Role of Endothelial Potassium Channels in Vasodilation Under Normal and Dyslipidemic
Condition

BY
Sang Joon Ahn
B.S., Kyung-hee University, 2003
M.M.S., Kyung-hee University, 2005

THESIS

Submitted as partial fulfillment of the requirements
for the degree of Doctor of Philosophy in Bioengineering
in the Graduate College of the

University of Illinois at Chicago, 2017

Chicago, Illinois

Defense Committee:
Irena Levitan, Chair and Advisor
David Eddington
James Lee
Shane Phillips, Physical Therapy
Gye Young Park, Pulmonary, Critical Care, Sleep & Allergy



Acknowledgements

| appreciate the supervision and research support from Dr. Levitan and Dr. Phillips during
my PhD program. Without the unwavering help and support of Dr. Levitan and Dr. Phillips,
this body of work may have not been achieved. | am also grateful for critical and scientific
advice from my previous preliminary and current dissertation committee: Dr. Eddington,
Dr. Liang, Dr. Wedgewood, Dr. Lee, and Dr. Park. With their advice, my PhD project was

enhanced to have a higher impact.

| would also like to thank the staff, professors, and Director of Graduate Studies in the
Department of Bioengineering for their support during my time as a student and to pursue
my degree program with all convenience. Additionally, | appreciate support and

encouragement for my research from the Levitan lab members. Love you guys.

| also want to thank my parents and sister. Their strong support mentally and financially
helped me to pursue the doctorate program at the University of lllinois at Chicago. In
addition, | would like to thank my friends, cousins and relatives who encouraged me to

survive during the PhD program in the United States.

Finally, my beloved fiancé, Gyuri Kim, her great support and love helped me to achieve

this accomplishment. | love you and thank you for your support and marrying me.

SJA



TABLE OF CONTENTS

] A0 B S B \%
List Of ADDIEVIAtION. ... .uet et v
SUMM ARY ..ttt e e ix
Chapter 1. INtrodUCHION. ... ..ottt et et e et et et e te e enaenes 1
1.1 Inwardly rectifying potassium channels.................oooiiiiiii i 1
1.2 Expression and Pharmacology of Kir2 channels..................ooooiiiiiiiiiiiii i 7
1.3 Endothelial Kir channels....... ... 8
1.4 Inwardly rectifying potassium channels..................coooiiiiiiiiiiiiiii e, 11
RETOIEICE. .. e 17
Chapter 2. General materials and methods...............ooiiiiiiiiii e 31
2.1 Ethical ApProval........oouiiiniii i e e 31
2.2 Reagents and antibodies. ........o.uinuiniii e 31
2.3 Isolation of MOUSE MESENLETIC ATLEIIES. . ... vttt ettt et et e e et et eeeeeeanaas 32
2.4 Primary mouse mesenteric arterial endothelial cell isolation and culture..................... 32
2.5 PCR and Western Blot analysSiS. ... ...o.uvuuiiniiitiiiitii e et eae e 33
2.6 Vasodilation measurement in mouse MeSeNtEriC arteri€S. ........ouueuuerueennerneennennenneannns 34

TESISTANCE AITETIES . ... ettt ettt ettt ettt et e ettt e e et et et et et et e et e e e e enae e 36
3.1 INtrOAUCTION. .. et e e e 36
3.2 MEthOdS. .o 38
3.3 R ESUIES . ettt 43
TR B 4 o0 0] 103 82
RETOIEINCE. ..t 90

Chapter 4. Inwardly rectifying K* channels plays a key role to agonist-induced vasodilation in

LSS ] 03 L R Dy 1) o P 97
4.1 INrOAUCHION. ..o e et e e 97
A2 METROGS. . . 99
A3 RESUILS. .t 102
R B 101 1 T ) o U P 113



TABLE OF CONTENTS (continued)

RETOTOICE. ..ot 116
Chapter 5. Role of Kir2.1 channels in hyperlipidemia................cooooiiiiiiiiiiiiiiii .. 117
ST INOAUCIION. ..o e e 117
5.2 MEhOMS. ..ot 118
00 T ] 1 119
R D 1101133 10 o 125
RETOIEICE. ..t 127
Chapter 6. CONCIUSION. ...ttt et ettt e e e et e te et e aeeaeaneenas 129
RETOIENCE. ... 134
PN 0] 0153116 £ OO 135
72 L7 T N 141



LIST OF FIGURES

Figure 1-1 Schematic structure of inwardly rectifying potassium channels.................. 2
Figure 1-2 |-V relation of K*¥ channels. ..., 4
Figure 1-3 Phylogenetic tree of 7 subfamilies of Kir..............coii 6
Figure 3-1 Mouse mesentery and arterialbed.................o 44
Figure 3-2 WT Mouse mesenteric arterial endothelial cell isolation........................... 45
Figure 3-3 Kir2 channel expression levels in isolated WT endothelial cells.................. 47

Figure 3-4 Kir2.1 channel expression levels in isolated WT and Kir2.1*- endothelial

Figure 3-5 Schematic feature of pressure gradient induced flow generation............... 51
Figure 3-6 Role of Kir2.1 in flow-induced vasodilation in mouse mesenteric arteries...... 53

Figure 3-7 Loss of Kir2.1 function with dominant-negative Kir2.1 results in the inhibition

of FIV in mesenteric arteries...........coooiiiiiiiii e 55
Figure 3-8 Reversible effect of Ba2* in flow-induced vasodilation............................ 57

Figure 3-9 Kir2.1 does not affect sodium nitroprusside dependent dilation in endothelium

denuded MesSenteriC arterieS. .. ... 58

Figure 3-10 Kir2.1 does not affect K*-dependent dilation in endothelium denuded

R Ll (o= [ 1S (S T 60



LIST OF FIGURES (continued)

Figure 3-11 Loss of Kir2.1 activity reduces K*-dependent dilation in endothelium denuded

Cerebral ArterieS. .....ovvoei 61

Figure 3-12 Recovery of Kir2.1 function with EC-specific WT Kir2.1-HA adenoviral vector

in mesenteric arteries from Kir2. 1 miCe......oeoeen e 63

Figure 3-13 SK channels regulate flow-induced vasodilation in parallel pathway to Kir

CANNEIS . oo e 65

Figure 3-14 Dose-response to apamin of flow-induced vasodilation in WT mesenteric

AN O IS . oot 67

Figure 3-15 Kir2.1 regulate flow-induced vasodilation by a NO-dependent and a SK-

independent pathway..........ccoooiiiii i 68

Figure 3-16 Kir channels regulate flow-induced eNOS activation by Akt

PhoSPhorylation....... ..o 71

Figure 3-17 Recovery of flow-induced eNOS activation by Akt phosphorylation in Kir2.1*"

endothelial cells by the transfection of EC-specific WT-Kir2.1.................. 73
Figure 3-18 Kir2.1 controls flow-induced nitric oxide production.............................. 75

Figure 3-19 Flow-induced nitric oxide production is regulated by SK-independent

Figure 3-20 Kir2.1 impairment increases blood pressure and peripheral vascular

LS S AN . .. ettt 79

Vi



LIST OF FIGURES (continued)

