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ABSTRACT

Contemporary approaches for developing new interventions and for pre-clinical risk evaluation

include assessments for cardiovascular structure and function, frequently performed in a variety of

animal and in vitro models, but generally lack details on normal species-specific reference ranges

similar to what exists for humans. The genetically diverse Collaborative Cross (CC) mouse ref-

erence population allows for modeling genetic variability equivalent to that present in the human

population. The CC population was used to develop cardiac reference values for Mus muscu-

lus, identify candidate genes that are associated with those phenotypes, and demonstrate inter-

individual susceptibility to two known cardiotoxicants. Heart function was analyzed in males and

females from 58 CC strains and C57BL/6J using high frequency ultrasound under both conscious

and anesthetized conditions, as well as conscious electrocardiography to develop two standard

deviation-based reference ranges for Mus musculus similar to what exists for humans. Addition-

ally, genetic analysis was performed on the cardiac phenotyping data to determine candidate genes

for genetic control of clinically relevant phenotypes. A subset of the 58 CC strains was also used to

demonstrate inter-individual susceptibility and response to isoproterenol and chloroquine. Strain

was a significant source of variability with all data sets, and associated genes not previously linked

to cardiac phenotypes in mice, but those linked in humans were found. These reference ranges and

genetic analysis in the CC are a novel approach to cardiovascular research, ultimately allowing

more accurate diagnoses and informative safety assessments in humans.
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1. INTRODUCTION

1.1 Overview

About 655,000 Americans die of heart disease each year, and the heart’s limited ability to re-

generate plays a role in leaving millions worldwide vulnerable to heart pathologies. Contemporary

approaches for developing new interventions and for pre-clinical risk evaluation include assess-

ments of cardiovascular structure and function, frequently performed in a variety of animal and

in vitro models. Although it is well established that genetic background has an impact on sus-

ceptibility or response to external stimuli like toxicants, drugs, diet, and exercise, consideration

of genetic background as a potential response modifier is usually not considered. Adverse cardiac

events are the most sensitive indication for determining threshold exposure levels of xenobiotics.

Yet because of the lack of considering genetic background, cardiac safety of many chemicals has

been incompletely tested. Population-based animal models have become a valuable tool for eval-

uation inter-individual variability in response to environmental perturbations, and are well suited

to improve cardiac safety testing. The most relevant for safety testing is the genetically diverse

Collaborative Cross (CC) mouse reference population that allows modeling of the variability that

is present in the human population.

1.2 Challenges in Cardiovascular Research

Despite major advances in cardiovascular research in the last 50 years, cardiovascular disease

remains the leading cause of death globally, with lower investment compared to incidence than

for other diseases like cancer, neurological disorders, or infection [1, 2]. A further complication

is that translational approaches from animals are inadequate due to the limited diversity included

in most studies. Additionally species differences in receptor diversity and protein function result

in disparities that cannot always provide accurate targets for therapy in humans. However, the

cost of larger, more translatable animals is not insignificant; the cost the same research in a dog

is 37% of a chimpanzee, and a mouse is 2% of the dog [3]. Most animal cardiac assessments are
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performed in acutely prepared or anesthetized animals, but anesthesia alters cardiovascular control

by the autonomic nervous system and secondarily alters responses to common interventions, such

as drugs [4]. This is illustrated in conflicting reports of two studies investigating the inotrope

omecamtiv mecarbil to explore its risk for increased myocardial oxygen consumption MVO2; a

study performed on conscious animals found that elevated MVO2 was not significant [5], while

another study using anesthetized animals found significant increases in MVO2 [6].

The heart itself offers unique challenges for therapeutic design as it possesses very little re-

generative qualities, leaving millions vulnerable to heart failure [7]. Although most preventable

deaths are the result of cardiovascular conditions [8], cardiac medical care is typically diagnostic;

preventive actions are enacted with personal choices in diet, exercise, and frequent health visits.

There are also sociological factors to consider as well. It is estimated that non-adherence occurs

in over 60% of cardiovascular patients, with socioeconomic status having a measurable impact on

cardiovascular health and treatment [9].

1.2.1 Regulatory environment for cardiovascular risk assessment

Despite major advancements in cardiovascular drug development over the last century, numer-

ous critical challenges have arisen recently [10]: i) in all therapeutic areas, drug-induced cardio-

vascular toxicity occurred more frequently than hepatotoxicity [11]; ii) high cost of cardiovascu-

lar outcome trials in the current regulatory environment [2]; and iii) dependency on complicated

clinically-evident cardiovascular end-points rather than using biomarkers or surrogate outcomes

[2].

Cardiovascular disease is the leading cause of morbidity and mortality in the United States,

and most preventive actions, when employed, are universally effective (diet, exercise, smoking

cessation) [12]. Even if all preventive actions were taken, other risk factors such as environmental

and occupational exposure to unknown chemicals, recreational and prescribed drug use, and co-

morbidity with other diseases such as diabetes, lipid metabolism disorders, and epilepsy would still

contribute to cardiovascular disease. Combinations of any and all of these factors create immense

challenges in cardiovascular risk assessment [13].
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Cardiotoxicity testing, while necessary for both commercial chemicals and preclinical safety

pharmacology, has very different regulatory requirements and available resources depending on the

exposure source. For environmental chemicals, the Toxic Substances Control Act (TSCA 1976),

revised in 2016, originally allowed the 62,000 chemicals already on the market to be used without

safety testing. However, the Environmental Protection Agency (EPA) can now require testing of

chemicals currently in use, as well as require more stringent testing for new chemicals. Only

recently has the EPA adapted high throughput testing methods used in the pharmaceutical industry

to test the large inventory of environmental chemicals not previously tested [14]. Considering

that 33% of all drugs withdrawn from the market between 1998 and 2008 were due to cardiac

complications, higher than any other organ or system [15], there is a likelihood that many untested

environmental chemicals will have cardiotoxicities.

Approaches to cardiovascular risk assessment in the pharmaceutical industry have been effec-

tive for acute adverse drug effects, but long-term exposure is often not assessed, or the adverse

outcome is only observed when large heterogeneous populations are exposed during clinical trials

[16]. In any therapeutic area, attrition of small molecules and biologics in clinical trials due to

cardiovascular complications is the most common cause; this indicates the need for more accurate

preclinical cardiac risk assessment. Current cardiac safety testing of uncharacterized xenobiotics

focuses mainly on electrophysiology and some ion channels of the cardiac muscle in healthy an-

imals, despite humans commonly possessing co-morbidities or co-therapies that can affect their

normal electrophysiological and ion channel function and expression [17].

While assessing cardiac safety on all drugs being developed in pharmaceutical companies is re-

quired, it is important to note that the investment in cardiovascular drug development has severely

declined the last 20 years. The heart is a sensitive organ and increased testing requirements drive

up the cost of development, thereby increasing investment risk and low return on investment (ROI).

The current regulatory environment requires expensive tests that ironically assess clinically-evident

endpoints on the least regenerative organ in the body, such as myocardial infarction (MI), hyper-

trophy, and ejection fraction (EF), rather investing in research for earlier, cheaper, and simpler tests
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assessing biomarkers and surrogate endpoints. The need for more accurate cardiac risk assessment

is essential, especially in preclinical studies, both for environmental chemicals and pharmaceuti-

cals [2].

1.3 Mechanisms of cardiac function and cardiotoxic dysfunction

The heart is a muscle composed mostly of cardiomyocytes, endothelial cells, and fibroblasts;

its key function supports blood circulation which is essential for human life. Its rhythmic waves

of electrical activity ensure coordinated contraction of different regions of the heart. The heart is

a dynamic organ in its ability to remodel and adapt due to exercise or injury, and yet it is unable

to regenerate. Most adult human cardiomyocytes are mononucleated but polyploid and therefore

unlikely to enter the cell cycle [7]. This makes the heart an especially vulnerable organ, and when

it begins to fail, is very conspicuous. Unhealthy diet, lack of exercise, smoking, and obesity can

all lead to heart disease. Any xenobiotic such as pharmaceuticals, illicit drugs, or environmen-

tal toxicants, in addition to these underlying diseases and complications, can also contribute to

cardiovascular diseases in many uncharacterized adverse outcome pathways.

The cardiomyocytes that make up the heart are the smallest unit of contraction; they can shorten

10% in both the longitudinal and transverse directions [18]. Contraction of the heart starts from

the sinoatrial (SA) node to contract the atria and then passes through the atrioventricular (AV)

node causing the ventricles to contract. In healthy individuals, there is an association between

the electrical and mechanical activities of the heart (Figure 1.1); the electrical activity follows a

predefined cycle, while the mechanical activity is much less uniform [19].

1.3.1 Electrical and mechanical properties of the heart

The electrical activity of the heart is measured by electrocardiogram (ECG) which is a tem-

poral recording of the changes in electrical charge in all four chambers of the heart [20]. Ionic

current flows across cardiomyocytes as a result of Na+, K+, and Ca2+ ions moving across selec-

tively permeable ion channels in the cell membrane; their movement follows the electrochemical

gradient, which is maintained by active transporters. The specialized neuronal tissue, the SA node
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Figure 1.1: An ECG represents the electrical current moving through the heart during a heartbeat.
The current’s movement is divided into parts, and each part is given an alphabetic designation in
the ECG.

is located in the right atrium of the heart and spontaneously and rhythmically depolarizes, causing

a wave of depolarization to spread over the atria; on the ECG this manifests as the P wave. Once

depolarization reaches the AV node near the basal side of the interventricular septum (IVS), the

AV node slows the propagation allowing the ventricles to fill. The electrical wavefront then passes

through specialized fibers to spread the depolarization throughout the lateral walls of the ventricles

and IVS. The PR interval, which has very little measurable potential, is the time from AV node

activation to the specialized fibers. As the current passes through the ventricles, the QRS complex

is recorded as the ventricles are depolarized. The repolarization of the atria is also recorded dur-

ing this time but cannot be visualized. The ST interval corresponds to the plateau phase of action
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potential, and the final positive T wave corresponds to repolarization of the ventricles [20].

During the mechanical component of a cardiac cycle, from diastole to systole, the left ventri-

cle (LV) shortens, thickens, and twists. Although each cardiomyocyte can only shorten 10% of

its length, there are layers in the myocardium in which three directions of cardiomyocyte fibers

reside. These layers, sliding over each other as the heart contracts, produce shear and allow the

heart as a whole to shorten and twist more than 10% [21]. This myocardial deformation on the

longitudinal, circumferential, and radial axes can be measured as strain and is expressed as a per-

centage change from the original dimension at diastole [22]. There are three perpendicular axes

that can be quantified, but the most clinically relevant is global longitudinal strain (GLS), which

is the earliest predictor of heart failure [23]. GLS describes the relative length change of the LV

myocardium at end-diastole and end-systole, and healthy human values fall between -15.9% to

-22.1% [24]. Although it is expressed as a negative value, researchers refer to the absolute value

when indicating increases and decreases in GLS. Echocardiography is the most common noninva-

sive technique for visualizing the beating heart in real-time because of its speed and availability.

Speckle-tracking echocardiography (STE), used to quantify GLS, consists of software that uses

the grey-scale images to identify bright speckles present in the myocardium and tracks them frame

by frame throughout the cardiac cycle [21]. This software can reveal minute changes in the my-

ocardium due to cardiotoxicants [25], drugs [26], and infection [27], as evidenced by a lower GLS,

lower ejection fraction (EF), or changes in wall thickness.

1.3.1.1 Autonomic control of the heart

While the SA node spontaneously initiates the contraction of the heart, without neuronal and

hormonal influence it would consistently contract at 100 beats per minute (bpm) [28]. The body’s

dynamic need for oxygen and nutrients cause variability in heart rate, and in order to respond to

these needs, the nervous system and hormones regulate the pacing of the SA node.

The sympathetic nervous system in the heart controls heart rate in “fight or flight” circum-

stances. Preganglionic nerves release acetylcholine (ACh) and postganglionic nerves release nore-

pinephrine (NE), and these are called adrenergic fibers. The heart tissue specifically contains β1
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adrenergic receptors to receive signals from the nervous system, and their activation has a positive

chronotropic effect (increase in heart rate), positive inotropic effect (increase in force of contractil-

ity), and a positive dromotropic effect (enhancement of conduction velocity). Additionally, renin

release by kidneys regulates blood pressure, sodium levels, and blood volume [28].

The parasympathetic nervous system plays an antagonistic role in regulating heart function;

its role is to control basal and rest state functions of the body. Preganglionic and postganglionic

neurons release ACh, and in the heart, this inhibits contraction of cardiomyocytes by activating M2

muscarinic receptors. Activation of these receptors, which are mainly in nodal and atrial tissue,

has negative chronotropic, inotropic, and dromotropic effects [28].

All these features of the autonomic nervous system serve to regulate a crucial phenotype in

mammals: heart rate variability (HRV). HRV is considered a surrogate parameter to evaluate

the complex relationship between the brain and the heart; increased HRV indicates a dynamic

and flexible relationship. Studies have shown that a higher HRV is associated with better health

[29, 30, 31]. The ECG signal is used to extract autonomic functional parameters from the heart

including HRV. The distances between QRS complexes is N-N. In time domain analysis, describ-

ing how the signal changes over time, important parameters include short term variation in HR

via root means successive square differences (rMSSD), and cardiac parasympathetic activity via

percentage of normal consecutive N-N intervals differing by >x ms (pNNx). While this method of

analysis is useful, it is most often used in humans where data collection can be hours long without

disturbances. Frequency domain analysis, in which the length of each N-N is transformed into

waves to measure their frequency, can be performed with multiple short-term signals. The highest

frequency (HF) waves is understood as a surrogate for parasympathetic activity, and low frequency

(LF) reflects increased sympathetic activity. The range of values for each frequency depends on the

species, and the sum of all spectra is referred to as Total Power, which estimates the total capability

of the body for autonomic regulation [32].
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1.3.2 Cardiotoxicity

Severe cardiotoxicity can result in arrhythmias, myocardial infarction, and myocardial hyper-

trophy. However, many studies show that these are conspicuous, late-stage disease endpoints,

and much earlier biomarkers or other surrogate endpoints are frequently overlooked [33]. Drug-

induced myocardial damage is common, and with closer monitoring of these earlier stage markers,

treatments could be terminated before damage becomes irreversible. While GLS is a newly emerg-

ing phenotype to predict heart failure sooner [34], as well as perturbations in electrophysiology,

the current definition of cardiotoxicity is left ventricle ejection fraction decrease of 10% to less

than 55% [35].

