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Abstract

The goal of this project is to investigate the potential cardio-protective effects of a small
molecule activator of endothelial K;,2.3 and K,3.1 channel activity (i.e. SKA-31). Recent
studies from our group have demonstrated that acute SKA-31 treatment improved agonist-
evoked vasodilation in resistance arteries from multiple vascular beds and species, and this effect
remains robust in arteries from Type 2 Diabetic tissues. Prolonged administration of SKA-31 to
aged male rats also improved both their cardiac and vascular functions. In my research, I have
hypothesized that enhancement of endothelial function by in vivo SKA-31 administration would
improve recovery of the heart following an acute injury, such as myocardial infarction (MI).
Experimentally, male mice (12-15 weeks of age, C57BL/6 strain) were subjected to surgical
ligation of the left-anterior descending coronary artery to establish an acute MI. Sham surgeries
involved all the same surgical procedures, except for the coronary ligation. Within 48 h post-
surgery, MI and sham surgery mice were treated orally with either vehicle or 10 mg/kg of SKA-
31 daily for 6 weeks. Echocardiography, Pressure-Volume (P-V) loop measurements and
histological analysis were implemented to assess cardiac performance and structure, respectively,

in each of the four treatment groups.

Myocardial damage in MI mice was confirmed by histological staining.
Echocardiographic assessment of cardiac function 4 weeks post-surgery revealed that Ejection
Fraction (EF), Fractional Shortening (FS), end systolic volume (ESV) and end diastolic volume
(EDV) were similar in sham animals treated with either vehicle or SKA-31. In contrast, the MI
animals treated with vehicle displayed ~50% decreases in EF and FS, and significantly larger
values for ESV and EDV, compared with sham-treated mice. In addition, the MI animals

displayed elevated EDPVR values of ~0.7 compared to ~0.3 observed in sham animals. This
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finding indicates that the left ventricular wall is stiffer following infarction and strongly suggests
the presence of diastolic dysfunction. However, no significant changes in other diastolic
parameters, such as dP /dt,,;, and Tau, were detected in MI groups compared to the sham
groups. These functional and structural parameters thus confirm the presence of sustained
cardiac dysfunction in the MI mice. Treatment of MI mice with SKA-31 did not lead to
improvements in EF, FS, ESV or EDV compared with vehicle treated MI animals. The results of
my study show that a pharmacological intervention designed to enhance endothelial function did
not significantly improve cardiac function in the setting of an acute injury. A potential
confounding factor in this study is the possible effect of SKA-31 on the robust cardio-
immunological responses in the post-MI heart, due to the expression of KCa3.1 channels within

pro-inflammatory immune cells such as monocytes, neutrophils and macrophages.
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Chapter 1: Introduction

1.1 Overview

Cardiovascular disease (CVD) was the leading cause of death in the United States in
2017 and accounted for almost 860,000 resident deaths in that same year (Virani et al., 2020). In
addition, CVD accounted for 14% of total US health expenditure in 2014 to 2015, more than any
major diagnostic group (Virani et al., 2020). Among these CVDs, Myocardial Infarction (MI)
and Heart Failure (HF) were the major culprit, with an estimated annual incidence of ~605,000
new attacks and ~200,000 recurrent attacks (Virani et al., 2020). Considering the computation
based analysis of data from the Atherosclerosis Risk in Communities (ARIC) study of the
National Heart, Lung, and Blood Institute (NHLBI), it revealed that approximately every 40
seconds, an American will have an MI (Givertz and Mann, 2013). This trend of elevating
incidences of MI is now expanding on a global scale where the burden of CVD and Acute
Myocardial Infarction (AMI) has shifted to low- and middle-income countries, which now
accounts for more than 80% of deaths from CVD worldwide. (Murray et al., 2015; Murray et al.,
2012). In 2016, it was estimated that ~600,000 Canadians were living with Heart Failure (HF)
and in 2013, 45,600 hospital admissions were reported for Acute Heart Failure (AHF). (Gupta et
al., 2021). However, the Canadian Cardiovascular Society has stated that current surgical
approaches (e.g., stents, coronary artery bypass grafts) to correct MI-related damage are not
totally effective, as evidenced by the high hospital readmission rates observed in these patients
(Tran et al., 2017). Therefore, this information indicates a necessity for more refined approaches
to mitigate the initiation and progression of MI including more effective therapeutic

interventions.



Ml-associated injury in the heart is characterized by necrosis of heart tissue due to the
prolonged occlusion of a coronary artery that normally delivers oxygenated blood and nutrients
to myocardium. Compromised blood flow to a region also prevents the proper removal of
metabolic waste products. This reduction in blood flow leads to significant impairments of
myocardial contractility and blood pumping activity, leading to elevated stress within the heart
and the cardiovascular (CV) system. The severe form of MI can lead to acute cardiac
arrhythmia/arrest which may cause situations where patients cannot be resuscitated. Therefore,
immediate medical interventions are necessary to prevent further progression of myocardial
damage. Once a patient with an Acute Myocardial Infarction (AMI) is admitted to the emergency
room, the medical staff typically obtain electrocardiographic recordings and initiate
antithrombotic therapy (Anderson and Morrow, 2017). The primary goal of such interventions is
to establish reperfusion of the ischemic myocardium that is in the process of becoming infarcted
so that it allows for the reduction of overall infarct size (Anderson and Morrow, 2017).
Furthermore, the prolonged duration of MI can eventually lead to Congestive Heart Failure
(CHF), which is typically associated with increased peripheral sympathetic tone. This situation
adds stress on the systemic vasculature by increasing peripheral vascular resistance (PVR) which
negatively impacts the hemodynamics of the systemic circulation (Gschwend et al., 2003;
Ledoux et al., 2003). The fact that the heart and the peripheral circulation form a closed loop
system is important when considering how changes in PVR may affect cardiac health and
performance and how improving vascular function may benefit the heart. I will return to this

topic in later sections.

Therefore, it is important to keep it mind that the pathophysiological impact associated

with MI is not just limited to its local cardiothoracic area, but rather it can affect overall



hemodynamics of the CV system. To establish an understanding and appreciation of this
pathophysiology of M1, it is important to first review the physiology of CV system. The
mammalian CV system is largely composed of 3 parts: (1) the heart acting as a pump (2) blood
and (3) the vessels that mediate the blood flow. Since these components form a closed loop
system, there is an intimate relationship between the heart (pump) and blood vessels
(tubes/pipes). That is, the activity of the blood vessels (i.e. mainly the arteries) influences heart
function and vice versa. Practically speaking, the primary mechanical activity of arteries consists
of either constriction (vasoconstriction) or dilation (vasodilation). In conduit arteries (i.e. those
with an internal diameter > 0.5 mm), vasoconstriction is mediated mainly by the activity of
innervating sympathetic nerves. Conduit arteries are normally considered the larger vessels that
deliver blood from the heart to individual tissue beds. Once blood reaches a given vascular bed
in a tissue, such as skeletal muscle or the brain, it is carried by small resistance arteries that form
the microcirculation within the tissue. These small arteries are largely responsible for regulating
blood pressure within the body and exhibit intrinsic myogenic vasoconstriction. That is, these
arteries develop myogenic tone in response to elevations in intraluminal pressure, which
decreases their intraluminal diameter and the level of wall tension within the artery (Davis and
Hill, 1999). Myogenic constriction is also important for controlling blood flow within vascular
beds and the cellular mechanisms within the arterial smooth muscle responsible for this activity

have been investigated in depth.

Whereas vasoconstriction is mediated by either the sympathetic nervous system or the
vascular smooth muscle itself, vasodilation is regulated mainly by the vascular endothelium, a
monolayer of cells that lines the vessel lumen and directly contacts the circulating blood. The

endothelium can produce near maximal dilation of arteries by generating chemical and electrical



signals that act directly on the surrounding smooth muscle to cause rapid and robust relaxation.
A more detailed description of these pathways is presented below. Impairment of the
endothelium (i.e. endothelial dysfunction) is typically an early event observed in the progression
of cardiovascular complications associated with CVDs such as hypertension, atherosclerosis,
type 2 diabetes and stroke. It has been suggested that preventing/reversing endothelial

dysfunction would lessen the morbidity and mortality associated with CVD.

With regards to the relationship between blood flow and tissue perfusion, this interaction is well

described mathematically by Poiseuille’s Law:

nPr*
8nl

Q = Blood flow

P = Intraluminal pressure
R = Intraluminal radius

1 = Blood viscosity

[ = Vessel length

which states that blood flow is directly proportional to the intraluminal pressure and radius of
blood vessels. However, it is also evident that flow is very sensitive to changes in vessel radius,
as indicated by its exponential relationship (Q=7%). This situation implies that the regulation of a
blood vessel’s radius is very important for regulating blood flow and peripheral vascular
resistance (PVR). For example, a modest 5% increase in arterial radius will lead to a 21.5%
increase in vessel flow. Furthermore, blood flow and PVR are important parameters that

influence heart function, due to the closed loop arrangement of these elements.

To enhance our mechanistic understanding of the relationship between blood flow and

blood vessels, it is reasonable to briefly review the structure of vessels. Arteries are composed of

4



multiple layers that wrap around each other to form tube structures (Fig. 1). The luminal side
where there is direct physical and chemical contact with blood circulation is covered with a
single cell layer called endothelium and there is an overlying muscle layer composed of smooth
muscle cells (SMC). The number of smooth muscle layers decreases as one moves down the
vascular tree, with the aorta having typically 10-12 layers and arterioles (intraluminal diameter
20-30 microns) having only a single layer of smooth muscle. This endothelium-SMC complex is
mainly responsible for the regulation of vascular tone, along with input from sympathetic nerves.
Historically, it was the 1980’°s when Nitric Oxide (NO) was discovered to be the intrinsic
substance in the vascular wall that mediates smooth muscle relaxation, leading to vasodilation
(Furchgott and Zawadzki, 1980; Ignarro et al., 1987a; Ignarro et al., 1987b; Palmer et al., 1987).
Since the NO is generated within the endothelium, it was termed Endothelium-Derived Relaxing
Factor (EDRF). However, subsequent studies have identified NO-independent vasodilation,
where vasodilation is mediated by electrical communication between endothelium and SMC. The
underlying mechanism is the transduction of endothelium-generated hyperpolarization to the
overlying SMC (Kuriyama and Suzuki, 1978). This communication occurs via physical
connections between the two cell layers termed myoendothelial junctions (Mathew John et al.,
2018; Sheng et al., 2009) and promotes smooth muscle relaxation by decreasing the voltage-
dependent opening of L-type calcium channels. This phenomenon was initially thought to be due
to an Endothelium-Derived Hyperpolarizing Factor (EDHF) (Busse et al., 2002). However, more
recent evidence points to the importance of electrical signaling between the endothelium and
vascular smooth muscle (i.e. endothelium-derived hyperpolarization, EDH) as the major signal
for driving smooth muscle relaxation and vasodilation (Kohler et al., 2016; Vanhoutte et al.,

2017). Physiologically, the most prominent signal required to activate both EDRF and EDH is
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Figure 1. The arterial wall is composed of multiple layers or tunica. These layers are typically
separated by elastic membranes or lamina. The functional unit is the endothelium-smooth muscle
layer complex, which is the major regulator of the vascular myogenic tone that manipulates the
diameter of the arteries. The endothelium is single cell layer and arteries are characterized by a
smooth muscle layer that is 1-2 layers thick in small resistance arteries. As the diameter of
arteries increase, so does the number of surrounding smooth muscle layers.



elevation of intracellular Ca®* concentration ([Ca?*];) in endothelium, which typically is

accomplished by stimulus-evoked Ca?*-release from Endoplasmic Reticulum (ER).

Once an agonist (vasorelaxant) binds to a calcium-mobilizing G-protein Coupled
Receptor (GPCR) that is localized on the endothelial cell membrane, it induces conformational
change, which recruits the heterotrimeric G-protein complex that further transduces the signal by
activating its effector protein, Phospholipase C (PLC). The activated PLC then cleaves the bond
between the phosphorus of inositol head group and glycerol, so it produces inositol triphosphate
(IP3) and Di-Acyl Glycerol (DAG). Subsequently, IP; binds to its specific receptor channels on
the ER leading to a release of Ca?*into the cytosol (Fig. 2) (Mathew John et al., 2018). This
cytosolic Ca?* can activate endothelial Nitric Oxide Synthase (eNOS) that generates the gas
molecule, NO, which can simply diffuse into the SMC and mediate vasodilation through the
stimulation of soluble guanylyl cyclase, the production of cGMP from GTP and the activation of
type I cGMP-dependent protein kinase, cGKI. However, the increase in endothelial [Ca?*];, can
also activate the small and intermediate conductance, Ca2+- activated K + channels in
endothelium, commonly known as SKCa (K,2.3) and IKCa (K.,3.1), respectively. Once
activated, these channels mediate K* efflux that leads to endothelial membrane
hyperpolarization and this electrical signalling can be transmitted to overlying SMC via Myo-
Endothelial Gap Junctions (MEGJ), mediating hyperpolarization dependent vasodilation.
Importantly, it has been reported that K.,2/3 channels are widespread in the mammalian
vasculature and implicated in regulation of vascular tone and membrane potential of small
resistance arteries (Edwards et al., 2010; Hasenau et al., 2011). Note that KCa2/3 are normally
expressed only in vascular endothelium, although proliferative smooth muscle cells may express

KCa3.1 channels to support their synthetic phenotype. Also, it has been reported that in



resistance arteries, vasorelaxation is more prominently driven by endothelial hyperpolarization
rather than NO (Félétou and Vanhoutte, 2006). Since the resistance arteries are the major vessels
that mediate tissue perfusion and represents the largest cross-sectional area within the peripheral
circulation, it is possible to state that manipulation of such electrical events within the resistance
arteries can trigger changes in blood pressure and overall hemodynamics of the systemic
circulation. This situation also helps explain why resistance arteries play such a prominent role in

blood pressure regulation.

As previously stated, the CV system is a closed system. Thus, the interrelationships
between the heart and vessels in terms of their functionality are very important. Furthermore, the
well-defined mathematical relationship, Blood Pressure (BP) = Cardiac Output X
Peripheral Vascular Resistance (PVR), states that the BP has a direct proportionality with PVR.
Furthermore, in accordance with Poiseuille’s Law, the radius changes of the blood vessels, with
the emphasis on the small resistance arteries, are the major regulators of blood flow and vascular
resistance. This relationship is due mainly to the large cross-sectional area that resistance arteries
occupy in the peripheral circulation versus conduit arteries. Therefore, it is possible to state that
by manipulating the physical and chemical characteristics of the small resistance arteries, it can

impact cardiac function and overall CV system performance.
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Figure 2. Cartoon depicting nitric oxide (NO) and hyperpolarization-dependent mechanisms
contributing to agonist-induced vasodilation in resistance arteries. Simulation of endothelial
GPCR/Gaq complexes by Ca?*-mobilizing vasodilatory agonist promotes activation of PLC-B,
the generation of /P; via phosphatidyl inositol 4,5-biphosphate (PIP,) hydrolysis and the
opening IP3 receptors/Ca®* release channels on the endoplasmic reticulum (ER). ER Ca?*
release is sensed by STIM1, an EF-hand protein localized in the ER membrane that combined
migrates and couples with the Ca?* influx channel Orail, leading to Store-Operated Ca?* Entry
(SOCE). The elevation of cytosolic Ca?* by the latter effectors initiate endothelial-derived
hyperpolarization (EDH) that can increase the electrical driving force for Ca?* entry in
endothelium and also transfer to the adjacent smooth muscle via myo-endothelial gap junctions
(MEG]J) to reduce voltage-gated Ca?* channel activity. The presence of SKA-31 or similar KCa
channel positive modulators can pharmacologically “sensitize” KCa, ; and KCa; ; channel
activation, thereby augmenting cell signaling mechanisms influenced by these channels, Key
pathways that may be enhanced following KCa channel sensitization (i.e. generation and transfer
of hyperpolarizing current, de novo NO generation) are highlighted with red shading.

[Taken from: Mathew John C, Khaddaj Mallat R, George G, Kim T, Mishra R, Braun A.
Pharmacologic targeting of endothelial Ca2+-activated K+ channels: A strategy to improve
cardiovascular function. Channels. 2018;12(1):126-136.]



1.2 Acute Myocardial Infarction

In clinical settings, the major aetiology of Ml is due to an occlusion of a coronary artery
that is associated with thrombus (e.g., rupture of atherosclerotic plaque) related events.
Therefore, the animal model of MI in this project was established by surgically ligating the LAD
coronary artery of mice which obstructs the normal coronary circulation. This manipulation leads
to acute deprivation of myocardial oxygen and nutrients. The surgery mediated permanent
coronary occlusion is a relevant animal model of acute ST-segment Elevation MI (STEMI)
patients who do not receive timely or successful reperfusion of the injured myocardial tissue
(Lindsey et al., 2018a). Furthermore, the permanent occlusion approach allows monitoring of
long-term LV remodeling which makes it more suitable to be utilized in this project since one of
the main aims of this project is to evaluate the effects of prolonged pharmacological intervention
in response to acute myocardial injury. The major characteristics of infarcted myocardium are
significant geometrical and physiological changes by wall thinning, increases in LV dimensions
and volumes, and decreases in fractional shortening (FS) and ejection fraction (EF) (Lindsey et

al., 2018a).