Figure 3-21 Cardiac function does not contribute to increased blood pressure in Kir2.1

defiCienNt MICE. ..o o 81

Figure 4-1 Role of Kir2.1 in bradykinin-induced vasodilation in mouse mesenteric

AN O IS . .o e 103

Figure 4-2 Role of Kir2.1 in acetylcholine-induced vasodilation in mouse mesenteric

AN T S . ettt e e 105

Figure 4-3 Role of Kir2.1 in bradykinin-induced NO production from mesenteric arterial

endothelial CellS. .. ... e 107

Figure 4-4 WT-Kir2.1 transfection recovers bradykinin-induced NO production in

endothelial cells from Kir2. 1 mMiCe. ..o e e 110

Figure 4-5 Kir2.1 regulation in Bradykinin-induced NO production from endothelial cells

via Akt-dependent pathway...........ccoooiiiiiii 112

Figure 5-1 Impaired flow-induced vasodilation in dyslipidemia is due to the loss of Kir2.1

ACHIVITY 120
Figure 5-2 Kir2.1 is essential to prevent lesion formation...........................ol 122

Figure 6-1 Role of endothelial Kir channels in vasodilation under normal and dyslipidemic

CONAIION . e e 133

Vii



LIST OF ABBREVIATIONS

Kir — Inwardly rectifying potassium channels

Kca — Calcium activated potassium channels

Kv — Voltage gated potassium channels

ECs — Endothelial cells

FIV — Flow-induced vasodilation

NO — Nitric oxide

eNOS - Endothelial nitric oxide synthase

ATP/ADP — Adenosine tri/di phosphate

viii



SUMMARY

Inwardly rectifying potassium (Kir) channels are known to maintain cellular membrane
potential and are putatively sensitive to mechanical stimuli. Kir channels are expressed
in various cell types including endothelial cells; however, their role in vascular physiology
is not well understood. In this thesis, | provide several lines of evidence that Kir channels
in endothelial cells are essential for flow-induced vasodilation through NO production: i)
flow-induced vasodilation was impaired in genetically deficient Kir2.1 mice, ii) endothelial
cells isolated from Kir2.1 deficient mice showed the loss of flow-induced eNOS activation,
i) transfection of endothelial-specific WT Kir2.1 in Kir2.1 deficient endothelial cells
recovered flow-induced vasodilation and eNOS activation, and iv) flow-induced NO
production was reduced in Kir2.1 impaired mice. Additionally, my data suggest that Kir
channels play a key role in receptor-mediated vasodilation through NO production: i)
receptor-mediated vasodilation was impaired in genetically deficient Kir2.1 mice, ii)
receptor-mediated NO production was impaired in Kir2.1 deficient endothelial cells, and
iii) transfection of WT-Kir2.1 channels in endothelial cells from Kir2.1 deficient mice

showed the recovery of receptor-mediated NO production.

Our laboratory showed that Kir activity was reduced by cholesterol binding; therefore, |
tested the role of Kir channels in impaired flow-induced vasodilation in dyslipidemia. My
data suggest that the reduction of flow-induced vasodilation in dyslipidemia was due to
the loss of Kir activity. Additionally, | found that Kir deficiency exacerbated lesion formation
in aortas of hypercholesterolemic mice. The role of Kir in atherosclerosis is still unclear;
however, when we understand the role of Kir in vascular patho-physiology, Kir channels

may represent be a new drug target for combating cardiovascular disease.



Chapter 1. Introduction

1.1 Inwardly rectifying potassium channels

Inwardly rectifying potassium (Kir) channels are tetrameric membrane proteins, which
selectively transfer K* ions across the cellular membrane. Each subunit of Kir channels
have a simple structure with two transmembrane-spanning alpha helices (M1 and M2), a
pore loop (P), and amino- and carboxy-terminal cytoplasmic domains (Fig. 1-1). The K*
ion selectivity is conferred by the selectivity filter, which locates in the loop structure with
signature sequences (TXGYG or TXGFG) (Bichet et al., 2003). If any of subunits among
the tetrameric structure have mutations in the pore loop, the channel loses the ability to
transfer K* ions (Heginbotham et al., 1994). The first crystal structure of Kir was resolved
for KirBac1.1, a bacterial ion channel that is closely related to eukaryotic Kir channels
(Kuo et al., 2003). More recent studies also resolved the cytosolic domain of eukaryotic
mammalian Kir3.1 and the crystal structure of entire Kir2.2 channels (Nishida &
MacKinnon, 2002; Tao et al., 2009). The 3-D structure of the purified Kir6.2-SUR1
complex was also characterized by electron microscopic analysis (Mikhailov et al., 2005).
Both homomeric and heteromeric combinations of Kir channel subunits were found to
form functional Kir channels. Heteromerization usually appears in the same subfamily
members; Kir3.1 can form heteromeric Kir3 channels with any subunit in Kir3 subfamily

members, such as Kir3.2, Kir3.3, or Kir3.4 (Liao et al., 1996).

Major roles of Kir channels are known to maintain resting membrane potential and K*

homeostasis in diverse cell types, including heart, brain, vascular cells and pancreas
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Figure 1-1 Schematic structure of inwardly rectifying potassium
channels. (A) Structure of single subunit of Kir channels. Each subunit
has two membrane domains (M1 and M2), a pore-forming loop (H5)
and cytosolic termini of NH, and COOH. (B) 4 subunits consist 1

channel.



(Nichols & Lopatin, 1997; Bichet et al., 2003; Kubo et al., 2005). Kir channels are known
to open at resting membrane potential and their major physiological roles are regulating
membrane excitability, heart rate and vascular tone (Nichols & Lopatin, 1997; Bichet et
al., 2003; Kubo et al., 2005). Downregulation of the Kir current was shown to be
associated with heart failure (Beuckelmann et al., 1993). Mutation of Kir channels causes
severe genetic syndromes including Bartter's syndrome (loss of function in Kir1.1)
(Vollmer et al., 1998), Andersen syndrome (LQT syndrome) (loss of function in Kir2.1)
(Tristani-Firouzi et al., 2002), short Q-T syndrome (gain of function in Kir2.1) (Deo et al.,

2013), permanent neonatal diabetes (gain of function in Kir6.2) (Remedi et al., 2017).

A characteristic feature of Kir is inward rectification, which plays a key role in its function.
The definition of rectification of membrane ionic currents is non-linear relationship
between the currents flowing through the channels and membrane potential (/-V
relationship) (Nichols & Lopatin, 1997). Inward rectification is defined as non-linear |-V
relationship, in which the influx of ions is higher than the efflux for the same driving force.
My work is focused on the subfamily of Kir2 channels considered to be “strong rectifiers,”
characterized by significant inward currents and small outward currents (Fig. 1-2). In
contrast to Kir channels, most of other potassium channels, such as the family of voltage
gated potassium channels (Kv), have outward rectification with outward currents higher
than inward currents. Physiologically, however, for both inwardly-rectifying and outwardly-
rectifying potassium channels, when the channels open, potassium ions efflux from the
cells because intracellular potassium concentration (~145 mM) is higher than extracellular
potassium concentration (~4 mM). The efflux of potassium ions causes the

hyperpolarization of the membrane potential.
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Figure 1-2 |-V relation of K" channels. (A) Typical Kir current density
curve. Inward rectification is observed under the lower than

equilibrium potential of K" (E)- Under the membrane potential higher
than E, causes blocking of channels by divalent cations and/or

polyamines. (B) Typical Kv current density curve. Voltage-sensitive M4
subunit transits the location by membrane potential to change the
activity of channels. Kv channels are usually blocked under the E,,

and open when the cells are depolarized.



