist (Figure 4.4).
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Figure 4.4. 5-HT2z antagonism does not alter cardiac phenotype after sham operation.
12-week-old mice underwent sham operation. A, No difference in EF or FS was observed between
DMSO control and SB treated mice. B, LVID at both end-diastole and end-systole were similar
between the two treatments. C, LV Vol at both end-diastole and end-systole were similar between the
two treatments.
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4.4.2 Expression of 5-HTg in hematopoietic cells does not contribute to cardiac
outcomes following Ml

Based on previous findings showing that mice lacking 5-HTzg in the bone marrow
compartment exhibit decreased tissue remodeling, we used a bone marrow transplant model to
ablate 5-HT2s from hematopoietic cells to test their contribution to the wound healing process
after MI. Age- and sex-matched donors (WT or Htr2b™) were transplanted into WT mice with
engraftment success of approximately 95% (Figure 4.5). After subjection to our Ml protocol, we
observed no statistical differences in either cardiac structure or function between the transplant
groups, indicating a cell type of non-hematopoietic origin mediates the detrimental effects of 5-

HT2g signaling after Ml (Figure 4.6).
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Figure 4.5. Determination of bone marrow engraftment efficiency.
A, Gating strategy to select for viable cells (excluding red blood cells), determine hematopoietic lineage
(CD45+), and calculate engraftment efficiency (%CD45.2 donor cells of total CD45+ cells). B,
Engraftment efficiencies for both WT recipients of both WT and Htr2b- donors.
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Figure 4.6. Mice lacking 5-HT2g in bone marrow-derived cells do not exhibit an improved
phenotype after Ml compared to mice with WT bone marrow.

A, Experimental approach. Age- and sex-matched donors (WT or Htr2b-) were transplanted into
lethally irradiated WT mice and upon reconstitution, were subject to Ml surgery and serial
echocardiography. B, No difference in EF or FS was observed C, LVID at both end-diastole and end-
systole were similar between the two groups. D, LV Vol at both end-diastole and end-systole were
similar regardless of bone marrow make-up.

4.4.3 Deletion of 5-HT2s in resident fibroblasts improves cardiac response to Ml

To determine if 5-HTg signaling in resident CFs impacts healing after Ml, we deleted the
gene encoding 5-HTzs in resident CFs using a tamoxifen-inducible, Tcf21MM transgene [135],
[144]. The tdTomato fluorescent reporter was observed in all Htr2b"Tcf21M™* mice indicating
successful recombination in the CFs (Figure 4.7A). In tdTomato+ cells isolated from a healthy
heart after administration of tamoxifen chow, we observed complete recombination of the Htr2b

locus, suggesting all Cre-expressing cells have lost 5-HT2g signaling (Figure 4.7B).
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Figure 4.7. Verification of Cre activation in Htr2b™MTcf21MM* gnimals.

A, Control mice not harboring the MCM cDNA did not exhibit any fluorescent signal from the tdTomato
reporter, whereas all mice harboring MCM cDNA under the control of the Tcf21 promotor show
fluorescent signal of the tdTomato reporter, indicating successful recombination. Mouse identifiers are
color coded for male (blue) and female (pink). All images (control and experimental groups) acquired
under the same imaging parameters with the same brightness/contrast adjustments made in ImageJ.
B, PCR validating recombination efficiency. tdTomato+ cells were isolated and PCR was run to identify
the recombined allele (second lane) compared with a control reaction which would amplify the non-
recombined floxed allele (first lane) if present.

Following MI (Figure 4.8A), Hir2b™Tcf21M™* mice exhibited significantly improved EF
and FS (Figure 4.8B-C). These mice also had preserved LV inner dimension and volume in

both diastole and systole six weeks post-MlI (Figure 4.8D-G). GLS steadily decreased over time
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in Htr2b™ mice lacking the Tcf21MM transgene and was significantly lower than the stabilized
contractility of mice harboring the Tcf21MM transgene (Figure 4.8H). Six weeks after Ml,
morphometric analysis revealed increased heart weight to tibia length in Htr2b™ mice indicative
of cardiac hypertrophy (Figure 4.8I). These results show that ablation of the 5-HT.s receptor

from resident CFs is effective in improving cardiac outcomes after MI.
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Figure 4.8. Htr2b deletion in resident CFs abates impact of Ml
A, Experimental design for 16-17-week-old mice. B, LV EF. C, LV FS. D,E, LVID;d and LVID;s. F,G, LV
Vol;d and LV Vol;s. H, GLS. |, Heart weight (HW) normalized to tibia length (TL). B-I, Mean + SEM,
*P<0.05, *P<0.01, **P<0.001 between Htr2b™ and Htr2bMTcf21MCM+ ganimals, #P<0.05, ##P<0.01
between timepoints within genotype following (B-H) 2-way ANOVA and Holm-Sidak post hoc test or (I)
2-tailed Student t test. Number of mice analyzed denoted in B applies to all subsequent data.
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4.4.4 Myofibroblast-specific deletion of 5-HT2s improves cardiac response to Ml

Tcf21MM driven ablation of 5-HT2s targets residential CFs present even in the absence

of injury. We wanted to assess the functionality of ablating 5-HT2z after the induction of an MI.

We utilized a mouse model which expressed the MCM cDNA driven by the periostin promoter.

This mouse model has been well-characterized to demonstrate the marking of nearly all newly

activated myofibroblasts following an injury, without induction prior to injury [102], [139], [145].

Following M, all Htr2b™PostnM“™* hearts exhibited signal from the tdTomato reporter,

indicating successful recombination (Figure 4.9).
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Figure 4.9. Verification of Cre activation in Htr2b™"PostnM°™* animals.

Control mice not harboring the MCM cDNA did not exhibit any fluorescent signal from the tdTomato
reporter, whereas all mice harboring MCM cDNA under the control of the Postn promotor show
fluorescent signal of the tdTomato reporter, indicating successful recombination. Mouse identifiers are
color coded for male (blue) and female (pink). All images (control and experimental groups, except
3219 overexposed for emphasis) acquired under the same imaging parameters with the same
brightness/contrast adjustments made in ImageJ.
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After MI (Figure 4.10A), Htr2b"PostnM™* mice demonstrated a significant
improvement in the functional metrics of EF and FS one week after MI compared to Htr2b"
animals, which were maintained six weeks following the injury (Figure 4.10B-C). Myofibroblast-
specific 5-HT2g ablation resulted in improved LV inner dimension and volume in both diastole
and systole six weeks after Ml, indicating a preserved cardiac structure (Figure 4.10D-G).
Ventricular deformation measured by GLS was preserved in the Htr2b"Postn™“™* group while
the control group continued to deteriorate over the six-week experiment (Figure 4.10H). Finally,
morphometric analyses revealed a decreased heart weight with 5-HTg ablation (Figure 4.101).
As it has been shown that tissue-resident fibroblasts of the Tcf21 lineage are the primary source
of subsequent injury-activated, periostin-expressing myofibroblasts [139], these results confirm
5-HT2g expression in the CF population worsens the injury response to MI, and that blocking 5-

HT2g signaling after injury is sufficient to improve cardiac outcomes.
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Figure 4.10. Htr2b deletion in activated myofibroblasts abates impact of MI.

A, Experimental design for 11-14-week-old mice. B, LV EF. C, LV FS. D,E, LVID;d and LVID;s. F,G, LV
Vol;d and LV Vol;s. H, GLS. I, Heart weight (HW) normalized to tibia length (TL). B-I, Mean £ SEM,
*P<0.05, *P<0.01, ***P<0.001 between Htr2b™ and Htr2bMTcf21MCM*+ ganimals, #P<0.05, ##P<0.01

between timepoints within genotype following (B-H) 2-way ANOVA and Holm-Sidak post hoc test or (I)

2-tailed Student t test. Number of mice analyzed denoted in B applies to all subsequent data.

4.5 Discussion

Experimental Ml induced by permanent coronary artery occlusion triggers the expansion
and activation of resident CFs from their quiescent, homeostatic state. CFs transdifferentiate
into myofibroblasts in response to hypoxia, mechanical forces, and soluble factors such as
chemokines, cytokines, and growth factors [133]. Myofibroblasts are highly active following
injury, migrating and proliferating to the site of tissue damage to secrete ECM and contract scar

tissue [146], [147]. Through the implementation of two models of genetically targeted ablation,
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we have confirmed our antagonist studies demonstrating that the 5-HT2g receptor is an effective
target to improve cardiac outcomes following Ml in mice. Due to advances in identification of
genetic markers for CFs, we were able to isolate resident CFs and their subsequent activation
into myofibroblasts as the cell population responsible for the improved recovery after Ml seen in

animals treated with a 5-HT,g antagonist.