1.3 Ca?*-activated K* channels

The family of K, (Ca?*-activated K *channel) channels was first described by G.
Gardos in erythrocytes and reported to have significant roles in volume regulation of the
erythrocytes (Gardos, 1958). Subsequently, the first electrophysiological profile of KCa channels
was recorded and reported from molluscan neurons (Meech and Standen, 1974). Moreover, the
introduction of patch-clamp technique allowed more extensive investigation of K-, channels and
revealed that there are 3-subtypes: (1) large-conductance (BK.,/K-,1) (2) small-conductance

(SK-q/Kcq2) and (3) intermediate-conductance (IK.,/Kc,3) Ca®*-activated K *channel. The
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three types of channels have distinct voltage dependence, Ca®* sensitivity, pharmacology, and
conductance (Hille., 2007). Also, the cDNA profile of the K, channels revealed that IK., and
SK., channels share significantly similar amino acid sequences that are distant to the amino acid
sequences of BK, channel (Atkinson et al., 1991; Ishii et al., 1997; Joiner et al., 1997; Kohler et
al., 1996; Vergara et al., 1998). Furthermore, each /K., and SK, channel subunit is comprised
of 6 transmembrane (TM) spanning domains where BK, channel subunits have 7 TM domains
with an additional transmembrane segment which possesses the extracellular N-terminus (Meera
et al., 1997). This proteomic difference is also corelated to the distinct biophysics of the channels
in terms of their intracellular Ca?* sensitivity and corresponding channel opening. Each holo-K,
channel type is an assembly of four similar subunits and may contain accessory subunits. For
example, BKca channels typically co-assemble with a beta or gamma subunit that can affect the
voltage or Ca®" sensitivity of gating. For all subtypes of K, channels, the rise in intracellular
Ca?*concentration ([Ca?*];) is the major signal for channel opening and it is sensed by the
intracellular C-terminus. However, for BK,, channels, the Ca?* ions can directly bind to the
domains within the C-terminus (Schreiber et al., 1999), but for /K., and SK, channels, there is
a permanently bound calmodulin on the C-terminus of each subunit that acts as a cytosolic Ca?*-
sensor (Hille., 2007) (Keen et al., 1999). Also, it is important to recognize that K., 1 channels are
the products of KCNMAT gene expression where K.,2 and K,3 channels are products of
KCNN gene expression. Overall, the K.,2 and 3 channels share similar genetic lineage, structure
and biophysics that are distant to the K, 1 channel. This difference in gene expression pattern
can also be associated with the distinct localization of channel expression in different tissues. In
terms of artery, the K, 1 channel is predominantly expressed in vascular smooth muscle cells

(VSMCs) where K, 2/3 channels are poorly expressed on VSMCs. On the other hand, the K,
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2/3 channels are robustly expressed on vascular endothelial cells where K, 1 channel is poorly
expressed on endothelial cells (Félétou, 2009; Kohler et al., 2016). Moreover, the K-,2/3
channel subunits do not contain an arginine-rich S4-voltage sensor transmembrane domain
which is usually found in other K *channels such as K}, and K, 1 channels (Kohler et al., 2016).
This implies that the channel is not voltage dependent, which has been confirmed by
electrophysiological recordings. However, if there is significant and maintained elevation of
[Ca?*];, the channel can produce robust and lasting hyperpolarization values near the

K *equilibrium potential (~-89 mV) (Kohler ef al., 2016). The activation of channels can occur
with >100 nM of [Ca?*]; with the ECs, value of 250-900 nM (Ko&hler et al., 2016). Also, it is
important to recognize the difference in conductance values between K-,2 and K.,3 channel.
Once K42 channels are activated, they efflux K* with a single channel conductance of 5-10 pS
whereas K,3 channels efflux K *with a conductance in the range of 30-40 pS (Kohler et al.,
2016). Furthermore, the subcellular expression pattern of K.,2 and K., 3 channels appear to
differ within the vascular endothelium, which can have important physiological implications.
The biochemical approach of membrane fractionation revealed that K, 2.3 proteins are found
mainly at intercellular contacts within the endothelial monolayer as well as in caveolin-1 rich
membrane fractions. On the other hand, K., 3.1 channel protein appears to be localized mainly
in areas of the cell membrane that are near the ER Ca?*stores and at sites where endothelial cells
and smooth muscle cells form myoendothelial gap-junctional contacts through holes in the
internal elastic lamina (Kohler ef al., 2016). These observations suggest that (1) K.,2.3 is more
sensitive to rises in intracellular Ca®*that are introduced from extracellular spaces via co-
localized mechano-sensitive or receptor-operated channels such as TRP types. K-,2.3 may thus

be more sensitive to shear stress as a stimulus to evoke endothelial activation (2) K.,3.1
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channels are more sensitive to the intracellular Ca?* that is released from ER stores with the
upstream signal from GPCR signaling, which can be activated by vasodilatory agonists such as
acetylcholine, bradykinin, ATP, etc. Overall, these spatial and biophysical properties of K, 2/3
channels suggest that they are mainly involved in EDH and relay of hyperpolarization to
neighboring endothelial and smooth muscle cells. Also, Edwards et al have suggested that
endothelial K-,2 channels are co-localized with K;, K;,3 and Na* /Kt — AT Pases within
caveolae. Once intracelllular K *effluxes into the external caveolar space by the K;,2 channel, it
increases the overall concentration/density of the K™ ions within the caveolae from ~ 5 mM to
15 mM, which can activate the K;z channel. In other words, the initial hyperpolarization
triggered by K-, 2 channels can be further relayed and amplified by activation of endothelial K,
channel (Edwards ef al., 2010). Thus, this information suggests that EDH can be a multi-channel
response and a multi-step phenomenon. These overall characteristics of the channels should be

kept in mind as we consider the data from my project.

1.4 SKA-31

The cellular pathway of hyperpolarization dependent vasodilation has been suggested to
represent a novel drug target in the treatment of CV disease (Kohler et al., 2016). Also, the fact
that such a vasodilatory pathway and PVR are prominent in the context of small resistance
arteries further provides significance to their therapeutic potential. By using the FDA-approved
neuroprotectant agent, riluzole as a chemical template for rational drug design, Wulff and co-
investigators synthesized a novel series of small molecules intended as activators of small-
and/or intermediate-conductance, calcium-activated K+ channels (i.e., KCa2/3 channels).
Among these molecules was SKA-31, which displays selectivity as a K.,2/3 channels activator

with an EC5y ~0.3 uM for K_,3.1 channels and EC5y ~2 uM for K_,2.3 channels
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(Sankaranarayanan et al., 2009). This group also reported that SKA-31 displays 100-1000-fold
selectivity over various other Na+, Ca2+ and K+ channels, which is very important for
interpretation of SKA-31 actions in both in vitro and in vivo preparations. Based on its
demonstrated potency, its improved target selectivity and more desirable pharmacokinetic profile
(see Discussion), SKA-31 appears to be better suited for experimental studies in complex tissues
and organisms compared with first generation K., channel activators, such as DC-EBIO and

NS309.

As described previously, when a vasorelaxant hormone targets Ca?*-mobilizing GPCRs
in the endothelium (e.g., acetylcholine acting upon muscarinic receptors), it leads to robust

Ca?*-release from ER and elevation of [Ca?*];

that target K., 2/3 channels on the plasma
membrane (PM) and activates them. Once these channels are activated, they mediate K *-efflux
and membrane hyperpolarization that can be transferred from endothelial cells into the vascular
smooth muscle layer via MEGIJ. Thus, pharmacological enhancement of K, channel activities
can affect the regulation of vascular contractility by endothelium-dependent vasodilatory
hormones. SKA-31 and similar K, channel activators are reported to sensitize and activate these
channels, which is associated with inhibition of myogenic tone, vasodilation, and increased
agonist-evoked NO production (Dalsgaard et al., 2010; Sheng et al., 2009). Endothelial
dysfunction is a condition associated with elevated states of vasoconstriction, a decrease in
myogenic responsiveness and reduced NO bioavailability (Deanfield et al., 2007). Therefore, the
anticipated effects of SKA-31 at levels of intact resistance arteries and vascular beds could
involve enhancement of endothelial health and improved myogenic responsiveness. Furthermore,

as background experimental evidence, there are supporting data sets obtained by a wide range of

experiments, from single cell patch clamp studies to large animal trials. These results have
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demonstrated that acute treatment with SKA-31 enhances the electrical conductance of K.,2/3
channels and physiologically, improves coronary flow and decreases systemic vascular
resistance in rodents and large animal models (Mishra et al., 2013; Mishra et al., 2016;
Sankaranarayanan et al., 2009) (Fig. 3 and 4). With such promising background results, I chose
SKA-31 as a pharmacological tool in this project to investigate the potential therapeutic benefit

of endothelium-derived hyperpolarization in the setting of acute MI.

1.5 Hypothesis

Recent studies from the Braun laboratory have demonstrated that pharmacological
enhancement of vascular endothelial function in settings such as aging and type 2 diabetes (T2D)
is able to augment coronary flow and improve cardiac function (John et al., 2020; Mishra et al.,
2013). Based on such data and our well-established understanding of the CV system, I was able
to develop an overarching scientific hypothesis for my research project. Specifically, I
hypothesized that “enhancement of endothelial function as a primary target would
secondarily improve cardiac performance, which would prove beneficial in the setting of an
acute injury, such as MI”. Endothelial function is often impaired in conditions such as T2D and
aging, which represent situations of chronic, low level injury. However, it is unknown if
pharmacological augmentation of endothelial function may provide similar benefit in the setting
of acute injury, given the different circumstances of tissue injury. It is thus evident that my

project represents a completely novel investigation into this area of inquiry.

The level of contractility in the peripheral arterial circulation significantly changes
following a M1, as evidenced by increases in PVR and vasoconstriction. Furthermore,

pharmacological interventions are often used clinically to enhance the coronary circulation in the
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setting of an acute MI, and this practice provides additional rationale for my project. Thus, acute

MI is a reasonable model to test the proposed hypothesis.
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Figure 3. [A] Electrophysiological studies demonstrate that SKA-31 can directly activate the
opening of KCa 2/3 channels in a concentration dependent manner. The mouse carotid artery
endothelial cell was utilized in these experiments. Mouse carotid artery dilation was also
stimulated in the presence of SKA-31. [B] The significant decrease in dilation due to absence of
KCa3.1 channel by gene knock out further reinforces the selectivity of the drug.

[Taken from: Sankaranarayanan, A., Raman, G., Busch, C., Schultz, T., Zimin, P.1., Hoyer, J., Koéhler, R.,
and Wulff, H. (2009). Naphtho[1,2-d]thiazol-2-ylamine (SKA-31), a new activator of KCa2 and KCa3.1
potassium channels, potentiates the endothelium-derived hyperpolarizing factor response and lowers
blood pressure. Mol Pharmacol 75, 281-295. 10.1124/mol.108.051425.]
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Figure 4.
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Figure 4. Acute bolus application of SKA-31 increases total coronary flow in Langendorff-
perfused rat hearts in a dosage dependent manner. The experiments were performed in both male
and female rats and similar effects were observed in both sexes.

[Mishra, R.C., Belke, D., Wulff, H., and Braun, A.P. (2013). SKA-31, a novel activator of SK(Ca) and

IK(Ca) channels, increases coronary flow in male and female rat hearts. Cardiovasc Res 97, 339-348.
10.1093/cvr/cvs326.]
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Chapter 2: Materials and Methods

2.1 Experimental animals & treatment

The goal of this study was to investigate potential cardio-protective effects of prolonged
SKA-31 administration in the setting of an acute myocardial injury. Thus, to critically evaluate
the corresponding drug effects, male mice (12-15 weeks of age, C57B1/6 strain) were used as an
animal model in this project. The experimental approaches to measure cardiac functional
parameters are well established in mice (Pacher et al., 2008) and the relative ease with which one
can observe animal health in vivo further increases feasibility of the approaches. Another
advantage of mice is the tremendous number of genetically engineered models available for
experimental use. Creation of such models is now routine, and they can be invaluable for
manipulating select proteins or pathways for which pharmacological tools may not exist and
doing so in a prolonged manner. I have also chosen to focus my experiments on male mice to
avoid the cyclical sex hormone fluctuations found in female animals due to estrous related
events. Also, historically, a majority of clinical and experimental cardiovascular investigations
have utilized cells and tissue samples obtained from male subjects. This latter point may thus
allow us to compare more directly the results obtained from my current study to these previous
investigations. However, as indicated by previous reports, several cardiovascular disease risk
factors that are unique to women have emerged that require attention. (Garcia et al., 2016). In
fact, a potential next phase of this project could be to undertake an evaluation of SKA-31 effects
in female mice with acute myocardial injury. In terms of experimental groups, there are 4 groups
in this project: (1) control group undergoing sham surgery with vehicle treatment, (2) Sham
surgery group with SKA-31 treatment, (3) Acute injury group with surgically induced ligation of
coronary artery to create a myocardial infarction (MI); this group is treated with drug vehicle, (4)

MI group with SKA-31 treatment (Fig. 5). The functional measurements obtained from sham
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surgery groups with treatment of either vehicle or SKA-31 establish the baseline, which can

serve as reference points.
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Figure 5.
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Figure 5. The 4 different experimental groups proposed for my experiments. (1) sham surgery
with vehicle treatment, (2) sham surgery with SKA-31 administration, (3) acute injury model of
MI via ligation of coronary artery with vehicle treatment, (4) MI model with SKA-31 treatment.

21



to which the parallel MI groups can be compared. Therefore, the effects that are induced by

SKA-31 can be effectively observed in a controlled manner.

All procedures for animal treatment and care were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (Grundy,
2015), and were reviewed and approved by the University of Calgary Animal Care Committee
(Protocol #AC18-0056). The mice were obtained from the Jackson Laboratory (Bar Harbor, ME
USA) and housed under standard conditions with regulated temperature (i.e. 22°C) and humidity
and on a 12h/12h light/dark cycle. The mice were fed with certified standard chow diet and tap
water ad libitum. Also, the animals were monitored by veterinarians and trained technicians
throughout the study to detect any signs of disease such as weight loss and opportunistic
infection. Mice were euthanized under isoflurane anesthesia by opening the diaphragm to access
and excise the heart after the completion of P-V loop analysis. Tissues and organs were collected

according to the experimental protocols.

2.2 Surgical approach to establish MI in mice

To introduce the MI, a well-established surgical approach was used to permanently ligate
the Left Anterior Descending (LAD) coronary artery (Tzahor and Poss, 2017) (Fig. 6). With the
support from Dr. Darrell Belke in the Libin Institute’s Cardiovascular Phenotyping core facility,
University of Calgary Cumming School of Medicine, the coronary artery ligation was
implemented. During the procedure, mice were initially anesthetized by 4% isoflurane with
oxygen as the carrier gas, intubated and ventilated using a VentElite Small Animal Ventilator
(Harvard Apparatus). During the surgical procedure, anesthesia is maintained with 2%

isoflurane. The thoracic area was shaved and cleaned with ethanol and betadine prior to a left
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Figure 6.

Adult mice

-Suture

!

Minimal regeneration

'R

Scarring

[Taken from: Tzahor E, Poss K. Cardiac regeneration strategies: Staying young at heart. Science. 017;356(6342):1035-1039.]

Figure 6. Surgical approach adopted to ligate the left anterior descending coronary artery. The
ligation would permanently block coronary blood flow to a portion of the left ventricle, leading
to ischemic and hypoxic conditions in the myocardium that result in scarring and tissue damage
(indicated by the grey area).
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thoracotomy in the fourth intercostal space. Once the left ventricle is detected, the pericardium is
removed, and LAD coronary artery is ligated with monofilament 8-0 suture (Ethicon). The
placement of suture ~1 mm distal to the left atrium generates infarct sizes ranging from 35-60%
of total LV (Lindsey et al., 2018a). Subsequently, the intercostal space and skin are closed with a
5-0 Vicryl suture (Ethicon) and the air in the thoracic cavity is evacuated by using a pleural
catheter. All the same steps are used for the sham operation, except the LAD ligation is omitted.
However, after the removal of pericardium, the area where the 8-0 suture is usually placed
during the MI operation is poked 2-3 times with fine forceps. An important consideration in this
procedure is that the LAD artery in mice is buried within the ventricular wall, which makes it
surgically very difficult to place a suture ligation in precisely the same location in all mice. As a
result, the sizes of resulting infarct in the LV wall are expected to vary, which will influence the
extent of cardiovascular dysfunction in mice and possibly the effects of SKA-31 to promote
recovery. This variable has been integrated into the process of analyzing and interpreting the

functional and histological results from my four treatment groups of mice.

2.3 Echocardiography
Doppler echocardiography was carried out by using a Vevo 3100 FUJIFILM Visual

Sonics instrument, and it has been implemented in anesthetized mice to evaluate overall cardiac
performance and left ventricular wall thickness/dimensions. The practical aspect with this
technique is that such measurements can be repeated, that is, it can be implemented at different
time points following the initial surgical intervention in mice. Thus, cardiac function of both MI
and sham surgery mice with either vehicle or SKA-31 treatment was measured at 2 weeks and 4
weeks post-surgery. This approach allowed me to monitor the development and progression of

Ml-related cardiovascular dysfunction and recovery. Also, any effects induced by SKA-31
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treatment were also being evaluated. The mice were initially anesthetized with 4% isoflurane
with oxygen as a carrier gas then the transthoracic echocardiography has been performed under
light anesthesia (1.5-2% isoflurane). The mice were placed on a heated pad (37°C) with
incorporated ECG tracing panels. Prior to the animal placement, the ECG-recording gel was
placed on the metal panels and once the animal was positioned, its paws were attached to the
panels to obtain ECG recordings. Subsequently, the hair removal gel was applied to the thoracic
area then wiped off with a Kimwipe tissue after ~1 min. The thoracic area was cleaned again
with 75% alcohol which was followed by application of Aquasonic ultrasound transmission gel
(Parker Laboratories INC. Fairfiled, New Jersey USA). First, the left atrial view was obtained to
evaluate left atrial performance such as contraction, relaxation, and to observe any potential
anatomical changes. Subsequently, the M-mode (short axis view) echocardiography was
implemented (5-7 trials/recording episode) to evaluate left ventricular wall thickness, Ejection
Fraction (EF), Fractional Shortening (FS) and Heart Rate (HR) (Fig. 7). In addition, this
procedure was followed by B-mode (long axis view) echocardiography to obtain a longitudinal
view of LV (Fig. 8). The ECG-gated Kilohertz Visualization (EKV) was implemented on the B-
Mode imaging to assess End-Systolic Volume (ESV), End-Diastolic Volume (EDV), Stroke
Volume (SV), and Cardiac Output (CO). Representative images of M-mode and B-mode analysis
of each experimental group are illustrated in the Appendix. Lastly, the color (10 — 15
trials/recording episode) and tissue (10 — 15 trials) Doppler echocardiography was implemented

to evaluate the mitral valve physiology.
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Figure 7.