The mechanism of Kir inward rectification is well studied. At depolarized membrane
potential, Kir channels are blocked by the divalent cations, such as magnesium ions,
and/or positively charged polyamine molecules, entering the channel pore from the
cytosol (Hibino et al., 2010). Applying hyperpolarized potential results in driving the
cations out of the channel pore allowing strong currents. In contrast, the outward
rectification of Kv channels is based on voltage-sensitive transmembrane domain, which
changes conformation in response to membrane depolarization resulting in opening the
channels. Physiological role of inward rectification of Kir is preventing the shunt of fast
depolarization during the Na* or Ca?" driven upstroke action potential. Without the
mechanism of inward rectification, Kir currents would remain open and shunt the Na*/Ca?*
involved depolarization. Opening of Kv channels during the action potential, however,
does not cause the shunt during the upstroke because of the delayed activation. The
function of Kv channels is to open at depolarized membrane potential in order to
repolarize the membrane potential. Cells that have a large Kir conductance would
maintain their resting membrane potential near to Ek, and would not have impulsive

electrical activity (Hibino et al., 2010).

Seven subfamilies with 15 genes of Kir are identified today (Kir1.x to Kir7.x) (Fig. 1-3).
These subfamilies can be categorized into four functional groups: 1) strong inwardly
rectifying Kir channels (Kir2.x), 2) G protein-gated Kir channels (Kir3.x), 3) ATP-sensitive
K* channels (Kir6.x), and 4) K*-transport channels (Kir1.x, Kird.x, Kir5.x, and Kir7.x)
(Hibino et al., 2010). Kir2 channels are known to maintain the resting membrane potential.
Both loss and gain of function mutation of these channels results in severe heart disease.

Loss of function in Kir2 channels results in LQT syndrome, and gain of function results in
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Figure 1-3 Phylogenetic tree of 7 subfamilies of Kir. 15 subtypes of Kir
channels are arranged based on similarity of amino acid sequence.



SQT syndrome (Chamberlain et al., 1976; Deo et al., 2013). Kir2.1 is also known as a
flow-sensitive channel, which was proposed to play a major role in endothelial function
(Olesen et al., 1988). The activity of Kir3 channels is regulated by G protein-coupled
receptor, which is activated by muscarinic receptor (Doupnik, 2008). Kir6 channels have
regulatory subunits, which are sensitive to ATP/ADP, and are known to regulate metabolic
function (Bennett et al., 2010). Kir1, Kir4, Kir5, and Kir7 channels are characterized as
transporting K* ions in renal, retinal, and neuronal cells (Nagelhus et al., 1999; Kofuji et
al., 2002; Yang et al., 2003b; Wang & Giebisch, 2009). My project is focused on the role

of Kir2 channels in endothelial function.

1.2 Expression and Pharmacology of Kir2 channels

Numerous cell types express Kir2 channels, such as cardiac myocytes (Rougier et al.,
1968; Beeler & Reuter, 1970; Kurachi, 1985), epithelial cells (Greger et al., 1990; Lorenz
etal., 2002; Lu et al., 2002; Hebert et al., 2005), neurons (Gahwiler & Brown, 1985; Lacey
et al., 1988; Williams et al., 1988; Brown et al., 1990), blood cells (McKinney & Gallin,
1988; Lewis et al., 1991), osteoclasts (Sims & Dixon, 1989), glial cells (Kuffler & Nicholls,
1966; Newman, 1984), and endothelial cells (Forsyth et al., 1997; Leung et al., 2000;

Hogg et al., 2002; Yang et al., 2003a).

Ba?* and Cs* are most commonly used to block Kir2 channels (Hille & Schwarz, 1978;
French & Shoukimas, 1985; Isomoto et al., 1997). Kv channel inhibitors, such as
Tetraethylammonium and 4-aminopyridine, have little effects on Kir channels (Oonuma et

al., 2002). High concentration of Ba?* can block Kv channels, but the range of micromolar



concentrations of Ba?* blocks specifically Kir channels (Quayle et al., 1993; Franchini et
al., 2004). Therefore, Ba?* and Cs* are generally used as Kir channel blocker to study the
Kir channel functions in cells and tissues. Recently, Kir2.1 specific blocker, ML-133, is
developed and in use to study physiological functions of Kir2.1 (Wu et al., 2010). Overall,
there are only limited pharmacological approaches to determine the roles of Kir2 channels
in cellular functions and therefore, most of my work relies on molecular biology
approaches: primary endothelial cells from the genetically knocked down mouse models

or the cells transfected with viral vectors of WT and dominant negative mutation on Kir2.1.

1.3 Endothelial Kir channels

The endothelium is a single layer of cells, which is the inner layer of blood vessels.
Generally, there are two major potassium channels expressed in endothelial cells (ECs):
Kir channels, which were known to maintain stable membrane potential and response to
flow (Olesen et al., 1988; Hoger et al., 2002; Fang et al., 2006) and Ca?*-activated K*
(Kca) channels that are activated by increased intracellular Ca?* (Ungvari et al., 2002;
Wulff & Kohler, 2013). Among Kir channels, Kir2 channels, which are known as strong
inward rectifiers with high basal open probability, are mainly expressed in vascular
endothelial cells (Forsyth et al., 1997; Yang et al., 2003a; Fang et al., 2005; Millar et al.,
2008), and ATP-dependent Kir6 channels (Mederos et al., 2000; Chatterjee et al., 2003;
Yoshida et al., 2004; Morrissey et al., 2005; Chatterjee et al., 2006). Endothelial cells are
also shown to express mainly two types of Kca channels, which are small (SK) and
intermediate (IK) conductance Kca channels, (Kohler et al., 2000; Bychkov et al., 2002;

Kohler & Hoyer, 2007). Additionally, large-conductance (BK) channels are also reported



to be expressed in endothelial cells with some evidence as well (Papassotiriou et al., 2000;

Wang et al., 2005).

Kir2 channels are found in aortic, arterial, and microvascular endothelial cells in widely
varied species. Particularly, there are functional expression of Kir2 channels in human
(Fang et al., 2005), bovine (Romanenko et al., 2002), and porcine (Fang et al., 2005)
aortic endothelial cells, and also in bovine pulmonary endothelial cells (Kamouchi et al.,
1997; Leung et al., 2000), but are not found in rabbit (Rusko et al., 1992) and mouse
(Ledoux et al., 2008a) aortic endothelium. Kir2 channels are also found in microvascular
endothelial cells of brain from rat (Yamazaki et al., 2006; Millar et al., 2008) and from

bovine cornea (Yang et al., 2003a).