It is known that 5-HT.g can be found expressed on cardiomyocytes and plays a role in
the trabeculation and proliferation of cardiomyocytes during development [34]. However, adult
mice with global 5-HT.s deletion do not display differences in heart rate or developed force
compared to WT mice [85]. We wanted to confirm that 5-HT.s antagonism does not act directly
on cardiomyocytes to alter their contractility. Sham-operated animals did not demonstrate any
differences in cardiac structure in or function in the presence of 5-HT2g antagonist. This
suggests that 5-HT,g antagonism does not alter cardiomyocyte activity in the uninjured
environment. While this suggests that cardiomyocytes are not the primary cell population
providing a protective role of 5-HT2s antagonism after MI, this cannot be conclusively
determined without the use of a cardiomyocyte-specific, inducible knockout, such as the a-

myosin heavy chain driven CreER™ mouse [148], [149].

Previous reports exploring pulmonary and valve disease have shown a causative role in
disease onset and progression of 5-HT2g expression in bone marrow-derived cell populations
[32], [33], [150]. However, using a bone marrow transplant model to eliminate 5-HTg from the
bone marrow compartment, we did not observe a therapeutic effect after MI. We used WT,
cogenic recipient mice to mimic the animals in which we performed the antagonist studies.
Worth noting, it has been reported that bone marrow transplantation effects leukocyte
recruitment in a model of aortic aneurysm, such that mice receiving a bone marrow transplant
from a donor of identical genotype required nearly four times the dosage of Angll to induce

aneurysm at the same rate as non-transplanted mice [151]. We observed a similar decrease in
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cardiac function after Ml in our transplant study compared to other models, indicating that the
dramatic injury of Ml should have overcome any protection that was provided through the bone
marrow transplantation process. It has also been shown that CFs in the infarct are derived of
epicardial origin with no contribution from bone marrow lineages, endothelial-to-mesenchymal
transition, or blood [152]. Therefore, we are confident that 5-HT2s antagonism in M| does not

operate solely through a hematopoietic cell type to improve cardiac outcomes.

One major cell type not investigated in our study is endothelial cells. These cells are
thought to be the most abundant non-cardiomyocyte cell population in the uninjured heart [132].
Following MI, endothelial cells are damaged which reduces barrier function and allows for the
extravasation of inflammatory cell populations. They also upregulate expression of adhesion
molecules, such as e-selectin and vascular cell adhesion molecule-1, to further mediate
neutrophil and monocyte adhesion and rolling along the endothelium [153]. These cells also
undergo endothelial-to-mesenchymal transition to contribute to the fibroblast pool [154], [155]. It
is known that 5-HTg activation of human umbilical vein endothelial cells cause the production of
ROS which exacerbate myocardial injury [156]. 5-HT2g could potentially play a role in extent of
injury or invasion of fibroblasts in an endothelial-specific manner, and this could be tested
through the use of an inducible Cre driven by either the cadherin 5 or Tie2 promotor, both of

which are commonly used.

Previous results led us to investigate CFs as a driver of 5-HT,s-mediated fibrotic
overactivity after MI. To target this cell type, we developed a novel murine model of CF-specific
5-HT2g ablation. Using the Tcf21 promotor to drive MCM expression, we were able to ablate 5-
HT.e from resident CFs prior to injury, the population giving rise to myofibroblasts after Ml [139].
Myofibroblasts in the infarct do lose expression of Tcf21, but since they overwhelmingly derive
from a Tcf21 lineage, we are confident that these cells have ablated 5-HT2g. Using this

approach, we observed a vastly improved cardiac phenotype compared to control animals.
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Htr2b""Tcf21MM* animals exhibited similar improvements in functional outputs of EF and FS as
the antagonist studies. These animals displayed an even more pronounced benefit in that both
LV systolic and diastolic internal dimension and volume were improved six weeks after injury.
The improvement in cardiac structure could be due to an increased penetrance of 5-HTzs
inhibition in the genetic modeled compared to the pharmacological approach. GLS was
sustained over the course of the experiment whereas it deteriorated in mice over time.
Importantly, heart weight normalized to tibia length was lower in the CF knockout group,
indicating cardiac hypertrophy downstream of Ml in the control group which is mitigated by 5-
HT.g ablation. These data further support the hypothesis that changes in fibroblast activity can

prevent adverse remodeling after Ml which leads to cardiac hypertrophy.

To directly assess the cells that would be therapeutically targeted after an Ml and to
control for the potential of the Tcf21-driven model imparting protective benefits before the onset
of injury, we ablated myofibroblast expression of 5-HT2s. Myofibroblasts are present during
development but are not observed in the absence of injury in adults. We generated novel
Htr2b"PostnM™* mice to genetically ablate 5-HT.s from myofibroblasts arising after
experimental Ml to test if inhibiting this receptor after the onset of injury in this CF-derived cell
population is sufficient to impart protection against M. Htr2b™Postn™“™* mice demonstrated
comparable echocardiographic and morphometric improvements to the Tcf21-driven model.
Functional outputs of EF and FS were improved; cardiac structure in both diastole and systole
were preserved; and morphometric analysis confirmed an enhanced hypertrophic response in

control animals that was prevented with myofibroblast 5-HTg ablation.

Utilizing these models, we have shown that 5-HT.g expression in CFs, and specifically
myofibroblasts, negatively contributes to wound healing response following MI. 5-HT2g ablation
in either of these cell types limits the structural and functional damage of MI and prevents

cardiac hypertrophy.
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Chapter 5

Cardiac Fibroblast Wound Healing is impaired by 5-HT2s

Ablation

Text for Chapter 5 was adapted from Snider JC, Riley LA, Mallory NT, Bersi MR, Gautam R,
Zhang Q, Mahadevan-Jansen A, Maroteaux L, Lal H, and Merryman WD. Targeting 5-HT2s Receptor
Signaling Prevents Border Zone Expansion and Improves Microstructural Remodeling after Myocardial

Infarction. Submitted

5.1 Abstract

Introduction: CFs participate in a plethora of functions following MI. They respond to
cytokines, mechanical cues, and damaged-associated molecular patterns which cue them to
initiate a wound healing response. Ultimately, CFs proliferate and infiltrate damaged tissue and
then begin depositing and compacting ECM. 5-HT2z signaling has been shown to increase
proliferation as well as myofibroblast activation in other disease models. We investigated the

mechanism by which 5-HT,g ablation alters the scar formation process.

Methods: PDGFRa+ cells were isolated from scar tissue of Htr2b""PostnM“™* and
Htr2b™ animals seven days after Ml and bulk RNA sequencing was performed. CFs were
isolated from WT and 5-HT2g knockout mice for in vitro analysis of proliferation, migration, and

remodeling capabilities.

Results: RNA sequencing revealed a decreased proliferative capacity with 5-HT2s
ablation. This was confirmed with both immunostaining showing a decreased presence of
myofibroblasts as well decreased proliferation of CFs in vitro. Mutant CFs also exhibited an
impaired migratory capacity and impaired ability to contract collagen matrices.
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Conclusions: 5-HT,g ablation functions through decreased CF proliferation and matrix

remodeling to limit fibrosis.

5.2 Introduction

CFs exhibit a diverse array of functions in the infarct setting. CFs are capable of
responding to ROS, Toll-like receptor ligands, and IL-1(3 to produce proinflammatory cytokines
and chemokines. In the early phases of inflammation after ischemic injury, these and other
damage-associated molecular patterns released by dying cardiomyocytes activate a
proinflammatory program in CFs [120]. It has recently been shown that CFs could stimulate
leukocyte recruitment to infarcted tissue through secretion of granulocyte/macrophage colony
stimulating factor [157]. They also secrete matrix metalloproteinases to degrade tissue and clear
the myocardium of necrotic cells and debris [158]. It is difficult to parse out the relative
contribution of these factors due to the fact that immune cells (the primary inflammation
mediators), endothelial cells, and vascular mural cells are also capable of secreting

proinflammatory cytokines such as tumor necrosis factor and IL-6 [159].

During the proliferative phase of infarct healing, CFs respond to multiple to cues acquire
a matrix-synthetic phenotype through initiating myofibroblast activation, ECM secretion, and
ECM compaction. Known factors that signal this transition include fibroblast growth factor,
PDGF, Angll, and TGFB [120]. Myofibroblast contractility stiffens ECM and activates latent
TGF, creating positive feedback between myofibroblast activation and tissue remodeling
[160]-[162]. TGFB and fibroblast growth factor stimulate the migration of myofibroblasts into the

infarct BZ where their persistence can cause infarct expansion [163], [164].

Myofibroblasts mediate scar maturation through secretion of structural ECM proteins,

mainly collagen-1 and collagen-3. Lysyl oxidase expression crosslinks collagen fibers to impart
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structural integrity to the final scar [134]. Myofibroblast density drastically decreases as the scar
matures. It is believed that most myofibroblasts undergo apoptosis, but some myofibroblasts
also acquire a more quiescent phenotype and lose expression of contractile proteins such as a-

smooth muscle actin [13], [165].