A

Figure 7. The short axis view of the left ventricle as recorded by echocardiography. These
representative images were taken at 2 weeks following either sham or MI surgery. [A] In this
example, the mouse underwent sham surgery, and the relatively clean patterns of anterior and
posterior side of left ventricular wall are readily observable. Also, the accompanying ECG
(lower trace) is normal with clear layout of the PQRST complex. [B] This mouse underwent MI
surgery and the echocardiographic image illustrates a relatively diminished anterior wall
thickness at both systole and diastole. The QRS complex of the ECG is inverted (lower trace).
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Figure 8.
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Figure 8. The long axis view of the left ventricle. These representative images were taken at 4
weeks following either sham or MI surgery. [A] This mouse underwent sham surgery and one
can see the uniform layout of myocardium from base to apex [B] This mouse underwent MI
surgery and the image illustrates a slight increase in anterior and posterior wall thickness (green
arrows, indicating potential hypertrophy of the remaining viable myocardium). Also, the apex of
the left ventricle shows a thinning/absence of the of viable myocardium, implying no muscle
movement (red arrow). These images of sham and MI surgery mice long axis views were taken
prior to the P wave of ECG.
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2.4 Pressure-Volume loop analysis

At 6-7 weeks post-surgery, an invasive left ventricular pressure-volume (P-V) loop
analysis was implemented. It is the preferred method to obtain robust, quantitative information
with regards to ventricular load volume and the interaction of heart and vasculature (Pacher et
al., 2008). Pressure-volume loop analysis is somewhat superior to echocardiography in that it
provides direct measures of ventricular contractility that are independent of cardiac pre-load and
after-load. These factors can impact echocardiographic measures of cardiac function and cannot
be readily determined in a non-invasive setting. During the procedure for P-V loop analysis, the
mice were initially anesthetized by 4% isoflurane with oxygen as carrier gas then maintained the
anesthesia with 2% isoflurane via intubation and ventilation by using a VentElite Small Animal
Ventilator, Harvard Apparatus. A micro-catheter (Millar Instruments, Model Number: PVR-
1045, Length: 3.5 cm, Tip F Size: 1F, Electrode Spacing: 4.5 mm) that can measure the
impedance and pressure is inserted into the left ventricle via right carotid artery. The
measurements are performed in a chronological order (1) Baseline pressure and volume
measurements with ventilator on, (2) Baseline pressure and volume measurements with
ventilator off, (3) Abdominal occlusion of the vena cava to manipulate afterloads and preloads to
determine the End-Systolic Pressure Volume Relationship (ESPVR) and End-Diastolic Pressure
Volume Relationship (EDPVR). Once all the measurements are completed, a parallel
conductance value is obtained by injecting hypertonic saline via the jugular vein. Finally, blood
is withdrawn from the animal at the end of the measurements to calibrate the conductance
catheter. The animals are then euthanized by excision of the heart, and additional tissues are

collected for histopathological analysis.
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2.5 Histological Analyses of Select Tissues

Following euthanasia, the heart, brain, liver, spleen, kidney, and aorta have been
harvested. They were washed and rinsed of blood with ice cold 1X PBS then fixed in 4% (w/v)
paraformaldehyde overnight. Following adequate fixation, tissues were prepared for sectioning
and staining in collaboration with the Libin Institute Histopathology Core facility (supervised by
Dr. Y. Chen). The organs were dehydrated and embedded in paraffin wax, and then cut into 5-
micron thick sections using a microtome. However, the hearts underwent additional steps to
evaluate the infarct/fibrosis size. The pictures of whole heart were taken under 1.25x
magnification. Subsequently, the heart was cut into 3 separate transverse sections (1) base
segment containing aortic arch (2) middle segment (3) heart apex. This approach allowed

evaluation of infarct size at different zones of the myocardium.

Tissue sections were then stained using hematoxylin and eosin (H&E) to visualize
structural elements and allow morphometric measurements of cellular and tissue dimensions.
The staining of non-target organs (e.g. brain) will allow me to assess potential toxic effects of
prolonged SKA-31 administration in my treatment groups. Sections of the myocardial left
ventricle have also been stained with picrosirius red (i.e. a collagen stain) to visualize connective
tissue and fibrotic regions associated with the site of injury. Stained tissue sections were
visualized using an Olympus BX53 fluorescence-equipped microscope at 1.25x magnification.
The areas with collagen deposition were identified as bright yellow or orange coloured tissue
under polarizing illumination. The size of infarct/fibrosis was determined using the following

formula:

. Infarct Size
% Infarctwn = m x 100
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The LV free wall was obtained by [Total LV wall — LV endocardial area] and infarct size was
obtained by summation of area that displayed bright yellow or orange coloured region under
polarizing illumination. The histological data analysis was implemented with the aid of ImageJ

software.

2.6 Quantification and Statistical Analysis

Once the images are obtained from echocardiography, they are analyzed with Vevo LAB
3.1.0 software, FUJIFILM Visual Sonics. The images are collected from short and long axis
views, which provide the left ventricular anterior and posterior wall thickness, EF, FS, ESV and
EDV. Furthermore, the color and tissue doppler imaging were also performed to obtain mitral
valve functions, which can provide blood flow velocity during E and A waves. This information
can indicate the diastolic function of the left ventricle (e.g. wall stiffness). The measurements
with the short axis view were implemented by exploring the region marked by the placement of
probe at the LV papillary muscle, which indicates the center of LV. This approach was applied to
all groups of animals to maintain the consistency and uniformity of the data analysis. In each
trial, 5 — 10 cardiac cycles were chosen to evaluate and calculate the cardiac function indicators
such as EF and FS by connecting the points of systole and diastole using Vevo LAB 3.1.0
software. The data obtained by long axis view were ESV, EDV, SV and CO and these measures
were attained by manually tracing the LV myocardial wall from aorta to apex with the EKV

mode.

The data obtained from P-V loop analysis were analyzed by using Labchart software (AD
Instruments, Colorado, USA). Careful calibration of pressure and volume measurements have
been undertaken to obtain precise information of ESPVR, EDPVR, EF, dP/dt max, dP/dt min and

Tau. The load-dependent parameters such as EF, ESV, EDV, P, P.4, Py, AP /dtpmax,
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dP /dt,,;, and Tau were measured from baseline measurement by selecting 35-50 P-V loops;
mal-shaped P-V loops recorded from an animal taking a breath were manually excluded (Fig. 9).
The load-independent parameters such as ESPVR, EDPVR and PRSW were measured by
manipulating the venous return by temporary occlusion of the abdominal vena cava. On the
Labchart software with the P-V loop tracings, the regions where both pressure and volume
simultaneously drop were selected (20-30 P-V loops) for the analysis using this occlusion
technique (Figure. 10). Also, the mal-shaped P-V loops from an animal taking a breath were
manually excluded. The representative images of P-V loop tracings recorded from each

experimental group are illustrated in the Appendix.

Functional measurements obtained from the four main experimental groups in my study
(i.e. sham surgery + vehicle, sham surgery + SKA-31 treatment, MI surgery + vehicle and MI
surgery + SKA-31) have been analyzed statistically by two-way analysis of variance (ANOVA)
followed by a Tukey post-hoc test. This approach thus allowed me to evaluate the impact of the
two main independent variables in this project, (1) presence of MI and, (2) SKA-31 treatment on
measurements of cardiac function and structure. All data in this thesis are reported as average
values +/- standard deviation. When mentioned, N values represent the number of animals used
for a given measurement. Primary endpoints to be evaluated include the effect of surgical
procedure on cardiovascular performance and the potential impact of drug treatment on these
same parameters in sham and MI surgery groups (Group 1: n =6, Group 2: n =6, Group 3: n=38§,
Group 4: n = 10). Both echocardiographic and P-V loop analysis were done on multiple
trials/replicates. For example, the short axis view obtained from one animal was recorded using
5-7 trials with analysis of 5-10 cardiac cycles in each window. Thus, analysis of 25-70 cardiac

cycles was performed for a single animal. In addition, the EKV mediated B-mode measurement
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allows the software to calculate an average from an entire ECG tracing and myocardial
contraction/relaxation series. Therefore, the data analysis was implemented to minimize the
potential variability. Furthermore, the histological analysis was also carried out on 2-3

sections/replicates per tissue to minimize the variability.

To estimate the minimal number of animals per group to detect meaningful differences, I
have performed a preliminary power calculation using SigmaPlot software. By setting the
number of groups to 4 and the level of statistical significance (alpha) to 0.05, the level of power
is estimated to be >0.8 for a minimal group size of 7 animals when the amount of variance (i.e.
anticipated standard deviation of residuals) is arbitrarily set to 50% of the minimum detectable
difference in means between two groups (e.g. detectable difference in means = 40, SD of

residuals = 20). A lower amount of variance leads to increased statistical power.
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Figure 9. Baseline measurements of cardiac performance obtained from pressure-volume (P-V)
loop analysis. In these representative screen capture plots, the red trace in the top panel indicates
left ventricular (L'V) pressure, the blue trace below indicates LV volume, the green trace
indicates ECG and the pink trace indicates ventilatory activity. [A] The baseline measurements
of cardiac performance with the ventilator on. [B] The baseline measurements with ventilator off
as indicated by the flat pink line (black arrow).

33



Figure 10.
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Figure 10. A typical measurement of ESPVR and EDPVR following occlusion of the abdominal
vena cava; this intervention manipulates the preload and afterload of the heart. The pattern of
tracings and color coding shown in this screen capture shot are similar to those described in the
legend for Figure 9. The specific region of data where both pressure and volume drop
simultaneously, as indicated by the shading in the top panel, was selected for the measurement.
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Lastly, the data obtained from echocardiography and P-V loop analysis have been
analyzed in a blinded fashion by three independent individuals. (1) Taeyeob Kim in Dr. Andrew
Braun’s Laboratory, University of Calgary Cumming School of Medicine (2) Dr. Ramesh Mishra
in Dr. Andrew Braun’s Laboratory, University of Calgary Cumming School of Medicine (3) Dr.
Darrell Belke in the Libin Institute Cardiovascular Phenotyping core facility, University of
Calgary Cumming School of Medicine. The independent measurements carried out by these
three individuals for a given parameter were then averaged to obtain a single value. In the event
that an individual measurement was noticeably different from the other two, the analysis was
revisited to determine the nature of the variance and corrections were made, if warranted. This
post-hoc procedure generally avoided inclusion of any erroneous measurements in the final
average values reported in this thesis. This strategy of blinded and independent analysis of
functional measurements thus provided a more rigorous evaluation of cardiac function that

minimized experimental bias and enhanced the overall reliability of the data.

Chapter 3: Results

3.1 Surgical induction of MI in mice significantly decreased the LV function

Echocardiography is now commonly used to measure different aspects of cardiac
architecture and physiology in rodents (Lindsey et al., 2018b). The major parameters that are
commonly used to evaluate systolic function are EF and FS (Lindsey et al., 2018b).Theses
parameters are obtained by using M-mode echocardiography. As illustrated in Figure 11, the MI
groups (Groups 3 and 4) show significant reduction in EF and FS which clearly indicates that
systolic function of LV has been significantly diminished. The mice that received sham surgery
display EF values of ~50% and FS value of ~25% but mice that received MI surgery display EF

value of ~30% and FS value of ~15% at both 2- and 4-weeks post-surgery. Moreover, there is a

35



noticeable trend that can be found in the MI groups 3 and 4. The EF and FS values of group 3 are
30.55% + 6.42 and 14.21% + 3.26 at 2 weeks post-surgery and 25.84% + 5.79 and 11.97% +
2.90 at 4 weeks post-surgery, respectively (means + SD). The EF and FS values of group 4 are
23.41% +4.95 and 10.82% + 2.52 at 2 weeks post-surgery and 22.56% + 6.54 and 10.51% +
3.17 at 4 weeks post-surgery, respectively (Table. 1). Thus, there is a trend of decreased EF and
FS in MI group with SKA-31 treatment at 2- and 4-weeks post-surgery. However, this is not a
statistically significant difference. Nonetheless, it is important to recognize this trend since it can

potentially have meaningful physiological implications.
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Figure 11.
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Figure 11. Echocardiographic (M-mode) measurement of LV EF (Ejection Fraction) and FS
(Fractional Shortening). [A] 2-weeks post-surgery (Sham/MI) measurement [B] 4-weeks post-
surgery (Sham/MI) measurement. Data presented as mean = SD, n = 6-10. ** = p<0.0001, two-
way ANOVA and Tukey post-hoc test.
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Table 1.

Parameters Sham + Vehicle | Sham + SKA-31 MI + Vehicle MI + SKA-31
Measured (n=6) (n=6) (n=8) (n=10)
EF (%) 49.51 + 4.66 50.95 +7.82 30.55+6.42"" | 23.41 +4.95%
FS (%) 24.93£2.77 25.93 £4.97 1421 +3.26™ | 10.82+2.52%
ESV (uL) 41.55+6.86 37.20 +9.07 67.45+23.48 | 79.85+24.86%
EDV (uL) 71.43 + 6.47 70.67 + 5.95 96.91 £24.71" | 117.8+27.43%
HR (BPM) 402.4 £ 38.26 412.8 +25.65 416.5 £ 54.71 391.2 + 55.80
Parameters Sham + Vehicle | Sham + SKA-31 MI + Vehicle MI + SKA-31
Measured (n=6) (n=6) (n=8) (n=10)
EF (%) 49.00 + 2.64 47.74+5.23 2584579 | 22.56+6.54%
FS (%) 24.58 +1.61 23.89 +3.18 11.97 £2.90" | 10.51+3.17%
ESV (uL) 38.68 +3.00 37.41 + 6.44 77.78 £29.57° | 9524 +31.48%
EDV (uL) 71.08 + 3.74 70.35 + 10.23 109.4 £25.93" | 121.8+32.29*
HR (BPM) 425.7+27.79 402.3 +19.76 419.4 £37.11 396.0 + 33.64

Table 1. (Echocardiography) Functional and structural parameters measured following 2-weeks
[A] and 4-weeks [B] post treatment with vehicle/SKA-31 in sham and MI operated mice. Data
are presented as means + SD calculated from 6-10 animals. * = p<0.05, ** = p<0.0001 between
groups 1 and 3, two-way ANOVA and Tukey post-hoc test. # = p<0.05, ## = p<0.0001 between
groups 2 and 4. EF — Ejection Fraction; FS — Fractional Shortening; ESV — End-Systolic
Volume; EDV — End-Diastolic Volume; HR — Heart Rate
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It is also important to take a note of how these parameters are determined and which
specific information with regards to LV that they convey. By carefully studying the
mathematical formulae of EF and FS, it is possible to obtain more insight into the measurements.
Both Vevo LAB 3.1.0 software (Echocardiography) and Labchart software (P-V loop analysis)

use the following formulae to calculate EF and FS:

EDV—-ESV LVIDd—-LVIDs
x 100% FS§ = LYIPA-LVIDS)
EDV LVIDd

EF = X 100%.

Thus, the EF is an indicator of LV volume changes while FS is an indicator of LV diameter
changes. In other words, EF interprets the 3-dimensional changes of LV chamber while FS
interprets 2-dimensional changes. Furthermore, the FS can be used to interpret the contraction
and relaxation behavior of a single cardiomyocyte which is associated with length-tension
relationship of the Frank-Starling mechanism (Andersen and Vik-Mo, 1982). As a result, both
parameters are currently and widely used by cardiovascular scientists to evaluate overall cardiac

function, thus, it is noteworthy to remind ourselves what each parameter represents.

The structural aspect of left ventricle also needs to be rigorously evaluated. This
assessment was implemented by examining left ventricular volume changes during systole and
diastole. By using the B-mode echocardiography, measurement of LV volume changes in each
cardiac cycle was performed. Mice in group 3 display ESV and EDV values of 67.45 pL + 23.48
and 96.91 pL £ 24.71 at 2 weeks post-surgery and 77.78 pL £+ 29.57 and 109.40 pL. + 25.93 at 4
weeks post-surgery, respectively and mice in group 4 display ESV and EDV values of 79.85 uL.
+ 24.86 and 117.8 pLL = 27.43 at 2 weeks post-surgery and 95.24 pL + 31.48 and 121.8 uLL £+
32.29 at 4 weeks post-surgery, respectively (Figure 12, Table 1). In contrast to mice in groups 3

and 4 that received MI surgery, mice in the sham surgery groups (i.e. groups 1 and 2) showed
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Figure 12.
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Figure 12. Echocardiographic (B-mode) measurement of LV ESV (End-Systolic Volume) and
EDV (End-Diastolic Volume). [A] 2-weeks post-surgery (Sham/MI) measurement [B] 4-weeks
post-surgery (Sham/MI) measurement. Data presented as mean + SD, n = 6-10. * = p<0.05, two-
way ANOVA and Tukey post-hoc test.
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ESV and EDV values of ~40uL and ~70uL, respectively (Table 1). These values are
significantly less than those observed in the MI surgery groups, which showed ESV and EDV
values of ~70uL and ~110uL, respectively. However, as previously indicated, there is also an
interesting trend that can be found between group 3 and group 4 at both 2- and 4-weeks post-
surgery. Compared to group 3, mice in group 4 display slightly elevated values of ESV and
EDV. Again, there is no statistically significant difference between groups 3 and 4, but it is
important to pay attention to this trend and consider these observations in the overall

interpretation of the data.