Using a “stamp method,” which can expose the bottom side of endothelial cells to up, the
differential distribution of Kir channels between the luminal side and the abluminal of the
endothelial cell surfaces were explored. Privileged expression of functional Kir channels
were observed on the luminal surface of freshly-isolated cardiac endothelial cells, and
there was no visible Kir channel expression on the abluminal surface (Manabe et al.,
1995). Meanwhile, bovine aortic endothelial cells express Kir equally on the top and
bottom sides of endothelial cells (Colden-Stanfield et al., 1992). These differences may

be related to the functional roles of endothelial Kir channels in different tissues.

There are 4 subfamilies in Kir2 channels (Kir2.1 to 4) (Kubo et al., 2005). With Kir2.1 and
Kir2.2 are identified as functionally expressed in endothelial cells. Although human aortic
endothelial cells express mRNA of all four Kir2 channels, Fang et al. showed that Kir2.1
and Kir2.2 are mainly and functionally expressed, and they also observed that Kir2.2

channels strongly contribute to Kir currents in these endothelial cells as assessed using



single-channel analysis and application of dominant negative Kir2 subfamilies (dnKir2.1-
4) (Fang et al., 2005). Additionally, this study suggested that Kir2.1 and Kir2.2 subunits
may form heteromeric structures in human aortic endothelial cells. It was also observed
that Kir2.1 and Kir2.2 mRNA were expressed equivalently in brain capillary endothelial
cells from bovine and rat, but there was no further study to distinguish the relative
functional distributions between these two channels in these endothelial cells (Yamazaki

et al., 2006; Millar et al., 2008).

ATP-dependent Kir channels (Kir6) have similar structure to Kir2 channels except that
they have an additional regulatory subunit, which is sulfonylurea receptors (SUR) with
ATP-binding affinity; hence, Kir6 channels can be activated/inhibited by the metabolic
status of the cells. Kir6 channels are activated by intracellular ADP, and inhibited by
intracellular ATP (Ribalet et al., 2005). Kir6 channels are also expressed in multiple types
of endothelial cells derived from various tissues (Chatterjee & Fisher, 2014). Among Kir6
family, Kir6.1 and Kir6.2 are known to be expressed in aortic and arterial endothelial cells.
In heart capillaries, Kir6.1 and 6.2 are expressed in endothelial cells with higher Kir6.2
expression (Mederos et al., 2000) and also in coronary conduit arteries (Malester et al.,
2007). In pulmonary microvascular endothelial cells, the expression of Kir6.2 is also
observed, and these channels are shown to be activated by shear stress (Chatterjee et
al., 2003; Chatterjee et al., 2006). There was a study that Kir6.2 channels are required in
endothelial response to the termination of flow during lung ischemia (Chatterjee et al.,

2006).

Michelakis et al. demonstrated several lines of evidence for the presence of Kir1 channels

and Kir3 channels in endothelial cells from pulmonary vein, but there was no functional

10



studies performed with these channels in these ECs (Michelakis et al., 2001).

Furthermore, multiple studies demonstrate the expression and functional roles of Kca
channels in endothelial cells. SK channels are localized mainly in caveolin-rich domains
(Absi et al., 2007) and endothelial cell gap junctions (Sandow et al., 2006), and IK
channels are located on endothelial protrusions next to myoendothelial junctions (Sandow
et al., 2006; Ledoux et al., 2008b). They are activated by Ca?* influx, and causing
endothelial cell hyperpolarization. Endothelial cell hyperpolarization induce the arterial
vasodilation by endothelium-derived hyperpolarization of smooth muscle (Kohler & Hoyer,
2007). My study demonstrates the differential role of Kir2 and SK channels in endothelial

regulation of vascular function.

1.4 Endothelial regulation of vascular relaxation

Endothelium plays a critical role in the regulation of blood flow and pressure by controlling
vascular tone. Control of vascular tone is critical for maintenance of homeostasis in
cardiovascular function. Two major stimuli responsible for the endothelium-dependent
vasodilation, relaxation of the blood vessels, are fluid shear stress, a mechanical force
generated by blood flow, and vasoactive compounds, such as acetylcholine and
bradykinin, that stimulate G-protein coupled receptors in endothelial cells. The first
recognition of the importance of the endothelial role in vascular function came from the
observation that acetylcholine-mediated relaxation of rabbit aorta was endothelium-
dependent (Singer & Peach, 1982). This study also suggested that there was a diffusible

factor from endothelial cells which induced vascular relaxation, and defined this factor as

11



endothelium-derived relaxing factor (EDRF) (Singer & Peach, 1982). In the further study
by Ignarro et al., nitric oxide (NO) was identified as the acetylcholine-induced EDRF

(Ignarro et al., 1987).

Since NO is a small molecule with no electrical charge, it can diffuse across the cell
membrane from endothelial cells to adjacent smooth muscle cells. NO is known to
activate GMP cyclase in vascular smooth muscle cells, which is producing cGMP
(Kukovetz et al., 1987). Cyclic GMP activates cGMP-dependent myosin light chain
phosphatase (MLCP), which removes phosphate from myosin light chains, known to be

responsible for vasoconstriction, thus relaxing the smooth muscles (Surks, 2007).

NO is produced by three different types of NOS isoforms: neuronal NO synthase (nNOS),
endothelial NO synthase (eNOS), and inducible NO synthase (iNOS). These enzymes
share over 50% primary amino acid sequence and have several functional domains, such
as N-terminal oxygenase domain, substrate and cofactor binding domains, and
calmodulin binding site (Stuehr, 1997). eNOS is the dominant NOS isoform in vascular
endothelial cells producing NO to regulate vascular function. N-terminal oxgenase domain
with heme, L-arginine, and BHs binding domains regulates eNOS coupling and

dimerization, which results in NO production.

It is well-known that eNOS is activated by both shear-stress and vasoactive components,
such as acetylcholine and bradykinin. There are several mechanisms that are involved in

eNOS activation.

1) Both shear-stress and vasoactive compounds described above were shown to

increase intracellular Ca?* both by inducing release from intracellular stores, and

12



increasing influx through plasma membrane Ca?* channels. Fleming et al. showed
calcium influx activates calmodulin and calmodulin kinase Il, and activated calmodulin
kinase Il results in S1177 phosphorylation of eNOS, which results in eNOS activation and
NO production (Fleming et al., 2001). In addition, Ca?* and calmodulins regulate the
interaction between eNOS and caveolin-1 (Shaul et al., 1996), which is known to be a
negative regulator for eNOS (Michel et al., 1997). Caveolae are invaginated plasma
membrane sites that are present in many different cell types, and are more abundantly
found in endothelial cells, adipocytes, fibroblasts, and smooth muscle cells (Rafikov et al.,
2011). Caveolae are known to be essential sites, which mediate multiple signal
transduction pathways (Anderson, 1993). Low calcium level promotes stable interaction
of eNOS and caveolin-1, whereas high calcium level dissociates the eNOS from caveolin-
1 resulting in eNOS activation (Michel et al., 1997). Garcia-Cardena et al. identified the
essential caveolin-1 binding site in human eNOS, which is amino acids 350-358 (Garcia-
Cardena et al., 1997). Ghosh et al. also suggested additional caveolin-1 binding sites in
eNOS, which was known to be the electron transport domain, but it is still unclear where
the exact residues are (Ghosh et al., 1998). In endothelial cells, calcium influx or shear
stress triggers eNOS to be detached from caveolin-1 by the activated calmodulin complex
with calcium (Sriram et al., 2016). Caveolin-1 knock-out mouse derived aortic endothelial

cells produced increased NO in ex vivo study (Balligand et al., 2009).