Differences in cell phenotype when lacking 5-HT.s have been reported. Several reports
have shown regulation of cell proliferation through 5-HT.g signaling [34], [48], [166]-[168].
Overexpression of 5-HT.g increases mitochondrial enzymatic activity, indicative of an increased
metabolic activity [87]. Activation of 5-HT.s in valve cells increases secretory activity as seen in
excessive deposition of glycosaminoglycans [42]. It also causes the a-smooth muscle actin-
dependent formation of dystrophic calcific nodules in valve cells, formed by the overactivity of
cell contraction and matrix remodeling [31]. 5-HT2s also influences cell migration and invasion -
antagonism prevented bone marrow-derived cell infiltration into pulmonary arterioles after
hypoxic injury [33]. In cardiomyocytes, 5-HTg signaling imparts increased survival via the
apoptosis regulator Bax [93]. In noncardiomyocytes, 5-HT2g signaling induces the expression of

IL-1B, IL-6, and TGFB [35].

While a variety of cellular functions have been described to be regulated by 5-HT2z
signaling, downstream signaling cascades have not been well characterized for
cardiopulmonary disease. 5-HT2s antagonism has been shown to decrease the phosphorylation
of the mitogen-activated protein kinase p38 upstream of myofibroblast activation [31]. This work
was expanded upon when it was shown that TGFB-mediated phosphorylation of p38 as well as
cellular apoptosis susceptibility protein were dependent on the activation of the tyrosine kinase
Src. 5-HT2g antagonism arrested Src motility, preventing its downstream functions. This
ultimately led to the decreased contractility of smooth muscle cells [67]. 5-HT2g activation also

causes activation of the mitogen-activated protein kinase ERK1/2 [29]. Non-canonical TGFf3
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signaling has been shown to increase ERK1/2 phosphorylation and increase myofibroblast

activation [169], [170].

We proceeded to investigate the mechanism by which 5-HTg ablation improved cardiac
outcomes following MI. CFs were isolated seven days after MI, and RNA sequencing was
performed to identify alterations in cellular functions in an unbiased manner. WT and 5-HT2s
knockout CFs were isolated and in vitro analyses performed to observe alterations in cell

phenotype that are controlled by 5-HT2s.

5.3 Methods

FACS

Isolation of CFs for RNA sequencing was performed via FACS. Htr2b""PostnM“™* and
Htr2b™ animals were given an Ml as previously described. Seven days after injury, hearts were
excised, and the atria and greater vessels were removed. The heart was cut transversely at the
suture to isolate scar tissue which was then finely minced. Hearts were placed in > 175 units/mL
collagenase type 2 (Worthington Biochemical, LS004202) at 37°C for 30 minutes, triturated, and
replaced at 37°C for 15 minutes. Tissue was filtered through a 70 um cell strainer, centrifuged at
350g at 4°C, and resuspended in 1x red blood cell lysis buffer for 10 minutes at room
temperature. Tissue was filtered through a 40 um cell strainer, centrifuged, and resuspended in
FACS buffer with Fc block (1 pl/ 1 x 10° cells; BD Biosciences 553141) for 10 minutes on ice.
Cells were then stained at 4°C for 30 minutes with DAPI (1:500,000), Ter-119 (1:400;
violetFluor™ 450 clone; Tonbo Biosciences), and CD140a to identify CFs (PDGF Receptor q;
1:400; APC clone APAS5; Invitrogen). Cells were analyzed using a BD LSRFortessa and DAPI-
Ter119-PDGFRa+ cells were collected for RNA sequencing. In Htr2b"PostnM°™* animals, the

percentage of tdTomato expressing cells was obtained.
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RNA Sequencing

Cells were isolated from infarcted tissue one week after Ml via FACS. Cells were
homogenized in TRIzol reagent then RNA was isolated using the Zymo Direct-zol RNA
Microprep kit (Zymo, R2060). RNA integrity was measured with an Agilent Bioanalyzer prior to

library preparations.

The Vanderbilt Technologies for Advanced Genomics (VANTAGE) center performed
library preparation, sequencing, and read alignment. Briefly, cDNA libraries were generated
using NEBNext Ultra Il Directional RNA Library Prep kits (New England BioLabs, E7760) then
sequenced on an Illlumina NovaSeq 6000 to an average depth of 84.7+ 3.5 M reads per sample
using 150bp paired-end chemistry. Sequencing quality was assessed using FastQC v. 1.0.0.
Reads were aligned to mouse genome mm10 using a STAR based aligner and gene counts
were quantified, both using lllumina’s DRAGEN RNA Pipeline v. 3.6.3. Gene count data was

imported to R using tximport for further analysis.

Differential gene expression analysis was performed using the R package DEseq2 using
Cook’s outliers to filter low gene counts and a = 0.05. GO and KEGG over-representation
analysis was performed with the R package clusterProfiler using the respective enrich function
with default parameters. Gene sets were considered over-represented if pagj < 0.05.
Visualizations were generated using a combination of enrichplot and ggplot2 in R. RNA
sequencing data generated in this manuscript have been deposited in GEO (Gene Expression

Ominbus) of NCBI under accession code GSE157520.
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Immunostaining

For periostin staining, seven pum tissue sections were brought to room temperature and
OCT was removed with a PBS-/- wash, and for a-smooth muscle actin staining, polyacrylamide
gels were rinsed of cell culture media. After fixation/permeabilization (4% paraformaldehyde and
0.1% Triton X-100), cells were blocked in 5% bovine serum albumin in PBS-/- for one hour.
Cells were either stained with primary antibody against periostin (1:50; abcam, ab215199)
overnight or a-smooth muscle actin conjugated to Cy3 (1:100; Sigma-Aldrich C6198) and
phalloidin conjugated to AlexaFluor 488 (1:100; ThermoFisher; A12379) for one hour. Tissue
was rinsed, stained with Alexa Fluor 647 secondary antibody (1:200; Invitrogen, A-21245) for
one hour, then mounted in ProLong Gold with DAPI (Thermo-Fisher Scientific, P36941).
Polyacrylamide gels were mounted in ProLong Gold with DAPI. Three fields of view in the
infarcted area were taken per sample on an Olympus BX53 microscope equipped with a high
resolution Qimaging Retiga 3000 camera at 20x magnification. Consistent imaging parameters
were used, and no-stain and secondary-only stained controls can be seen in Figure 5.1.
Quantitative image analysis was performed to extract area fractions using a previously

described, custom MATLAB script [110], [171].

For the myofibroblast activation study, images were analyzed in a blinded manner. DAPI
was used to identify nuclei and count total number of cells. Fully activated myofibroblasts were
classified by expression of a-smooth muscle actin positive stress fibers which stretch the entire
diameter of the cell. Partially activated myofibroblasts exhibited a-smooth muscle actin
expression, but it was either limited to the cell periphery or the stress fibers were segmented
and did not span the entire cell body. Phalloidin staining of F-actin was used to mark cell

boundaries.
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Figure 5.1. Controls for periostin immunostaining.
Unstained control (top) and secondary only control (bottom) imaged under identical settings as
experimental samples.

Cell isolation and Culture

WT and Htr2b™ animals were mated with mice harboring the Immorto gene to allow for
serial cell-culture of littermate WT and Htr2b™” knockout cell lines. CFs were isolated from eight-
week-old mice. Hearts were excised, minced, and digested in > 175 units/mL collagenase type
2 (Worthington Biochemical, LS004202) at 37° with mixing for 45 minutes. Digested tissue was
centrifuged, filtered through a 40 um filter, and cells were plated on gelatin-coated dishes. Cells
were cultured at 33°C in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin, and
10 pg/mL recombinant murine interferon y to induce activation of the simian virus 40 T antigen.
Prior to experiments (overnight), cells were incubated at 37°C in the same media lacking

interferon y (complete media) to deactivate the T antigen that confers immortalization.

Collagen Gel Contraction

CFs suspended in complete media were used to create a 50:50 mixture with a bovine

collagen solution (Advanced Biomatrix, 5005) for a final collagen concentration of 1.5 mg/mL
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collagen and 200,000 cells/mL. 250 pL of solution was pipetted unto a Teflon ring within a
suspension cell culture plate. Following 1.5 hours of polymerization, complete media was added
+1 ng/mL TGFB1, and the collagen gel was released from both the Teflon mold and bottom of
the plate. Gels were imaged immediately after release as well as six, 24, 48, and 72 hours
following. Gel area was measured at each time point using ImageJ (NIH) and normalized to

original gel area.