At the cellular level, cell death occurs via apoptosis, autophagy, and necrosis. Deterioration in

mitochondrial function, endoplasmic reticulum stress, calcium imbalance, and enhanced produc-

tion of reactive oxygen species (ROS) are just a few of the cellular injuries that can lead to cell

and tissue death [35]. Mitochondria have an essential role in cardiomyocyte homeostasis, and it

has been shown that drug-induced mitochondrial dysfunction leads to cardiovascular dysfunction

[36]. Rather than generating new functional heart muscle, cardiomyocyte death leads to scarring

and hypertrophy and therefore myocardial dysfunction [37].

Often in toxicology, changes in electrophysiology are the earliest signs of myocardial dysfunc-

tion [20]. Electrophysiology reflects instantaneous changes in the biochemical processes of the

heart that can directly influence the biophysical properties of cardiomyocytes. A pathological Q

wave and ST elevation can indicate previous myocardial infarction [38], a prolonged PR interval

can suggest AV block [39], changes in QRS duration or morphology can indicate delays in con-

duction [40], and a prolonged QT interval, corrected for heart rate, can lead to torsade de pointes

(TdP), which is a dangerous form of ventricular tachycardia [41]. The QT interval is positively

correlated with left ventricular mass in normotensive obese patients [42].

In terms of the whole organ, there are two types of cardiac adverse effects: functional and struc-

tural. Structural injuries can include cardiomyocyte injury, vascular injury, change in cardiac mass,

and neoplasia [43]. Functional changes that can occur as a result of cardiotoxicity include change
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in blood pressure, heart rate, contractility, as well as any perturbations to normal electrophysiol-

ogy as evidenced by ECG [44]. Some xenobiotics can affect the integrity of the heart and induce

structural changes such as myocardial injury that then cause functional changes like impaired con-

tractility. Conversely, chronic exposure to a xenobiotic may affect the heart electrophysiologically

and have adverse effects of contractile proteins, leading to remodeling [45].

1.4 Genetic control and inter-individual variability of cardiac phenotypes

Previous studies have identified a few cardiovascular traits that exhibit Mendelian inheritance.

For example, the low-density lipoprotein receptor (LDLR) gene was found to have exon deletions

that caused hypercholesterolemia [46]. Long QT syndrome (LQTS) [47], Marfan’s syndrome [48],

and severe Mendelian hypercholesterolemia [49], have single causal genes that confer large effects

on the associated cardiac phenotype. However, most cardiovascular traits are more challenging to

characterize as they are due to the interplay between many genetic and non-genetic factors. Iden-

tifying polygenes contributing to most cardiovascular phenotypes is challenging since many are

also susceptible to environmental factors through the epigenome [50]. The functional parameters

of the heart, such as ejection fraction (EF), global longitudinal strain (GLS) and QT interval, are

heritable and under genetic control in humans [51, 52, 53, 54, 55].

Mapping genetic loci associated with traits involves the localization of genes underlying phe-

notypes on the basis of correlation with DNA polymorphisms [56]. Genetic association studies

compares presence or absence of phenotypes with the genetic variants across the genome; single

nucleotide polymorphisms (SNPs) are typically used to develop a catalog of common human ge-

netic variants for association testing. Closely linked alleles tend to be inherited as a block over

generations, which is called a haplotype. When phenotypic values have quantitative measures,

genetic association studies are typically called quantitative trait locus (QTL) analysis. Candidate

genes are then identified and usually followed by positional cloning and gene replacement to es-

tablish a functional relationship to demonstrate causality.

While various environmental factors contribute to the broad range of cardiac disorders and their

causes, they have in common that the inherited DNA sequence variants play a role in conferring
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risk for disease. A number of factors can influence susceptibility and severity of response: intrinsic

(genetics, life stage) and extrinsic (diet, existing health conditions, co-occurring drug therapies),

leading to inter-individual variability of phenotypes. Genome-wide association studies (GWAS)

can identify genes responsible for potential risk, but typically do not consider extrinsic factors

causing complex disease and therefore fail to estimate population-wide response variability [57].

Extrinsic factors are harder to predict and model in preclinical risk assessment.

Experimental animal models for risk assessment are the gold standard in research, but generally

do not have a genome-wide representative population that is used for QTL analysis. For example,

cardiac safety testing, although thorough testing is performed in different species for various routes

of exposure, dose, and specific organ and cell type sensitivities, is usually only performed in ho-

mogeneous populations that lack genetic diversity seen in human populations [58]. Extrapolating

animal data to humans is challenging, but the use of homogeneous, inbred animals exacerbates

the ability to make inferences about human variation. Including genetic diversity should greatly

enhance the translatability of experimental animal data to humans. It was previously thought that

the mouse was a poor model for Ebola infection consequences since common laboratory mice

did not display hemorrhagic fever. However, it was shown that with a genetically diverse panel

of mice, a subset demonstrated the same frequency of hemorrhagic fever as the human popula-

tion [59]. Studies using diverse strains have challenged the idea that mice or other mammals are

poor models for the immune system [60], amyotrophic lateral sclerosis (ALS) [61], and toxicol-

ogy [62]. Since gene-environment interactions underlie adverse toxic events, integrating genetic

diversity can lead to better investigations that can identify sensitive sub-populations and quantify

associated susceptibilities, as well as inform molecular pathways contributing to toxicity. Even

with regard to dose-response testing, using population-level data helps eliminate bias that may oc-

cur with individual experimental models being overly sensitive or resistant. Without considering

genetic variability as a factor in adverse outcome responses, risk assessment will continue to be

insufficient to protect human health.
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1.5 Mouse populations as a cardiovascular model

Due to the physiological similarity to humans, small size, relatively inexpensive housing costs,

and short gestation and life span, the mouse model is the most commonly used mammalian model.

The mouse model has the most developed genetic resources with publicly available dense SNP

databases across dozens of strains [63]. It is the best genetically characterized mammalian model,

and yet a single strain, the C57BL/6 mouse, is far and away the most commonly used strain in

biomedical research. This includes FDA drug and EPA chemical testing requirements, inevitably

leading to significant failure in translation to the genetically diverse human population. However,

the C57BL/6J mouse is the gold standard in toxicity research, and yet its heart has been charac-

terized as an abnormal, eccentric hypertrophic “athlete’s heart” [64]. Interpreting data from one

genome in one species to a population of another species is short-sighted and lacks the ability

to distinguish small differences in phenotypes, and therefore differential adaptive responses. The

use of a genetically diverse mouse population has been shown to predict and recapitulate inter-

individual variability in cardiovascular health [64, 65, 66, 67], cancer[68, 69], toxicology [70],

immunology [71], neuroscience [72], host-pathogen interactions [59], and diet [73].

The Collaborative Cross (CC) is a mouse genetic reference population with infinite repro-

ducibility, randomization of variation genome-wide, and statistical power to investigate genetic

networks underlying complex traits (Figure 1.2).

The types, distribution, and frequency of SNPs in the CC are comparable to those in humans,

and result in high phenotypic diversity that enhances ability to map causative loci underlying com-

plex traits. Given the complexity of cardiac physiology and disease, the use of the CC will aid in

elucidating intricate genetic and correlating phenotypic networks. It can potentially identify genes

associated with poorly adaptive phenotypes in response to environmental change such as disease,

toxicants, and diet in a population-based context.

To provide a better model for human genetic diversity, the CC, developed to provide a better

model for human genetic diversity, is as a population-based model consisting of a panel of recom-

binant inbred mouse strains derived from eight genetically diverse inbred strains (A/J, C57BL/6J,
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Figure 1.2: A unique funnel breeding scheme is used to derive each CC strain. This breeding
approach is designed to randomize the genetic makeup of each inbred line. Each of the eight
parental strains has balanced allelic frequency in CC strains.

129S1/SvImJ, NOD/LtJ, NZO/HlLtJ, CAST/EiJ, PWK/PhJ, and WSB/EiJ). Not only does this

population model genetic diversity in the human population, it is infinitely replicable and supports

identification of causative genetic variants contributing to complex traits, such as strain-dependent

differences in cardiovascular function and toxicity responses similar to humans [57, 67].

1.6 Aims of the study

An essential prerequisite for using genetic variation in mice to model phenotypic variability in

human populations, which is addressed in this dissertation, is detailed measurements of baseline

cardiovascular variability across diverse mouse strains such as the CC population. Thus, the over-

arching goal of this study was to characterize and determine genetic drivers of cardiac phenotypes

in the CC and to use the CC in a proof-of-concept study with cardiotoxicants to detect variable

responses. The future of discovering therapeutic targets in this animal model, which closely resem-

bles human variability in cardiac injury, is an important translational step between experimental
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rodent cardiac studies and large-scale human clinical trials. This work will contribute to the field

of heart disease research by providing key information on the cardiac reference ranges and their

genetic drivers as well as cardiac injury profiles of a subset of CC.
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2. DERIVATION OF CARDIAC REFERENCE RANGES FOR MUS MUSCULUS USING

THE COLLABORATIVE CROSS AND IDENTIFICATION OF NEW CARDIAC MODELS

2.1 Introduction

Heart disease is the leading cause of death worldwide [74], with over 650,000 Americans dying

of heart disease each year and accounting for 1 in 4 deaths [75]. Although the underlying causes of

heart disease are multifactorial, abnormal cardiac phenotypes such as long QT, increased heart size

(cardiomyopathy), and low ejection fraction (EF) are important manifestations of cardiovascular

disease. Susceptibility to these abnormalities are heritable, with additional exogenous factors such

as diet, exercise, metabolic disorders, environmental exposures, and drugs further increasing risk

for adverse cardiac events [75]. For example, abnormalities in left ventricular (LV) structure and

function are heritable [76, 77], and it has become increasingly apparent that LV function is key to

heart failure [78]. With highly limited regenerative capabilities and many maladaptive processes,

the heart is an especially vulnerable organ to the effect of exogenous factors. Indicative of this

vulnerability, 33% of all drugs withdrawn from the market between 1998 and 2008 were due to

cardiac complications [15],

Contemporary in vivo approaches for developing new interventions and for cardio-safety eval-

uation include assessments for cardiovascular structure and function, frequently performed in a

variety of animal and in vitro models [79], but rarely include considerations of genetic back-

ground as a potential contributing risk factor. Of various animal models, non-human primates,

dog, and swine are typically preferred pre-clinical species; however, they are not population-based

or genetically-tractable models. By contrast, mice differ in heart physiology and electrophysiology

from humans and are typically not used in pre-clinical safety studies, but have the advantage of

the genetic modification tools and reference populations to study genetic causes of human disease.

Even though mice are used to study cardiac pathology [80], no standard cardiac reference ranges

exist for Mus musculus similar to that in humans. Characterization of the population diversity in
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cardiac phenotypes in mice is important for identifying individuals at increased risk for adverse

cardiac events and for using mice in pre-clinical safety testing.

Previous reports, such as those derived from the Framingham Heart study [81, 82], have pro-

vided a wealth of information to determine normal variation in baseline cardiac physiology in

humans [83, 54]. Human data are presented as reference ranges, which are typical values within

two standard deviations from the population mean. They are used to describe normal ranges of

cardiac phenotypes in people and are often based on sex and age. Although previous studies have

reported variable outcomes in cardiovascular disease states based on genetic factors in humans and

animal models [84, 85, 86], reference ranges have not been derived for animal models that can be

used to evaluate baseline cardiac risks before intervention trials. For example, the C57BL/6 mouse

is one of the most commonly used strains in experimental research [87], and has been used to

model cardiovascular therapies for humans [88, 89]. Yet, the hearts of C57BL/6 mice are deemed

as a model for hypertrophic “athlete’s heart” that is not representative of most people [64].

The role of genetic variability in disease risk is best modeled in the mouse, which has the most

extensive genetic resources including dozens of strains, each potentially representing a unique

risk status for heart disease development. Furthermore, nearly all environmental factors can be

controlled in mouse studies, supporting detailed phenotypic and physiologic analyses. However,

before the mouse can be fully exploited as a model of human population variation in cardiac phys-

iology and disease, detailed baseline characterizations across strains and sources of measurement

variation are required to properly identify models representing various risk statuses for translation

to humans. To overcome the limited combinations of genetic variation present in mouse strains, the

Collaborative Cross (CC) was developed as a mouse genetic reference population that has sufficient

diversity to model the range of genetic diversity present in the human population [90, 91, 92].

To better understand population-based variation in cardiac phenotypes that contribute to dif-

ferential disease susceptibility, and to provide a model for human population variation, this study

reports detailed characterization of strain-dependent differences in baseline cardiovascular physi-

ology, species-specific reference ranges, and sources of variation using echocardiography and elec-
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trocardiography (ECG) based on the CC population. Echocardiography is used as a fast and reli-

able assessment of cardiac morphology and function. However, there is controversy as to whether

measures on conscious or sedated mice are more reliable and representative of baseline cardiac

function because stress of handling and the possibility of anesthesia inducing changes in cardiac

function [93]. To compare the approaches, both conscious and isoflurane-sedated echocardiogra-

phy were performed in both sexes of 58 CC mouse strains and C57BL/6J as a reference control to

evaluate strain-dependent cardiac physiology. Conscious ECG was also performed to evaluate the

electrical activity and autonomic regulation of heart function. Early contractile dysfunction can

be detected by subtle changes in echocardiography by global longitudinal strain (GLS), EF, and

LV mass, and in ECG by prolonged repolarization and depolarization of the myocardium during

various intervals of the cardiac cycle, which are dependent on baseline heart function. The mea-

sures were then used to derive reference ranges for normal cardiac physiology in Mus musculus

and to identify new models of predisposition to human cardiac conditions. Given the complexity

of cardiac physiology and disease, the use of the CC will aid in elucidating genetic and associated

phenotypic networks to support identification of genes underlying risk and poorly adaptive phe-

notypes, particularly in response to exogenous changes such as disease, toxicants, and diet in a

population-based context.