2) Another pathway that was shown to activate eNOS is Akt-dependent pathway.
Dimmeler et al. suggested that shear stress induced eNOS activation is Akt1 dependent
and calcium independent, and Akt1 signaling is essential for both receptor-mediated and

flow-induced endothelial nitric oxide synthase activation (Dimmeler et al., 1999). Similar

13



to calmodulin activated kinase Il, Akt1 phosphorylates eNOS at the residue, S1177
(Dimmeler et al., 1999). McCabe et al. presented evidence for Ca?*-independent pathway
by showing that substituting S1177 of eNOS to negatively charged residue results in
active eNOS even in the low calcium condition (McCabe et al., 2000). Additionally, Hsp90
binds to the eNOS-calmodulin complex resulting in recruitment of Akt1, which

phosphorylates S1177 to activate eNOS and produce NO (Brouet et al., 2001).

Although phosphorylation of S1177 residue in eNOS is well-established to be responsible
for eNOS activation, several other activation and inactivation sites. The identified sites
are S114, S615, S633, and S1177 for serine residues, and the T495 for threonine residue
(Rafikov et al., 2011). Phosphorylations of S615, S633, and S1177, which are Akt-
dependent, activate eNOS, whereas phosphorylations of S114 and T495 by protein
kinase C result in eNOS inactivation and decreased NO production (Chen et al., 1999;

Michell et al., 2001).

Although NO was identified as EDRF in 1980s, multiple observation suggested the
existence of other EDRFs, which contribute to endothelium dependent vasodilation (Kang,
2014). Contribution of different EDRFs varies in different vessel types and species.
Studies of flow-mediated vascular relaxation in human forearm brachial arteries and rat
cremaster arterioles demonstrated that the prostanoid prostacyclin (PGI2) is identified as
a major contributor to endothelium-derived vasorelaxation in these vessels (Koller et al.,
1993; Duffy et al., 1998). PGz are also known to activate MLCP (Malomvolgyi et al., 1982;
Vanhoutte, 1982). In addition to NO and PGI2, many other EDRFs are identified, such as
hydrogen peroxide (Cherry et al., 1990; Wei & Kontos, 1990; Nishijima et al., 2017),

carbon monoxide (Redfors et al., 1983; Kubes et al., 1991), hydrogen sulphide (Leffler et
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al., 2011; Juman et al., 2016), cytochrome P450 products (White & Marletta, 1992; Liu et
al., 1993), sulphur dioxide (Zhang et al., 2014; Bender et al., 2016), and C-type natriuretic

peptide (CNP) (Edvinsson et al., 2016).

Another major mechanism of smooth muscle relaxation and vasodilation is
hyperpolarization of the membrane potential of smooth muscle cells. Similar to other
muscle cells, VSMCs are excitable cells that contract in response to depolarization of
membrane potential, which leads to activation of voltage-gated Ca?* channels to increase
intracellular Ca?*, which in turn activates myosin light chain kinase (MLCK),
phosphorylating myosin light chains resulting in constriction of vessels (Somlyo & Somlyo,
1968). Conversely, the hyperpolarization of VSMCs causes decrease of intracellular free
Ca?* by the inactivation of voltage-gated Ca?* channels and results in vasodilation (Cohen
& Vanhoutte, 1995). Endothelium or endothelial-derived hyperpolarizing factor (EDHF) is
also a major regulator for the hyperpolarization of smooth muscle cells. EDHF is defined
by two criteria; vasodilation that is independent of NO and PGlz2, and endothelial-induced
membrane hyperpolarization of smooth muscle cells (Kohler & Hoyer, 2007). Several
mechanisms have been proposed to underlie EDHF. In general, Endothelial stimulation,
by both fluid shear stress and vasoactive agents, increase Ca?* influx, and Ca?* activates
SK and IK channels to cause hyperpolarization of ECs (Ledoux et al., 2006). Activation
of endothelial Kca channels results in hyperpolarization of smooth muscle cells in 3
different ways; a) The direct propagation of hyperpolarization of endothelial cells to
smooth muscle via gap junctions. More specifically, endothelial cells and adjacent smooth
cells are connected through myoendothelial gap junctions (MEGJs), which are consisted

of connexins, mostly Cx37 and Cx40 with smaller amounts of Cx43 and Cx45 (Ming et
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al., 2009). MEGJs are known to have very low electrical resistance, so they can facilitate
electrical continuity and spread hyperpolarization across the connected cells (de Wit et
al., 2008; Nagaraja et al., 2013). Gap junctions also can facilitate the propagation of
hyperpolarization between smooth muscle cells (Garland & Dora, 2017). b) The efflux
of K* through Kca channels of endothelial cells, which in turn activates Kir channels in
smooth muscle cells resulting in hyperpolarization of VSMCs. c) The efflux of K* can also
activate Na*-K* ATPase in smooth muscle cells which also causes hyperpolarization of
VSMCs. The roles of SK and IK channels in vasorelaxation was demonstrated using SK
and IK KO mouse model that showed increase of blood pressure and the partial loss of

vasodilation in microcirculation (Taylor et al., 2003; Si et al., 2006).

However, in spite of fact that Kir channels are also known to be expressed in ECs and
sensitive to flow, their role in endothelial function is not established in vasodilation. So, |

focused to figure out the role of endothelial Kir in vasodilation.
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Chapter 2. General materials and Methods

2.1 Ethical Approval

All mice were housed under pathogen-free conditions at the University of lllinois Animal
Care Vivarium and treated humanely in accordance with institutional guidelines (ACC#13-
209, 16-183). All experiments were performed based on Guide for the care and use of

laboratory animals from NIH.