Polyacrylamide gel synthesis

Polyacrylamide gel synthesis was performed as previously described [172]. Briefly,
Amino-silanated coverslips were prepared through evaporation of 0.1 M NaOH followed by a
five-minute incubation in 3-aminopropyltriethoxysilane (Sigma-Aldrich 281778) to activate the
coverslip to bond to the gel. Hydrophobic glass slides were prepared through a five-minute
incubation in dichloromethylsilane (Sigma-Aldrich 440272) followed by rinsing. The 40 kPa
polyacrylamide gel was formulated by an 8% polyacrylamide (Bio-Rad 161-0140) and 0.48%
bis-acrylamide (Bio-Rad 161-0142) solution in PBS. The mixture was degassed and
polymerization initiated through the addition of 1/100 volume of 10% (weight/volume)
ammonium persulfate (Sigma-Aldrich A3678) and 1/1,000 volume of
tetramethylethylenediamine (Sigma-Aldrich T7024). 50 uL of gel solution was pipetted onto the
glass slide and a coverslip was placed on top. After polymerization, 500 pL of 0.2 mg/mL sulfo-
SANPAH (Thermo Scientific 22589) was added to the gel, and the gels were exposed to 365
nm ultraviolet light at a distance of about 3 inches for 10 minutes. The gels were rinsed and

incubated with 1 mg/mL fibronectin (Sigma-Aldrich FO895) overnight.

Cell Proliferation and Migration Assay
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To measure cell proliferation, 5,000 cells/cm? were plated in a six-well dish for 24 hours.
Cells were labeled with 5-bromo-2-deoxyuridine (BrdU; 1:1,000; GE Healthcare, RPN201) for
two hours then fixed in 4% paraformaldehyde for 20 minutes at room temperature. Cell
membranes were permeabilized using 0.05% Triton X-100 (Sigma-Aldrich, T8787) for 10
minutes followed by nuclear permeabilization using 2N HCI for 20 minutes. Cells were stained
with anti-BrdU antibody (1:200; Santa Cruz Biotechnology, SC-32323) overnight. Coverslips
were mounted in ProLong Gold with DAPI (Thermo-Fisher Scientific, P36941) in order to count

total and BrdU+ nuclei.

Cell migration was quantified by first plating 15,000 cells/cm? in a 12-well dish and
allowing them to adhere overnight and form a confluent monolayer. A 200 uL micropipette tip
was dulled on the lid of the dish then used to create an artificial wound by dragging the tip down
the center of the well. The center of the well was marked on the bottom of the dish to ensure
imaging of a consistent area. Images were acquired at time of injury, and two, four, and six
hours after injury. The cell front was measured and % closure was calculated over time using

the ImageJ (NIH) software.

For both assays, three independent cell lines were used for each genotype and

performed in triplicates.

Quantitative Polymerase Chain Reaction

A cohort of animals was set aside exclusively for g°PCR as previously described in
Chapter 3. Scar tissue was microdissected out at 7 days after Ml and the primers listed in Table

5-1 were used.
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Table 5-1 qPCR primer sequences

Gene Target Forward Primer (5’ to 3’) Reverse Primer (5’ to 3’)
Gapdh ATGACAATGAATACGGCTACAG TCTCTTGCTCAGTGTCCTTG
Htr2b TCAATAGGCATCGCCATCCCAG CCATGATGGTGAGAGGTGCGAA
116 CAAAGCCAGAGTCCTTCAGAG GAGCATTGGAAATTGGGGTAG
Tgfbl CCTGGGTTGGAAGTGGATC TTGGTTGTAGAGGGCAAGG
Sm22a AGCCAGTGAAGGTGCCTGAGAAC | TGCCCAAAGCCATTAGAGTCCTC
Collal CATAAAGGGTCATCGTGGCT TTGAGTCCGTCTTTGCCAG
Col3al CCGAACTCAAGAGTGGAGAATAC | GGGCCATAGCTGAACTGAAA
Lox CGATTTCCGCAAAGAGTGAAG ATCAAGCAGGTCATAGTGGC
Mmp13 GATTATCCCCGCCTCATAGAAG TCTCACAATGCGATTACTCCAG
Mmp2 GCGGCAGTGGTGTGTATTG CGGCGATCCCCTTACTCTACT
Mmp9 AACCTCCAACCTCACGGACA TGCTTCTCTCCCATCATCTGG

Western blot

Cells were lysed in RIPA buffer and frozen at -80°C. Protein lysates were denatured via

B-mercaptoethanol and heat (five minutes at 95°C). 10% polyacrylamide gels were used for gel

electrophoresis to separate proteins. Proteins were transferred to nitrocellulose membranes (LI-

COR 926) and blocked with Odyssey Blocking Buffer (LI-COR 927) to prevent non-specific

antibody binding. Membranes were incubated serially in primary antibody followed by

fluorescently tagged secondary antibodies. LI-COR odyssey fluorescent scanner was used to

image membranes and Image Studio Lite was used to analyze the images and perform the

densitometry. Antibodies used were aTubulin for normalizing total protein and pErk1/2 (Cell

Signhaling Technology; 4370S).
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Statistical Analysis

Statistical analysis was performed using SigmaPlot version 11. Shapiro-Wilk test was
used to test for data normality. Subsequent statistical analyses used either a 2-way ANOVA with
Holm-Sidak post hoc or a Kruskal-Wallis rank-sum test with Conover-Iman post hoc test for
nonparametric data. A two-tailed Student t test was used for comparisons of two normally
distributed groups. Applicable tests and significance are labeled in figure captions with P<0.05

as the cutoff for data to be considered significantly different.

5.4 Results

5.4.1 5-HT.s ablation in periostin-expressing cells have altered gene expression
detected by RNA sequencing

In order to investigate how periostin-driven ablation of 5-HT.g imparts beneficial
outcomes following MI, we performed RNA sequencing on PDGFRa+ cells isolated from the
scar tissue of infarcted hearts seven days after Ml (Figure 5.2). Quality RNA isolation and
alignment of the short sequencing reads to the reference genome were successfully performed,
however, only about 20% of PDGFRa+ cells were tdTomato+ in the Htr2b""Postn““™* group
(indicating 5-HT2g knockout; Table 5-1). Despite incomplete penetrance of 5-HT.g ablation,
differential expression of several genes controlling cell proliferation and cell adhesion and
migration was observed compared to control animals (Figure 5.3). The gene ontology (GO)
terms associated with the altered transcripts were overwhelmingly associated with mitotic
processes (Table 5-2). For a full list of genes that were deferentially expressed at a significant

level, see Appendix A.
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Figure 5.2. PDGFRa+ cell sorting.
PDGFRa+ cells were isolated from infarcted tissue of Htr2b™" and Htr2b"1PostnMCM*+ mice seven days
after Ml for subsequent RNA sequencing.

Table 5-2 Quality of RNA integrity number (RIN), alignment efficiency, and the percentage of
cells with arecombined Htr2b allele which underwent RNA sequencing.

Mouse ID RIN Total Reads Mapped Reads Percent Aligned Percent tdTom+

Htr2b™

6 9.3 70826758 69942731 98.75 0.00
5 9.2 93422980 91778498 98.24 0.00
Htr2b™PostnMcM

7 9.6 90420754 87771218 97.07 14.20
4 8.6 89413414 83571864 93.47 23.50
1 6.6 78616202 73991839 9412 14.40
2 59 85407778 83312403 97.55 24.30
Summary

Average 8.2 84684648 81728092 96.53 19.10
SEM 0.6 3468970 3377296 0.90 278
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Table 5-3 Significantly altered GO terms from RNA sequencing (BP = biological process, CC =

cellular component).

ID ONTOLOGY Description
G0:0098813 BP nuclear chromosome segregation
G0:0000819 BP sister chromatid segregation
G0:0033047 BP regulation of mitotic sister chromatid segregation
G0:0033045 BP regulation of sister chromatid segregation
G0:0007059 BP chromosome segregation
G0:0000070 BP mitotic sister chromatid segregation
G0:0051983 BP regulation of chromosome segregation
G0:0000793 CcC condensed chromosome
G0:0000779 CC condensed chromosome, centromeric region
G0:0000775 CcC chromosome, centromeric region
G0:0000780 CcC condensed nuclear chromosome, centromeric region
G0:0098687 CcC chromosomal region
GO:0000777 CC condensed chromosome kinetochore
G0:0000940 CC condensed chromosome outer kinetochore
G0:0000778 CC condensed nuclear chromosome kinetochore
G0O:0000776 CC kinetochore
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Figure 5.3. Volcano plot illustrating RNA sequencing results.
Significantly differentially regulated genes (blue/red) in PDGFRa+ cells isolated from Htr2bPostnMcM/+

compared to Htr2b"" animals.