2.2 Methods

2.2.1 Mice

Three male and three female adult mice, 6-9 weeks of age, from 25 CC strains were bred at

the University of North Carolina Systems Genetics Core (UNC), and 33 CC strains and C57BL/6J

strain were from colonies bred in house that originated from UNC for a total of 354 mice. Three is

the minimum for variance analysis. Mice were provided diet 2919 (Envigo) except for CC004/TauUnc,

CC007/Unc, CC008/GeniUncJ, CC009/UncJ, CC010/GeniUncJ, CC018/UncJ, CC024/GeniUncJ,

CC026/GeniUnc, CC028/GeniUncJ, CC031/GeniUnc, CC033/GeniUncJ, CC038/GeniUnc, CC039/Unc,

CC040/TauUnc, CC042/GeniUnc, CC045/GeniUnc, CC051/TauUnc, CC059/TauUnc, CC060/UncJ,
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CC068/TauUncJ, CC071/TauUnc, CC074/Unc, CC075/UncJ, CC079/TauUncJ, CC080/TauUncJ,

CC081/Unc, and CC084/TauJUnc, which were fed 8604 (Envigo) and water ad libidum using a

12-h light/dark cycle. Housing and experimentation rooms are kept consistently at 21◦C-23◦C.

Mice were housed in cages of 2-5 mice, with clean bedding and nestlets. Strains will subsequently

be referred to without the laboratory code for brevity. On Day (D) 1 and D2, mice were subjected

to conscious ECG with D3 being a rest day for the mice. Anesthetized echocardiography and body

weights was obtained on D4, and on D5 mice were subjected to conscious echocardiography (Fig-

ure 2.1). Mice were used for further unrelated studies, no human endpoints were necessary. No

criteria were set for exclusion of any animals.The investigation conforms with the 2011 Guide for

Care and Use of Laboratory Animals published by the National Institutes of Health. All experi-

mental protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of

Texas A&M University (IACUC No: 2019-0435).

2.2.2 Electrocardiography

ECG recordings were obtained non-invasively using an ECGenie apparatus (Mouse Specifics).

In order to eliminate circadian influences, ECG was performed between 9 am and 12 pm. Briefly,

individual mice were removed from their home cage and placed on the neonate recording platform

2 minutes prior to data collection to allow for acclimation. ECG signals were acquired through

disposable footpad electrodes located in the floor of the recording platform. The amplitude of the

ECG signal depends on the passive nature of detecting the signals through the mouse paws that is

influenced by experimental variables such as how the mouse stands, the weight of the animal, how

much pressure is exerted on each paw, whether there is any moisture on the lead plate (i.e. urine

and feces), and the age of the lead plate (oxidation). Consequently, amplitude differences were

not used in the analysis. Approximately 20-40 raw ECG signals were analyzed per mouse using

e-MOUSE software (Mouse Specifics), which employs processing algorithms for peak detection,

digital filtering, and correction of baseline for motion artifacts. Heart rate (HR) was determined

from R-R intervals, and HR variability was calculated as the mean difference in sequential HRs

for the entire set of ECG signals analyzed. The software also determined cardiac intervals (i.e.,
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Figure 2.1: Experimental Design. Mice from 58 CC Strains and C57BL/6 were subjected to ECG
(Day 1), anesthetized echocardiography (Day 4), and conscious echocardiography (Day 5).

PR, QRS, and QTc) with rejection of spurious data resulting from noise or motion. In mice, the

T-wave often merges with the final part of the QRS complex [94], so the end of the T-wave of

each signal was automatically defined as the point where the signal intersects the isoelectric line,

denoting resting membrane potentials. All data were collected by a single operator (JLP).

2.2.3 Transthoracic Echocardiography

Cardiac morphological and functional parameters were assessed with a Vevo3100 high-frequency

ultrasound imaging system (FUJIFILM VisualSonics). For anesthetized echocardiographic anal-

ysis, mice were anesthetized with 4% isoflurane in oxygen and placed in a supine position on a
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temperature-controlled 39◦C imaging platform under continuous supply of 1.3%-1.8% isoflurane

through the mouth and nose. Ventral hair on the rostral thoracic cavity was removed at least one

day prior using a hair removal cream (Nair), and pre-warmed ultrasound transmission gel was ap-

plied on the chest at the image location. Body weights were taken after anesthetized transthoracic

echocardiography. Mice were allowed to rest for 24 hours before conscious echocardiography.

For conscious echocardiographic analysis, mice were held firmly in the palm of one hand by the

nape of the neck in the supine position with the tail held between the last two fingers. Pre-warmed

ultrasound gel was placed on the chest at the image location. For two-dimensional (2D) imaging

(B-mode) view along the parasternal long axis, the transducer was placed vertically to the animal

body on the left side of its sternum with the notch of transducer pointing to the animal’s head. After

an imaging session, ultrasound gel was removed with water dampened gauze. In order to eliminate

circadian influences, ultrasounds was performed between 9 am and 11 am. Measurements and cal-

culations were performed using VevoLAB strain analysis (v3.2.6) software package (FUJIFILM

VisualSonics) on three consecutive beats according to the American Society for Echocardiography

[95]. Papillary muscles were excluded from the cavity in the tracing.

EF% =
EDV - ESV

EDV
× 100 (2.1)

GLS =
LV Length - LV length0

LV length0

× 100 (2.2)

FS% =
LVIDd - LVIDs

LVId
× 100 (2.3)

SV = EDV - ESV (2.4)

CO = SV ×HR (2.5)

HR was determined from the cardiac cycles recorded on the M-mode tracing using at least

three consecutive systolic intervals. EF (Equation 2.1), GLS (Equation 2.2), FS (Equation 2.3), SV

(Equation 2.4), and CO (Equation 2.5) are calculated as shown. Results are provided as reference

ranges and mean ± SD of the mean for 6 mice from each strain (3 mice from each sex). All data
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were collected by JLP.

2.2.4 Statistical Analysis

GLS negative values are converted to positive. Shapiro-Wilk statistic was used for normality

on untransformed and log-transformed values; higher p-value was the preferred transformation.

For characterizing sources of variance in this study, ANOVA was performed for each variable with

factors strain, batch (nested in strain), sex, and body weight. For cross-lab comparisons, laboratory

(nested in strain) was added as a factor, but because only male mice with no batch information were

available, batch and sex were not included. The ω2 statistic was used as the measure of “effect

size” for a factor, i.e., the fraction of variance the factor explains [96]. The overall and strain-

specific variances are also calculated, as is the residual variance representing intra-strain variation.

Computations were performed using R studio version 1.4.1106, with ω2 computed using the sjstats

package (version 0.18.1).

2.3 Results

2.3.1 Variation in heart morphology and function across CC strains under anesthesia

Echocardiography under anesthesia is the standard approach for analyzing heart morphology

and function in experimental models. Inter-strain variation was found in heart size-dependent

phenotypes like EDV (36.32 µL ± 8.40), ESV (20.43 µL ± 97), diastolic LV mass (63.92 mg

± 8.30), and systolic LV mass (62.81 mg ± 8.78). In humans, these parameters are typically

normalized to body surface area, for which body weight is used as a surrogate. Derived phenotypes,

calculated from the primary phenotypes such as mass and volume, combine systolic and diastolic

values to generate functional values of cardiac physiology. These include SV (15.88 µL ± 3.97),

FS (22.08% ± 6.73), CO (6.37 mL/min ± 1.93), EF (44.77% ± 10.30), and GLS (-16.00% ± 3.65).

Strain, sex, body weight, and batch within strain were analyzed for their potential contribution to

measurement variation observed in the CC population. Mouse strain, or genetic background, was a

significant contributor to variability (p < 0.05) in HR, EF, and GLS (Figure 2.2). While strain was

the largest contributor to variability in the evaluated phenotypes, residual factors also contributed
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to each of the three clinically relevant phenotypes. Heritability of the variation in HR, EF, and GLS

were found to be high (H2 = 0.601, 0.510, and 0.648, respectively). No significant sex effects were

found.

Figure 2.2: Anesthetized echocardiography elicits inter- and intra-strain variability in cardiac phe-
notypes. HR, EF, and GLS demonstrate variable response to anesthesia based on strain. Strain is a
contributing factor to the differential response, while sex and body weight were not.
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2.3.2 Differential response to anesthetized and conscious echocardiography in CC strains

The use of anesthetized mice rather than conscious mice for echocardiography has been debated

in the research community [97]. To determine the impact of anesthesia on echocardiography, the

same animals were analyzed under conscious and anesthetized conditions. For physiologic HR of

conscious mice at rest, ranges between 450-500 beats per minute (bpm) were reported in BALB/c

mice using telemetry electrocardiography [98], and to be 658 bpm ± 9 in 129S6/SvEvTac mice

using conscious echocardiography [99]. Studies using anesthetized echocardiography generally

keep HR in a predefined range to capture the corresponding ideal heart function as determined by

EF, but in a genetically diverse population such as the CC, HR is not correlated with EF under

anesthetized or conscious echocardiography (Spearmans ρ=0.2251 and 0.0833, respectively).

Across all CC strains under conscious echocardiography, HR was 682.7 bpm ± 81.38; EDV

(14.64 µL ± 4.95) and ESV (4.12 µL ± 2.59); LV mass at diastole (53.69 mg ± 8.28) and systole

(53.16 mg ± 10.00); and SV (10.52 µL ± 2.90), FS (47.04% ± 7.88), and CO (6.99 mL/min ±

1.80). EF (72.92% ± 7.54) and GLS (-27.34% ± 4.35) also showed differential response to con-

scious echocardiography across CC strains. Using an inbred strain or outbred stocks, it has been

reported that anesthetics cause strain-dependent effects in vivo [100], depresses cardiac function

[101, 97], and that sympathetic tone exerts the predominant influence on HR in conscious mice

[102]. Effects on sympathetic tone was observed in the current study when comparing both meth-

ods of echocardiography. Conscious intrastrain HR variability increases as HR values decrease,

indicating that sympathetic tone is strain-dependent, and at lower, more relaxed HRs, higher vari-

ability indicates more influence from other factors. Strain was a significant contributor to variabil-

ity (p <0.05) in the changes (∆) of HR, EF, and GLS between anesthetized and conscious echocar-

diography (Figure 2.3). Heritability in conscious HR, EF, and GLS was 0.548, 0.756, and 0.738,

respectively. Additionally, the heritability of the delta of these phenotypes between conscious and

anesthetized echocardiography was high at 0.783, 0.624, and 0.767, respectively.
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Figure 2.3: The delta between conscious and anesthetized echocardiography elicits inter- and intra-
strain variability in cardiac phenotypes. HR, EF, and GLS demonstrate variable response to anes-
thesia based on strain. Strain is a contributing factor to the differential response, while batch, sex,
and body weight were not.

2.3.3 Variation in heart electrophysiology across CC strains

Conscious ECG revealed considerable differences across strains (Figure 2.4). HR was 704.99

bpm ± 76.76. PQ (19.49 ms ± 2.48) and PR (26.44 ms ± 3.15) interval duration represent intra-

atrial conduction and excitation delay within the atrioventricular (AV) node. Prolongation of these
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intervals indicates AV block and is predictive of adverse outcome in humans [103, 104]. The ST

interval (32.66 ms ± 4.60) pathologies include elevation, which can lead to acute myocardial in-

farction. The QRS complex interval (11.30 ms ± 1.43) showed wide variation across strains, and

represents ventricular depolarization, and a prolongation (“wide QRS”) usually indicates abnor-

malities in the interventricular septum due to underlying disease [105]. QTc is a HR-corrected QT

interval, whose prolongation can lead to torsades de pointes or sudden cardiac death. QTc intervals

(46.36 ms ± 2.92) were also variable. Strain was a significant contributor to variability (p<0.05)

While strain was the highest characterized contributor to variability, residual factors contributed to

each of HR, PR, QRS, and QTc. Heritability of HR, PR, QRS, and QTc was 0.498, 0.648, 0.680,

and 0.708, respectively.

2.3.4 Reproducibility of CC mouse cardiac phenotypes

The CC are genetically reproducible and ideally, phenotypes collected under similar conditions

should be comparable between laboratories. To evaluate cardiac phenotype reproducibility, the

baseline data collected in this study were compared with previous studies that used a subset of CC

strains. Salimova et al. assessed parameters of cardiac morphology and function using anesthetized

echocardiography before and after myocardial infarction [85]. Their baseline measurements were

collected at 12 weeks of age, one month older than in the current study, and revealed marked strain-

dependent differences in body weight, LV mass, EF, and SV. A total of 15 strains (14 CC and one

founder strain, only male mice) overlapped with the current study. The previous study performed

echocardiography under 1.5% isoflurane with HRs of most strains remaining between 400 and

450 bpm. Similarly, the current study kept isoflurane anesthesia at 1.5% except for a few strains

where it ranged between 1.3% and 1.8% due to differential requirements of anesthesia to maintain

sedated state. Data sets were combined for analysis and evaluated for sources of variability. Even

after combining data across laboratories, strain remained a significant contributor to variability

(p<0.05) for LV mass, EF, EDV, and ESV. Body weight was a significant contributor to variability

(p < 0.05) because LV mass, EDV, and ESV are dependent on body weight. Laboratory was also

a significant factor in all four common phenotypes at (p < 0.05), but to a lesser extent than strain.
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Figure 2.4: Conscious ECG elicits inter- and intra-strain variability in cardiac phenotypes. HR, PR,
QRS, and QTc demonstrate variable response to anesthesia based on strain. Strain is a contributing
factor to the differential response, while sex and body weight were not.