2.2 Reagents and antibodies:

BaClz, apamin, Nw-Nitro-L-arginine methyl ester hydrochloride (L-NAME), acetylcholine,
sodium nitroprusside (SNP), endothelin-1 (ET-1), ouabain, papaverine hydrochloride,
bradykinin, acetylcholine and mouse monoclonal anti-aSMA antibodies were obtained
from Sigma-Aldrich (St. Louis, MO, US). Rabbit monoclonal antibodies for mouse
inwardly rectifying K* channel 2.1 (Kir2.1) were obtained from Abcam (Cambridge, MA,
US). Rabbit polyclonal anti-mouse GAPDH, rabbit polyclonal anti-Akt1, rabbit polyclonal
anti-pAkt1, rabbit polyclonal anti-peNOS antibodies were purchased from Cell Signaling
Technology (Danvers, MA, US) and rabbit polyclonal anti-eNOS antibodies were
purchased from Santa Cruz Biotechnology (Paso Robles, CA, US). Rabbit polyclonal anti-
mouse VWF antibodies were purchased from Dako (Canada), and rat polyclonal anti-
mouse CD31 antibodies were purchased from Beckton Dickinson (Franklin Lakes, NJ,
US). Prime Time qPCR predesigned primers for mouse Kir2.1, 2.2, 2.3, CD31, aSMA and

GAPDH were purchased from IDT (Coralville, IA, US). pcDNA3-Kir2.1-HA was a gift from
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Dr. Carol Vandenberg (University of California, Santa Barbara). Adenoviral vector
expressing Kir2.1-HA with VE-Cadherin EC-specific promoter was generated by Vector
BioLabs (Malvern, PA, US). Cells or vessels were transfected with VE-Cad Kir2.1 vector

with 100 MOI for 48 hours.

2.3 Isolation of mouse mesenteric arteries:

Mice were euthanized using COz2 followed by cervical dislocation. The abdominal skin and
muscle membrane were opened widely to retain the whole view of mesentery. The whole
mesenteric tissues with partial pancreatic tissues were taken out by cutting the edge of
mesenteric fat tissues to the intestine. Mesenteric tissues were transferred to HEPES
buffer for the careful dissection of isolated arteries. Connective tissue and fat surrounding
each blood vessel was carefully removed and the tissues were rinsed to remove any

remaining blood cells.

2.4 Primary mouse mesenteric arterial endothelial cell isolation and culture:

Endothelial cell isolation: Six mesenteric arteriole beds were taken from WT and Kir2.1*-
mice, respectively. Arteriole beds were washed in Ca?- and Mg?*- free PBS and
transferred to 1 ml of collagenase/dispase digestion solution (100 mg/ml) (Roche). Using

sharp tip scissors, arteriolar branches were broken into small pieces. The tubes were

incubated in 37 °C shaking incubator for 1 hour. Digested tissues and cells were spun

down in 300xg for 10 mins. Supernatant were removed carefully and 1 ml of 0.05%

32



trypsin-EDTA was added to the tubes. The tubes were incubated in 37 °C shaking
incubator for 15 mins. The solution was gently up-and-downed with 1000p pipette, and
sieved through 40-um cell-sieve. The cell-sieve were washed with 10 ml of DMEM, 10%
FBS to neutralize the trypsin effect. Cells were spun down in 300xg for 10 mins and then
isolated using AutoMACs system and/or MiniMACs system from Miltenyi Biotech with
magnetic beads conjugated polyclonal anti-mouse PECAM 1 IgG (Miltenyi Biotech). As
recommended by the company protocol (Miltenyi Biotec) to increase the purity of the EC
population, we used a two-step separation method, in which cell suspension mixed with
the magnetic CD31 beads is run sequentially through two magnetic columns. Purity of the
isolated ECs was tested with flow cytometry by staining with monoclonal anti-mouse
CD31-PE IgG and with immunofluorescence staining with anti-mouse VWF and PECAM
1 1gGs. Flow cytometry was performed using CyAn ADP (Beckman Coulter). After the
isolation, cells were maintained in EGM-2 endothelial cell growth media (Lonza). Cells for

experiments were used between passage numbers 5 to 10.

2.5 PCR and Western Blot analysis:

qPCR: To measure the mRNA expression of PECAM1 (CD31), smooth muscle a-actin
(aSMA), Kir2.1, 2.2, and 2.3 in isolated mouse endothelial cells, quantitative PCR was
performed. Briefly, endothelial cell RNA from WT and Kir2.1*- mouse arteries were
extracted using RNeasy mini kit (Qiagen) according to the manufacturer’s instruction
including an oncolumn DNase treatment step. The quantity and quality of extracted RNA
were measured by Nanodrop (Thermo Fisher). cDNAs were generated with random

primers using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems).
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Quantitative PCR was performed with Universal SYBR green Supermix (Biorad). Each

sample was triplicated for analysis and at least three different sets of cells were tested.

After initial denaturation of 95 °C, 40 cycles of 95 °C for 30 sec and annealing

temperature of 60 °C for 30 sec, using Viia 7 real-time PCR system (Applied Biosystems).

Acquired fluorescence data were analyzed using 2-22¢t methods, normalized by GAPDH.

Western Blot: Cells were rinsed with ice-cold PBS (pH 7.4) and homogenized in ice-cold
RIPA buffer (50 mM Tris—HCI, 150 mM NaCl, NP-40 1%, Na-Doc 0.5%, SDS 0.1%, EDTA
1 mM, pH 7.6) containing 2 mM phenylmethylsulfonyl fluoride with protease inhibitor
tablets (Roche). Samples were boiled in SDS sample buffer. Samples were resolved by
SDS-PAGE (10% acrylamide gel) and transferred onto a PVDF membrane. The
transferred blots were blocked with 4% non-fat milk and then incubated for overnight with
primary antibody. After washing, the blots were incubated with peroxidase-conjugated
secondary antibodies for 2 hours and developed using the ECL detection system (Thermo

Scientific).

2.6 Vasodilation measurement in mouse mesenteric arteries:

Resistance arteries (between 75-150 ym) from mesenteric arteriole beds were isolated
and cannulated to glass micropipettes filled with Krebs solution (pH 7.40). Both ends of
the cannulated vessel were connected to two separate Krebs reservoirs, and the vessel
was stabilized at 60 cm H20 intraluminal pressure by elevating two Krebs-containing
reservoirs 60 cm above the organ chamberThe reservoirs and the vessel lumen generate

an open circuit. Vessels are equilibrated in this way for 30 minutes. After the 30-min
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equilibration period, vessels were constricted (up to 50% of baseline diameter) with

endothelin (ET-1) (120 to 160 pM final concentration).

35



Chapter 3. Inwardly rectifying K* channels plays a key role to flow-induced

vasodilation in resistance arteries

3.1 Introduction

Olesen et al. first showed that Kir channels in endothelial cells are activated by flow
(Olesen et al., 1988). They observed that the currents generated by Kir channels
increased in bovine aortic endothelial cells exposed to the fluid shear stress. In this study,
the ranges of 0.3 to 20 dynes/cm? shear stress increased Kir currents. Physiological
vascular wall shear stress is reported as the ranges of 5 to 20 dynes/cm? (Arfors &
Bergqvist, 1974); thus, Olesen et al. showed that endothelial Kir channels are activated
in the physiological shear stress. In this study, they also showed that the currents
increased within a couple seconds after flow exposure; therefore, it was suggested that
Kir channels can be a putative flow sensor of ECs. The flow sensitivity of Kir channels
were also observed in human aortic endothelial cells (Fang et al., 2006), which shows
that Kir channels in endothelial cells are sensitive to flow across the species. Fang et al.
showed that human aortic endothelial cells express mainly Kir2.1 and Kir2.2, suggesting
that Kir2.1 and/or Kir2.2 are sensitive to flow (Fang et al., 2005b). Hoger et al. tested the
flow-activation of Kir2.1 channels overexpressed in Xenopus Oocytes (Hoger et al., 2002).
In this study, Hoger et al. applied the vertical flow on to Kir2.1 overexpressed oocytes,
and observed the increase of Kir currents. Although the application of flow in this
preparation was different from the physiological horizontal flow, Hoger et al. showed in
this study that Kir2.1 is activated by the shear stress without endothelial cell components,

which suggests that endothelial cell components may not be required to activate flow-
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induced Kir currents.