Overall, the experimental data clearly indicate that MI injury was induced by surgical
ligation of LAD artery which triggered left ventricular volume enlargement and decreased
systolic function of the LV. These overall significant functional and structural LV modifications
observed in this study are consistent with previously reported investigations which defines
infarction as geometrical and physiological changes by wall thinning, increases in LV
dimensions and volumes, and decreases in FS and EF (Gao et al., 2010a; Gao et al., 2000;
Lindsey et al., 2018a). Thus, the surgical approach that is used in this project certainly

established the MI model in our adult male mice.

3.2 SKA-31 treatment did not induce significant impact on sham-operated mice

Identical cardiac function assessments were implemented with mice undergoing sham
surgery (Group 1 and Group 2). By carefully examining the pattern of the data, it is possible to
notice that there is no significant difference between group 1 (Sham + Vehicle) and group 2
(Sham + SKA-31) in terms of EF and FS (Figure. 11). The EF and FS values of group 1 are
49.51% =+ 4.66 and 24.93% + 2.77 at 2 weeks post-surgery and 49.00% + 2.64 and 24.58% =+

1.61 at 4 weeks post-surgery, respectively (mean +/- SD). The EF and FS values of group 2 are
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50.95% + 7.82 and 25.93% + 4.97 at 2 weeks post-surgery and 47.74% + 5.28 and 23.89% +
3.18 at 4 weeks post-surgery, respectively (Figure 11, Table 1). Therefore, the SKA-31 treatment

utilized in the sham surgery group did not affect the overall systolic function of heart.

In addition to the assessment of systolic function of LV, structural evaluations were
implemented in sham-operated mice. At 2 weeks post-surgery, mice in group 1 displayed values
of End-Systolic Volume (ESV) and End-Diastolic Volume (EDV) of 41.55 pL + 6.86 and 71.43
pL + 6.47 at 2 weeks post-surgery and 38.68 pL + 3.00 and 71.08 pL + 3.74 at 4 weeks post-
surgery, respectively. Mice in group 2 display values of ESV and EDV of 37.20 uL + 9.07 and
70.69 nL £ 5.95 at 2 weeks post-surgery and 37.43 pL. + 6.44 and 70.35 pL + 10.23 at 4 weeks
post-surgery, respectively (Figure 12, Table 1). Thus, again, the SKA-31 treatment in the sham
surgery group did not significantly affect the left ventricular volume values compared to the

sham surgery group that received the drug vehicle treatment.

These echocardiographic measurements were implemented at two different time-points:
2- and 4-weeks post-surgery. The 2-week time point was used to confirm the successful
establishment of MI by evaluating (1) electrocardiogram (ECG) measurement by Vevo 3100
FUJIFILM Visual Sonics instrument (2) M-mode echocardiography (absence of systolic and
diastolic movement of LV wall) (Figure. 7) (3) B-mode echocardiography (sagittal view of left
ventricle) (Figure. 8). Furthermore, this 2-week time point acted as a mid-point evaluation of
cardiac function which also allowed monitoring of the overall impact of SKA-31 treatment
during the initial stage of pharmacological intervention. In addition, the second
echocardiographic measurements at 4 weeks post surgery were implemented to assess overall

impacts of long-term administration of SKA-31.
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3.3 Left Ventricle undergoes robust compensatory events after the onset of MI

In addition to the echocardiographic measurements, P-V loop analysis was implemented
at 6 weeks post-surgery as a terminal procedure. The primary purpose of P-V loop analysis was
to obtain information with regards to pressure aspects and contractility of the left ventricle. Also,
this invasive technique provided quantitative measurements of both left ventricular volume and
pressure. The major parameters that were evaluated include: EF, ESV, EDV, P, P4, Piey,
dP/dtmax, AP/dt i, Tau, ESPVR, EDPVR and PRSW (Table. 2). The parameters of EF, ESV,
EDV, P, Poy, Pyey, AP /dt x> AP /dty,in and Tau were measured during baseline
measurements with the presence of mechanical ventilation (Figure. 9). As illustrated in Figure
13, the overall patterns of EF, ESV and EDV are comparable to the values obtained via
echocardiography. Thus, these findings indicate that the measurements that were implemented
via echocardiography and P-V loop analysis are consistent and act as a further confirmation of
the precision and reliability of our measurements. However, the left ventricular pressure
measurements illustrate a somewhat different pattern. At the end of the 6-week study period,
there was no identifiable difference among all 4 groups. As illustrated in Figure 14A, mice in
both the sham surgery and MI surgery groups showed ESP values of ~80-90 mmHg and EDP
values of ~10-13 mmHg. However, the elevation of EDP in group 4 compared to the rest of
groups needs to be recognized. The modest and statistically insignificant elevation of EDP
observed in group 4 could be associated with (1) imperfect relaxation of left ventricle (Leite-
Moreira, 2006) (Opie., 1991) (2) severe LV wall thinning which creates a blood reservoir that
has not been ejected properly during the systole, which can lead to a pressure overload within
left ventricle. However, there is no statistically significant difference between EDP values in

groups 3 and 4. Moreover, the Py, 1s ~80% for all 4 groups (Figure. 14B). This fact can indicate
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Figure 13. P-V loop measurement of LV [A] EF (Ejection Fraction), [B] ESV (End-Systolic
Volume) and EDV (End-Diastolic Volume) at 6-weeks post-surgery (Sham/MI) measurement.
Data presented as mean = SD, n = 6-10. *=p<0.05, **=p<0.0001, two-way ANOVA and Tukey
post-hoc test.
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Table 2.

Parameters Sham + Vehicle | Sham + SKA- MI + Vehicle MI + SKA-31
Measured (n=6) 31 (n=6) (n=8) (n=10)

EF (%) 50.46 £7.55 4499 +£10.34 32.24 £ 6.83" 30.23 + 11.99%
ESV (uL) 27.72 £ 4.68 28.08 +£5.83 43.85+ 6.47" 53.01 £11.76"
EDV (uL) 46.38 +7.42 4435+ 8.73 61.1611.98 7132 +13.617

P,(mmHg) 83.93 £ 15.77 86.81 + 14.87 91.09+11.58 08.67 +4.33
P,y (mmHg) 10.25+5.52 9.30+4.01 9.46 +3.89 13.37 £4.87
P;e, (mmHg) 83.00 + 12.50 87.71 £12.62 87.59 +£13.22 92.62 +£5.99

C(irir/nﬁrg”/‘;’)c 6299 + 1546 6381 + 2303 6906 + 1911 6563 + 1209

Elriﬁ{tg/g -5014 + 1414 -5526 + 1698 -5578 £1943 -5209 + 1062

Tau (ms) 9.10+2.21 8.22+1.30 9.42+2.97 10.93 £2.52
ESPVR (Slope) 3.19+0.84 3.64+0.74 3.33+1.31 3.63+1.53
EDPVR (Slope) 0.35+0.08 0.35+0.09 0.65+0.21 0.56 +£0.32
(mrr?ll{{;\juL) 50.27 £ 14.00 50.35+11.57 50.58 £15.91 66.98 +16.81

HR (BPM) 451.9+£69.97 458.7+77.92 460.5 £ 26.95 4752 +£52.20

Table 2. (Pressure-Volume loop analysis) Functional and structural parameters measured
following 6-weeks post treatment with vehicle/SKA-31 in sham and MI operated mice. Data are
presented as means + SD calculated from 6-10 animals. * = p<0.05, ** = p<0.0001 between
groups 1 and 3, two-way ANOVA and Tukey post-hoc test. # = p<0.05, ## = p<0.0001 between

groups 2 and 4.

EF — Ejection Fraction; ESV — End-Systolic Volume; EDV — End-Diastolic Volume; P,.¢ — End-
Systolic Pressure; P,4 — End-Diastolic Pressure; P 4,.,, — Developed Pressure; ESPVR — End-
Systolic Pressure Volume Relationship; EDPVR — End-Diastolic Pressure Volume Relationship;

PRSW - Preload Recruitable Stroke Work; HR — Heart Rate
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Figure 14.

End-Systolic Pressure End-Diastolic Pressure

- =y
= [
o (=]
| 1
]
T

M
L=
|

—
L4y
1

(S5 o
.
£

i
A v

.
T

(]
L=
|

—
[4)] [=]
1 1
pyra—
>

End-Systolic Pressure (mmHg)
o
o L=/
|
- [
End-Diastolic Pressure (mmHg)
*®
.

(=]

e X O
& F & & &
%S @@l @\K @\H Q@ 'b&x ®x @\X
& & &
6 Weeks 6 Weeks

Developed Pressure

-

[

[=]
|

=¥
L
=5

3

Developed Pressure (mmHqg)
[=1]
T

404
20

u 1 1 | | 1

«&° SN

6 Weeks

Figure 14. P-V loop measurement of LV [A] End-Systolic Pressure and End-Diastolic Pressure
[B] Developed Pressure at 6-weeks post-surgery (Sham/MI) measurement. Data presented as
mean £ SD, n = 6-10. No statistically significant differences were found among the 4 groups.
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that (1) SKA-31 treatment did not affect the pressure aspects of LV function in mice that
underwent either sham or MI surgery (2) the pressure changes during systole and diastole are not
significantly impacted by the prior induction of an acute MI injury, due to subsequent robust
compensatory mechanisms such as hypertrophy and adaptive LV remodeling that occurred by
the 6-week time point. Moreover, the parameters that indicate information with regards to real-
time left ventricular dynamics were measured: dP/dt,,,, and dP /dt,;;,,. The dP /dt,, .,
indicates the maximum derivative of change in pressure rise over time, whereas dP /dt,in
indicates the maximum derivative of change in pressure fall over time. In other words, the dP/dt
measurements implies information with regards to the cardiomyocyte’s intracellular
Ca?*dynamics. The value of dP/dt,,,, can be interpreted as the rate of cytosolic Ca?*elevation
and binding to the myofilament protein Troponin C, which triggers the cardiomyocyte to
contract. The value of dP /dt,,;, can be interpreted as the rate of Ca?*unbinding from Troponin
C, due to the sequestration of cytosolic free calcium by Sarcoplasmic-Endoplasmic Reticulum
Ca?*-ATPase (SERCA) and extrusion via the NCX. Therefore, dP /dt,,,, value can indicate
overall rate of Excitation-Contraction (EC) coupling of cardiomyocytes and Ca?* sensitivity of
myofilaments. Furthermore, the time constant of isovolumic relaxation (Tau) was measured. This
is also another common parameter evaluated via P-V loop analysis that conveys information with

regards to isovolumic relaxation (diastolic function) of LV.

As illustrated in the Figure 15 A, B and C, there is no statistically significant difference
among all 4 groups. In all 4 groups, the dP/dt,,,, value is ~6000 mmHg/s and dP /dt,,;, value
is ~-5000 mmHg/s. Also, the Tau value is ~10ms in all 4 groups (Figure. 15C). However,

interestingly, the similar trend of elevated Tau value was detected from mice in group 4. This
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potentially indicates that left ventricle requires more time to relax during isovolumic relaxation.

Though, it is not a statistically significant difference.
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Figure 15.
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Figure 15. P-V loop measurement of LV [A] dP/dt,qx [B] dP/dtin [C] Tau at 6-weeks post-
surgery (Sham/MI) measurement. Data presented as mean + SD, n = 6-10. No statistically
significant differences were found among the 4 groups.
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Overall, the obtained data using P-V loop analyses indicate that (1) the presence of MI in the
mice (i.e. group 3) did not have a significant impact on pressure changes in the LV during
systole and diastole (2) SKA-31 treatment did not affect the systolic and diastolic function of LV

in both sham and MI groups.

3.4 Ml is associated with increase in LV wall stiffness and diastolic dysfunction

The other measurements that are routinely carried out by P-V loop analysis are the load-
independent measurements, which were obtained by temporarily occluding the abdominal vena
cava, which decreases the venous return to the heart. This manoeuvre allows for measurements
of myocardial performance that are independent of loading conditions, which conveys
information of left ventricular contractility and compliance. The parameters evaluated by this
approach include: ESPVR, EDPVR and PRSW. The slope of ESPVR and EDPVR are obtained
via linear relationships that derive from connecting multiple points of End-Systolic
Pressure/Volume and End-Diastolic Pressure/Volume during temporary abdominal vena cava

occlusion (Figure. 10).

As illustrated in Figure 16 A, B, and C, the slope of ESPVR is ~3 in all 4 groups along
with PRSW values of ~50 mmHg X pL in all 4 groups. This further reinforces the idea that
there is no significant impact of SKA-31 on systolic function of LV in both sham and MI group
mice. However, there is noticeable trend found in the EDPVR measurements. In sham surgery
groups, the slope of the EDPVR is ~0.3, but in the MI surgery groups, the EDPVR slope is ~0.7.
The elevation of EDPVR slope indicates that the infarcted left ventricle shows decreased
compliance, which shifted the End-Diastolic Pressure/Volume curve upward and to the left. This

indicates that the L'V with infarction is stiff and demonstrates diastolic dysfunction. However,
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Figure 16.
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Figure 16. P-V loop measurement of LV [A] ESPVR (End-Systolic Pressure Volume
Relationship) [B] EDPVR (End-Diastolic Pressure Volume Relationship), p = 0.0626 between
group 1 and 3, p =0.3271 between group 2 and 4, two-way ANOVA [C] PRSW (Preload
Recruitable Stroke Work) at 6-weeks post-surgery (Sham/MI) measurement. Data presented as
mean = SD, n = 6-10. No statistically significant difference found among the 4 groups.
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there is no significant difference between groups 1&2 and groups 3&4, which indicates that there
are no significant effects of SKA-31 treatment in both the Sham and MI operated mice.
Furthermore, over the ~6 week time course of my study, neither SKA-31 treatment nor
establishment of MI in mice affected animal growth/body weight (please see the Appendix:

Figure S13-S14).

3.5 Heart rate remained constant in all 4 groups

In addition to functional and structural parameters, the heart rate of mice was measured
via both echocardiography and P-V loop analysis. Heart rate is an important parameter since it is
one of the major determinants of overall cardiovascular homeostasis as evidenced by the

mathematical relationship of

Cardiac Output = Heart Rate X Stroke Volume

Also, the heart rate is positively correlated with EF and FS therefore, it needs to be stably
maintained to precisely assess the left ventricular performance (Lindsey et al., 2018b). As
illustrated in Figure 17, the heart rate is stable and consistent among the 4 groups with values of
~400-420 beats per minute (BPM) at 2-, 4- and 6-weeks post-surgery. A heart rate of >400 BPM
is reported to be within the physiological range of murine heart rate under isoflurane anesthesia
(Lindsey et al., 2018b). Also, it is important to avoid a heartrate that is >650 BPM suggesting
activation of autonomic nervous system and <400 BPM suggesting deep anesthesia which
overall can negatively influence the interpretation of cardiac function (Lindsey et al., 2018b).
However, as illustrated in Figure 17 A, B and C, the experimentally obtained heart rates via both
echocardiography and P-V loop analysis at 2-, 4-, and 6-weeks post surgery do not depict any
statistically significant differences among all 4 groups. This observation suggests that SKA-31

treatment did not affect the heart rate in either the sham or MI operated mice.
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Figure 17.
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Figure 17. Echocardiographic measurement of HR (Heart Rate) (M-mode) [A] at 2-weeks post-
surgery (Sham/MI) measurement [B] at 4-weeks post-surgery (Sham/MI) measurement [C] P-V

loop measurement of HR at 6-weeks post-surgery (Sham/MI). Data presented as mean + SD, n =
6-10.
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3.6 Cardiac fibrosis is associated with the onset of MI

Lastly, histological analysis (i.e. H & E and PSR staining) was implemented to assess the
size of the surgically induced infarction and subsequent fibrosis in the LV at 6-7 weeks
following the initial surgical procedure. The size of the infarct was measured using two different
regions of the LV: the mid-myocardium and apical myocardium. As illustrated in Figures 18 and
20, no unusual fibrosis was observed in the sham surgery mice receiving either drug vehicle or
SKA-31 treatment. However, noticeable fibrosis was observed in the MI surgery mice that
received either vehicle or SKA-31 treatment (i.e. groups 3 and 4) (Figures 19 and 20). In the
mid-myocardium of the LV, the group 3 mice showed ~8% infarction and the group 4 showed
~15% infarction. In apical region of the LV, both group 3 and group 4 mice showed ~30%
infarction. These observations indicate that the extent of fibrosis in the mid-myocardium showed
an elevated value in group 4 compared to group 3, however, the difference was not statistically
significant. Somewhat unexpectedly, I also did not observe a statistically greater amount of
fibrosis in mid-myocardium in the MI surgery mice treated with vehicle compared with sham
mice treated with vehicle (groups 1 & 3, P =0.5123). Even though the change in fibrosis was >5-
fold, there was considerable scatter in the data that obscured this difference (see Figure 20).
However, in the case of the sham surgery and MI surgery mice treated with SKA-31 (i.e., groups
2 & 4), I did note a statistically greater amount of fibrosis in the mid-myocardium of MI surgery
mice (P =0.0290). However, there is no statistical difference in the extent of fibrosis in the mid-

myocardium between groups 3 and 4.