5.4.2 5-HT.s controls myofibroblast proliferation

RNA sequencing pointed to an alteration in myofibroblast proliferation following MI. We

observed a decreased area fraction of periostin staining in the infarct of SB-treated mice one
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week after injury, indicative of decreased myofibroblast proliferation and infiltration (Figure
5.4A). To confirm these findings, in vitro analysis of 5-HT.s” CFs revealed a decreased

proliferative capacity as seen by fewer cells incorporating BrdU compared to WT CFs. (Figure

5.4B).
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Figure 5.4. Htr2b deletion impairs proliferative capabilities.
A, Periostin immunostaining reveals a decrease in myofibroblast presence in damaged tissue one
week after MI. B, 5-HTz2s-knockout CFs exhibit decrease proliferation measured by BrdU incorporation.
Mean = SEM, *P<0.05, following 2-tailed Student t test.
5.4.3 Ablation of 5-HT2g limits CF migration and ECM remodeling in vitro
Multiple transcripts were identified from RNA sequencing which influence behavior of
CFs during the wound healing process (Nexn, Gas2I3, Lrp2, Fgf23, and Robo4). Therefore, we
investigated the migratory capacity of WT and 5-HT2s” CFs in vitro to assess the capability to

respond and migrate into an artificial wound. CFs lacking 5-HT.s demonstrated an approximate

50% decrease in migratory capacity (Figure 5.5).
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Figure 5.5. Htr2b deletion impairs migratory wound healing response.
5-HT2s-knockout CFs are less migratory than WT counterparts (N=3). Mean + SEM, *P<0.05, following
2-tailed Student t test.

CFs were seeded into free-floating collagen gels in order to test their ability to remodel a
collagen matrix. In 3D collagen gels seeded with 5-HT,s” CFs, gel contraction was significantly
hindered. Even with the administration of TGF[, the contractile response in 5-HT.g-knockout
cells could not be replicated (Figure 5.6). These results point to a mechanism of 5-HT2g-

mediated myofibroblast proliferation and matrix remodeling leading to adverse scar formation

following MI.
WT + TGF-B1 5-HT,5" + TGF-p1
1004
- WT
_______ ¥
o 801 s -%-WT + TGF-B1
2 o {,-" ¥ e 5HT,"
8 ¥ oo ¥ 5-HT,5* + TGF-1
S 40+ '," — ’* *
o / -
2 27 L%
0 1 T 1 1
0 20 40 60 80
Time (hr)

Figure 5.6. 5-HT2s deletion impairs 3D collagen matrix compaction.
5-HT2s-knockout CFs contract free-floating collagen gels less compared to WT (N=6). Treatment with
TGFB1 caused nearly complete contraction of the gel by WT cells but does not rescue contraction in 5-
HT2s knockouts. Mean + SEM, *P<0.05, following 2-way ANOVA and Holm-Sidak post hoc test.

We next investigated the activation of CFs into myofibroblasts by observing the

expression of a-smooth muscle actin positive stress fibers with TGFf treatment. We seeded
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CFs onto 40 kPa polyacrylamide gels to prevent mechanically-induced myofibroblast activation
normally observed when cells are plated on stiff, tissue culture plastic even without a stimulus.
We observed a decreased proportion of both partially and fully activated myofibroblasts with 5-
HT2gs knockout prior to treatment. Upon treatment with TGFB, the number of fully activated WT
CFs was dramatically increased over 5-HT2g knockout CFs. However, there were more mutant
CFs that were partially activated, indicating an impaired ability to fully form mature stress fibers

when lacking 5-HT2g (Figure 5.7).
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Figure 5.7. 5-HT2s deletion impairs stress fiber formation.

WT CFs seeded on 40 kPa polyacrylamide gels transform more completely into myofibroblasts by
expressing fully formed stress fibers marked by a-smooth muscle actin (white arrow). 5-HT2s knockout
CFs have more partially activated myofibroblasts (green arrow) demonstrating an impaired ability to
fully assemble their contractile machinery. Expressed as a percentage of cells counted (N=53-70 cells
counted per group).

5.4.4 Transcriptional and kinase regulation in scar tissue with 5-HT,s antagonism

After observing phenotypic changes in CFs lacking 5-HT.s, we performed gPCR analysis
from scar tissue removed seven days following MIl. We investigated alterations in 116 (shown to
decrease with 5-HT.g ablation in noncardiomyocytes and decrease cardiac hypertrophy), the
pro-fibrotic gene encoding TGF, the contractile marker Sm22a, and the two major collagen
molecules that make up the scar, namely Collal and Col3al. In mice treated with RS, we saw

no change in expression for the gene encoding 5-HT2e. We saw significant downregulation of 116
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and Tgfbl which could indicate a decreased fibrotic environment. Decreased expression of the
contractile marker Sm22a could explain the decreased contractility of our CFs. Lastly,
decreased expression of collagen-encoding genes could be indicative of muted scar formation

(Figure 5.8A). We repeated this analysis in scar tissue of mice treated with SB, but the results

were not conserved (Figure 5.8B).
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Figure 5.8. 5-HT2s antagonism yields disparate results for fibrotic gene transcription.
RS treatment downregulates gene transcription of fibrotic markers of disease in scars seven days after
MI which are not conserved in SB-treated animals (N=4). *P<0.05, following 2-tailed Student t test.
After observing the discrepancies between our antagonism treatments, we isolated RNA

from CFs as a cleaner model system to look at baseline alterations of collagen transcripts. Both

Collal and Col3al appear to be decreased in 5-HT” CFs compared to WT (Figure 5.9).
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Figure 5.9. 5-HT2g ablation appears to alter collagen expression in isolated CFs.
5-HT2s" CFs have decreased expression of collagen transcripts in vitro (N=3 independent cell lines).

Since we saw alterations in collagen processing and tissue stiffness as outlined in
Chapter 3, we investigated potential alterations in expression of transcripts for proteins that
participate in ECM remodeling. Lox encodes the protein which crosslinks collagen. Mmp13 is
the murine gene analogous to MMP1 in humans which encodes a matrix metalloproteinase
(MMP) functioning to cleave collagens type | and Ill. MMP2 is a gelatinase that is present in
tissue injury to degrade denature collagen, and MMP9 is the most extensively studied MMP
post-MI with substrates including collagen | and fibronectin [173]. After administration of RS,
scars seven days after Ml appear to have some decreases in Lox and the aforementioned
MMPs, most notably Mmp13 (Figure 5.10). While none of these results were statistically

significant, they do warrant further investigation into collagen processing.
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Figure 5.10. 5-HT.s antagonism with RS alters collagen processing transcripts.
RS treatment for 7 days following MI partially reduces expression of genes encoding proteins
responsible for collagen cross-linking as well as degradation and remodeling (N=4).

Lastly, we investigated the phosphorylation of the mitogen-activated protein kinase
Erk1/2 as a known downstream target of 5-HT.g activation implicated in cellular remodeling.
While baseline levels of phosphorylation of this kinase were identical, treatment with the 5-HT2s
agonist BW723C86 induced approximately 13-fold increase in Erk1/2 phosphorylation

compared to only about 6-fold activation in 5-HT.s”" CFs (Figure 5.11).
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Figure 5.11. 5-HT.s” CFs have decreased Erk1/2 activation upon 5-HTg activation.
Activation of the 5-HT2s receptor with BW723C86 induces drastic activation of pErk1/2 with only about
half the phosphorylation levels seen in 5-HT2s"- CFs (N=2).
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5.5 Discussion

After MI, rapid infiltration and proliferation of CFs into the injured tissue are necessary for
the fibrotic wound healing response. This process plays a significant role in the quantity and
composition of ECM deposition that will eventually form the mature scar [174], [175]. We utilized
RNA sequencing as an unbiased technique to reveal specific genetic aberrations with
myofibroblast-targeted 5-HT2g deletion seven days following MI. Our approach was limited by
the inability to isolate a pure population of cells that are directly comparable to our control
animals with periostin-driven 5-HT2g knockout. Since the tdTomato reporter was under the
control of Cre expression, we were unable to sort based on expression of this fluorescent
reporter. We utilized the surrogate CF marker PDGFRa to select for CFs [176]-[178]. Despite
only about 20% of these cells displaying the tdTomato fluorescent reporter in the
Htr2b"Postn™™* group, we still observed differential regulation of multiple genes in
myofibroblasts with 5-HT,g ablation. We saw upregulation of genes such as Plagll which
inhibits cell growth and proliferation, potentially through PPARYy [179], Nexn whose loss is
associated with dilated cardiomyopathy [180], and the tumor suppressor Dnajb4 which is a
member of the heat shock protein 40 family known to arrest cell cycle [181]. Several interesting
transcripts were also downregulated: Lrp2 which increases proliferation of epicardial cells (CF
precursors) [182], Fgf23 which demonstrates broad mitogenic and cell survival actions
specifically in the heart [183], and Robo4 which is associated with increased matrix
metalloproteinase expression and predisposition for aortic valve disease [184]. These genes, as
well as the associated GO terms, point to 5-HTg control of fundamental processes in scar

formation after Ml.