Based on these studies described above, it suggests that Kir channels are sensitive to
flow in endothelial cells, but the Kir channel function in endothelial response to shear
stress is still unclear. However, an absence of appropriate genetic models is a critical
restriction to study the role of Kir channels in flow-induced endothelial function. Global
Kir2.1 knock out mouse model was developed by Zaritsky et al. (Zaritsky et al., 2000), but

due to a complete cleft of the secondary palate, these mice died 8 to 12 hours after birth.

In order to study the function of endothelial Kir channels, therefore, | used a heterozygous
Kir2.1 (Kir2.1*-) mouse model. | tested the functional role of Kir2.1 channels in the
microvascular ECs and in flow-induced vasodilation (FIV) of the resistance arteries.
Specifically, | tested 1) the contribution of Kir2.1 to FIV, 2) whether Kir channel activation
is linked to nitric oxide generation or EDHF by flow and 3) the relevance of Kir and SK
channels in FIV of mouse and human resistance arteries. These data suggest novel
insights on the role of endothelial Kir channels in the regulation of human and murine

vascular tones.
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3.2 Methods

3.2.1 Immunostaining:

Briefly, cells were fixed with 4% paraformaldehyde for 15 mins, permeablized with 0.5%
Triton-X100 in PBS for 5 mins and then incubated with the primary anti-bodies (rat anti-
mouse PECAM 1 IgG, mouse anti-aSMA IgG and rabbit anti-mouse VWF IgG) in 4 °C for
overnight followed by incubation with secondary antibodies (Alexafluor 488 anti-rat 1gG,
Alexafluor 555 anti-mouse IgG and Alexafluor 568 anti-rabbit IgG, Invitrogen) for 2 hours
in room temperature. Fluorescence images were taken through Zeiss Axiovert 200M

microscope with AxioCam MRm camera.

3.2.2 Exposure to shear stress:

ECs were exposed to laminar flow using a cone and plate apparatus system described
previously (Dai et al., 2004; Wu et al., 2015). Briefly, flow device consisting of a
computerized stepper motor UMD-17 (Arcus Technology) and a 1° tapered stainless steel
cone. The flow devices were placed in 37°C incubator with 5% CO2. 1x10°8 ECs from WT
and Kir2.1*- mice were seeded in a gelatin (0.2%) coated well of 6-well plate and cultured
in 37 °C for 72 hours. Shear stress (20 dynes/cm?) was applied for 30 minutes. Cells were
lysed immediately after shear exposure on ice using RIPA buffer with protease and

phosphatase inhibitors.

3.2.3 Flow-induced vasodilation measurement in mouse mesenteric arteries:
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Vasodilation of mouse mesenteric arteries were measured as described in our previous
studies (Miura et al., 2001; Phillips et al., 2007; Liu et al., 2011; Goslawski et al., 2013).
Briefly, resistance arteries (between 75-150 ym) from mesenteric arteriole beds were
isolated and cannulated to glass micropipettes filled with Krebs solution (pH 7.40). Both
ends of the cannulated vessel were connected to two separate Krebs reservoirs, and the
vessel was stabilized at 60 cm H20 intraluminal pressure by elevating two Krebs-
containing reservoirs 60 cm above the organ chamber. The reservoirs and the vessel
lumen generate an open circuit. Vessels are equilibrated in this way for 30 minutes. After
the 30-min equilibration period, vessels were constricted (up to 50% of baseline diameter)
with endothelin (ET-1) (120 to 160 pM final concentration), and flow-induced vasodilation
(FIV) was determined by exposing the vessels to incremental pressure gradients of A10,
A20, A40, A60, and A100 cm H20. The rationale to use ET-1 rather than intraluminal
pressure is the design of our preparation which generates intraluminal flow by gravity (the
reservoirs are moved in equal and opposite directions), | found that pre-constriction with
ET-1 provides an alternative and more convenient approach, as described in our previous
studies (Phillips et al., 2007). As expected, no difference was observed between WT and
Kir2.1*- arteries (pre-constricted by 49+0.6% vs. 49+0.3%, respectively, n=9), because
ET-1 constricts the vessels through G-protein coupled receptor and downstream signaling
unrelated to Kir channels. Intraluminal pressure is maintained at 60 cm H20 by changing
the distance between the reservoirs in equal and opposite directions (e.g. To induce
intraluminal flow of A10 cm H20, one reservoir is elevated to 65 cm H20 while the other
is lowered to 55 cm H20, simultaneously), as described before (Liu et al., 2003; Goslawski

et al., 2013; Grizelj et al., 2015). FIV was determined in the presence and absence of
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external perfusion of BaClz (30 and/or 300 uM), L-NAME (100 ym), apamin (20 nM), and
combination of BaCl2 and L-NAME, BaCl2 and apamin, and apamin and L-NAME. All
inhibitors and blockers were incubated with the arteries for 30 mins before the application
of flow. Papaverine (100 uM) was added during exposure at the maximal flow (A100 cm
H20) to test maximal endothelium-independent dilation. Resistance arteries were
monitored continuously, and internal diameters were measured at the maximal diameter
after each pressure gradient applied. Preparations were visualized with video cameras

and monitors (model VIA-100, Boeckeler).

Endothelium denuded arteries: Mechanical endothelium denudation was performed by
perfusing the artery with 3 ml of air, a common method, previously described (Phillips et
al., 2007). Denuded arteries were cannulated in an organ chamber and dose-response
to acetylcholine and NO substitute sodium nitroprusside (SNP) (1 nM to 100 uM) were
measured. Papaverine (100 uM) was applied with the highest doses of SNP or

acetylcholine to confirm the potential of endothelium-independent vessel relaxation.

EC-specific Kir2.1-HA adenoviral transfection: EC-specific Kir2.1-HA adenoviral
constructs were applied into the lumen of arteries for 48 hours at 37 °C. Then, following

pressurization of vessels, FIV was measured with and without BaCl2 (30 uM).

Kir2.1 dominant negative (DN) lentiviral transfection: Kir2.1DN lentiviral constructs
were applied into the lumen for overnight at 37 °C. Then, following pressurization of

vessels, FIV was measured with and without BaCl2 (300 pM).

3.2.4 NO measurements:
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Resistance arteries (between 75-150 ym) from mesenteric circulation were isolated and
incubated with NO specific fluorescence dye (Diaminorhodamine-4M, DAR4M) (Enzo
Scientific) in HEPES at room temperature for 2 hours in the dark. The arteries were
cannulated in an organ chamber and incubated for 30 minutes with or without a pressure
gradient of 60 cm H20 in the dark. Arteries were removed from the chamber and mounted
on glass slides for image acquisition by fluorescence microscopy (Nikon eclipse 80i). The
NO fluorescent product was excited by 650-nm wavelength light with emission spectrum
of 670 nm. Acquired images were analyzed for fluorescence intensity while correcting for

background auto fluorescence using NIH image software (NIH Image J).