Heritability of Salimova et. al [85] data for LV Mass, EF, EDV, and ESV was 0.282, 0.479, 0.446,

and 0.563, respectively, which compares well with the current study with 0.540, 0.336, 0.529, and

0.498, respectively (Figure 2.5).

The Jackson Laboratory (Jax) also reported conscious electrocardiography on 18 CC strains of

both sexes at 10-12 weeks of age [106]. In those studies, data were collected using an open, ele-

vated recording platform rather than a small neonate box, and data were collected during the first

5-10 minutes, as compared to waiting 2 minutes for the current study. Data sets were combined for

analysis and evaluated for sources of variability. Strain was a significant contributor to variability

(p <0.05) for HR, PR interval, QRS interval, and QTc. Laboratory was also a significant factor in
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three of the common phenotypes (p<0.05), but to a lesser extent than strain. The contribution of

laboratory to HR variability is much higher than for other phenotypes, consistent with the hypoth-

esis that HR is highly dependent on environment. In the Jax data heritability for HR, PR interval,

QRS interval, and QTc was 0.535, 0.792, 0.760, and 0.776, while in the current study it was 0.695,

0.687, 0.812, and 0.907, respectively.

2.3.5 Reference ranges for Mus musculus

There are no established reference range values for Mus musculus cardiac measurements sim-

ilar to what exists for humans and other pre-clinical species. To develop mouse-specific values,

data across CC strains were used to develop reference ranges for cardiac measures in anesthetized

(Table 2.1) and conscious (Table 2.2) mice. Because there were no sex specific differences, male

and female data were combined to have 6 mice for each strain. Because human reference ranges

exclude patients with outlying values of blood pressure, glomerular filtration rate, and cholesterol,

and history of hypertension and diabetes, strains that fall outside of the population reference range

are excluded for the normal mouse reference range. Reference ranges were calculated to be 2 stan-

dard deviations on either side of the population mean for each phenotype. Coefficient of variation

(CV) of normal mouse means were also compared with available official human data from the

American Society of Echocardiography (Table 2.3) [24].

2.3.5.1 Anesthetized echocardiography cardiac phenotypes

In anesthetized mice, average HR is 396 ± 52.53 bpm, and the HR normal reference range of

anesthetized mice is 291 bpm - 501 bpm; CC005 and CC058 have very low HRs under anesthesia at

about 286 and 298 bpm, respectively, whereas CC039 and CC084 have an average HR of 497 and

533 bpm, respectively. EF normal reference range under isoflurane anesthesia is 26.7% - 62.8%,

far wider than the 50% to 65% previously reported using individual inbred strains or outbred

populations lacking the diversity present in the CC [99, 107]. CC026 and CC018 are below the

population range at an average of 18.7% and 20.7%, respectively. Conversely, CC023 and CC009

are above the population range at 73.2% and 66.2%, respectively. Interestingly, CC005, a very low
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Figure 2.5: Comparison of data sets between laboratories reveals variability to reproducibility.
Baseline cardiac phenotype data collected in this study was compared with previous studies that
used a subset of CC strains. Salimova et al. assessed parameters of cardiac morphology and
function using anesthetized echocardiography. Jax Lab performed conscious electrocardiography
on another subset of strains present in this study. Heritability (H2) and assessment of variability
contribution by population characteristics.
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Parameter Mean ± SD 2-SD Range Lower Limit Upper Limit
Outlier Strains Outlier Strains

EDV (µL) 35.22 ± 7.98 19.26-51.17 N/A CC031, CC007, CC018
ESV (µL) 20.03 ± 5.94 8.15-31.91 CC023 CC018, CC031
EDLVM (mg) 64.26 ± 10.14 43.98-84.54 CC033 N/A
ESLVM (mg) 62.48 ± 9.79 42.91-82.05 N/A CC018
EF (%) 44.78 ± 9.03 26.72-62.83 CC026, CC018 CC023, CC009
GLS (%) -16.14 ± 3.93 -24.00- -8.27 CC023 CC026, CC027
SV (µL) 15.87 ± 4.34 7.18-24.55 CC027, CC026 CC084, CC007
FS (%) 21.58 ± 5.69 10.20-32.97 CC026 CC023, CC009
CO (mL/min) 6.17 ± 2.04 2.09-10.25 N/A CC084, CC031
HRecho (bpm) 396.35 ± 52.53 291.29-501.41 CC005 CC084

Table 2.1: Anesthetized Mus musculus echocardiography reference ranges. SD = standard devia-
tion

Parameter Mean ± SD 2-SD Range Lower Limit Upper Limit
Outlier Strains Outlier Strains

EDV (µL) 13.87 ± 4.99 3.90-23.85 N/A CC005, CC007, CC010
ESV (µL) 3.91 ± 2.16 0-8.23 N/A CC005
EDLVM (mg) 53.12 ± 9.48 34.16-72.08 N/A CC008, CC018
ESLVM (mg) 52.36 ± 9.02 34.31-70.40 N/A CC008, CC018
EF (%) 73.58 ± 10.24 53.10-94.06 CC005, CC060 N/A
GLS (%) -27.34 ± 4.35 -18.64- -36.03 N/A N/A
SV (µL) 10.22 ± 3.70 2.82-17.61 N/A CC007, CC010
FS (%) 47.04 ± 11.53 23.98-70.09 N/A N/A
CO (mL/min) 6.89 ± 2.38 2.12-11.66 N/A CC007
HRecho (bpm) 704.24 ± 51.90 600.43-808.04 CC005, CC010 CC039

CC003, CC001
CC035, CC061
CC012

HRECG (bpm) 712.58 ± 60.30 591.97-833.19 CC012, CC057 N/A
PR (ms) 26.54 ± 3.33 19.88-33.21 CC004 N/A
QRS (ms) 11.30 ± 1.45 8.39-14.20 N/A N/A
QTc (ms) 46.36 ± 3.34 39.69-53.04 N/A N/A

Table 2.2: Conscious Mus musculus echocardiography and ECG reference ranges. SD = standard
deviation
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Parameter Anesthetized Conscious Parameter Men Women
%CV %CV %CV %CV

EDV (µL) 22.65 35.95 EDV (mL) 20.75 19.74
ESV (µL) 29.66 55.30 EDV (mL) 24.39 25.00
EDLVM (mg) 15.78 17.85
ESLVM (mg) 15.66 17.23
EF (%) 20.16 13.92 EF (%) 8.06 7.81
GLS (%) 24.36 15.91
SV (µL) 27.64 27.53
FS (%) 26.53 26.33
CO (mL/min) 33.05 34.66
HRecho (bpm) 13.25 8.59

Table 2.3: Comparison of Mus musculus and human reference ranges

HR strain, still maintains an intermediate EF at 44%. GLS normal reference range under the same

conditions was -24.0% to -8.3%. Outlier strain CC023 has a high level of myocardial deformation

at -25.2%, whereas strains with less deformation, which can be an early predictor of heart failure

[108], are CC026 and CC027 at -7.0% and -8.4%, respectively.

2.3.5.2 Conscious echocardiography phenotypes

The normal reference range for conscious HR is 575 - 812 bpm with CC005 and CC010 having

the lowest HRs at an average of 412 and 505 bpm, respectively. For conscious EF, the normal

reference range is 53.1% - 94.1%, slightly wider than the 65% - 84% previously reported using

individual inbred strains or outbred populations [109, 99]. CC005 and CC060 have low EF at an

average of 52.0% and 56.6%, respectively. Although EF of a few individual mice fall above the

population reference range, no strain averages are above the population range, albeit C57BL/6J,

CC072, and CC041 fall close to the high end of the reference range at 84.5%, 85.3%, and 86.8%,

respectively. GLS normal reference range is -36.0% to -18.6%.

2.3.5.3 Electrophysiology cardiac phenotypes

The normal reference range for HR during conscious ECG is 591 - 833 bpm. CC012 and

CC057 had an average HR of 478 and 500 bpm, respectively, while no strain averages fell above
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the population reference range. The PR interval normal reference range is 19.9 - 33.2 ms. Strains

CC042 and CC004 are below the population reference range at 19.7 and 20.6 ms, respectively,

while CC012 and CC057 are 35.9 and 34.6 ms, respectively. The normal reference range for

QRS complex is 8.4 - 14.2 ms. Strains CC057 and CC012 are above the population range at 17.5

ms. While CC026 still falls in the population range at 8.78 ms, this strain had the shortest QRS

complex. QTc normal reference range is 39.7 - 53.0 ms. No strains are below this population

range, but CC057, CC012, and CC011 fall above the population range at 56.6, 54.3, and 52.6 ms,

respectively.

2.3.6 Mouse models of extreme cardiac phenotypes

The differences in cardiac parameters amongst the strains may be exploited as models for var-

ious disease-like cardiac phenotypes. Based on the echocardiography findings, several CC strains

show disease-like phenotypes observed in humans (Table 2.1). From the anesthetized echocardio-

graphy data, CC018 has dilated EDV and ESV, and low EF, hallmarks of dilated cardiomyopathies.

CC027 has relatively normal EF but decreased GLS, which can be seen in patients with early signs

of cancer therapy-related cardiac dysfunction. CC026 has decreased SV, EF, and GLS and are

similar to patients with systolic cardiomyopathies such as late stage cancer therapy-related cardiac

dysfunction. CC031 has dilated EDV, and increased SV and CO, which can be seen in “athlete’s

heart” similar to C57BL/6J. CC084 has increased SV, CO, and HR, which can be seen in acute high

CO states such as anemia or sepsis. From the conscious echocardiography data, CC005 strain may

be considered as a model for dilated cardiomyopathies with its dilated EDV and ESV, and reduced

EF. CC010 has dilated EDV, increased SV and decreased HR, which are often seen in “athlete’s

hearts”.

2.4 Discussion

In the present study, cardiac physiology was evaluated in 58 strains of the CC and C57BL/6J,

a classical inbred strain that is widely used as a single-strain reference. Overall, our findings

demonstrate that there are marked differences in cardiac physiology and response to anesthesia
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among strains, and that these differences are due to genetic background. While including genetic

diversity adds to the scale of the study, defining what is “normal” for mouse cardiac function can

better inform selection of strains as models as has been successfully done previously for cancer

[110, 111], toxicology [70, 62, 112], immunology [71, 113], neuroscience [72], and reproduction

[114].

The first key finding of this study was the large amount of variation in cardiac phenotypes

under normal echocardiography conditions. All traits monitored in this study were highly herita-

ble. Anesthetized echocardiography was slightly more heritable than conscious echocardiography,

likely due to anesthesia minimizing some uncharacterized sources of variation. This naturally

occurring variation more closely models that seen in the human population, redefining what “nor-

mal” means for mouse models and method of echocardiography [51]. The anesthetized volume

parameters %CV are comparable to those seen in humans, while conversely the conscious func-

tional parameter, EF, is more similar to humans. This indicates that primary measurements are

perhaps more accurately measured under anesthesia in mice. However the effect of anesthesia can

drastically change functional parameters, and those values should be recorded when the mouse is

conscious.

The second finding was that anesthesia and stress of conscious mouse handling can differen-

tially influence echocardiographic phenotypes based on genetic background. While residual effects

contribute to a large portion of the overall variability seen across strains in EF, GLS, and especially

HR, the strain effects are also highly significant and account for the largest source of variation.

Residual influence is smaller in anesthetized mice, which supports that conscious echocardiog-

raphy is inherently noisier and likely due to experimental variables such as the level of stress,

physical scruffing, and background noise. EF has been the most common and established method

for assessment of LV function in humans, but in recent years GLS has shown to be more sensitive

to LV dysfunction at earlier diagnostic stages [115], and has improved reproducibility [116] and

precision.[115] The American Society of Echocardiography and the European Association of Car-

diovascular Imaging have agreed that deformity changes precede ventricular dysfunction, and GLS
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has become a routine diagnostic for cardiotoxicity prediction in cancer patients [34]. In normal and

dilated human hearts, EF is related to GLS by a factor of approximately 3 [117]. However, in hu-

man diseases where the ratio of SV to LV cavity size can be preserved, such as in chronic kidney

disease [23] or recently emerging heart failure with preserved EF, EF is not informative and is not

related to GLS [118].

It is noteworthy that the differential response to anesthesia, which affects EF or GLS measure-

ments or both, is also evident in the data from this study. CC023, CC003, CC002 have almost

no change in EF and GLS between anesthesia and conscious echocardiography, whereas CC026,

CC018, CC027 are drastically different by a factor of more than 2.5. Strains with a lower EF under

anesthesia seem to maintain the highest intrastrain variability, indicating that a high and healthy

baseline EF is more reproducible. In animals with preexisting cardiac pathology or experimentally-

induced cardiac pathology, reduced myocardial contractility and autonomic nervous system sup-

pression via anesthesia can exaggerate cardiac pathologies and confound interpretation [99]. Of

note is the dramatically lower EF under anesthesia in a few strains; while most experts would

consider this heart failure, the method of anesthesia was the same for each individual. Mice were

breathing normally and recovered normally, even at these values. While strain is a factor influenc-

ing variability, higher H2 values of phenotypes when conscious indicate that anesthesia reduces

residual effects that have a genetic contribution. Under both conscious and anesthetized echocar-

diography, outlier strains outside the established reference ranges are potential models of human

cardiac disease. Some strains that are models of, for example, dilated cardiomyopathy under anes-

thesia are not the same strains that present as models under conscious echocardiography. This in-

dicates that not only does genetic background need to be taken into account when defining models

for human cardiac disease, but the method of echocardiography does as well. The outlying strains

listed as potential models for various cardiac disease states are a useful tool for researchers look-

ing for naturally pre-disposed models of cardiac phenotypes, in both conscious and anesthetized

echocardiography.

The third key finding was that genetic background influences cardiac electrophysiology, and
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the redefinition of normal cardiac electrophysiological intervals in mice. Residual effects have a

large contribution to the variability seen across strains, but strain differences still contribute sig-

nificantly. It is still a matter of debate whether the mouse is an acceptable model for studies of

human cardiac electrophysiology [119, 20]. The extrapolation to humans of the T wave, methods

that induce diseases such as myocardial ischemia and Brugada syndrome [119], and overall cardiac

morphology are a few reasons why this must be done with caution. Mice are typically not used

for their electrophysiological traits in drug safety evaluation, but are used in studies of chemical

toxicity, and therefore still need to be characterized and optimized to be the most accurate model.