In the case of the apical myocardium, I did observe a greater level of tissue fibrosis in MI
surgery mice receiving vehicle treatment compared to sham surgery for mice treated with vehicle

(groups 1 & 3, Figure 20). A similar situation was observed when comparing MI surgery mice to
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sham surgery mice treated with SKA-31. No statistically significant differences in the extent of
fibrosis in the apical myocardium were observed between the sham surgery mice receiving either
vehicle or SKA-31 treatments (i.e. groups 1 & 2). I also did not find any differences in the extent

of fibrosis in MI surgery mice receiving either treatment regimen (groups 3 & 4).
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Figure 18.
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Figure 18. Sham Groups (Group 1 and Group 2) Representative images of mouse heart LV
with PSR staining. Both images were taken at 1.25x magnification. The image in panel [A] was
taken under bright field conditions and the image in panel [B] was taken with polarzied
fluorescent light. The illuminated regions in the polarized light image indicate fibrosis. Scale
bars = 1 mm
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Figure 19.
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Figure 19. MI Groups (Group 3 and Group 4) Representative images of mouse heart LV with
PSR staining. Both images were taken at 1.25x magnification. The image in panel [A] was taken
under bright field conditions and the image in panel [B] was taken with polarzied fluorescent
light. The illuminated regions in image [B] indicate the region of fibrosis, which implies the
infarction area. Scale bars = 1 mm
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Figure 20.
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Figure 20. Histological assessment of mouse heart LV. The size of the infarct was measured
from transverse sections of LV at mid-myocardium and apical myocardium at 6 weeks post-
surgery (Sham/MI) measurement. Data presented as mean = SD, n = 6-10. * = p<0.05, two-way
ANOVA and Tukey post-hoc test.
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3.7 Plasma concentration of SKA-31

To evaluate that the daily ingestion of SKA-31 led to pharmacologically relevant levels
of drug in the circulation, I measured the steady-state concentration of SKA-31 in plasma
samples prepared from mice administered SKA-31 either by oral gavage or feeding using a
formulation of SKA-31 in condensed milk. In a group of male C57BL/6 mice (12-14 weeks of
age, n = 5) administered SKA-31 (10 mg/kg) daily via oral gavage, blood samples were collected
on Day 1, 3 and 7 to evaluate the level of SKA-31 within the blood plasma. A second group of 5
male C57BL/6 mice (12-14 weeks of age) ingested SKA-31 (10 mg/kg) daily in a mixture with
condensed milk; total volume of ~200 puL consisting of 50 uL of SKA-31 mixture and 150 pL of
condensed milk. The blood samples from this group were collected on Day 8 (Table. 3). The
mice that received SKA-31 by oral gavage demonstrated average plasma concentration of 400 —
540 nM and and mice that ingested SKA-31 in a mixture with condensed milk displayed a
steady-state SKA-31 plasma concentration of ~360 nM. The interval between the final SKA-31
administration and blood sample collection was approximately 20 hours. These data indicate that
the steady state plasma concentrations of SKA-31 achieved by these two methods are
comparable. In addition, as described in the Introduction section, SKA-31 displays selectivity for
K.,2/3 channels with an EC5y ~0.3 uM for K.,3.1 channels and ECsy ~2 uM for K.,2.3
channels (Sankaranarayanan et al., 2009). Thus, the established steady state plasma
concentration of 350 — 540 nM was likely sufficient to sensitize endothelial K.,2/3 channels in

Vvivo.
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Table 3.

Mouse Day 1 Day 3 Day 7 Day 8
Concentration Concentration Concentration Concentration
(nM) (nM) (nM) (nM)
M1 652 467 852 N/A
Oral Gavage
M2 639 246 228 N/A
Oral Gavage
M3 385 209 290 N/A
Oral Gavage
M4 251 1048 400 N/A
Oral Gavage
M5 558 747 227 N/A
Oral Gavage
M6 N/A N/A N/A 251
SKA-31 with
Condensed Milk
M7 N/A N/A N/A 328
SKA-31 with
Condensed Milk
M8 N/A N/A N/A 459
SKA-31 with
Condensed Milk
M9 N/A N/A N/A 356
SKA-31 with
Condensed Milk
M10 N/A N/A N/A 405
SKA-31 with
Condensed Milk
Mean 497nM + 174 543nM + 354 400nM =+ 263 360nM = 79

Table 3. Plasma concentration of SKA-31 after 7 days of administration. M1-M5 mice received
10 mg/kg SKA-31 daily via oral gavage and blood samples were collected on Day 1, 3 and 7.
M6-10 mice ingested 10 mg/kg SKA-31 daily as a mixture in condensed milk (total volume of
200 pL =50 pL SKA-31 + 150 pL condensed milk) and blood samples were collected on Day 8.
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Chapter 4: Discussion

The positive prognosis of MI patients is highly correlated with immediate and successful
long-term restoration of coronary blood flow to the injured myocardium. Thus, when a patient
with an acute MI (AMI) is admitted to the hospital, medical staff often attempt to vasodilate the
coronary arteries and improve the overall hemodynamics of the systemic circulation (Anderson
and Morrow, 2017). Subsequent procedures such as Percutaneous Coronary Intervention (PCI)
or Coronary Artery Bypass Grafting (CABG) can be implemented to improve coronary
hemodynamics by dilating a stenosed artery or to establish bypass circulation to an ischemic
zone, respectively. The decision to proceed with these invasive procedures can be made by
examining the severity of the infarction and confirming which coronary branch is blocked via
coronary angiography (Anderson and Morrow, 2017). Furthermore, many pharmacological
interventions to mitigate the severity of MI involve attempts to dilate the coronary arteries and
arteries of systemic circulation (Holt and Pang, 2019). In the case of AMI, coronary spasm can
occur as a means to fulfill the metabolic demand of the ischemic myocardium and prolonged
duration of MI can lead to heart failure, which is associated with increase in PVR and vascular
myogenic tone (Gschwend ef al., 2003; Ledoux et al., 2003; Sambuceti et al., 1997). Therefore,
it is important to emphasize that these attempts to vasodilate the arteries need to be implemented
as soon as AMI is established (Anderson and Morrow, 2017; Sambuceti ef al., 1997). The
primary purpose of vasodilation is to increase blood perfusion to the damaged area to promote
tissue healing and reduce the amount of stress put on the myocardium by lessening PVR (i.e.,
afterload). Thus, in this project, the pharmacological intervention of SKA-31 administration was
introduced at 24-48 hours post-surgery as a novel strategy to mitigate the progression of MI-
related injury. The primary intent of systemic administration of SKA-31 treatment was to
sensitize vascular endothelial K-,2.x and K, 3.1 channels, which participate directly in
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endothelium-dependent vasodilation via membrane hyperpolarization and nitric oxide signaling
and contribute to the overall health of the endothelium. These actions may thus promote more
adaptive vascular myogenic responses when encountered in the context of a major adverse

cardiovascular event (MACE), such a myocardial infarction.

As mentioned in the Introduction, the functional effects of the K., channel activator
SKA-31 have been observed in both cellular and tissue level experiments. Also, Mishra et al.
reported previously that SKA-31 triggered vasodilation of the intact rat coronary circulation in a
dosage dependent manner, which was observed via ex vivo experiments (i.e., Langendorff-style
perfusion of isolated hearts). Thus, the anticipated effects of prolonged in vivo SKA-31 treatment
immediately following the onset of MI are that this intervention would promote myocardial
healing and enhance overall cardiovascular hemodynamics. Furthermore, since it is an in vivo
treatment, it is important to recognize that SKA-31 may affect other cell and tissue types outside
the vascular endothelium that express the same K., channels. With regards to the
pharmacodynamics and pharmacokinetic profile of the drug, Sankaranarayanan et al. reported
that when SKA-31 was acutely administered intraperitoneally to rats (male, 9 — 11 weeks of age)
with the dosage of 10 mg/kg, the total SKA-31 plasma concentration peaked at 2 h after the
application with the value of 20.83 + 1.45 uM and displayed a half-life of ~12h. Therefore, it is
possible to state that SKA-31 represents a potentially valuable pharmacological tool that
possesses desired pharmacokinetic properties of a moderately long half-life and a low plasma
protein binding property (Sankaranarayanan ef al., 2009). Moreover, it is important to recognize
the different ECs, values of SKA-31 between K.,2.x and K, 3.1 channels. SKA-31 displays
approximately 10-fold greater potency for K,3.1 channels with the ECsq value of ~0.3 uM

compared to ECs, value of ~2 uM for K,2.3 channels (John et al., 2018). Thus, the K,3.1
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channels are more sensitive to SKA-31 and we would anticipate that this channel type may be

enhanced to a greater extent following in vivo SKA-31 administration.

4.1 Prolonged in vivo SKA-31 treatment did not impact the cardiac function of sham
operated mice

As illustrated in Figures 11, 12, 13, 14, 15, 16, 17, and 20, it is possible to state that there
is no significant impact on cardiovascular function in sham surgery mice treated daily for 6-7
weeks with 10 mg/kg SKA-31 (i.e., group 2) or drug vehicle (group 1). Both systolic and
diastolic functions of mice in group 2 are comparable to the measurements observed in group 1.
As described in the Materials and Methods section, the sham surgery shared all the same surgical
procedures as the MI operation except for the LAD coronary ligation. Also, the entire procedures
and steps involved in measuring cardiac function via echocardiography and P-V loop analysis
were identical in all 4 treatment groups. Therefore, it is possible to state that the SKA-31
treatment had no obvious effects on cardiovascular performance in mice that received the sham
surgery. In previous investigations, our group has rigorously evaluated the effects of SKA-31 on
different species, sex, vascular beds, and disease model animals. The pathological models
include T2DM, hypertension and aging, which all share the endothelial dysfunction as a
comorbidity (John et al., 2020; Khaddaj-Mallat et al., 2018; Khaddaj Mallat et al., 2019; Mishra
et al., 2013; Mishra et al., 2021; Mishra et al., 2016; Mishra et al., 2014). However, all the
control groups from these investigations did not exhibit unusual or unexpected responses to
either acute or prolonged SKA-31 administration. To carefully interpret this data, first, it is
important to recognize the dosages that have been utilized in these investigations. As described
in Results section of this thesis and the report from Sankaranarayanan et al, the dosage of 10
mg/kg/day establishes a steady-state level of SKA-31 in blood plasma that is enough to sensitize

the K, 2/3 channels (i.e. ~360 nM). In other words, the minimal dosage of SKA-31 was
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intentionally used in the previous investigations to make the targeted endothelial K, channels
more sensitive or responsive to the upstream signal only when the primary stimulus is present,
rather than activating the channels directly. This “priming” strategy was utilized to minimize
direct activation of the endothelium by SKA-31, which might lead to unwanted side-effects. For
example, the hyper-activation of K,2/3 channels could lead to over-lasting hyperpolarization of
the endothelium-SMC complex that can trigger an undesired decrease in PVR and BP, which can
disturb normal organ perfusion. Furthermore, it is also important to consider the physiological
and pathophysiological conditions of the overall cardiovascular system in sham surgery mice. In
the control/sham groups of the previous investigations, along with this current study, the animals
did not exhibit noticeable changes in their cardiovascular parameters (John et al., 2020; Khaddaj-
Mallat et al., 2018; Khaddaj Mallat et al., 2019; Mishra et al., 2013; Mishra et al., 2021; Mishra
et al., 2016; Mishra et al., 2014). As cardiac function in these animals was already normal and
blood vessels did not have significant progression of endothelial dysfunction, it is reasonable to
anticipate that with the minimal dosage of the SKA-31, there should not be a significant impact
of the drug in healthy mice. By using the experimental evidence from previous investigations as
a reference, it is possible to state that the SKA-31 administration in sham groups of this project
also had no significant impact since the overall cardiovascular system was relatively healthy.
This is also evidenced by the fact that there was no statistically significant difference between

group 1 and group 2 in both systolic and diastolic functions of heart.

4.2 Prolonged in vivo SKA-31 treatment did not significantly impact the cardiac function of
mice with MI

By evaluating the data obtained from (1) ECG (2) M-mode echocardiography (3) B-mode
echocardiography (4) P-V loop analysis and (5) histological analysis, it is possible to state that
surgical ligation of LAD coronary artery successfully established MI in mice. The systolic and
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diastolic functions of LV that underwent MI surgery displayed significant impairment that is
consistent with the anticipation and results published from previous investigations of MI model
mice (Gao et al., 2010a; Gao et al., 2000; Lindsey ef al., 2018a). In this project, to rigorously
assess the hypothesis, the mice in group 3 (i.e., MI surgery + vehicle treatment) are very
important since they serve as a baseline that forms the foundation to critically analyze the effects
of SKA-31 under the conditions of MI injury. Therefore, multiple steps provided confirmation of
the successful establishment of MI by independently analyzing the 5 categories mentioned
above. The MI mice in this project exhibited (1) ECG with inverted QRS complex or ST-
segment elevation (Figure 7B) (2) absence of inotropic and lusitropic movement of either
anterior or posterior wall of LV (Figure 8B) (3) absence of LV movement in apex (distal to the
ligation) (Figure 8B) (4) Significant decrease in EF and increase in ESV, EDV and EDPVR
(Figures 11, 12 and 13) (5) >30% fibrosis (Figures 19 and 20). The same assessments were
applied to group 4 as well. Thus, with the basis of the experimental evidence, it is possible to
state that group 3 formed the robust MI group in this project that acted as a baseline for assessing

effects mediated by SKA-31 in mice with MI-dependent injury.

As mentioned in Section 3.1 of the Results chapter, the overall pattern of the cardiac
function and structure indicators such as EF, FS, ESV and EDV did not generate statistically
significant differences between groups 3 and 4. However, there are some noticeable trends
observed in group 4 that need to be recognized. Both EF and FS of group 4 are relatively more
depressed compared with group 3 at both 2- and 4-weeks post-surgery (Table. 1). Furthermore,
by carefully interpreting the data, it is possible to recognize that there is no noticeable difference
in EF and FS of group 4 between 2 weeks (EF: 23.41% + 4.95, FS: 10.82% + 2.52) and 4 weeks

(EF: 22.56% =+ 6.54, FS: 10.51% =+ 3.17) post-surgery that were measured by echocardiography.

65



On the other hand, the EF and FS parameters of group 3 showed a decreasing trend from 2 weeks
(EF: 30.55% + 6.42, FS: 14.21% + 3.26) to 4 weeks (EF: 25.84% + 5.79, FS: 11.97% + 2.90)
post-surgery. Also, the EF and FS values of group 4 are lower at both 2- and 4-weeks post-
surgery compared to the values seen in group 3, although none of these differences were
statistically significant. This pattern of data could potentially indicate that systolic function of
LV was further compromised by SKA-31 treatment in group 4. Such aggravation in group 4
appears to be already established at 2 weeks post-surgery since EF and FS values are lower at 2
weeks compared to the group 3. Also, this lower value was static and maintained as seen in the
data from subsequent echocardiographic measurements. A similar trend was observed from
structural aspects of LV. The ESV and EDV of group 4 mice are both elevated compared to
group 3 at both 2- and 4-weeks post-surgery. The ESV and EDV of group 3 display values of
ESV: 67.45puL + 23.48 and EDV: 96.91puL + 24.71 whereas group 4 values are ESV: 79.85uL +
24.86 and EDV: 117.8uL + 27.43 at 2 weeks post-surgery. At 4 weeks post-surgery, group 3
displays value of ESV: 77.78uL £ 29.57 and EDV: 109.4pL + 25.93 where group 4 displays
value of ESV: 95.24uLL £ 31.48 and EDV: 121.8uL + 32.29. Although the values for a given
parameter between groups 3 and 4 were not statistically different, these values suggest that
volume enlargement was augmented with the SKA-31 administration at both 2 weeks and 4
weeks post-surgery. In other words, the early SKA-31 treatment that was implemented within 48
hours post-surgery may have impaired the recovery of overall cardiac function in terms of both

functional (EF and FS) and structural (ESV and EDV) aspects.

From the P-V loop analysis, the parameters of EF, ESV and EDV were also measured.
However, the trend of EF observed from the data obtained by P-V loop analysis was different

from the trend seen in the data obtained by echocardiography. From P-V loop analysis, the mice
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in group 3 demonstrated an average EF value of 32.24% + 6.83 and group 4 showed a EF value
0f 30.23% + 11.99 (Table. 2). Thus, it is possible to state that these two values are very
compatible, 32% = 30%. Based on these findings, the P-V loop analysis did not reveal a
decreasing pattern in cardiac function between groups 3 and 4 similar to that observed from
echocardiographic measurements. However, the overall trend of ESV and EDV values obtained
by P-V loop analysis are comparable to the values obtained from echocardiography. The group 3
showed ESV: 43.85uL + 6.47 and EDV: 61.16pL + 11.98 where group 4 showed ESV: 53.01uLL
+ 11.76 and EDV: 71.32puL + 13.61. Therefore, it is possible to notice that the mice that received
SKA-31 treatment exhibited modestly elevated values of ESV and EDV. However, once again,
the average values did not present statistically significant differences. Nonetheless, to thoroughly
interpret the data, it is important to review the differences in the methodologies utilized between
the echocardiography and P-V loop analysis. As mentioned in the Materials and Methods
section, the cardiac function measurements carried out by echocardiography and P-V loop
analysis were both under the influence of ~2% isoflurane. However, the major difference
between the two techniques is the index of invasiveness. The echocardiography does not require
any surgical procedures due to the technology of Doppler ultrasound probe that can penetrate the
tissue and provide an image of the LV. On the other hand, the P-V loop analysis requires right
carotid endarterectomy to retrogradely insert the micro-catheter (Length: 3.5 cm, Tip F Size: 1F,
Electrode Spacing: 4.5 mm) into the LV chamber. As the catheter is required to be physically

placed within the LV to measure volume changes (Figure. 21), this positioning of the catheter
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Figure 21.

Figure 21. Presentation of the size of the Millar conductance-microcatheter. The catheter is positioned in
the left ventricle from a longitudinally sliced murine heart. The tip of the catheter is placed in the apex of
the heart, while the proximal part runs through the aortic valves. From top to bottom are seen two volume
electrodes, the pressure sensor and at the bottom two volume electrodes. An index finger indicates the
miniature size of the catheter.