The alterations in the aforementioned genes as well as others listed in Appendix A
directed our investigation to characterize CF phenotype in relation to 5-HTg control of

proliferation and matrix remodeling. CFs lacking 5-HT2g clearly exhibited a phenotype indicative
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of decreased cardiac remodeling. Myofibroblasts were sparser in damaged tissue of SB-treated
animals. We believe this is due to a decrease in cell migratory and proliferative capacity. This
finding could explain the decreased scar thickness due to a decrease in ECM deposition. It
could also explain the presence of thinner, less mature collagen fibers if myofibroblasts were
less prevalent and unable to compact and remodel collagen fibers. To confirm these results, we
isolated 5-HT2s knockout CFs and observed proliferation in vitro. Without expression of 5-HT g,

CFs were significantly less proliferative.

Subsequently, we investigated CF migration and collagen matrix remodeling in vitro.
After subjecting a cell monolayer to an artificial wound, 5-HT.g knockout CFs migrated into the
wound at only half the rate of WT controls. We also embedded CFs into free-floating collagen
matrices to assess the contractile and remodeling capacity of a 3D collagen matrix. 5-HT2z
knockout significantly reduced gel compaction. Even under the potent fibrotic stimulus of TGFj,
gel contraction could not be rescued. To further investigate alterations into this contractile
phenotype, CFs were seeded on 40 kPa polyacrylamide gels since plating CFs on stiff
substrates such as tissue culture plastic mechanically induces a strong myofibroblast phenotype
[146]. We used a phalloidin stain to mark F-actin to observe cell boundaries and a-smooth
muscle actin to observe the formation of contractile stress fibers as a surrogate of myofibroblast
activation. In untreated cells, WT CFs were more likely to form full stress fibers which stretched
the diameter of the cell. This difference was more dramatic when treated with TGFB. 5-HT2s
knockout CFs were more likely to be partially activated into myofibroblasts and exhibit segments
of stress fibers which did not stretch the full diameter of the cell or were localized to the cell
periphery. This decreased ability to fully transform into myofibroblasts could account for the

decreased contractility and remodeling capability when 5-HT.g signaling is impaired.

We investigated the scar tissue of 5-HT.g antagonized mice for further evidence of

transcriptional regulation of scar formation. In RS-treated animals, we saw significant decreases
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in genes which influence the fibrotic activity of CFs, including 116, Tgfbl, and Sm22a.
Furthermore, the collagen transcripts Collal and Col3al were downregulated. These data
would give further insight into how 5-HT2g control fibrosis post-MI through decreased presence
of fibrotic cytokines and decreased expression of contractile machinery. However, when we
attempted to confirm these results with SB treatment, we observed no differences. One possible
explanation would be the microdissection process. Different proportions of myocardium could
have been included when isolating scar tissue, which would decrease the fraction of CF RNA in
the pool of RNA which gPCR was performed on. Laser microdissection should be conducted as
a more accurate way to isolate scar tissue and determine how 5-HT.g antagonism alters
transcription. In an effort to reconcile these results, we performed gPCR on isolated CFs. We
observed a nonsignificant decrease in collagen transcription of both Collal and Col3al in 5-
HT2g knockout CFs. This result seems to implicate a decreased secretory phenotype of CFs

which lack 5-HT2z signaling.

To understand if collagen processing was altered, we observed transcriptional regulation
of the collagen-crosslinker Lox and the collagenases and gelatinases Mmp13, Mmp2, and
Mmp9 with RS treatment. While downregulation was not significant, there did appear to be
some decrease in transcription of Lox and Mmp13. This would indicate a decreased maturation
and stiffening of the collagen matrix through cross-linking of collagen fibers, as well as a
decreased ability to remodel the tissue. Since we saw incremental changes in our histological
analyses - improving outcomes without preventing sufficient scar formation - these marginal
transcriptional changes could indicate a hindered yet not prevented remodeling response in
CFs. Lastly, we looked into activation of downstream protein kinases known to signal
myofibroblast activation. While there were no alterations in phosphorylation of p38 or Src in 5-
HT.s knockout CFs (data not shown), we did demonstrate that ablation of 5-HT2g inhibits the 5-

HT.s-mediated activation of Erk1/2. While not completely prevented (due to the lack of
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specificity of BW723C86), this result is supported by previous studies and a potential avenue to

further explore the molecular mechanism of 5-HT.g-mediated fibrosis [29], [57].

Using RNA sequencing and supportive in vitro analyses, these studies point to 5-HT2s
control over CF proliferation, migration, and matrix remodeling. There is preliminary evidence of
5-HT2g ablation decreasing remodeling capabilities through a decrease in myofibroblast
activation and collagen deposition and processing. In the context of MI, these mechanistic
alterations support a decrease in fibrotic scar formation, expansion, and ECM remodeling

observed in vivo.
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Chapter 6

Summary, broader impacts, and future directions

6.1 Summary and broader impact

This work investigated the role of 5-HT2g in the context of MI. Cardiovascular disease is
the leading cause of death worldwide, and there is no indication that its prevalence is
decreasing. Despite this fact, acute mortality following MI has improved. One consequence of
this improvement is the increased rate of heart failure cases due to the permanent loss of
contractile cardiomyocytes after ischemic injury. This motivated us to investigate the healing
process post-MI with the goal of influencing scar formation in a manner that preserves cardiac
structure and function to impart lasting therapeutic benefits. Since cardiac fibrosis is a hallmark
of a wide variety of cardiovascular pathologies, we believed that targeting the fibrotic response
could be a viable avenue to achieve these goals. Following MI, most pharmacological
interventions (ACE inhibitors, ARBSs, statins, etc.) function through wide-spread mechanisms of
actions that do not offer specific control over the healing process in MI. While they have proven

useful, the results obtained with these strategies can be improved.

To address these challenges, we utilized highly specific and selective 5-HT2s
antagonists to address a single receptor and its role in the healing process after MI. We utilized
two independent antagonists which were administered globally and tracked cardiac structure
and function over a six-week time-course. We observed an initial preservation of cardiac
structure as measured by EF and FS, and systolic dimensions were significantly improved with
the SB antagonist. For both antagonists, we removed treatment after three weeks in order to

determine if the differences observed were due to the initial wound healing response and if they
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persisted for the following three weeks after removal of the antagonist. Indeed, this is what was
observed indicating an improved scar formation process, creating a tissue environment that
conveyed functional benefits without the need of constant perturbation. We also utilized a
speckle-tracking algorithm to quantify the strain generated in the LV and track its evolution over
time. While the strains were initially similar one week after injury, we observed a stabilized
deformation of the LV in our 5-HT2s antagonist groups, indicative of preserved myocardial
contractility. In our control treated groups, this metric decreased over the six-week experiment,

pointing to decreased cardiac function and a potential progression into heart failure.

Naturally, we proceeded to investigate the histological changes associated with our
echocardiographic observations. We first observed a decrease in scar thickness with 5-HT2g
antagonism without an increase in mortality. We concluded that the fibrotic process was muted
but not to the extent that a functional scar was not formed. To our knowledge, we are the first to
mathematically define the BZ region, and using that definition, we calculated this transition
region was smaller in our treatment group which would decrease the disruption of the
myocardial syncytium. There were no differences in interstitial fibrosis, further pointing to altered

scar formation as the driver of improved outcomes.

To further investigate the changes in the deposition of scar tissue, we employed multiple
imaging techniques that are not commonly applied to assessing scar formation following MI.
These techniques provided further insight into how alterations in collagen structure can improve
outcomes after MI. First, we imaged PSR staining under polarized light to quantify collagen fiber
thickness. This analysis revealed an increase in the proportion of thin, immature collagen fibers
in the BZ of SB-treated animals. These collagen fibers are less likely to be cross-linked and
formed into a dense matrix that is unable to be contracted. Secondly, SHG analysis revealed an
increased anisotropic distribution of collagen fibers in the BZ of SB-treated animals. Collagen

fibers will undergo elastic deformation preferentially along the length of the fiber. Deformation
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perpendicular to the fiber is limited. The higher BZ anisotropy would impart an increased
contractile phenotype as the collagen fibers have a dominant alignment allowing them to deform

in a more uniform manner along the direction of cardiomyocyte contraction.

Continuing to assess alterations to regional tissue properties, we used AFM to quantify
the mechanical properties of both scar and BZ tissue. Upon treatment with a 5-HT.g antagonist,
scar and BZ stiffness were significantly decreased, further supporting the differences we
observed in collagen architecture. Since tissue stiffness is a mechanical driver of fibrosis, and
specifically drives hypertrophy in the heart, we quantified cardiomyocyte area in noninfarcted
tissue to observe any remodeling of the cardiomyocytes in response to increased tissue
stiffness. The cross-sectional area of these cells was higher in the control group which may be
predictive of cardiac hypertrophy proceeding to heart failure. Also supporting this finding was an

increased expression of the myocardial injury marker Nppb.