Under anesthesia, the C57BL/6J mouse appears to be an average mouse as this strain was in the

top three strains for highest conscious EF, and yet under anesthesia was a more intermediate strain

at 14th lowest. Heritability of HR during ECG was high (H2=0.498), although not as high as

other phenotypes, indicating environmental factors, and therefore sympathetic tone, play a large

role in maintaining beat rate. Other significant ECG phenotypic variances were generally smaller

within than between strains, indicative of elevated trait heritabilities. The C57BL/6J mouse is used

most commonly when comparing mouse electrophysiology to humans, especially in risk assess-

ment research. The duration of action potential, as indicated by QTc, is an important interval for

both congenital and induced pathologies, especially for cardiotoxicity. Although the C57BL/6J

mouse does fall within the reference range, it is remarkable that this strain has among the shortest

QTc of the 59 mouse strains analyzed, and therefore even less accurately represents the “normal”

human. This raises concerns for this strain’s abundant use in mouse cardiac studies and general

representation of human heart health.

The fourth key finding is the amount that environment affects HR, even in a diverse population,

indicating that an average HR is relative and cannot be reduced to one value. Sex contributes

significantly to variability of HR difference between anesthetized and conscious echocardiography,

indicating that male and female mice respond differently to stressors of conscious and anesthetized

echocardiography. HRs in anesthetized echocardiography, conscious echocardiography, and ECG

were significantly different (p<0.0001). While some strains maintained their outlier state among
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strain ranking for HR values, others had more scattered rankings. For example CC005 had the 5th

lowest HR for ECG and lowest for conscious and anesthetized echocardiography, while CC002

was ranked 3rd for lowest HR in conscious echocardiography and 43rd and 50th in HR from ECG

and anesthetized echocardiography, respectively. HRs were among the least heritable traits, and yet

the change in HR from conscious to anesthetized mice was heritable, indicating that the response

of HR to anesthesia is heritable. Strains like CC005 have one of the lowest HRs under anesthesia,

and yet maintain intermediate level EF values, further demonstrating that HR is not necessarily

the constant variable by which to evaluate anesthetized echocardiography phenotypes. Consistent

with these observation, some humans can have resting HR that are up to 70 bpm different from

other individuals [120].

The fifth key finding is the identification of new, natural models of human cardiac disease

predisposition. There is a pressing need to understand the molecular mechanisms of cardiovascular

disease, and understanding even baseline genetic differences can have implications for response to

toxicants, drugs, and environmental exposures. Indeed a recent study found differential response

to doxorubicin-induced cardiotoxicty [62], and yet the susceptible strains still do not correlate

with the current study’s at risk strains. Baseline phenotypes might not be directly informative for

predicting outcomes of drugs or chemicals, but to elucidate the molecular mechanisms underlying

cardiac pathologies the depth of baseline diversity must first be explored. The current study’s

models have advantages compared to cardiac models prepared with genetically engineered mice,

xenobiotic-induced remodeling, or surgical intervention. Transgenic mice are complicated and

expensive to engineer; manipulating the mouse at the genetic level will not always develop into a

disease that is comparable to humans. Genetic engineering is not entirely foolproof and sometimes

the work needs to be repeated to obtain the desired result. Unwanted side-effects from drug or

xenobiotic cannot be avoided, and established doses may underestimate or overestimate doses

needed to produce the desired result in a diverse population. Surgical models of cardiac disease

involve rapid induction of the stressor, whereas the current study’s models develop more naturally

over the course of the mouse’s life, similar to humans.
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While the current study has strengths in terms of the number of strains, time of data collection,

and the use of standard echocardiographic techniques; several limitations must be acknowledged.

Intrastrain variance in some strains was high with some strains being more differentially suscep-

tible to external stressors, indicating that reproducibility is in itself a phenotype that must be ac-

knowledged. This can also be observed in inter-laboratory differences contributing to variability.

We did not observe any sex differences in the functional phenotypes, most likely due to the low

number of replicas per strain. The echocardiographic and electrocardiographic software analysis

were designed based on data from only a few inbred strains, which could lead to inaccuracies in

analysis when the software assumes similar heart tissue density and shape across all animals. To

conclude, this study reports the largest cardiac phenotyping analysis performed in a genetically di-

verse mouse reference population that has supported the development of cardiac reference ranges

for Mus musculus and identification of new mouse models for cardiac disease predisposition.
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3. GENETIC ANALYSIS OF MOUSE CARDIAC PHENOTYPES

3.1 Introduction

Heart disease is the leading cause of death in the United States, accounting for 665,000 deaths

per year [75]. The financial burden of heart disease is also a major concern, at about $219 billion

a year [121]. A risk factor for heart disease is variation in cardiac structure. Increased LV mass

and hypertrophy, for example, are predictive of coronary heart disease [122]. The diagnosis of

heart failure is primarily based on imaging the structural and functional parameters of the heart, as

well as electrophysiological assessment [54]. The impact of exogenous risk factors such as diet,

smoking, exercise, and drug abuse are well recognized, but the genetic architecture underlying

susceptibility is still being explored. Most heart disorders are polygenic, so identifying the com-

bination of linked and unlinked genes contributing to their phenotypes is challenging, especially

when including possible epigenetic influences [50].

Genome-wide association studies (GWAS) in humans have been used to identify risk loci for

cardiac diseases, but numerous genes, each imparting a small genetic effect that cumulatively af-

fect disease risk presents, challenges the statistical analysis used to find “hits” when compared to

monogenic diseases. This analysis also usually explores loci associated with traits as binary rather

than continuous. Additionally, because human cardiac phenotypes evolve in concert with environ-

mental factors, there is little control over the amount or type of genetic contribution driving these

phenotypes. As a compliment, animal models support controlled experimental conditions to ex-

plore genetic factors contributing to cardiac phenotypes, and, unlike humans, support phenotypic

replicability across genetically identical individuals. The mouse has the most developed genetic re-

sources of mammalian models, but most studies using mouse models of complex diseases or traits

focus on only a single strain to explore molecular mechanisms underlying disease phenotypes,

which contains limited genetic diversity [63]. The Collaborative Cross (CC) was developed as a

mouse genetic reference population that has sufficient diversity to model genetic diversity present
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in the human population [90, 91, 92]. The CC are a panel of recombinant inbred (RI) strains de-

rived from eight founder strains, A/J, C57BL/6J, 129S1/SvImJ, NOD/LtJ, NZO/H1LtJ, CAST/EiJ,

PWK/PhJ, and WSB/EiJ, using a funnel breeding scheme to generate an infinitely reproducible,

yet randomized model to ascribe causality to genes using the resultant large phenotypic diversity

[91]. The eight founder inbred strains represent three subspecies of Mus musculus, including three

wild-derived strains allowing for more genetic diversity than in previous RI panels. The CC panel

captures 90% of the known allelic diversity present in the laboratory mouse genome, and its broad

and continuous distribution of many phenotypes accurately represents that seen in the human pop-

ulation [92, 123, 124, 59]. It also provides a platform to identify genetic networks underlying

complex phenotypes, and is therefore ideal for analysis of complex traits underlying cardiac phys-

iology.

Echocardiography and electrocardiography are the standard noninvasive approaches for explor-

ing cardiac form and function. Echocardiography is typically performed under anesthesia in mice,

although it is well known that anesthetics depress cardiac function [125], which can result in an

underestimation of LV function [101]. To prevent these effects, studies have also used conscious

echocardiography, but the stress of handling and its effects on cardiac function are not insignificant

[126]. The autonomic nervous system controls the differences that are seen in these two types of

echocardiography; high sympathetic activity regulates conscious echocardiographic heart function,

while low sympathetic and high parasympathetic regulates cardiac function that is demonstrated

in anesthetized echocardiography [125]. It is likely that genetic control of the autonomic nervous

system plays a role in conscious cardiac phenotypes. Similarly, functional parameters of the heart,

such as ejection fraction (EF), global longitudinal strain (GLS), and QT interval, are heritable in

humans [51, 127], and are under genetic control [53, 54, 55]. Previous work in this lab demon-

strated high heritability in these phenotypes, indicating genetic control for cardiac phenotypes in

response to anesthesia or restraint in the CC population.

This study used the CC and its associated genetic resources to identify quantitative trait loci

(QTL) and candidate genes for cardiac phenotypes, in anesthetized and conscious echocardiogra-
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phy, and conscious electrocardiography (ECG). Understanding the genetic determinants of cardiac

physiology in mice, particularly in a genetically diverse population, while using multiple meth-

ods of assessment, can support more accurate translation of mouse cardiac research to humans to

identify populations at risk, and provide novel targets for therapy and prevention.

3.2 Methods

3.2.1 gQTL

QTL mapping was performed using gQTL [128], a web accessible, simple graphical user inter-

face application based on the DOQTL platform in R to perform QTL mapping using data from CC

mice. Log of the odds ratio (LOD) was the reported mapping statistic. Briefly, gQTL uses regres-

sion modeling using trait as a response, and generates significance thresholds through permutation

analysis. The significance thresholds for QTL were calculated using 10,000 permutations. CC084

was removed from analysis because it is newer than other strains and its standard genome is not

well characterized.

3.2.2 Correlation of gene expression with cardiac phenotypes

Using gene expression data in a subset of total strains analyzed [85], the coefficient of deter-

mination, r2, was used to identify the genes whose expression is highly associated with clinically

relevant phenotypes of CC mice described above. Expression data was collected from uninjured

male mice at 6 weeks of age in the study performed by Salimova et al [85].

3.3 Results

3.3.1 Genetic control of functional echocardiography parameters measured under anesthe-

sia

To identify genetic loci associated with cardiac phenotypes as well as explore the contribution

of founder alleles, independent quantitative trait locus (QTL) analyses was performed by interro-

gating 150,000 SNPs across the genome. This analysis identified one significant and two sugges-

tive QTLs associated with anesthetized echocardiographic phenotypes (Figure 3.1). The position
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of the significant GLS peak SNP was at 90.38 Mb on Chromosome (Chr) 17. To identify the CC

founder contribution to this phenotype, parental allele-specific tests were performed indicating that

the 129S1/SvImJ founder haplotype on Chr 17 contributed to the longitudinal axis displacement

of the left ventricle. One candidate gene was identified in this region where 129S1/SvImJ was

polymorphic compared to the other seven founders: Mettl4. Mettl4 is a known regulator DNA

methylation [129]. N6-adenosine methylation (m6A) of RNA transcripts is the most prevalent

modification found in many classes of RNA [130], and has been shown to be regulated by the

protein METTL4 in mouse failing hearts. While its normal biological processes are still being

explored, a recent report found that m6a hypermethylation has been associated with cardiac hy-

pertrophy, contraction, and sarcomere dynamics [131]. GLS is a direct measurement of cardiac

contractility.

Expression data associated with anesthetized GLS QTL analysis revealed Gpr139 (r2=0.708)

and Fyn (r2=0.674) on the smaller peaks of Chr 7 and Chr 10, respectively. Anesthetized GLS

was associated in the literature Csrp3 (r2=0.723), which is involved in cardiac mechanosensory

processes, and human mutations cause cardiomyopathy and heart failure [132, 133]. Akap10

(r2=0.729) is implicated in in heart rhythm regulation, and Klf4 (r2=0.699) is crucial for tran-

scriptional control of cardiac mitochondrial homeostasis [134].

The same haplotype analysis was performed across all suggestive loci for HR as well. The

position of the suggestive HR peak SNP was at 77.15 Mb on Chr 6. 129S1/SvImJ also appeared

to be driving this phenotype, and Reg2 was the only coding gene present in the interval that had

129S1/SvImJ specific polymorphisms.

Expression data associated with anesthetized HR QTL analysis revealed Ypel5 (r2=0.725) and

Tcte3 (r2=0.693) and Pbx2 (r2=0.686) on the smaller peaks of Chr 17. Anesthetized HR was

associated in the literature with the cardiac sodium channel gene Scn5a (r2=0.809), a channel

whose disruption leads to slowed conduction and ventricular tachycardia, that is suggested to play

a central role in normal heart rate and AV conduction [135]. Mest (r2=0.73) is widely expressed

in the mouse embryo, but has been shown to specifically direct cardiac development [136]. CAV3

39



(r2=0.726) in humans has been associated with long QT syndrome (LQTS), but also expression of

Cav3 in mice is necessary for cardiac protection [137].

The position of the suggestive EF peak SNP was at 138.11 Mb on Chr 3. PWK/PhJ appeared

to be driving this phenotype, with Zgrf1 and Casp6 being the only coding genes with PWK/PhJ

unique polymorphisms present in the QTL interval. A gene associated with EF in the literature

was Pde4a (r2=0.658), is crucial in the control of 3’-5’-cyclic adenosine monophosphate (cAMP)

signaling in rodent cardiac myocytes.

3.3.2 Genetic control of functional echocardiography parameters measured while conscious

Conscious echocardiography has environmental factors that may differentially affect heart

function as compared to anesthetized echocardiography. Only EF had a suggestive peak on Chr

13 (Figure 3.2). 129S1/SvImJ was driving this phenotype, and the only gene with 129S1/SvImJ

unique polymorphisms in the QTL interval is Cenpk. There are no known links of Cenpk to heart

function. Chr 15 was not analyzed further since the QTL interval encompassed the whole chromo-

some.

Expression data associated with anesthetized EF QTL analysis revealed Epha1 (r2=0.684) on

Chr 6. Conscious EF was associated the expressed genes Gnat3 (r2=0.849), Rock1 (r2=0.792), and

Ncdn (r2=0.693). GNAT3 has been found to be associated with metabolic syndrome in Mexican-

Americans [138], which is a cluster of conditions like hypertension, abnormal cholesterol levels,

high blood sugar, and excess body fat around the waist that lead to increased risk of heart dis-

ease. ROCK1 is involved in cardiac fibrosis [139], and diastolic dysfunction is exacerbated by

Rock1 deficiency [140]. Variants of Rock1 knock-out in mouse hearts exhibits decreased cofilin-2,

which is associated with abnormal actin pattern, lack of proper orientation, and a poorly organized

sarcomere [141].