[Taken from: Lips, D.J., van der Nagel, T., Steendijk, P., Palmen, M., Janssen, B.J., van Dantzig, J.M., de
Windt, L.J., and Doevendans, P.A. (2004). Left ventricular pressure-volume measurements in mice:

comparison of closed-chest versus open-chest approach. Basic Res Cardiol 99, 351-359. 10.1007/s00395-
004-0476-5.]
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within the chamber could influence precise volume measurements. Lips et al. (2004) have
suggested that the placement of the conductance-catheter may underestimate the true LV volume
by a factor of 2-3. Volume measurements are calculated using the conductance function of the

catheter (i.e., electric field between the current electrodes) with the formula:

V(t) = pL?[G(t) — G*]

V(t) = left ventricular volume at time, t
p = mouse specific blood resistivity

L = distance between the sensor electrodes
G(t) = instantaneous conductance

GP= parallel conductance,

When inserted into the LV chamber, the electric field of the conductance catheter may also
detect the volumes of other structures (i.e., lungs and mediastinum) due to protrusion of the
electric field into these structures. It is thus important to consider these data with the inclusion of
this characteristic of P-V loop analysis. As described in the results section, the EF value is
determined from the volume changes within the LV.

_ EDV — ESV

EF
EDV

X 100%

Thus, due to the mentioned variables associated with the P-V loop catheter, the overall trend of
EF observed from P-V loop analysis can be different from the trend observed from data obtained
by echocardiography. Furthermore, by carefully looking at the values, the ESV and EDV values
obtained by P-V loop analysis are less than the values obtained by echocardiography (Table. 4).
Therefore, the underestimation of the volume measurements by conductance-catheter can be a
logical reason why a discrepancy may be observed in EF, ESV, and EDV between

echocardiography and P-V loop analysis.
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Table 4.

MI + Vehicle | Echocardiography | Echocardiography | P-V Loop Analysis
(Group 3) (2 weeks) (4 weeks) (6 weeks)

EF (%) 30.55+6.42 25.84+5.79 32.24 +6.83
ESV (uL) 67.45 +23.48 77.78 £ 29.57 43.85+ 6.47"
EDV (uL) 96.91 +£24.71 109.4 +£25.93 61.16 = 11.98"

MI + SKA-31 | Echocardiography | Echocardiography | P-V Loop Analysis
(Group 4) (2 weeks) (4 weeks) (6 weeks)

EF (%) 23.41 £4.95 22.56 +£6.54 30.23+11.99
ESV (uL) 79.85 +24.86 95.24 +31.48 53.01 +11.76"
EDV (uL) 117.8 £27.43 121.8 £32.29 71.32 + 13.61™

Table 4. Summary and comparison of the data obtained by echocardiography and P-V loop
analysis in MI groups (Group 3 and Group 4). Data are presented as means + SD calculated from
6-10 animals. * = p<0.05, between echocardiography (2 weeks) and P-V loop analysis (6 weeks).
# = p<0.05, between echocardiography (4 weeks) and P-V loop analysis (6 weeks), Students’ t-
test.
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Even though there are some limitations that are associated with P-V loop analysis, there
is no doubt that such technique is a very useful strategy to obtain information with regards to the
LV. The major strength of this approach is that it allows simultaneous measurement of LV
pressure and volume in vivo under both load-dependent and -independent conditions (Pacher et
al., 2008; Shioura et al., 2007). In early stages of the P-V loop analysis, this technique was
implemented mainly in larger animals and even in humans for the purpose of understanding left
ventricular dynamics and diagnosis, respectively (Baan et al., 1984). However, as smaller
animals started to be widely used in cardiovascular investigations, especially mice, the micro-
catheter was developed. One of the major reasons why the P-V loop analysis in murine models
started to be commonly used is that it allowed assessment of global cardiac function in
genetically engineered murine models for studies of human diseases (Burkhoff et al., 2005;
Pacher et al., 2004; Shioura et al., 2007). Furthermore, with the pressure probe on the catheter,
this technique allows the evaluation of pressure changes within the LV which is not possible
with echocardiography. Thus, the major parameters of LV that were measured throughout P-V
loop analysis in this project were P.g, Pog, Piey, AP /dtmax, AP /dt,min, Tau, ESPVR, EDPVR
and PRSW. However, as described in the Results chapter, the overall trend observed from
pressure aspects of LV function did not generate statistically significant differences among all 4
groups when measured 6-7 weeks post-surgery. The interpretation of the data from P-V loop
analysis in this project needs to be done very carefully because immediately after the onset of
MI, the LV rapidly initiates an adaptation process that is accompanied by robust left ventricular
remodelling. In other words, the timing of P-V loop measurements is very important since the
LV remodelling is a process that occurs over-time. Therefore, depending on when P-V loop

analysis is performed relative to the stage of LV remodeling, it is possible that left ventricular
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dynamics can be different, as suggested by my data. In this project, the P-V loop analysis was
implemented at ~6 weeks post-surgery. The reason behind this decision is that P-V loop analysis
acted as a terminal procedure due to its invasiveness. The 2™ echocardiographic measurements
were conducted at 4 weeks post-surgery, so it was reasonable to provide enough time between
the two procedures to minimize the potential confounding variables such as level of stress on the
animal due to consecutive experiments and repeated exposure to the isoflurane. Moreover,
Shioura et al reported that MI model mice (C57/BL6, male, 20-25g, n = 25) displayed significant
cardiac function collapse starting after 6 weeks post-surgery using permanent LAD coronary

artery ligation, which eventually led to HF at 10 weeks post-surgery (Shioura et al., 2007).

In addition, Shioura et al investigated overall progression and impacts of MI on left
ventricular function by implementing P-V loop analysis at different time points subsequent to the
LAD coronary ligation: i.e. 2-, 4-, 6-, and 10-weeks post-MI. The overall pattern of P-V loop
analysis at different time points post-infarction demonstrated right-shifted loops with decreased
amplitude. This indicates LV volume is elevated with declined contractility. Shioura et al
reported that LV with infarction initially displayed significant reduction in systolic function i.e.,
SW and ESPVR with the greatest decline at 2 weeks post to the MI and maintained the depressed
value throughout the time-course of 10 weeks post to the infarction. This pattern of significant
decline in systolic function was not observed in this study. However, interestingly, Shioura et al
reported that a significant increase in ESV and EDV observed at 2 weeks post-MI (ESV: 91puL +
4, EDV: 109uL £ 14) was reversed at 6 weeks post-MI (ESV: 61uL + 7, EDV: 78uL + 3) which
is comparable with the values of the control group (ESV: S8uL + 8, EDV: 88uL + 14) (Shioura
et al., 2007). However, further enlarged volume values were observed at 10 weeks post-MI

(ESV: 97uL = 6, EDV: 114puL £ 25). This trend of restoration was generally observed at 4- and
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6 weeks post-infarction. In other words, both systolic and diastolic function of LV displayed the
greatest decline at 2 weeks post-MI but started to return towards normal values by 4 weeks post-
MI with further restoration at 6 weeks post-MI. The cardiac indices that exhibited this pattern
were P, Pz, ESV, EDV, dP /dt 4y, AP /dt i, and Tau. However, these indications of
restored cardiac function were no longer observed at 10 weeks post-MI, but rather, appeared to
be similar to the values observed at 2 weeks post-MI. The values obtained at 10 weeks post-MI
basically indicated that LV is in its progression towards HF. Thus, it is possible to state that
cardiac function measurement in LV with infarction is highly dependent upon timing. In this
project, the P-V loop analysis was implemented at 6-7 weeks post to MI surgery, which appears
to be a stage when the LV is in the phase of active cardiac restoration and re-modelling. These
observations could help explain why I did not find a statistically significant difference in LV
function between the sham and MI groups in this project at the 6-week time point using P-V loop
analysis. In addition, Shioura et al suggested that this restoration of cardiac function at 4- and 6
weeks post-MI can be explained by different activities of MMPs and distinct temporal patterns of
fetal gene expression such as f-MHC and atrial natriuretic factor (ANF). Their RT-PCR data
revealed that B-MHC and ANF expression levels were significantly higher at 2 weeks post-MI,
but restored back to baseline at 4- and 6-weeks post-MI. However, another significant rise of -
MHC expression at 10 weeks post-MI was also observed. Also, MMP2 showed significantly
increased expression at 4- and 10 weeks post-MI, whereas MMP9 showed significantly increased
expression at 4 weeks post-MI. These differential expression levels of certain genes can act as
molecular biomarkers of ventricular remodeling that can potentially provide insight to determine

the optimal timing of therapeutic intervention to maximize the beneficial effects.
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4.3 MI triggers LV remodeling which is accompanied by robust immune responses

As illustrated and demonstrated by the experimental evidence from this project and
Shioura et al, there is no doubt that the LV can undergo complex processes of adaptation. One of
the major processes exhibited by the LV is compensatory hypertrophy as well as scar formation
and stabilization, which occurs in rodents at 2- to 3-weeks post-MI (Jugdutt et al., 1996). These
processes could partially explain why the MI mice in this project (i.e. group 3) did not show
significant difference in LV function obtained by P-V loop analysis compared with sham surgery
mice (group 1). However, it is important to consider what are the initial signals that are
responsible for triggering compensatory hypertrophy and what are the molecular mechanisms
that initiate myocardial tissue healing and scar formation/stabilization. To answer these inquiries,
it is necessary to review what are the initial immediate responses of cardiomyocytes upon the

1schemic insult.

The reduced 0, availability to the working myocardium can trigger the switch from
aerobic metabolism (efficient oxidative phosphorylation) to anaerobic metabolism (glycolysis)
that significantly decreases the available ATP consumed by cardiomyocytes (Kiibler and
Spieckermann, 1970). In addition, the prolonged presence of ischemia can trigger myocardial
necrosis, which can subsequently lead to formation of a fibrotic scar. The loss of cardiomyocytes
and associated tissue fibrosis can provide a significant amount of stress on the remaining viable
myocardium, which puts more stress on the systolic function of LV and triggers compensatory
hypertrophy. Therefore, it is possible to recognize that O, deprivation leads to a series of events
that are initiated by cell damage and overall tissue injury, which can trigger robust immune

responses from innate immune system.
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Recent investigations have revealed and identified that immune cells play important roles
in post-MI events (Bajpai et al., 2019; DeLeon-Pennell et al., 2017; Deniset et al., 2019;
Frangogiannis et al., 2007; Heidt et al., 2014; Hilgendorf et al., 2014; Mach et al., 1997,
Nahrendorf et al., 2007; Sager et al., 2016; Swirski and Nahrendorf, 2018) First, it is important to
recognize that heart is composed of diverse cell types. The inotropic and lusitropic function of
the heart are not just mediated by cardiomyocytes. Muscle cells are structurally supported by the
extracellular matrix (ECM) and associated cell types (e.g. fibroblasts) and there are endothelial
cells that line the chambers, arteries, veins, and valves. Also, there are excitable cells (e.g.
autonomic nerves) that coordinate and influence intrinsic cardiac excitability. Furthermore, the
healthy adult mouse heart contains major leukocyte classes, such as neutrophils, B cells and T
cells that exceed the ones found in skeletal muscle by 12-fold (Swirski and Nahrendorf, 2018).
However, out of all the immune cell types, macrophages make up the largest population in the
heart that are monocytes derived. Detailed surface marker profiling of cardiac macrophages
showed that there are at least four subsets. All the cardiac macrophage sub-types uniformly
express the surface markers CD45%F4/80"CD11b*CD64*MERTK ™ but they have a distinct
expression pattern of MHC class II molecules: CC-chemokine receptor 2 (CCR2) and
lymphocyte antigen 6C (Ly6C) (Swirski and Nahrendorf, 2018). Furthermore, one of the
important characteristics of tissue resident macrophages is that they do not express the CCR2 on
the surface, whereas circulating monocyte-derived macrophages express the CCR2 receptor.
Thus, cardiac resident macrophages are denoted as CCR2- and circulating monocyte derived
ones are denoted as CCR2+. In addition, the CCR2+ and CCR2- macrophages are also found in

the adult human heart, and exhibit functions and localization that are compatible to the ones
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found in mouse. These findings thus have potential translational implications (Bajpai et al.,

2019).

Once MI is established in mice, a significant number of cardiomyocytes start to perish in
the infarct zone which secretes Death-Associated Molecular Patterns (DAMPs) that activate the
surrounding resident macrophages in a paracrine manner. This process triggers the resident
macrophages and cardiomyocytes to produce inflammatory cytokines and chemokines: IL-1, IL-
6, TNF, CC-chemokine ligand 2 (CCL2), CXCL2, and CXCL5 (Bajpai et al., 2019; Li et al.,
2016). It also triggers cardiac fibroblasts to release haematopoietic growth factors, such as GM-
CSF. This series of secretion and signalling lead to large-scale production and recruitment of
circulating neutrophils and monocytes that are mainly derived from haematopoietic stem and
progenitor cells (HSPCs) in the bone marrow and spleen (Swirski et al., 2009). Adrenergic
signalling by the sympathetic nervous system stimulates the bone marrow, which is followed by
subsequent activation of the spleen that induce extramedullary hematopoiesis (Dutta et al., 2012;
Leuschner et al., 2012). Once these innate immune cells are produced, they enter the blood
stream then reach the injury site and start to accumulate. They actively participate in an
inflammatory cascade which initially starts by engulfing dying/dead cardiomyocytes which in
turn generates inflammatory cytokines (e.g., IL-1, TNF, and IL-6) that amplify the inflammation
by affecting leukocytes, endothelial cells, and cardiomyocytes (Frangogiannis et al., 2002). This
phagocytic activity is mainly driven by the recruited neutrophils. As a part of the immediate
response to the myocardial ischemic injury, endothelial cells within the infarct zone up-regulate
adhesion molecules that mediate neutrophil extravasation (Nahrendorf et al., 2007). However,
the actions of the neutrophils can be somewhat non-specific, and lead to immunological

misfiring aimed at myocytes that survived the ischemic injury. Thus, it is possible to state that
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neutrophils can be damaging to the viable myocardium, which can undergo apoptosis and
eventually be removed by macrophages (Swirski and Nahrendorf, 2013). The other rapid
responder that gets recruited to the infarct zone are haematopoietically derived monocytes. The
inflammatory chemokine, CCL2, that is secreted by dying cardiomyocytes and cardiac resident
macrophages recruit the sub-type specific Ly6C™9" monocytes (Nahrendorf ez al., 2007). The
40% of infiltrating Ly6C™9" monocytes in the infarct originate from the spleen (Swirski et al.,
2009) which replaces the cardiac resident macrophages (Leuschner et al., 2012). These recruited
monocytes can undergo phenotypic conversion to macrophages which relays the further series of
inflammation and LV remodelling processes (Dick et al., 2019; Honold and Nahrendorf, 2018).
Therefore, these newly introduced monocyte-derived macrophages can self-maintain via local
proliferation at the infarct zone over long periods of time (Hashimoto et al., 2013; Heidt et al.,
2014; Sager et al., 2016; Scott et al., 2016). However, in addition to the phagocytosis and
efferocytosis mediated by these macrophages, it is reported that they are actively involved in
synthesis and secretion of molecules that establish the crosstalk with other cardiac cell types
(Honold and Nahrendorf, 2018) (Figure. 22). The major molecules that are secreted by the
monocyte derived macrophages are (1) TNF-a (2) TGF- (3) MMPs (4) VEGF. TNF-a can also
originate from cardiomyocytes and endothelial cells. The overall effect of TNF-a is to induce
cardiomyocyte hypertrophy. TGF-J triggers conversion of cardiac fibroblasts to myofibroblasts
which subsequently express a-smooth muscle actin and synthesize collagen that can be deposited
to produce fibrotic scar. MMPs degrade the ECM via proteolytic enzymes that contribute to
injured tissue remodelling. VEGF targets endothelial cells which promote angiogenesis
(Frangogiannis, 2014; Honold and Nahrendorf, 2018; Lindsey, 2018; Nahrendorf et al., 2007).

Overall, it is possible to recognize that the activities of monocytes derived macrophages are not
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just limited to phagocytosis and efferocytosis but rather they serve as a platform leading to

additional adaptative LV remodelling.
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Figure 22.
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Figure 22. Macrophage mediators and crosstalk after myocardial infarction

Macrophages within the ischemic/infarcted zone (blue cell) release multiple mediators and
participate in phagocytosis. TNF-a acts on cardiomyocytes and can induce hypertrophy and cell
death. TGF-f induces conversion of fibroblasts to myofibroblasts that produce collagen
necessary for scar formation. Proteolytic enzymes like matrix metalloproteinase (MMPs)
contribute to tissue remodeling while VEGF acts on endothelial cells and stimulates
angiogenesis.

[Taken from: Honold, L., and Nahrendorf, M. (2018). Resident and Monocyte-Derived Macrophages in
Cardiovascular Disease. Circ Res 722, 113-127.0.1161/circresaha.117.311071.]
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The other subtype of haematopoietically derived monocyte is Ly6C " monocytes. As
mentioned previously, the damaged tissue secrets the CCL2 that recruits the Ly6C™9"
monocytes during the first several days post to the infarction. However, the damaged
cardiomyocytes subsequently switch to CX3CL1-mediated recruitment of Ly6C°" monocytes
which partakes in the reparative phase of LV (Nahrendorf et al., 2007). More specifically, the
recruited Ly6C™9" monocytes have a life span of 20 hours, and they begin to differentiate into
reparative Ly6C " monocytes (Courties et al., 2014; Hilgendorf et al., 2014; Leuschner et al.,
2012). Ly6C*" macrophages can persist for several weeks and renew partially by local
proliferation (Hilgendorf et al., 2014). However, the switching mechanism from Ly6C™9" to
Ly6C™Y is not known and, the specific function of Ly6C ‘" monocytes is not identified.
However, with the basis of robust experimental evidence, there is no doubt that MI is an event
that is associated with large-scale immune response, and it is mediated by multi-step processes
that are highly timing dependent. This picture indicates that the timing of therapeutic
interventions to mitigate MI is likely very important to maximize the beneficial effects and

minimize the potential side-effects.