After extensive characterization of structural, molecular, and mechanical changes
mediated by 5-HT.s antagonism, we sought out to identify the cell population responsible for
these changes. After eliminating bone marrow-derived cells, we developed two novel genetic
knockout models to test 5-HTg ablation in CFs and CF-derived populations. Inducible, resident
CF-targeted ablation of 5-HT2g successfully recapitulated results observed with 5-HT2g
antagonism. The genetic model had more striking effects, preserving both systolic and diastolic
cardiac dimensions, as well as decreasing relative heart weight. With the success of the
resident CF knockout model, we generated a model targeting activated myofibroblasts to
investigate changes in a cell population present after the onset of injury. This model revealed
nearly identical results to the resident CF model, further solidifying the CF and its derivatives as

drivers of 5-HT.s-mediated maladaptive remodeling after MI.

Our last goal was to identify a cellular mechanism in these cell populations. RNA

sequencing provided a robust, unbiased investigation into transcriptional changes in cells with
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5-HT2g ablated in myofibroblasts. While the cell isolation approach could have potentially
masked some results, we still identified changes in the proliferative phenotype of myofibroblasts
lacking 5-HT2s. Genes strongly linked to matrix remodeling were also identified as being
differentially regulated. To further support these findings, we identified that within the injured
tissue of 5-HT.g antagonized hearts, fewer myofibroblasts were present. We believed this is due
to the decreased proliferative and migratory phenotypes which were observed in vitro using 5-
HT.e knockout CFs. Collagen matrix remodeling was also decreased using an in vitro 3D gel

contraction assay, further highlighting a cell phenotype with limited fibrotic capabilities.

In conclusion, due to the complexities associated with the intricate coordination involved
in the inflammatory response post-MlI [21], we set out to target the effector cells of fibrosis (i.e.
CFs) to control the initial reparative response and limit adverse fibrotic remodeling. Previous
reports have shown targeting CFs can control scar mechanics and limit fibrosis without affecting
scar stability [185], [186]. This study has identified a novel role of the 5-HT2g receptor in
regulating fibrotic remodeling post-MI. Inhibiting the activity of this receptor has an acute benefit
that is sustained well beyond the initial healing phase and even demonstrates that cardiac
hypertrophy subsequent to an ischemic event can be curtailed. Taken together, this work has
identified 5-HT2g as a potential therapeutic target for muting the overactivity of myofibroblasts
following MI to preserve cardiac phenotype and prevent the initiation and progression of cardiac

fibrosis and heart failure.

6.2 Future directions

The present work advanced our understanding of 5-HT2g in the context of MI and fibrotic
remodeling but also raised important questions that can be used to direct future research into
this topic. In particular, this research should be expanded by investigating the mechanism of

altered collagen deposition and processing. While we did begin investigation into alterations in
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the transcription of Lox and various MMPs, this avenue is the most likely culprit of altered
deposition and assembly of collagen that should be explored further. The collagen cross-linking
ratio has recently been used to quantify the amount of collagen cross-linking by dividing the
abundance of Lox (obtained through Western blot) by the amount of various collagen isoforms
[187]. As cross-linker increases per unit of collagen, the ratio increases indicating more matrix
remodeling. Mass spectrometry is a technigue that can be applied to identify collagen
abundance and modifications in a more complete fashion that could motivate further
downstream exploration [188]. This analysis could reveal how formation of the scar is altered by
5-HT2g antagonism. Furthermore, we could use novel techniques for in vitro assays to
determine if collagen architecture is a primary cause for imparting improved scar mechanics or if
it is a downstream consequence. It has been recently shown that fiber alignment in collagen
matrices can be controlled to influence matrix pore size and stiffness [189]. We could employ
this technique to create anisotropic, less stiff collagen matrices and then seed our WT CFs on
them. We could then repeat our gel contraction assay to determine if WT CFs contract more like
the 5-HT2s knockout cells when on a more favorable matrix. If they do, we can infer that that an
initial fibrotic formation is altered between the cells which is perpetuated by improved matrix
properties. If the WT cells do not behave differently than the knockouts, this would inform us
that the inherent remodeling capabilities of the cells are different. These collagen gel matrices
could also provide more relevant in vitro environments to repeat some of the other studies

including myofibroblast activation, gene expression, and explore collagen deposition.

Future experiments should also include determining the timing of drug administration
that is required to achieve improved cardiac outcomes. We should administer 5-HT.g
antagonists starting at various times throughout the wound healing process and for various
lengths. In our studies, drug was given beginning day of injury and maintained for three weeks.

We showed that even upon removal of drug at three weeks, the outcomes persisted out to six
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weeks. This led us to conclude that the early stages of wound healing were improved and
sufficient to sustain cardiac improvements. Therefore, we should investigate exactly when the
drug should be administered and for how long it needs to be administered. These experiments
would also help us understand the mechanism of how ablation of 5-HTzg in Tcf21- and Postn-
expressing cells functions to improve cardiac outcomes. If drug administration is only required in
the proliferative phase of wound healing (days 3-5 after injury), our mechanism would likely be a
decreased presence and proliferation of CFs leads to improved scar formation. If the drug is
required only during the scar maturation phase (days 5-7 after injury), then the mechanism
would likely be altered collagen deposition and processing. Potentially, the antagonist would
need to be administered throughout the first week to incrementally alter both phases but could

be removed after one week after the initial scar has been formed.

Pericyte biology is a relatively understudied field. These cells play a key role in vascular
integrity as well as angiogenesis. It has been shown that pericyte ablation contributes to Ml as
well as fibrosis through modulating myofibroblast collagen secretion [190]. Pericytes have been
shown to secrete ECM proteins, including collagen 1 under wound healing conditions in the
heart [191], [192]. Pericytes participate in both the inflammatory process and have been
reported to give rise to myofibroblasts [9], [193]. Purified human skeletal pericytes have been
shown to improve cardiac contractility, reduce fibrosis, and attenuate LV dilation in a mouse
model of MI [194]. This result is interesting as it would contradict the hypothesized contribution
of pericytes to increased myofibroblast presence and function. We know that Tcf21 is expressed
by this stromal cell population with mesenchymal properties, which would include them in our
cell-specific exploration into 5-HT»g function described in this dissertation [135], [195]. Pericytes
can be marked with platelet-derived growth factor 8 allowing for the specific study of their
contribution to 5-HT2s-mediated cardiac remodeling [196]. The multiplicity of pericyte control of

endothelial cells, vascular integrity, cytokine secretion of immune cells, fibroblast function, and
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collagen secretion could explain the results we have observed with 5-HTg inhibition and
warrant specific investigation. Since it is known several cues can influence myofibroblast
activation and tissue fibrosis, this under-studied cell type which plays a role in a variety of these

cues should not be ignored.

Identifying the specific molecular targets downstream of 5-HT2g would provide greater
mechanistic insight into its regulation of fibrosis. While RNA sequencing revealed a pool of
candidate genes and our in vitro experiments showed phenotypic changes, it is worth pursuing
the molecular mediators of these changes to fully characterize the mechanism. We could begin
by confirming alterations in these genes with gPCR following MI and 5-HT»g antagonism. Our
preliminary data points to the activation of the mitogen-activated protein kinase Erk1/2
downstream of 5-HTg activation. Blocking activation of this kinase with the inhibitor U0126 is
one method to see if we get similar effects as with SB treatment. Since Erk1/2 is a ubiquitous
signal transducer with built-in redundancies, it would not be a feasible therapeutic target, but the
specificity of 5-HT»g antagonism would prove a useful target [197]. While we did not observe
alterations in phosphorylation of the tyrosine kinase Src, we did not test its transportation within

the cell as it has been shown that 5-HT,g antagonism arrests Src motility [31].

Upstream activators of 5-HTs signaling also need to be explored. The literature is
sparse when it comes to the role of serotonin in MI, with most research focusing on clotting
response mediated by platelet activation and the relationship with selective serotonin reuptake
inhibitors and depression. We have cited reports of cross-talk between 5-HT2s and AT:R in a
model of cardiac hypertrophy, and it is known that Angll is increased after MI. Our collagen gel
contraction assay also reveals a muted response to TGF1, possibly the most well-
characterized regulator of fibrosis. With all of these potential activators of 5-HT2g signaling, a
future experiment identifying which molecule most potently activates 5-HT»g would be a worthy

study. A starting experiment could involve the administration of the 5-HT2s agonist BW723C86
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and see if the injury response is worsened. Losartan is an ARB commonly given to reduce blood
pressure after Ml to reduce the load on the heart. Some therapeutic benefits have been noted
with this drug, and since 5-HT2s and AT:1R cross-talk has been noted, an interesting study could
investigate if losartan administration post-MI achieves similar results as 5-HTg inhibition. This

experiment could reveal a common signaling mechanism for further exploitation.