Conscious HR was associated with Prkca (r2=0.750), Gngt2 (r2=0.756), Rcan2 (r2=0.700), and

Casc1 (r2=0.713). In recent literature, PRKCA has been associated with cardiovascular disease in

humans [142, 143], and is a downstream regulator of β1-adrenergic receptor (β1-AR). Notably,

PRKCA is a key regulator of cardiac contractility and Ca2+ homeostasis in mouse cardiomyocytes
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Figure 3.1: Manhattan plot and founder allele effect plot demonstrate suggestive peaks for anes-
thetized HRecho, EF, and GLS. The horizontal lines indicate the significance threshold at p=0.15
(green), p=0.1 (blue), p=0.05 (red).

[144]. Gngt2 has links to the sympathetic nervous system [145], and Rcan2 has links to the heart

as well [146]. CASC1 has been directly linked to resting heart rate in humans using genome-
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wide association meta-analysis [147]. HMGB1 is also associated with heart development and heart

failure [148].

Conscious GLS was associated with Ppid (r2=0.809), G3bp2 (r2=0.663), Ncdn (r2=0.621), and

Mmp11 (r2=0.661). PPID encodes the protein CYP40, which is implicated in heart development

and cardiac function [149]; Cyp40 knockout in mice post-myocardial infarction versus wild-type

mice demonstrated better LV systolic function and attenuated LV dilatation [150]. G3bp2 is linked

to isoproterenol-induced cardiac hypertrophy [151]. Mmp11 is a matrix metalloproteinase (MMP),

and MMPs are involved in cardiac remodeling and are biomarkers in delineating cardiovascular

risk [152].

Figure 3.2: Manhattan plot and founder allele effect plot demonstrate suggestive peaks for con-
scious EF.

3.3.3 Genetic control of conscious electrophysiological parameters

One significant and two suggestive QTLs were associated with ECG phenotypes (Fig. 3.3). The

position of the significant peak for PR interval was at 49.53 Mb on Chr 4. PR represents intra-atrial

conduction and excitation delay within the atrioventricular (AV) node. CAST/EiJ and NOD/LtJ are

both potential drivers of this phenotype, and when each are exclusively polymorphic, candidate

genes include Fancg and Trim14 (CAST/Ei), and 1700022I11Rik, Unc13b and Cd72 (NOD/LtJ).
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Unc13b has not been directly linked with autonomic regulation of heart rate but has been connected

with the nervous system [153, 154]. In humans, UNC13B is involved in neurotransmitter release by

acting in synaptic vesicle priming [155]. Pex13 (r2=0.749) was also associated with QTL analysis

of the PR interval.

QTc interval had two suggestive peaks as well, on Chr 2 and 4 at 169.47 Mb and 47.78 Mb,

respectively. A/J is driving the phenotype seen on the distal portion of Chr 2, and when exclusively

polymorphic, presents 3 candidate genes: Prdm11, Bdnf, and Ppp1r14d. NOD/LtJ is driving the

locus of significance on Chr 4, and is the same region as was shown with the PR interval; this

therefore presents the same candidate genes 1700022I11Rik, Unc13b and Cd72. Bdnf (Brain-

derived neurotrophic factor) is a known regulator of cardiovascular homeostatis [156]. It binds the

tyrosine-related kinase receptor B (TrkB) and triggers downstream signaling. It is primarily a regu-

lator of synaptic transmission and plasticity at adult synapses in the autonomic nervous system, but

recent evidence highlights that the BDNF/TrkB pathway is expressed in the cardiovascular system

and closely associated with the development and outcome of coronary artery disease, heart failure,

and cardiomyopathy [156]. A study reported that BDNF enhanced normal cardiomyocyte Ca2+

cycling, contractility, and relaxation via regulating Ca2+/calmodulin-dependent protein kinase II

(CaMKII) signals [157]. BDNF also maintains cardiac contraction force through TrkB.T1, and

disruption of TrkB.T1 caused dysregulated calcium signaling in the heart [158]. Expression data

associated with QTc QTL analysis revealed Retsat (r2=0.743) and Olfr176 (r2=0.700) in the small

peak on Chr 6 and 7 respectively.

3.4 Discussion

In the present study, genetic control of functional cardiac phenotypes was established, and

candidate genes were identified. Anesthetized functional echocardiography and conscious ECG

phenotypes presented significant and suggestive QTLs, and conscious echocardiography had sug-

gestive QTLs. Using microarray expression data [85], highly associated genes were connected

with phenotypes of interest. Candidate genes with links to heart function or autonomic nervous

system regulation were explored, and Mettl4 and Bdnf are implicated as new genes associated with
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Figure 3.3: Manhattan plot and founder allele effect plot demonstrate suggestive peaks for HRECG,
PR interval, and QTc interval. The horizontal lines indicate the significance threshold at p=0.15
(green), p=0.1 (blue), p=0.05 (red).
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mouse GLS and QTc intervals, respectively.

The first key finding was that Mettl4 has been established as a candidate gene for anesthetized

GLS. The epigenetic changes that METTL4 facilitates lead to regulation of contractility and there-

fore are an essential part of normal heart function (Figure 3.4). Understanding what leads to

increased contractility efficiency could potentially present therapeutic targets in cases where GLS

is high, such as during systolic dysfunction and heart failure.

Figure 3.4: Graphic depicting proposed pathway of Mettl4 effect on GLS.

The second key finding was that Bdnf was also established as a candidate gene for QTc. In

humans it has been confirmed that the most common types of LQTS is caused by heterozygous

mutations in the K+ channel subunits KvLQT1 or Human ether-a-go-go-related gene (HERG)

[159, 160]. Although ion channels between humans and mice are conserved, there are differences;

mice have much higher heart rates than humans, requiring shorter action potentials, and different

repolarizing K+ currents [161]. Mice also do not have a defined T wave in the ECG output, but

physiologically still experience ventricular depolarization and repolarization [119]. Telemetric
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assessment of ECG is preferred, but many electrophysiology studies are still performed in sedated

animals, and many QT interval models are based on these studies [162]. This introduces Bdnf as

a potential new regulator of the QT interval, or for these purposes, ventricular depolarization and

repolarization, either as a potential therapy target or to establish a new mouse model of the QT

interval.

The third key finding was that conscious echocardiography phenotypes revealed genetic simi-

larities to human cardiac phenotypes. Conscious HR had common genes that are highly associated

with human HR, that were not as highly significant in anesthetized HR. Anesthetized echocar-

diography is the traditional method for non-invasive cardiac assessment in mice [163], and yet

conscious echocardiography is translatable to humans as well. Interestingly, finding links in litera-

ture to the heart for the genes associated with the anesthetized functional phenotypes, EF and GLS

was more challenging than with conscious phenotypes.

The range of each phenotype across the 58 CC strains is wider than seen in previous studies

exploring cardiac physiology in commonly used mouse strains [67]. To our knowledge this is the

largest CC population to be used for cardiac analysis, but some limitations must be acknowledged.

The number of biological replicates could have been increased; due to the fact that no sex differ-

ences were found across the phenotypes, male and female data was combined for QTL analysis.

Any sex-linked polygenes associated with cardiac physiology would not have been detected in this

study. Conscious echocardiography inherently involves more environmental factors than anesthe-

sia or ECG, so determining genetic control of those phenotypes was challenging. Scruffing the

mouse in the supine position, background noise of the echocardiography machine or even imaging

imperfections due to micro movements of the mouse can explain some of this. The anesthetic agent

used, isoflurane, is a negative inotrope and chronotrope, and suppresses the autonomic nervous sys-

tem. This explains why EF and GLS are both less robust and variable in anesthetized conditions,

allowing for simpler genetic analysis. Isoflurane inherently removes many environmental stimuli,

which increases detection of associations between sympathetic nervous stimulation and cardiac

function, but also that the conscious state is more complex. These environmental stimuli can stim-
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ulate the sympathetic nervous system and affect blood pressure, heart rate, contractility, which all

influence EF and GLS.

Genetic analysis of CC cardiac phenotypic data presented two new targets for genetic control

of cardiac physiology as well as validate conscious ehcocardiography as unique yet complimentary

method to anesthetized echocardiography for murine cardiac physiology. Several of the clinically

relevant phenotypes did not show significant or suggestive associations, which indicates that the

gene x environment interactions have to be better characterized or they are controlled my many

small effect alleles. Two genes not previously associated with their respective phenotypes were

identified and have been associated with cardiac physiology. Overall this study provides new

perspectives on the genetic control of GLS and QTc interval not previously known, potentially

providing new therapeutic targets or future transgenic mouse models.
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4. CARDIAC TOXICITY MODELS IN THE COLLABORATIVE CROSS

4.1 Introduction

Identifying susceptible individuals, both for drug development and environmental protection,

is an important part of risk assessment. The therapeutic use of chemicals is limited by their capac-

ity to induce toxicity, which can lead to adverse reactions and even death. Cardiotoxicity is one of

the top reasons for attrition in preclinical and clinical development as well as market withdrawal

of drugs [164, 165]. Approaches to cardiovascular risk assessment in the pharmaceutical industry

have been effective for acute adverse drug effects, but long-term exposure is often not assessed,

or the adverse outcome is only observed when large heterogenous populations are exposed during

clinical trials [16]. In addition to the risk of developing known chemicals into drugs, uncharac-

terized chemicals can be linked to 23% of cardiovascular disease cases [166]; additionally a large

number of chemical agents currently in use have not been adequately tested for toxicity [167]. Par-

ticular care must be paid to cardiovascular adverse drug reactions due to the limited ability of the

heart to regenerate. Cardiac damage is often lifelong, or can only be repaired with major surgery

[165]. Cardiovascular toxicity is a common cause of attrition of small molecules and biologics in

drug development, as well as presence of cardiovascular disease from environmental chemicals;

this indicates a dire need for more accurate preclinical cardiac risk assessment.

A critical component of evaluating risk for decision-making is determining how humans will

respond, and when using in vitro models to answer this, accurate translation across species is cru-

cial. However, there are uncertainties when translating cardiac data from mammalian models to

humans, and while there is a considerable level of homology, metabolic rate, receptor diversity,

scale, ion channel differences, in addition to behavioral differences add challenges for extrapola-

tion to humans. The extrapolation of accurate animal data to humans is challenging, especially

since it largely relies on studies performed using models with a homogenous genetic background

[168]. With this model, the response may fall outside the range of human response, whereas with a
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genetically diverse population, similar to that of humans, the chance of seeing a range of response

similar to that of humans increases.

Surprisingly little is known about potential strain-specific susceptibilities towards cardiac re-

modeling and ventricular arrhythmias in vivo. The role of genetic variability in disease risk is

best modeled in the mouse, which has the most advanced genetic resources including dozens of

strains, each potentially representing a unique risk status for toxicity development. The Collab-

orative Cross (CC) mice are a genetically diverse mouse population that is comparable to the

human population, but with randomized genetic variation. This means that a smaller cohort of

mice can be used to gather useful data than a human epidemiologic study. The advantages of

this population over a panel of inbred strains is that it can support analysis of human diseases

with complex etiologies originating through interactions between unique allele combinations and

the environment. The CC recombinant inbred population originated from eight founder strains

of inbred strains: NOD/ShiLtJ, NZO/HILtJ, A/J, C57BL/6J, 129S1/SvImJ, CAST/EiJ, PWK/PhJ,

and WSB/EiJ. The use of a genetically diverse mouse population has been shown to predict and

recapitulate inter-individual variability in cardiovascular health [64, 65, 66, 67], cancer [68, 69],

toxicology [70], immunology [71], neuroscience [72], host-pathogen interactions [59], and diet

[73].

As known cardiotoxicants above therapeutic doses, isoproterenol and chloroquine have been

well documented for their therapeutic and toxic potential, and are suitable models to demonstrate

inter-individual cardiac response. This study reports detailed characterization of strain-dependent

differences in cardiac response to isoproterenol, at the dose commonly used for induction of my-

ocardial injury in mice, and chloroquine at therapeutic levels to evaluate differential cardiac re-

sponse in CC strains using echocardiography and electrocardiography (ECG). As a non-selective

β-adrenergic receptor (β-AR) agonist, isoproterenol is a positive inotrope and chronotrope, and it

causes injury to cardiomyocytes via calcium overload, depletion of energy stores, and excessive

production of free radicals [52]. Mice typically develop hypertrophy, dilation, and ventricular dys-

function after two weeks of daily injections [169]. Since genetic background has been shown to
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play a significant role in susceptibility to isoproterenol-induced cardiac injury, this study was de-

signed to explore its effects in the CC population whose randomized recombinant genetic variation

captures more diversity of the mouse genome than common inbred strains [170, 171, 172].

Chloroquine is a quinoline compound typically used to treat malaria, but more recently has

been used to treat pro-inflammatory diseases such as rheumatoid arthritis [173]. The exact mech-

anism of action is still being explored, but it can inhibit inducible nitric oxide synthase (iNOS) as

well as interfere with normal iron metabolism. In humans, complications are varied, and cardio-

vascular adverse side effects include conduction disorders, hypertrophy, and hypertension [174].

Chloroquine was chosen due to the high degree of response variability seen in human induced

pluripotent stem cell-derived cardiomyocytes [79]. A therapeutic dose was selected to explore

pharmacological safety based on genetic background-dependent early cardiac response.

To provide a unique perspective on drug-perturbed heart function, conscious echocardiography

was performed in both sexes of eight CC strains to evaluate strain-dependent cardiac toxicity.