4.4 Cardiac Fibrosis is the major determinant of LV prognosis

A recent study reported by Densiet et al suggested that there is an important role played
by pericardial cavity Gata6+ macrophages in the prevention of cardiac fibrosis (Deniset et al.,
2019). Gatab is a transcription factor expressed by the pericardial fluid resident macrophages,
but not expressed in the myocardial resident CCR2+ and CCR2- macrophages. Deniset et al. also
reported that once the AMI is established in mice by surgically ligating the LAD coronary artery,
the Gata6+ macrophages migrated from pericardial cavity into the infarct zone via a transmural

pathway. This process was found to be distinct from other macrophages that are usually attracted
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to the injury site via the circulation and endothelial extravasation (Deniset ef al., 2019).
Furthermore, once the pericardial macrophages arrive in the myocardial space, the macrophages
no longer express the Gata6 transcription factor and reduced the expansion of interstitial fibrosis
into the peri-infarct/remote zone of myocardium (Deniset ef al., 2019). Therefore, from this
experimental evidence, it is possible to recognize that migration of Gata6+ pericardial
macrophages prevented the expansion of left ventricular fibrosis and improved overall cardiac
function which was confirmed by measuring cardiac functional indicators such as EF, FS,

ESPVR, EDPVR, etc.

However, there is another important aspect that needs to be recognized from the
experiments reported by Deniset et al. As mentioned previously, the immunological response to
ischemic myocardial injury is highly timing dependent. In other words, there is a series of events
that occur in a chronological order. The cell sorting/flow cytometry experiments from the study
by Deniset et al. demonstrated that there are certain distinct populations of immune cells present
at different time points in the post-MI LV. The neutrophils and Ly6C"9"
monocytes/macrophages showed a significant increase at ~3 days post-infarction and returned
back to baseline levels at ~7 days post-infarction. However, Ly6C % macrophages displayed a
decline at ~3 days post-injury and then increased to the baseline level at ~7 days post-injury
(Figure. 23) (Deniset et al., 2019). These observations provide more quantified information with

regards to the activation and types of innate immune cells in the post-MI environment.
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Figure 23.
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Figure 23. Pericardial and cardiac myeloid populations in Lyz 2°¢; Gata6/"//! mice

Quantification of neutrophil, Ly6CMmonocytes/macrophages, and Ly6C!® macrophages in
mouse ventricular tissue pre- and post-MI in Gata6™/® (WT) and Lyz 2°7~; Gata6™/™ mice.
n=3-11 from at least 2 independent experiments per timepoint.

[Taken from: Deniset, J.F., Belke, D., Lee, W.Y., Jorch, S.K., Deppermann, C., Hassanabad, A.F.,
Turnbull, J.D., Teng, G., Rozich, 1., Hudspeth, K., et al. (2019). Gata6(+) Pericardial Cavity Macrophages
Relocate to the Injured Heart and Prevent Cardiac Fibrosis. Immunity 57, 131-140.e135.

10.1016/j.immuni.2019.06.010.]
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4.5 The timing of pharmacological intervention affects LV function in MI model mice

The experimental evidence indicates that post-infarction, LV healing is coordinated by
multifactorial events. After M1, the innate immune cells are essential for tissue repair, but their
oversupply and/or over-activity can be disadvantageous to the healing and can lead to HF
(Swirski and Nahrendorf, 2013). Therefore, there needs to be a well-balanced supply and
demand relationship of innate immunity to optimize the tissue healing. This also indicates that
the beneficial effects of therapeutic intervention can be maximized if administered under the
correct timing, which can augment the immune cells’ ability to mediate healing processes but
simultaneously, avoid the time window when activities of the neutrophils and monocytes are at

their peak.

The above information represents an important variable that needs to be incorporated into
the overall data interpretation of this project. As mentioned previously, the daily in vivo SKA-31
treatment started within ~48 hours post-surgery and lasted for ~6 weeks. With the in vivo drug
treatment, it is important to consider the pharmacodynamics, which means, the drug would have
systemic effects rather than limiting its impact to preferred sites, such as the vascular
endothelium. Furthermore, with the robust experimental evidence reported by Deniset and
colleagues, it is possible to recognize that there is a robust pro-inflammatory immune response in
post-MI mice during first ~7 days driven by neutrophils and Ly6C™9" monocytes/macrophages.
Based on this situation, there is an overlap between the timing of SKA-31 treatment and large-
scale immune responses during the first ~7 days post-MI surgery. Therefore, it is possible to
state that there could have been potential interactions between the blood plasma SKA-31 and
significantly elevated level of neutrophils and Ly6C"™9" monocytes/macrophages within the

circulation. This situation is potentially important, as many immune cells express the KCa3.1
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channel, a target for SKA-31. In addition, it is important to recognize that these immune cells
reach the site of infarction via coronary circulation which subsequently extravasate between the
coronary endothelial cells (Swirski and Nahrendorf, 2013) and as mentioned previously, one of
the vascular beds that we envisioned would be affected by SKA-31 is coronary circulation.
However, it is first important to review what are the potential molecular mechanisms that

underlie this interaction between the SKA-31 and pro-inflammatory immune cells.

A variety of ion channels are expressed on lymphocytes and mediate many important
physiological cell functions, such as gene expression, apoptosis, proliferation, development, and
migration (Cahalan and Chandy, 2009). One of the most prominent activation signals that
triggers physiological cell functions of lymphocytes is the entry of extracellular Ca?*into the
cytosolic space. This Ca?*influx is often associated with initiation of intracellular signalling
cascades that lead to gene expression, secretion, hyperplasia, etc. (Feske, 2007; Oh-hora, 2009).
Therefore, the membrane potential (Vm) of lymphocytes is a major determinant that dictates
Ca?* entry. In non-excitable cells (e.g. immune cells, fibroblasts, endothelium, etc.), this
external Ca* entry is augmented by the membrane hyperpolarization which increases the
electric driving force and facilitates Ca?* influx via receptor- and store-operated Ca®*entry
(SOCE) pathways (Mathew John ef al., 2018; Prakriya and Lewis, 2015; Soboloff et al., 2012).
Therefore, the interplay among the ion channels that maintain Vm such as K+, Na*, and Cl~
channels are important. However, as hyperpolarization is a key process that determines the
overall activities of immune cells, it is important to highlight the impact of K *channels on

immune cell physiology.

The best studied K* channels on lymphocytes are the voltage-activated K,,1.3 and the

Ca?*-activated K Tintermediate-conductance K,3.1 channels which predominantly regulate
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membrane potential (Feske et al., 2015). As the name suggests, the K,,1.3 channel is activated by
membrane depolarization and once activated, it counteracts the depolarization by
hyperpolarizing the membrane potential via K* efflux. This process establishes an electric
driving force for the initial external Ca?*entry which can form intracellular Ca?*microdomains
in vicinity of the plasma membrane (PM) and K.,3.1 channel (voltage-insensitive). This
subsequently activates the K,3.1 channel and promotes sustained Ca?*influx (Feske et al.,
2015). Furthermore, to prevent the over-lasting hyperpolarization, there is Transient Receptor
Potential Cation Channel Subfamily M, member 4 (TRPM4) expressed on the PM which is also
a Ca®*-activated monovalent cation channel that is highly permeable to Na* that depolarizes the
Vm as a counteractive mechanism which prevents the excess Ca?*-entry (Launay et al., 2004;
Launay et al., 2002). These channels thus act in a physiologically coordinated manner that

efficiently and safely mediates immune cell activation.

The major immune cell populations that increase significantly following an AMI in mice
are neutrophils and Ly6C"™9" monocytes/macrophages. These innate immune cells recognize the
DAMPs generated by dying/dead cardiomyocytes via Toll-like receptors (TLRs) on its PM.
Once they are activated, they express and secret pro-inflammatory cytokines that leads to further
recruitment of neutrophils, macrophages, and dendritic cells (DCs). lon channels are involved
with this activation and migration pattern of immune cells. In macrophages and neutrophils, the
intracellular Ca?*is reported to play pivotal roles. In macrophages, intracellular Ca?* regulates
the production of TNF-a and nitric oxide (NO), phagocytosis (Chen et al., 1998; Watanabe et al.,
1996) whereas in neutrophils, Ca?* is associated with ROS generation (Zhang et al., 2014).
Therefore, as introduced previously, membrane hyperpolarization mediated Ca?*-entry can

trigger activation of macrophages and neutrophils. In previous investigations, it has been
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revealed and reported that monocytes and macrophages in rodents and humans express several
types of K *channels: K, 1.3, K;,1.5, Kc,1.1, K¢g3.1 and K;;,.2.1 channels (Chung et al., 2002;
DeCoursey et al., 1996; Gallin, 1984; Hanley et al., 2004; Nelson et al., 1992; Seydel et al.,
2001; Vicente et al., 2003). The major function that are mediated by these K* channels are
maintenance of resting Vm and establishing the platform for external Ca?* entry. In human
macrophages, there have been reports showing K-,3.1 channel presence on PM. They are
activated by the Ca?*influx via Calcium release activated channel (CRAC) via SOCE pathway.
This allows prolonged Ca?*signalling through hyperpolarization which facilitates store refilling
(Gao et al., 2010b; Hanley et al., 2004). Furthermore, with the presence of vascular injury and/or
hypoxic events, ATP can be released from endothelial cells, red blood cells (RBCs) and platelets
that can target P2Y receptors which stimulates a GPCR — G-protein — PLC - IP; evoked
intracellular Ca?* release pathway that activates the CRAC channel (Procopio et al., 2021).
Furthermore, it has been reported that K-,3.1 expression is commonly observed on macrophages
that infiltrate atherosclerotic plaques, inflamed tissues such as inflammatory bowel disease (IBD)

and vasculopathy (Chen et al., 2013; Strebek et al., 2013; Toyama et al., 2008).

Therefore, it is possible to state that under the circumstances of ischemic myocardial
injury which was established in this project, there is a high possibility that recruited neutrophils
and monocytes/macrophages would have K,3.1 channel expression on the PM. Furthermore,
the activation threshold of these K-,3.1 channels could have been enhanced in the presence of
SKA-31. As explained previously, K.,3.1 channels have constitutively bound CaM on
intracellular C-termini which acts as a Ca®* sensor. Brown et al. revealed that SKA-31 binds to
the CaM-BD/CaM interface on the C-termini by carrying out structure/function analyses and

computational modeling of the K,3.1 channel. The binding of SKA-31 would be expected to
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sensitize the channel and increase the open probability in response to a stimulus (Brown et al.,
2017). Thus, in the setting of robust inflammatory events such as AMI, SKA-31 could have
potentiated the pro-inflammatory activities of innate immune cells. Moreover, another aspect that
needs to be addressed is cardiac fibrosis that follows the myocardial inflammation. As mentioned
previously, one of the molecules secreted by pro-inflammatory monocytes-derived macrophages
is TGF-B which targets the cardiac fibroblasts. Once they are activated by TGF- f, these cells
transdifferentiate into secretory myofibroblasts that mediate extracellular matrix deposition
(Lighthouse and Small, 2016). Also, it is noteworthy that macrophages are in close proximity to
the myofibroblasts within the myocardium (Frangogiannis et al., 2003). In previous
investigations, K., 3.1 channels are reported to be expressed on fibroblasts of airway pathways
and hepatic stellate cells that mediate tissue fibrosis (Roach and Bradding, 2020; Song et al.,
2014; Van Der Velden et al., 2013). Therefore, it is possible to state that within the first 2 weeks,
SKA-31 treatment in post-MI mice could have potentiated the pro-inflammatory responses
within the LV along with increased progression of tissue fibrosis as evidenced by modestly
elevated values of ESV and EDV in group 4 mice at 2-, 4-, and 6-weeks post-MI compared with
group 3. Furthermore, it is important to recognize that Ly6C"™9" monocytes have a life span of
20 hours within the infarct zone (Courties et al., 2014; Deniset ef al., 2019; Hilgendorf et al.,
2014; Leuschner et al., 2012) which largely overlaps with the pharmacokinetic profile of the
SKA-31 (half life of ~12 h). Furthermore, Lee et al reported that there is also a significant
elevation of monocytes and macrophages in the non-infarcted remote zone of myocardium after
the onset of MI. PET/MRI imaging and flow cytometry approaches have revealed that
recruitment of immune cells within the non-infarcted area of the myocardium was most abundant

in the border zone. The population of monocytes/macrophages was increased by 66-fold in the
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infarct and 9-fold in the remote zone on day 5 after MI. The population of Ly6C"*9" monocytes
within the remote zone subsequently reached a peak at day 10 after MI (Lee et al., 2012; Swirski
and Nahrendorf, 2013). This experimental evidence suggests that these pro-inflammatory
immune cells could be responsible for expansion of fibrotic scar into the remote zone.
Correspondingly, the PSR staining that was carried out in this project reveal a noticeable
increase in fibrosis within the mid-myocardium of group 4 compared to group 3. With the
consideration of anatomical positioning of LAD ligation suture, the area distal to the stitch would
inevitably have infarction/fibrosis. Thus, there is a comparable level of tissue fibrosis between
groups 3 and group 4 within the apical myocardium. However, the noticeable difference in the
extent of fibrosis within the mid-myocardium between these two groups could be explained by
possibility that fibrotic scar had expanded from an original site within the LV apex. Therefore, in
view of the experimental evidence provided by Lee et al and from this project, it is possible that

SKA-31 treatment could have contributed to the expansion of fibrosis within the LV.

4.6 SKA-31 treatment did not significantly affect the cardiac electrophysiology.

The rhythmicity of heart is very important in terms of maintenance of overall
cardiovascular homeostasis because it directly regulates the amount of blood being pumped and
delivered during each heartbeat (Cardiac Output = Heart Rate X Stroke Volume).
Furthermore, the heart rate can vary under different metabolic demands and this dynamic
physiology is coordinated by autonomic nerve innervation of the myocardium. This
neurohumoral relationship that modifies the heart rate is coordinated by a complement of ion

channels within the heart.

In this project, the heart rate (HR) was measured at 2-. 4- and 6-weeks post-infarction by

both echocardiography and P-V loop analysis. As illustrated in Figure 17, it is apparent that there
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is no significant impact mediated by SKA-31 treatment on HR in both sham and MI groups.
However, to elucidate the reason why SKA-31 treatment did not have significant impact on
overall heart rate and potentially cardiac electrophysiology, it is necessary to consider

information with regards to K.,2.x and K,3.1 expression within the heart.

The K42 channels are reported to be expressed in the human and mouse atrial cells that
showed apamin or dequalinium chloride sensitivity (Xu et al., 2003). The blockade of the
putative K-,2 channel in the atrium delayed the late repolarization of the action potential that
increased overall Action Potential Duration (APD). Furthermore, qRT-PCR analysis showed that
the mRNA of K;,2 (K¢,2.1 and K,2.2) is expressed to a greater degree in mouse atria
compared to ventricle, but K;,2.3 channels showed similar levels of mRNA expression in both
regions (Tuteja et al., 2005). Other investigations have confirmed that K, channels are
expressed in atria and involved in atrial repolarization by demonstrating an increase in APD
when cells were treated with BAPTA-AM, a Ca?* chelator (Tuteja et al., 2005). In addition,
when rodent ventricular cardiomyocytes were pharmacologically treated with the KCa2 channel
blocker apamin, it did not alter the AP shape and duration which further confirms that K 2
channels are not predominantly expressed in mouse ventricle (Xu ef al., 2003). K.,2 channels
are reported to be colocalized with voltage-gated Ca?* channels in some tissues (Vandael et al.,
2012) which suggests that channel activity may be more sensitive to the extracellular Ca?*
sources. In mouse atrial cells, K;,2.2 channels colocalize with L-type Ca?* channels through a-
actinin interactions and external calcium appears to be a major determinant of channel activation.
This idea was supported by significantly reduced K.,2.2 current and shortened atrial APs in
Ca, 1.3 null mice (Lu et al., 2007). Furthermore, in guinea pig ventricular cells, K.,2 channels

are reported to be expressed on the inner membrane of mitochondria, as denoted by mK,, which
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was determined by single channel recordings from purified mitochondrial channels that showed
Ca?*-dependence and apamin-sensitivity (Stowe et al., 2013). In the same study, Stowe and
colleagues demonstrated cardio-protective effects of a K-,2/3 channel opener (i.e. DCEBIO) in
a model of ischemia reperfusion. When hearts were pre-treated with the K, pharmacological
opener, the LV exhibited better systolic pressure, coronary flow, and reduced infarct size, which
was observed via isolated heart perfusion experiments. The authors suggested that this beneficial
effect of mK, activation is O,  dependent because the effect was reversed when heart was pre-
treated together with an O, dismutator compound (i.e. TBAP). Furthermore, in chronic Heart
Failure with reduced Ejection Fraction (HFrEF), it is reported that the protein expression of
K42.3 was increased in rabbit ventricle, whereas K.,2.2 was increased both in atria and
ventricle (Chua et al., 2011). In another study with rabbit, isolated heart perfusion and patch
clamp experiments revealed that there is an elevation of K, channel expression in infarcted LV.
The rabbit MI model was established by surgically ligating the LAD coronary artery via left
thoracotomy. The isolated rabbit ventricular cells from the peri-infract zone displayed a larger
apamin-sensitive current density than cardiomyocytes from the unaffected zone (Lee et al.,
2013). This finding suggests that there is an alteration to the K, channel expression and

distribution pattern after the MI.