The sex-specific role of 5-HT2g signaling is another route to further expand this research.
As previously stated, it is known that developmental deficiency of 5-HTzz is less catastrophic in
females than in males, as seen by fewer fibrotic lesions and less severe diastolic dysfunction
[85]. Sex-specific outcomes in cardiac disease are also well-documented. For example, aged
female rats have functionally favorable tissue properties such as preserved cardiomyocyte
density and greater compliance when compare to males [198]. While it is thought that estrogen
is protective against heart disease, two trials investigating the effect of estrogen and progestin
hormone replacement revealed either no protection or increased risk of cardiovascular disease
with hormone replacement therapy [199], [200]. Conversely, gene expression analysis in female
versus male mice revealed higher levels of gene induction in females relative to males related to
patterns associated with overall better outcomes [201]. Testosterone has also been shown to
enhance cardiac remodeling after Ml which leads to deterioration of cardiac function [202]. 5-
HT2s has been linked to testosterone levels and function [203], [204]. Therefore, in the context
of myocardial remodeling, it would be worth exploration into the role 5-HTg plays in sex-specific
outcomes. Is estrogen protective or testosterone detrimental? We could explore testosterone
levels in mice lacking 5-HT2zs to determine if it confers protection in this manner. We could also
administer a 5-HT.g agonist to females to see if we can induce increased testosterone levels
and worsen cardiac outcomes. Conversely, we could explore a link between estrogen and 5-
HT2s to understand why females are inherently protected against the detrimental effects of 5-

HT,g alterations.
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Limitations of the work described in this dissertation could be addressed with a variety of
studies to directly and incrementally expand the data presented. First, blood pressure
measurements of infarcted mice treated with a 5-HT2s antagonist could be obtained. Since
vascular tone is susceptible to Angll; 5-HT.s and AT:R potentially have a shared mechanism;
and afterload on the heart has a significant contribution to cardiac contractility, investigation into
5-HT2g’s effect on blood pressure is warranted as a potential mechanism into improved
contractility [35], [205]. Decreased blood pressure could also provide a mechanical cue for the
formation of a thinner, softer scar if the LV wall needs less reinforcement as less pressure must
be generated to overcome the afterload. Furthermore, more invasive measurements of LV
pressure as a result of cardiac contractility and relaxation could be obtained through LV
catheterization. It would be worthwhile to confirm GLS measurements of contractility through
another method especially since there were discrepancies in the echocardiographic data where
GLS decreased over time but EF and the structural metrics did not. Mice should also be allowed
to survive greater than 6 weeks after the initial injury to allow for cardiac decompensation to
occur to further confirm that improved scar formation is sufficient to prevent heart failure.
Histological evaluation of the genetic ablation models should be performed to corroborate the
findings in the antagonist studies. Seeing that echocardiographic analyses revealed an even
stronger protective response in the genetic models, we would expect similar if not greater

differences in our histological analyses.

In terms of RNA sequencing, we would like to have an improved selection of the target
cell population with 5-HT2g ablation to see if we could detect more subtle changes. Since we
only partially diminished the fibrotic response, we are not looking for a complete cessation of
transcription related to fibrosis, and therefore may need a more homogenous population to
identify minor but significant changes. One potential approach could be generating a mouse

with the fluorescent reporter constitutively active in cells with the Htr2b™ allele. This would allow
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us to sort for 5-HT2g-expressing cells with negative selection for CD45+ hematopoietic cells and
CD31+ endothelial cells. We could also alter our breeding strategy such that our control animals
express Tcf21MM and the Rosa26 tdTomato reporter but do not have the Htr2b" allele. This
would ensure that all Tcf21+ CFs are fluorescent in both the control and experimental groups,

but only the experimental group lacks Htr2b expression.

Another research question to investigate is the reversibility of 5-HT2g ablation. Tamoxifen
administration could be given several days after injury in the periostin Cre model to induce 5-
HT2g ablation after the onset of injury. Since our studies show acute changes in scar properties,
it is likely that the benefits observed are due to early changes in CF activity. In order to
determine temporal requirements to this approach, either late induction in the periostin model or

later administration of the 5-HT,g antagonist could be performed.

Since 5-HT signaling plays such a significant role in neurological processes controlling
appetite and depression, a systemically restricted antagonist would need to be developed

before this 5-HT.z antagonism could proceed as a viable therapy.

Based on our findings of altered collagen processing, a future direction related to 5-HT.g
signaling could be to investigate collagen formation and cross-linking in the context of diabetes.
It is well established that diabetes results in the formation of advanced glycation end products
which function to cross-link proteins and stiffen tissue mechanics [206]. Could this process be
inhibited by 5-HT.g antagonism? On a related topic, cross-link breakers have been discovered
which reverse the results of advanced glycation end product cross-linking [207]. In our Ml
models, could we see a relaxation of tissue stiffness through the administration of one such
cross-link breaker? If 5-HT2g antagonism is playing a role in collagen cross-linking, it would be
interesting to see if the tissue relaxation in these mice would be less than control animals. We

would investigate if the mechanics of the cardiac tissue could be improved through alterations in
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scar architecture using ex vivo mechanical testing such as inflating hearts to measure the strain

in the wall or biaxial tissue testing [208]—-[211].

Another potential avenue of research would be the role of 5-HT2g in vascular remodeling.
Our lab has shown that neointima formation following femoral artery injury is limited by 5-HT2s
antagonism (Figure 6.1). This result is especially relevant since the femoral injury model
provides information about the remodeling process associated with stent placement. Since Ml is
frequently addressed with initial percutaneous coronary intervention and stent placement,
limiting the fibrotic response to stent placement would be an added benefit of 5-HT2z therapy.
The wound healing response is generally through to be mediated by smooth muscle cells
influenced by inflammatory infiltrate, so this preliminary finding could reveal a novel function of

5-HT2s.
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Figure 6.1. 5-HT2z antagonism limits vascular remodeling.
Femoral wire injury causes neointima formation and constriction of the vessel, which is limited by
administration of SB.

Collectively, the work presented in this dissertation contributes to the understanding of 5-
HT2g function in cardiovascular pathologies, specifically MI. This work applies a variety of tools

to garner a better understanding of scar formation which could be applied to other fibrotic
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processes. It defines a method to describe the BZ, which is an understudied yet highly important
tissue in the context of MI. Lastly, it provides an avenue to investigate a potential therapeutic

approach to improve healing after MI with lasting effects.
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APPENDIX A
Differentially regulated genes
RNA sequencing revealed a total of 63 differentially regulated genes in PDGFRa+ cells
seven days post-MI between Htr2b"Postn™™* mice compared to Htr2b" controls. These

genes are listed below, sorted by P-value.

Gene symbol log2 fold change P-value

Nexn 1.471576 1.2E-07
Robo4 -2.474 4.39E-07
Jmjdlc 1.138789 8.06E-07
Rockl 1.044832 9.08E-07
Lysmd3 1.386306 1.52E-06
Rbm46 2.472345 1.61E-06
Nktr 1.06835 2.15E-06
Smcb 1.041086 2.94E-06
Cenpf 1.139837 3.74E-06
Ankrd12 1.054677 3.85E-06
Dek 0.971351 5.16E-06
Lmtk3 4.733398 7.69E-06
Zfp948 1.290178 9.29E-06
Arhgap5 1.158358 1.09E-05
Fgl2 1.100437 1.92E-05
Atrx 0.956775 2.46E-05
Zfp280d 1.219905 2.56E-05
Kntcl 1.67433 2.74E-05
Snx13 1.077254 2.96E-05
Osbpl8 0.957838 3.34E-05
Nrip3 4.136591 3.85E-05
Semada 1.194405 4.14E-05
Cenpe 1.091765 5.02E-05
Gcece2 1.125511 5.16E-05
Rasall -2.15257 5.59E-05
Aspn 1.276485 5.66E-05
Mierl 0.856401 6.09E-05
Glrb 4.026224 6.81E-05
Tmem26 1.920824 7.13E-05
Resfl 1.091209 9.51E-05
Pik3c2a 1.091179 9.68E-05
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Plagll 1.414272 9.93E-05
Mis18bpl 1.529537 9.94E-05
Mybl1 1.699491 0.000104
Lrat 3.31384 0.000104
Dnajb4 0.911883 0.000108
Esco2 1.44808 0.000119
Fgf23 -1.64058 0.000126
Lrrccl 1.120165 0.000131
Cip2a 1.016491 0.000131
NDA4L 0.938987 0.000135
Pcmtdl 0.895613 0.000136
Hecw?2 -1.57896 0.000151
Tmed5 1.009144 0.00016
Fnipl 0.90586 0.000163
Sema3d 1.06457 0.000171
Rbm39 0.77975 0.000182
Zfp942 1.422534 0.000183
Vps37a 1.052524 0.000186
Clk1l 0.977222 0.00019
Rps3al -0.7444 0.000193
H2-Q6 -0.77723 0.000199
Csppl 1.025785 0.000199
Smc2 0.942901 0.000203
Angptl 1.229603 0.00021
Gas2I3 1.291994 0.000229
Fam126b 1.470598 0.000233
Ccpl10 1.210643 0.000234
Genl 1.714732 0.000236
Brwd3 1.131081 0.000244
Rn7sl 1.346248 0.000245
Lrp2 -1.47023 0.000246
Ints6 1.469984 0.000249
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