Anesthetized cardiac assessment was not used since anesthesia can affect cardiac function [97],

and is not typcially used in humans. Conscious electrocardiography (ECG) was also performed

to evaluate the electrical activity and autonomic regulation of heart function. Early adverse events

can be detected by subtle changes in echocardiography by global strain, ejection fraction, and

ventricular mass, and in ECG by prolonged repolarization and depolarization of the myocardium

during various intervals of the cardiac cycle, which are dependent on baseline heart function. Given

the complexity of cardiac physiology and disease, the use of the CC will aid in elucidating intricate

genetic and associated phenotypic networks to support identification of genes underlying risk and

poorly adaptive phenotypes, particularly in response to toxicants.

4.2 Methods

4.2.1 Mice and exposures

Three adult male and three female mice, 7-8 weeks of age, from eight CC strains, CC006/TauUnc,

CC012/GeniUncJ, CC013/GeniUncJ, CC019/TauUncJ, CC024/GeniUncJ, CC027/GeniUncJ, CC041/
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TauUnc, and CC043/GeniUncJ, were from colonies bred in house that originated from UNC.

Mice were provided 2919 diet (Envigo) and water ad libidum using a 12 hour light/dark cycle.

Strains will subsequently be referred to without the laboratory code. Isoproterenol (isoprenaline

hydrochloride, Millipore-Sigma) was dissolved in sterile saline daily and was injected intraperi-

toneally (60 mg/kg/day) once daily for 14 days. Chloroquine (Chloroquine phosphate, Millipore-

Sigma) was dissolved in sterile saline daily and injected intraperitoneally (50 mg/kg/day) once

daily for 14 days. The investigation conforms with the 2011 Guide for Care and Use of Laboratory

Animals published by the National Institutes of Health. All experimental protocols were approved

by the Institutional Animal Care and Use Committee (IACUC) of Texas A&M University (IACUC

No: 2019-0435).

4.2.2 Electrocardiography

Electrocardiography (ECG) recordings were obtained non-invasively using an ECGenie appa-

ratus (Mouse Specifics, Inc.). Briefly, on days 0, 1, 7, and 14, individual mice were removed from

their home cage and placed on the neonate recording platform 2 minutes prior to data collection to

allow for acclimation. ECG signals were acquired through disposable footpad electrodes located in

the floor of the recording platform. The amplitude of the ECG signal depends on the passive nature

of detecting the signals through the mouse paws that is influenced by experimental variables such

as how the mouse stands, the weight of the animal, how much pressure is exerted on each paw,

whether there is any moisture on the lead plate (i.e. urine and feces), and the age of the lead plate

(oxidation of the silver). Consequently, no amplitude was used in analysis. Approximately 20-30

raw ECG signals were analyzed per mouse using e-MOUSE software (Mouse Specifics), which

employs processing algorithms for peak detection, digital filtering, and correction of baseline for

motion artifacts. Heart rate (HR) was determined from R-R intervals, and HR variability was cal-

culated as the mean difference in sequential HRs for the entire set of ECG signals analyzed. The

software also determined cardiac intervals (i.e., PR, QRS, and QTc) with rejection of spurious data

resulting from noise or motion. In mice the T-wave often merges with the final part of the QRS

complex [94], so the end of the T-wave of each signal was defined as the point where the signal
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intersects the isoelectric line. All data were collected by the same person.

4.2.3 Transthoracic echocardiography

Cardiac morphological and functional parameters were assessed with a Vevo3100 high-frequency

ultrasound imaging system (FUJIFILM VisualSonics Inc.). Chest hair was removed using a hair

removal cream (Nair) before being allowed to rest for 24 hours before echocardiography. For

echocardiographic analysis, mice were held firmly in the palm of one hand by the nape of the neck

in the supine position with the tail held between the last two fingers. Pre-warmed ultrasound gel

was placed on the chest at the image location. For two-dimensional (2D) imaging (B-mode) view

along the parasternal long axis, the transducer was placed vertically to the animal body on the left

side of its sternum with the notch of transducer pointing to the animal’s head. After an imaging

session, ultrasound gel was removed with water dampened gauze. In order to eliminate circadian

influences, ultrasound was performed between 9 am and 11 am. Measurements and calculations

were performed using VevoLAB strain analysis (v3.2.6) software package (FUJIFILM VisualSon-

ics Inc.) on three consecutive beats according to the American Society for Echocardiography [95].

Heart rate was determined from the cardiac cycles recorded on the M-mode tracing, using at least

three consecutive systolic intervals. All data were collected by the same person.

4.2.4 Cardiac gene expression analysis

CC013 hearts were placed in individual tubes and frozen at -80°C until ribonucleic acid (RNA)

sequencing could be performed. All molecular work was performed in the Molecular Genomics

Core of the Texas A&M Institute for Genome Sciences and Society (TIGSS). The following proto-

col is adapted from the Molecular Genomics Core, and TIGSS personnel aided in data acquisition

and plot generation. Hearts were homogenized in Trizol and an aliquot taken for analysis. RNA

samples were quantified with a Qubit Fluorometer (Life Technologies) with a broad range RNA

assay and concentrations were normalized for library preparation. RNA quality from the hearts

were verified on an Agilent TapeStation with a broad range RNA ScreenTape. Total RNA se-

quencing libraries were prepared using the Illumina TruSeq Stranded mRNA-seq preparation kit.
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Barcoded libraries were pooled at equimolar concentrations and sequenced on an Illumina No-

vaSeq 6000 2x150 S4 flow cell. RNA-seq libraries were trimmed to remove adapter sequences and

low-quality bases using TrimGalore version 0.6.6, with Cutadapt version 3.0 and FastQC version

0.11.9. Trimmed reads were mapped with Tophat2 version 2.1.1 to the CC013 pseudogenome from

UNC. Coordinate alignments were converted to the mm10 genome using Lapels version 1.1.1. Dif-

ferential expression was conducted in R using the DESeq2 package. The resulting gene expression

values were uploaded to Ingenuity Pathways (QIAGEN, enlo, Netherlands; www.ingenuity.com

Application Build 261899, Content Version 18030641) for biological pathway analysis.

4.2.5 Sequencing analysis

CC013 livers were shipped to Neogen for sequencing analysis. Mouse Universal Genotyping

Array (MUGA), MiniMUGA, an array-based genetic QC platform with over 11,000 probes was

used.

4.2.6 Statistical Analysis

Statistical tests used were Wilcoxon matched pairs rank sum test, and then Kruskal-Wallis for

comparing strain differences. Dunn’s posthoc test was also performed on phenotypes with strain

differences.

4.3 Results

4.3.1 Isoproterenol results in cardiac remodeling in all eight CC strains

After isoproterenol exposure, changes in EDV (p=0.0078), ESV (p=0.0078), diastolic LV mass

(p=0.0156), and systolic LV mass (p=0.0156) indicated that mice experienced significant cardiac

remodeling (Figure 4.1). HR during echocardiography before treatment was also significantly dif-

ferent compared to after treatment (p=0.0391). Although EF was not significant (p=0.7422), GLS

was (p=0.0234) supporting findings that GLS is the earliest predictor of heart disease [108], espe-

cially in cases of cardiotoxicity [34]. When comparing strain-dependent responses to isoproterenol

by echocardiography, ∆HR was significantly different between strains (p=0.0045), and Dunn’s

multiple comparison test revealed that CC024 echocardiography ∆HR is significantly different
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from both CC019 (p=0.0092) and CC027 (p=0.0172).

Figure 4.1: Scatterplots of echocardiographic phenotypes and body weight for control and isopro-
terenol treated mice. Horizontal bars represent median values for each strain.

4.3.2 Differential electrophysiological response in CC strains to isoproterenol

Contrary to HR determined by echocardiography, HR during electrocardiography was not sig-

nificantly different between control and isoproterenol treated mice (p=0.9435) (Figure 4.2). Nei-

ther were the other intervals of interest: PR (p=0.8438), QRS (p=0.7422), QTc (p=0.999). When
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comparing strain-dependent responses to isoproterenol, only ∆HR and ∆QTc interval were sig-

nificantly different (p=0.0028 and 0.0262, respectively). Similar to observations by echocardiog-

raphy, Dunn’s multiple comparison test revealed that CC024 ECG ∆HR is significantly different

from both CC019 (p=0.0044) and CC027 (p=0.0066). No significant posthoc comparisons were

found for ∆QTc.

Figure 4.2: Scatterplots of ECG phenotypes for control and isoproterenol treated mice. Horizontal
bars represent median values for each strain.

4.3.3 Bimodal response of CC013 to isoproterenol reveals differentially expressed genes

Three of the six CC013 mice demonstrated dilated cardiomyopathy. To gain insight into molec-

ular mechanisms behind why an inbred line would react bimodally to the same experimental con-

ditions, RNAseq was performed on the six CC013 mice revealing 275 differentially expressed

genes (Fold change 1.0 and p-value=0.01). Principal component analysis (PCA) analysis showed

clustering of the three mice that experienced dilated cardiomyopathy (379, 386, and 387) (Fig-

ure A.1). Genes expressed at higher levels in mice with larger LV volume as compared to normal

mice included genes previously associated with with cellular remodeling and dilated cardiomyopa-

thy such as Mmp12, Col81a, Hspa1b, Ccr3, and Runx1 [175, 176, 177, 178, 179]. Additionally,
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decreased levels of Bcl6 and Gstk1, as shown in the mice with dilated cardiomyopathy, are asso-

ciated with increased remodeling [180, 181]. Using Ingenuity Pathway Analysis (IPA) we found

that the 275 differentially expressed genes were enriched in pathways associated with remodeling

and inflammation (Figure 4.3).

Figure 4.3: Heatmap of differentially expressed genes in gastric tissue between CC013 380, CC013
428, CC013 381 and CC013 387, CC013 379, CC013 386. (fold-change 1.0 and adjusted p<0.01).
Red indicates higher expression and blue indicates lower expression.

Genotyping revealed no SNPs differentially expressed between the normal and dilated car-

diomyopathic mice.
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4.3.4 Differential remodeling response in CC strains to chloroquine

Chloroquine demonstrated no significant differences between control and treated populations

in any echocardiographic parameter (p>0.05) (Figure 4.4). However, when examining strain-

dependent differential response of chloroquine on echocardiographic phenotypes, ∆EDV (p=0.0309),

as well as ∆diastolic (p=0.018) and ∆systolic (p=0.057) LV mass were different, indicating that

some strains experienced cardiac remodeling while others did not. Posthoc tests revealed that

CC019 and CC041 had significantly different ∆LV mass at diastole (p=0.0032) and systole (p=0.0161).

4.3.5 Differential electrophysiological response in CC strains to chloroquine

Chloroquine demonstrated significant differences between control and treated populations in

QRS (p=0.0391) and QTc (p=0.0469) intervals. When comparing strain differences, only ∆QRS

was significant (p=0.0226) (Figure 4.5).

4.4 Discussion

In the present study, differential response to known disruptors of cardiac physiology were eval-

uated in eight strains of the CC population. The findings demonstrate genetic background plays a

crucial role in response to characterized cardiotoxicants, even at therapeutic levels. While genetic

diversity is an important part of this study, conscious assessment of cardiac phenotypes provides

a unique perspective on cardiac function, without the impact of anesthesia, which is known to

depress cardiac function [97, 101].

The first key finding of this study was isoproterenol, although an established model for induc-

tion of cardiac injury, the only differences in interstrain response were electrophysiological. As

a population, baseline and treated groups were significantly different. It is also important to con-

sider that conscious echocardiography could be eliminating responses in cardiac function due to

stress of handling, or that anesthetized echocardiography exaggerates the disease phenotype. It

is not known whether LV function in healthy and diseased mice responds differently to restraint

or anesthesia. Previous studies have reported differential response based on genetic background,

but echocardiography was performed under anesthesia [172]. Additionally, isoproterenol had no
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Figure 4.4: Scatterplots of echocardiographic phenotypes and body weight for control and chloro-
quine treated mice. Horizontal bars represent median values for each strain.

differentially expressed phenotypes between strains except for QTc. For example, most individ-

uals of the strains CC041 and CC024 decreased their QTc interval, while strains like CC013 and

CC027 have a prolonged QTc interval as compared to other strains (Figure A.2). This is interesting

because isoproterenol is typically used to treat Torsades de Pointes TdP.

The second key finding were the intrastrain differences in CC013 in response to isoproterenol.

Interestingly, the bimodal response did not cluster by sex. While RNAseq revealed key differential

gene expression between the two groups, genetic sequencing revealed no reported segregation in
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Figure 4.5: Scatterplots of ECG phenotypes for control and chloroquine treated mice. Horizontal
bars represent median values for each strain.

any areas of SNP differences, thereby epigenetic or another source of variation are causing the

differences in cardiac physiology. Isoproterenol is a β-AR agonist and chronic administration is

followed by downregulation of β-AR. Strain-dependent β-AR downregulation and uncoupling has

been shown in C57BL/6 mice versus A/J, indicating this process is subject to genetic regulation.

It is likely that the severe remodeling occurring in the dilated cardiomyopathy subset of CC013

is due to the lack of downregulation of this receptor with chronic exposure. A gene encoding

the alpha isozyme Calcinuerin A is a known target of β-AR signaling and isoproterenol induced

cardiac injury [182].

The third key finding was that there were few differences in population response to chloroquine,

but many interstrain differences in response to the drug, emphasizing the importance of characteriz-

ing differences in baseline phenotypes. Electrophysiology parameters were significantly changed

after treatment, which is unsurprising considering the early response to environmental stimuli,

biochemical changes such as alterations in calcium homeostasis and electrophysiology occur. Re-

modeling is occurring in some strains as well as both lengthening and shortening of the QRS

complex. This reiterates human cases that report variation of adverse reactions is inter-individual,
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demonstrating the CC as an appropriate model of human disease.

The current study was strengthened by the genetic diversity of the CC, but several limitations

must be acknowledged. The bimodal response of CC013 to the characterized chemical isopro-

terenol is an indicator that the strain is not inbred. While this can help to identify regions in the

genome affecting response, it prevents the use of biological replicates and reproducibility in this

strain. It is also clear that conscious assessment of cardiac phenotypes is affected by handling;

HR in conscious echocardiography via scruffing was not significantly different after treatment,

while HR in ECG was significantly different. This indicates that the stress of scruffing is masking

potential positive chronotropic effects of isoproterenol.