On the basis of experimental evidence, it is possible to recognize that K-,2 channels are
mostly expressed in mammalian atria (Hancock et al., 2015; Reher et al., 2017; Shamsaldeen et
al., 2019; Skibsbye et al., 2014; Tuteja et al., 2005; Xu et al., 2003). In contrast to this
expression pattern of K-,2 channels, the K,3 channels show a more diverse expression pattern.
In adult mouse heart, the protein expression of K.,3.1 channels is observed in atrial appendages,

ventricles, and in the sinoatrial node (Haron-Khun et al., 2017). In rats, the K-,3.1 channels are
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expressed in the SAN, AVN and ventricles but less amount in the atria (Zhao et al., 2019).
However, in previous investigations, the K;,3.1 channels in heart are also reported to play a role
in the regulation of cardiac automaticity. The major electrophysiological events that dictate
cardiac spontaneity and automaticity are diastolic depolarization or pacemaker depolarization.
This pattern of a relatively more depolarized resting membrane potential (RMP) is mediated by a
complement of ion channels: If, ICa,, INCX and ICa,L (Cav1.3) (Baruscotti et al., 2010; Brown
and Difrancesco, 1980; Groenke et al., 2013). Interestingly, Weisbrod et al reported that when
human embryonic stem cell derived cardiomyocytes (hESC-CMs) are treated with K.,3 channel
antagonists, it led to significant reduction of the diastolic pacemaker slope and essentially
terminated the cardiac pacemaking activity (Weisbrod et al., 2013). Therefore, overall
experimental evidence suggest that K., channels may contribute to the repolarization phase of
cardiac action potential in some species, which occurs during diastole and determines the firing

of the next AP.

However, as evidenced by the heart rate data in this project, SKA-31 treatment did not
have a significant impact on overall heart rate. The following suggestions could account for these
observations: (1) a minimal dosage of SKA-31 was used in this project (2) the effects of
isoflurane during the measurement (3) pharmacodynamics of SKA-31 on cardiomyocytes (4)
relative minimal role of K, channels on cardiac electrophysiology/pacing. In a previous
investigation, Mishra and colleagues acutely administered a minimal dosage of SKA-31 (0.3
uM) to diabetic rat hearts and its corresponding control group using an ex vivo Langendorff
perfused, isolated heart preparation (Mishra et al., 2014) and did not detect changes in
spontaneous heart rate. This evidence indicates that when heart is independent of autonomic

nerve innervations and other potential neurohumoral interactions, acute SKA-31 treatment did
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not impact the intrinsic myocardial heart rate. In other words, the SKA-31 treatment did not
affect the K, channels within the atria and ventricle with a minimal dosage. However, it is
important to be aware of the potential impact of SKA-31 and comparable KCa channel activators

on overall cardiac electrophysiology.

4.7 Limitations and future directions

In most scientific investigations, experimental design is one of the most important stages
of the project because it directly impacts the ability of the investigator to evaluate the hypothesis.
The experimental outline needs to be carefully created to prevent/minimize confounding
variables. However, it is inevitable that there are always areas for improvement in most studies.
Similarly, it is also important to consider the feasibility and cost-effectiveness of the

experimental setup to undertake reasonable approaches.

In this project, male mice (12-15 weeks of age, C57B1/6 strain) were used to create the
MI model and to assess cardiac function, the techniques of echocardiography, P-V loop analysis
and histopathological analysis were implemented. These techniques are widely and routinely
used in cardiac research (Lindsey ef al., 2018a; Lindsey et al., 2018b; Pacher et al., 2008). In
addition, the extensive protocols that outline technical details for performing permanent
occlusion MI surgery and transient occlusion MI injury in rodents are readily available (Michael
et al., 1999; Nossuli et al., 2000; Wu et al., 2011; Zamilpa et al., 2013). Another strength of
using rodent models is that it allows for higher throughput studies with a wide range of
transgenic animals being available to study molecular mechanisms (Lindsey et al., 2018a).
However, rodents are reported to have relatively high surgical and postoperative mortality
(Lindsey et al., 2018a). To improve the survival of the animals, it is important to minimize the

size of the thoracotomy and bleeding during the surgery. Furthermore, due to the surgical

92



approach to ligate the LAD coronary artery, it is very difficult to place suture at the same
anatomical location across the group of animals which can lead to variability of the infarct size
(Chen et al., 2017). It is also possible to miss the desired coronary artery during the ligation step
of the surgery that leads to a failure to induce a bona fide MI injury. Therefore, thorough
assessments to confirm successful induction of MI and the size of the infarct are very important.
These steps of comprehensive confirmation were implemented in this project and, the infarct size
variability was incorporated in the overall interpretation of the data. Nonetheless, to maximize
the feasibility and utilization of the resources of well-established protocols, it was most

appropriate to use a surgical method to establish a mouse model of MI in this project.

Furthermore, it is important to recognize the usage of isoflurane in this project. Isoflurane
has been shown to cause moderate to severe cardio-depression (Hart et al., 2001; Matsuda et al.,
2007; Szczesny et al., 2004). The major actions mediated by isoflurane are associated with
chronotropic and inotropic decreases in cardiac function (Constantinides et al., 2016). This
depression is mostly achieved by changes in autonomic tone which further impacts inward
calcium transients and subsequent CICR events in excitation-contraction coupling of
cardiomyocytes. The list of events reported to be mediated by isoflurane are (1) a decrease in HR
due to its actions in the CNS and PNS (2) a decrease in inward Ca?* transient by targeting L-
type Ca?*channels and a subsequent decrease in SR Ca?* accumulation (3) changes in cardiac
inotropy (Constantinides and Murphy, 2016). Furthermore, it is reported that isoflurane is a
coronary artery vasodilator by targeting K, channels of coronary VSMCs and endothelium
(Constantinides and Murphy, 2016). Thus, due to these effects of isoflurane on cardiovascular
system, it is important to consider what are the potential impacts of such anesthetics in the

functional measurements in this project. First, it is very important to review the pharmacokinetic
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property of SKA-31. As mentioned previously, it is reported to have a half-life of ~12 hours in
rodents. This property may be important because on the day of cardiac function measurements
(echocardiography and P-V loop analysis), the animals did not receive SKA-31 treatment prior to
the measurements. This indicates that the blood plasma level of SKA-31 would be minimal
during exposure to the isoflurane which possibly avoided an interaction between the two

molecules.

Furthermore, Lindsey et al have outlined 5 categories to consider when making choices
regarding anesthetic usage: (1) ease of handling (2) amount of stress induced (3) ability to adjust
level and duration (4) impact on BP, HR, cardiac function (5) recovery time. To fulfill most of
these categories, isoflurane was the most ideal reagent to use in this project. The main benefit of
using isoflurane was that it is inhalational, which means, it acts fast, and animals recover rapidly
from the exposure. Also, it allows for prompt manipulation and monitoring of the isoflurane
level. These conditions provided the most feasibility in terms of implementing the surgery,
echocardiography and P-V loop analysis in the mice. Furthermore, as some of these techniques
are very invasive, it was ethically and humanely reasonable to use isoflurane in this project.
However, if there are anesthetic options available that can minimize the manipulation of
autonomic tone and overall cardiovascular hemodynamics, it is important to objectively assess
and decide their usage in future experiments with the condition that it can improve the overall
quality and feasibility of the project. Nonetheless, it is very important to consider the potential

impact of isoflurane on overall cardiac function to rigorously interpret the data.

In terms of future experiments, I suggest that it is important to look at what are the
changes in the expression level of K, channels after the onset of AMI in mice. The cell types

that particularly require such evaluation are LV cardiomyocytes, vascular endothelium and
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recruited monocytes, neutrophils, and macrophages. More specifically, it will be also informative
to look at differential expression patterns of K, channels in border and remote zone of the
myocardium. I believe that the fundamental concept that needs to be highlighted to maximize the
beneficial effects of SKA-31 is how to balance the effects of SKA-31 treatment on vascular
endothelium to improve its health over its potential impacts on other cell types such as innate
immune cells. Therefore, by evaluating the differential expression pattern of K, channels on
those cell types after MI could provide insight into how to use SKA-31, an enhancer of
endothelial health, more effectively to promote myocardial tissue healing via enhancing coronary
hemodynamics and reducing the amount of stress on remaining viable myocardium by improving
the systemic circulation. However, as mentioned previously, the innate immune response to MI
follows a temporal pattern. Thus, I suggest it will be reasonable to implement cell sorting/flow
cytometry at certain time points after MI (e.g. 3 days, 5 days, 7 days and 10 days post-infarction)
to obtain immune response profiles and explore the impact of SKA-31 administration on their

activity by measuring K., channel current by patch-clamp electrophysiology.

Also, a variety of genetically engineered knockout (KO) mice are readily available. Thus,
by performing LAD coronary ligation surgery on K, 2.x and K,3.1 channel KO mice, one can
possibly obtain more information with regards to the molecular mechanisms of SKA-31 in the

setting of an acute MI.

Summary and Conclusions

In my study, I have investigated a novel strategy to mitigate MI by administering the K.,
2.x and K.,3.1 channel activator SKA-31 to male mice (12-15 weeks of age, C57B1/6 strain)
following acute MI. The surgical approach to establish MI was successful and was confirmed by

rigorous evaluation. The sham surgery mice (i.e. groups 1 and 2) in this project exhibited an EF
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of ~45-50% and a FS of ~20-25%, with an ESV of ~40 pL and EDV of ~70 pL. On the other
hand, mice subjected to MI surgery (i.e. groups 3 and 4) exhibited an EF of ~25-30% and FS of
~10-15%, with an ESV of ~70 pL and EDV of ~100 pL. The cardiac function and structure
measurements were performed by echocardiography, P-V loop analysis and histological

assessment of the heart.

From the data obtained by echocardiography and P-V loop analysis, it is clear that there
was a significant decrease in LV systolic function in MI surgery mice, as evidenced by drops in
EF and FS, which was accompanied with significant volume enlargement (increase in ESV and
EDV). However, my data also indicate that SKA-31 treatment did not significantly affect the
sham operated mice (groups 1 and group 2). The possible explanation for this trend is that SKA-
31 was used at minimal dosage to sensitize the K-, 2.x and K;,3.1 channels and, the vessels of
sham groups would be expected to have a relatively low degree of endothelial dysfunction. In
other words, the vessels are already in a healthy state and did not require much improvement.
Thus, SKA-31 treatment was not expected to induce significant changes in sham operated mice.
However, as explained previously, the mice with MI injury displayed a significant drop in
cardiac function. Interestingly, there is a trend of further exacerbation associated with SKA-31
treatment in MI group (group 4) compared to its MI control with vehicle treatment (group 3).
Although none of the modest differences were statistically significant, I suggest that the
interpretation of this trend needs to be done very carefully since myocardium undergoes multiple
processes over the course of an acute MI and subsequent recovery phase. However, with the
recent robust data published by Deniset, Swirski and Nahrendorff, it is possible to recognize that
there are large-scale inflammatory processes associated with LV remodeling as a part of post-MI

events. In addition, there are reports indicating K,3.1 channel expression on monocytes,
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macrophages, neutrophils, fibroblasts and myofibroblasts. Therefore, I suggest that such
potential exacerbation mediated by SKA-31 may be associated with cardio-immunological
events within the LV associated with infarction. Therefore, I suggest and emphasize that
pharmacological intervention to mitigate the progression of MI requires consideration of timing

and complex multifactorial events associated with post-MI remodelling.
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Appendix
Figure S1.
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Figure S1. [Echocardiography] Group 1: Sham + Vehicle. These representative images were
taken at 2 weeks following sham surgery. [A] Short axis view illustrates clean patterns of
anterior and posterior side of left ventricular wall. Also, the accompanying ECG (lower trace) is
normal with clear layout of the PQRST complex. [B] Long axis view illustrates relatively
uniform layout of myocardium from base to apex. The images were taken prior to the P wave of
ECG.
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Figure S2.
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Figure S2. [Echocardiography] Group 2: Sham + SKA-31. Representative images were taken
at 2 weeks following sham surgery. [A] Short axis view illustrates clean patterns of anterior and
posterior side of left ventricular wall. Also, the accompanying ECG (lower trace) is normal with
clear layout of the PQRST complex. [B] Long axis view illustrates relatively uniform layout of
myocardium from base to apex. The images were taken prior to the P wave of ECG.
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Figure S3.

MI + Vehicle
[2 weeks]

Figure S3. [Echocardiography] Group 3: MI + Vehicle. These representative images were
taken at 2 weeks following MI surgery. [A] Short axis view illustrates relatively reduced anterior
wall thickness at both systole and diastole. Also, the accompanying ECG (lower trace) depicts
ST-segment elevation. [B] Long axis view illustrates thinning/absence of the apical myocardium,
implying no muscle movement. The images were taken prior to the P wave of ECG.
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Figure S4.
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Figure S4. [Echocardiography] Group 4: MI + SKA-31. Representative images were taken at
2 weeks following MI surgery. [A] Short axis view illustrates relatively reduced anterior wall
thickness at both systole and diastole. Also, the accompanying ECG (lower trace) depicts
abnormal QRS complex with ST-segment elevation. [B] Long axis view illustrates
thinning/absence of the apical myocardium, implying no muscle movement. The images were
taken prior to the P wave of ECG.
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Figure SS.
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Figure SS. [Echocardiography] Group 1: Sham + Vehicle. These representative images were
taken at 4 weeks following sham surgery. [A] Short axis view illustrates clean patterns of
anterior and posterior side of left ventricular wall. Also, the accompanying ECG (lower trace) is
normal with clear layout of the PQRST complex. [B] Long axis view illustrates relatively
uniform layout of myocardium from base to apex. The images were taken prior to the P wave of
ECG.
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Figure S6.
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Figure S6 [Echocardiography] Group 2: Sham + SKA-31. Representative images were taken
at 4 weeks following sham surgery. [A] Short axis view illustrates clean patterns of anterior and
posterior side of left ventricular wall. Also, the accompanying ECG (lower trace) is normal with
clear layout of the PQRST complex. [B] Long axis view illustrates relatively uniform layout of

myocardium from base to apex. The images were taken prior to the P wave of ECG.
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Figure S7.
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Figure S7. [Echocardiography] Group 3: MI + Vehicle. These representative images were
taken at 4 weeks following MI surgery. [A] Short axis view illustrates relatively reduced anterior
wall thickness at both systole and diastole. Also, the accompanying ECG (lower trace) depicts
ST-segment elevation. [B] Long axis view illustrates thinning/absence of the apical myocardium,
implying no muscle movement. The images were taken prior to the P wave of ECG.
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Figure S8.
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Figure S8 [Echocardiography] Group 4: Sham + SKA-31. These representative images were
taken at 4 weeks following sham surgery. [A] Short axis view illustrates clean patterns of
anterior and posterior side of left ventricular wall. Also, the accompanying ECG (lower trace) is
normal with clear layout of the PQRST complex. [B] Long axis view illustrates relatively
uniform layout of myocardium from base to apex. The images were taken prior to the P wave of
ECG.

119



Figure S9.
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Figure S9. [P-V Loop Analysis] Group 1: Sham + Vehicle. Baseline measurements of cardiac
performance obtained from P-V loop analysis. In these representative screen capture plots, the
red trace in the top panel indicates left ventricular (LV) pressure, the blue trace below indicates
LV volume, the green trace indicates ECG and the pink trace indicates ventilatory activity. [A]
The baseline measurements of cardiac performance with the ventilator on. [B] The baseline
measurements with ventilator off as indicated by the flat pink line. [C] Load-independent
measurement of ESPVR and EDPVR following occlusion of the abdominal vena cava. The
specific region of data where both pressure and volume drop imultaneously, as indicated by the
shading in the panel, was selected for the measurement.
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Figure S10.
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Figure S10. [P-V Loop Analysis] Group 2: Sham + SKA-31. Baseline measurements of

cardiac performance obtained from P-V loop analysis. In these representative screen capture
plots, the red trace in the top panel indicates left ventricular (LV) pressure, the blue trace below

indicates LV volume, the green trace indicates ECG and the pink trace indicates ventilatory

activity. [A] The baseline measurements of cardiac performance with the ventilator on. [B] The

baseline measurements with ventilator off as indicated by the flat pink line. [C] Load-

independent measurement of ESPVR and EDPVR following occlusion of the abdominal vena

cava. The specific region of data where both pressure and volume drop imultaneously, as
indicated by the shading in the panel, was selected for the measurement.
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Figure S11.
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Figure S11. [P-V Loop Analysis] Group 3: MI + Vehicle. Baseline measurements of cardiac
performance obtained from P-V loop analysis. In these representative screen capture plots, the
red trace in the top panel indicates left ventricular (L'V) pressure, the blue trace below indicates
LV volume, the green trace indicates ECG and the pink trace indicates ventilatory activity. [A]
The baseline measurements of cardiac performance with the ventilator on. [B] The baseline
measurements with ventilator off as indicated by the flat pink line. [C] Load-independent
measurement of ESPVR and EDPVR following occlusion of the abdominal vena cava. The
specific region of data where both pressure and volume drop imultaneously, as indicated by the
shading in the panel, was selected for the measurement.
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Figure S12. [P-V Loop Analysis] Group 4: MI + SKA-31. Baseline measurements of cardiac
performance obtained from P-V loop analysis. In these representative screen capture plots, the
red trace in the top panel indicates left ventricular (L'V) pressure, the blue trace below indicates
LV volume, the green trace indicates ECG and the pink trace indicates ventilatory activity. [A]
The baseline measurements of cardiac performance with the ventilator on. [B] The baseline
measurements with ventilator off as indicated by the flat pink line. [C] Load-independent
measurement of ESPVR and EDPVR following occlusion of the abdominal vena cava. The
specific region of data where both pressure and volume drop imultaneously, as indicated by the
shading in the panel, was selected for the measurement.

123



Figure S13.
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Figure S13. Weights of animals that received a sham surgery operation followed by either [A]
vehicle or [B] SKA-31 treatment. Weight measurements were taken at 2 different time points:
(1) prior to the surgery: week 0 (2) at the time of sacrifice (post to the P-V loop analysis): week
6. Data represented as mean + SD, n = 6. No statistically significant difference in body weight
changes in each group was detected. p>0.05.
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Figure S14.
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Figure S14. Weights of animals that received a MI surgery operation followed by either [A]
vehicle or [B] SKA-31 treatment. Weight measurements were taken at 2 different time points:
(1) prior to the surgery: week 0 (2) at the time of sacrifice (post to the P-V loop analysis): week
6. Data represented as mean + SD, n = 6-10. No statistically significant difference in body
weight changes in each group was detected. p>0.05.
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