Conscious assessment of these phenotypes provides a unique perspective on how the autonomic

nervous system can influence assessment of response to known perturbors of cardiac physiology

and future studies will include exploration of genetic networks underlying these diverse pheno-

types. Overall the utility of this study is its demonstration of differential response to cardiotoxi-

cants.
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5. SIGNIFICANCE, LIMITATIONS, AND FUTURE DIRECTIONS

5.1 Significance

Heart damage occurs as a result of genetic and environmental factors and can lead to death.

Mice are the most genetically developed mammalian model and can be translatable to humans.

Their small size and short lifespan are financially advantageous and allow researchers to follow

disease progression at an accelerated rate, but also from humans in contractile function. Inclusion

of genetic variability can overcome some of these limitations that provide species-species reference

ranges. Reference ranges for clinically relevant cardiac phenotypes in humans guide physicians in

their cardiac diagnoses. In this dissertation, we sought to characterize and understand the genetic

control of mouse cardiac phenotypes in a diverse population by developing Mus musculus specific

cardiac reference ranges. Furthermore, we sought to understand how conscious assessment of

cardiac phenotypes might influence response to known cardiac toxicants.

In Chapter 2, we investigated inter-individual variability in cardiac phenotypes using the Col-

laborative Cross population-based mouse model. We established reference ranges, based upon a

level of genetic diversity similar to that in humans, for mice. We observed marked inter- and intra-

strain differences in baseline phenotypes, in both conscious and unconscious echocardiography

and conscious electrocardiography measurements. Importantly, using the new reference ranges,

this study also identified several natural models of various heart conditions. The advantage of

these natural models is that they do not require surgery or genetic manipulation, and are predicted

to progress naturally over the mouse’s lifetime, which leads these models to be more translatable

to humans. Consequently, this work addressed a critical gap in normal variation in Mus musculus.

Overall this research established cardiac reference ranges for Mus musculus similar to what exists

for humans and the identification of sources of variation, of which strain accounted for the largest

source, as well as natural models of heart pathologies.

In Chapter 3, we investigated genetic control of the clinically relevant cardiac phenotypes de-
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scribed in Chapter 2. Overall this research discovered two previously unknown genes associated

with mouse cardiac physiology, as well as verified conscious echocardiography as a valid method

for mouse cardiac assessment. While QTL analysis was most successful with anesthetized echocar-

diographic data, which is inherently less variable, r2 of conscious phenotypes with expression data

revealed associated mouse genes related to human cardiac phenotypes. Overall this research was

a complex assessment of genetic factors controlling mouse cardiac phenotypes; it presents new

targets for possible future research and therapeutic intervention as well as validated methods for

mouse cardiac assessment.

In Chapter 4 we investigated cardiac response to both isoproterenol and chloroquine using

conscious measurements. Depending on the phenotype, we observed differences before and after

treatment, and also differential response to treatment based on strain. Isoproterenol had no differ-

entially expressed phenotypes except for QTc. For example, most individuals of the strains CC041

and CC024 decreased their QTc interval, while strains like CC013 and CC027 have a prolonged

QTc interval, putting them at risk for TdP. This is interesting and somewhat unexpected because

isoproterenol is typically used to treat TdP. Isoproterenol has been well characterized in dozens

of inbred and a few traditional recombinant inbred strains> However the effect of isoproterenol

has not been explored in a conscious state where there would be no interaction with anesthet-

ics [171, 172]. Chloroquine has not been explored in a genetically diverse population, but host

genetics have been shown to play a role in malaria and malaria drug resistance [183, 184].

The heart’s primary clinical phenotypes are complex traits, resulting from an interaction be-

tween genes and the environment. The heart is also part of an integrated physiological system with

complex interactions with other organ systems. Although efforts have been made to study the heart

and its function using reductionist approaches, many systems-level phenotypes cannot currently be

modeled or studied using these approaches; each of these reductionist approaches has advantages

and disadvantages (Table 5.1). The cardiomyocyte monolayer can be used in a variety of settings,

such as drug discovery phase of drug development to screen for chemicals that might disrupt Ca2+

signaling. The cardiac spheroid is a 3D aggregate of differentiated cardiomyocytes from stem
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cells, and can more accurately mimic the microenvironment of a heart than a monolayer. The heart

on a chip most accurately mimics the natural habitat of the heart cells, as well as provides more

techniques of cardiomyocyte assessment. Each of these in vitro heart models can be created with

primary cells or stem cell-derived cells.

Advantages Disadvantages
cardiomyocyte
monolayer high cell yield, easily expandable less mature differentiation

than 3D culture
homogenous cells 2D excludes important signaling
(less diversity = more reproducibility) that occurs when cells are

in a 3D matrix or 3D structure
uniform exposure to
chemicals and media

cardiac
spheroid 3D structure allows for 3D cells can differentiate

signaling involved in scaffolding heterogenously
3D environment better represents limited drug permeability
organ microenvironment
can contain various cell types more difficult than monolayer to
such as vascular and stromal cells scale up for high throughput

Difficult to measure parameters
like pressure and force of
contraction, only electrical activity

heart on
a chip can control differentiation of microfluidics do not necessarily

vascular cells and stromal cells mimic the human body
provide fluid flow cells difficult to scale up
provide separate access to various for high-throughput studies
organ compartments, also means control
can measure kinetics and electrical
activity of the tissue

Table 5.1: Advantages and disadvantages of various in vitro models of the human heart

In vivo, rat models have dominated research into heart damage for small animals; they share

the low cost of housing and ease of handling with mice, but their larger size facilitates surgeries

and post surgery procedures more easily than mice. Mouse models are still used, however, for
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atherosclerosis, hypercholesterolemia, and heart failure due to their low procedure costs, and the

ease of manipulation of the mouse genome [185]. Large animal models, although the time between

exposure and observable change is longer than in small animal models, have anatomical similarities

to humans that small animals cannot reproduce. For example the porcine model of heart failure is

the most similar to humans, both in heart structure and organization of coronary vessels as well

as arteries exiting heart chambers [185]. Large animal studies require much more expensive and

specialized equipment, as well as dedicated facilities.

No single model perfectly recreates human cardiac pathologies, and there are always consid-

erations of cost, trained personnel, and available facilities and equipment. One aspect often not

considered in most of these models, is genetic diversity. Humans are genetically diverse, and in

the era of personalized medicine, understanding the network of genes and various polymorphisms

leading to disease is essential. Outbred stocks are available in most animal models, but the re-

sources available to interpret the genetic basis for the phenotypic differences that are seen in these

populations are limited. The mouse model has the most developed genetic resources with publicly

available dense SNP databases across dozens of inbred and reproducible strains [63], positioning

it for this study’s blend of genotypic and clinically relevant phenotypic cardiac data.

As a model, the Collaborative Cross (CC) is well suited to mimic a complex organ system in

vivo including genetic variation that can impact interpretation of functional changes. As a mouse

population, it contains a level of genetic diversity not present in other models, and unlike the re-

lated Diversity Outbred (DO), the CC is reproducible, allowing QTL mapping to be performed

without genotyping each individual and supporting replication of data between labs. The capa-

bility of the CC to model both complex organ physiology and genetic diversity makes the model

more clinically comparable to humans. This positions the CC to uniquely support unraveling the

complex network between molecular components and cardiac function. Overall this research was

a novel use application of the broad spectrum of capabilities of the CC, in the context of normal

and cardiotoxic cardiac phenotypes.
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5.2 Limitations

This work explored the impact of genetic diversity in Mus musculus on cardiovascular traits

for which reference ranges are derived in humans, but did not use exclusion criteria such as blood

pressure, cholesterol, low density lipoprotein to high density lipoprotein ratio, glomerular filtration

rate, impaired fasting glucose, exercise capacity, creatinine, or triglycerides that are considered

clinically relevant to heart health [24]. Future mouse studies can explore these traits in the CC to

better understand their impact on cardiovascular health.

Additionally, conscious assessment of cardiac phenotypes increases environmental influences

on some cardiac physiology phenotypes, but removes potential interactions with anesthesia that

may otherwise complicate interpretations. While this is not necessarily a disadvantage, it must be

acknowledged and addressed in future studies. Conscious functional phenotypes are more complex

than those derived under anesthetized; no significant echocardiographic functional phenotype had

statistically significant correlations with strain-specific gene expression. Indeed, even effects of

acute chronotropic effects of isoproterenol are not observed in conscious mice [125]. Increasing

the number of biological replicates could help to limit the intra-strain variability seen in conscious

echocardiographic measurements.

Although chapter 4 does start to address the need for advanced recombinant strains to under-

stand the underlying genetic basis for response to drugs, several limitations must be acknowledged.

To have significant mapping power to identify genes controlling differential response to both drugs,

more strains would be needed. Additional information may also be obtained from investigating the

relationship between multiple time points, concentrations, and cardiovascular endpoints such as

histopathological scoring and early biomarkers of toxicity.

Interestingly, none of the genes that appear to drive the phenotypes using QTL analysis appear

in previously published microarray expression datasets. This is likely due to less strains being used

for r2 analysis. There is also a smaller range of data with less strains. Microarray expression data

with all 58 strains would likely match QTL analysis more accurately.

Overall the CC is well suited for combining genetic network elucidation with clinically rele-
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vant cardiac traits, but some limitations must be acknowledged. The fact that reproducibility, or

intrastrain variation, is also a phenotype presents challenges. Statistically significant results, preci-

sion, and uncharacterized environmental factors can all lead to the high intrastrain variability and

limited reproducibility seen in each chapter. Working with live organisms is challenging, but the

strain effect was still highly significant, as was the related measure of heritability. The CC are

95% homozygous, and humans are much more heterozygous. This means there is also substantial

genetic information from non-additive effects of more heterozygotic animals, such as those in the

DO.

5.3 Future Directions

Although adding additional strains increases power to estimate QTL more than adding biolog-

ical replicates [186], the total number of CC strains available currently is 70 and therefore an n=3

can be increased for higher resolution mapping of cardiac phenotypes.

Because eight strains limit our ability to map isoproterenol and chloroquine response pheno-

types, adding additional strains to the study in Chapter 4 can aid in our ability to characterize the

genetic control of those phenotypes. Additionally, exploring individual strain dose-response curves

in this CC population could help to more accurately develop a population dose response curve to

determine the threshold dose. Future studies using QTL analysis can also improve mapping res-

olution and exploration of the genetic basis of pharmacological and toxicological inter-individual

response.

Animal models have been the gold standard for risk assessment, and in addition to the uncer-

tainty in the accuracy of translation to humans, they are costly, can take many years, and are not

amenable to high-throughput screening. While strides have been made in developing in vitro mod-

els, they have yet to be validated directly in vivo. While the work is ongoing, we are designing

a panel of CC induced pluripotent stem cell (iPSC)-derived cardiac spheroids that are genetically

identical to CC mice, and can validate the in vitro to in vivo extrapolation (IVIVE) paradigm.

While baseline measurements from human cardiomyocytes and their matched donor have shown

to be predictive [187], this cannot be performed in humans for an in vitro toxicity response due to
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ethical reasons.

Contracting cardiomyocytes have been shown to accurately assess chemicals for drug-induced

arrhythmia [188, 79]. Cardiomyocytes in the context of an embryoid body (EB) mimic cardiac

tissue in both form and function, and cardiac spheroids display various cell types present in the

heart (Fig 5.1), as well as electrophysiological properties [189]. While primary cardiomyocytes

are useful, they cannot replicate and would need to be harvested for every experiment. iPSCs are

an immortal cell line and can be derived from a variety of somatic cell types and reproducibly

induced into cardiomyocytes.

Figure 5.1: Representative confocal image of immunofluorescent cardiac spheroid. Spheroids were
labeled for sarcomeric α-actinin (red), CD31 (green), and Oct4 (blue).

Previous work in the lab has shown that Sendai virus vectors can be used for the reprogramming

of CC-derived mouse embryonic fibroblasts (MEFs) to iPSCs. The Sendai Virus delivers the four
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Yamanaka factors as human transgenes, OCT4, SOX2, KLF4, and MYC, into the cell to replicate

in the cytoplasm [190]. Its ability to infect many different host cells, and its non-integration into

the genome of host cells allow for differentiation later and leave the genomic DNA of the cell

undamaged. After 10-15 passages, depending on the CC strain, the Sendai Virus is cleared (Figure

5.2), and cells express endogenous mouse orthologs (Figure 5.3)

Figure 5.2: PCR analysis demonstrates clearing of the Sendai virus at passage 15 (outlined in red).

During this time, cells were cultured with GSK3B inhibitor CHIR99201 (Millipore-Sigma),

MEK inhibitor PD0325901 (Millipore-Sigma), and Leukemia Inhibitory Factor (LIF) (Millipore-

Sigma) to inhibit differentiation. Once iPSCs were cleared of the Sendai virus and expressing

endogenous mouse pluripotent genes, cells were aggregated into embryoid bodies to be differenti-

ated into cardiac spheroids. Cells were placed in AggrewellTM system (STEMCELL Technologies

Inc.) for 72 hours, and subsequently placed into a spinner flask to differentiate for 10-14 days, with

media exchange and filtration every other day. Currently, 6 CC cell lines have been successfully

reprogrammed into iPSCs and differentiated into cardiac spheroids.
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Figure 5.3: PCR analysis demonstrates expression of the mouse endogenous Yamanaka factors
passage 15 (outlined in red).

Future work with these cells could include, as a proof of concept, high-throughput screening

of known cardiotoxicants to validate in vivo mouse chemical exposures. Following validation of

IVIVE, cardiac spheroids can be used to test uncharacterized chemicals and their metabolites, with

altered doses and altered duration of exposure.
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APPENDIX A

FIGURES

Figure A.1: Comparison of CC013 phenotypes. Dilated cardiomyopathic mice cluster in PCA

Text for the Appendix follows.

98



Figure A.2: Scatterplots of ∆QTc of isoproterenol treated mice. Horizontal bars represent median
values for each strain.
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