3.2.5 Blood pressure measurement and vascular resistance measurement:

Blood pressure from WT and Kir2.1*- mice was measured from carotid arteries. Briefly,
mice were anesthetized with 3.5% isoflurane in 100% oxygen and carotid arteries were
exteriorized for cannulation with polyethylene tubing with a continuous blood pressure
experiments blood flow rates and blood pressure were measured by volume-pressure
recording with occlusion tail cuff (Sharma et al., 2011). The tail cuff measurements were
also done in anesthetized mice. Peripheral vascular resistance is defined as the ratio of

Mean blood pressure (mm Hg) to blood flow rate (ul/min) (Rindler et al., 2011).

3.2.6 Echocardiogram:

Wild type mice and Kir2.1*- mice in age of 3-5 months were used for the experiments.

Transthoracic echocardiography was conducted using a 40 MHz transducer (MS550D)
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on VisualSonics’ Vevo 2100 ultrasound machine (VisualSonics, Toronto, Canada). Mice
were sedated in an induction chamber using 3.5% isoflurane and then placed in the
supine position on a heated stage. The heated stage maintained body temperature at 37°
C, measured the electrocardiogram via embedded electrodes and recorded the
respiration waveform via impedance pneumography. Anesthetic plane of the mice was
maintained using 1.5% isoflurane in 100% oxygen delivered via a nosecone. After the
mice were depilated, B-mode and M-mode images from the parasternal short axis view
were obtained using the integrated rail system. All cardiac parameters were calculated
using VisualSonics’ Vevo 2100 analysis software (v. 1.6) with a cardiac measurements

package (Pistner et al., 2010).

3.2.7 Statistics:

Data are presented as mean + SEM unless otherwise stated. The calculations for percent
vasodilation were performed as described previously (Goslawski et al., 2013). A two-
factor ANOVAs with or without repeated measures was used where appropriate to
compare FIV generated curves. Bonferroni post hoc analysis revealed significant
differences. Linear regression analysis was used to compare the slopes of Ba2*-sensitive,
current-voltage relationships. When appropriate, Kruskal-Wallis rank tests were
performed on group data which had uneven distributions. For all other comparisons, a

Student’s t-test was performed. Statistical significance was accepted when p < 0.05.
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3.3 Results

3.3.1 Functional expression of Kir2.1 in mouse mesenteric arterial ECs

My first question was which Kir2 channels functionally expressed in mouse endothelial
cells. To address this question, | used real-time PCR to profile the mRNA expression

levels of three Kir2 major sub-types in ECs.

Mouse mesentery was extracted and the surrounding fat tissues were cleaned to isolate
arteriole bed (Fig. 3-1 Aand B). Mesenteric arterial ECs were isolated with the endothelial
cell marker, platelet-endothelial cell adhesion molecule-1 (PECAM-1, CD31) by the
magnetic-bead associated cell sorting system (MACs), and the purity was confirmed by
flow cytometry. Cells were labeled by anti-CD31-PE, and figure 3-2 A shows the flow
cytometry results: i) unstained population, ii) CD31-PE stained population before MACs
separation, iii) CD31-PE stained population after MACs purification, and iv) CD31-PE
stained population in not-captured by MACs system. Figure 3-2 A iii shows the increase
of CD31-PE signals, which implies the high purity of EC cells after MACs purification. The
freshly isolated EC purity was, then, also tested by real-time PCR (Fig. 3-2 B). The

expression of endothelial cell marker, PECAM-1, was measured to identify ECs, and the
expression of smooth muscle cell marker, a-smooth muscle actin (aSMA), was
measured to test the contamination of smooth muscle cells in CD31+ and CD31- cell

populations after MACs separation. CD31+ cells shows significantly high CD31 mRNA

expression levels (~10 fold higher) compared to the expression level in CD31- cell

population, and there was almost no detection of aSMA mRNA expression in CD31+ cell
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Figure 3-1 Mouse mesentery and arterial bed. A. Extracted mesentery
from WT mouse. B. Mesenteric arterial bed after fat removal. Veins were
also removed during fat cleaning.

44



” [

=
h

PE Log
=

101 £

5 10 5
@ 16 7
& 14 8 5 PECAM1 VANE
s S
53 8541
<3 <z
£~ 08 -3
E 06 E 5]
~ <
8 0.4 s 1
O 02 T3

0 0 -

CD31+ CD31- CD31+ CD31-

Figure 3-2 WT Mouse mesenteric arterial endothelial cell isolation. (A)
Purity of endothelial cells were confirmed by flow cytometry against
CD31 (endothelial cell marker). i) unstained, ii) CD31 stained before
sorting, iii) CD31+ cells after sorting, iv) CD31- cells after sorting. (B)
CD31 and a smooth muscle actin (smooth muscle cell marker) mRNA
levels in isolated CD31+ cells and CD31- cells by real-time PCR. (n=4,
*p<0.05) (C) Fluorescence staining of PECAM1 (endothelial cell marker),
a smooth muscle actin, and von Willebrand Factor (endothelial cell
marker) in isolated CD31+ (endothelial) cells.
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population. Additionally, primary cultured ECs were further verified by

immunofluorescence staining with PECAM1 and von Willebrand Factor (vWF) for ECs

and aSMA for smooth muscle cells (Fig. 3-2 C). Primary cultured ECs showed both

PECAM1 and VWF fluorescence signals, but there was no detectable signal for aSMA.

These data confirmed the purity of EC isolation and during primary culture.

According to Smith et al., the expression of Kir2.1 is only observed in ECs but not in
smooth muscle cells in mesenteric arteries. Consistent with their study, | observed the
significant Kir2.1 mRNA expression in CD31+ cells but almost no detectable mRNA
expression of Kir2.1 in CD31- cells (Fig. 3-3 A). In addition, the mRNA expression of other
2 major Kir2 channels, Kir2.2 and 2.3, in ECs were also measured and compared with
the expression of Kir2.1 (Fig. 3-3 B and C). The level of Kir2.3 expression was several
orders of magnitude lower than Kir2.1. Kir2.2 mRNA expression was not detected. These

data indicate that the major Kir2 channel in mouse mesenteric arterial ECs is Kir2.1.

Functional Kir2.1 expression in freshly-isolated/low passage mesenteric ECs was tested

with electrophysiologic analysis in our lab. Kir currents in mesenteric ECs were measured

and showed the inhibition by Ba?* with the IC50 of 4.8 uM, similar to the Ba?* sensitivity

of Kir in aortic endothelium (Fang et al., 2005a) and typical for Kir2.1 (Liu et al., 2001).

These studies verified Kir2.1 constitute the major functional Kir channel in these cells.

My second question is if the Kir2.1*- heterozygous mouse model is suitable to study the
role of Kir2.1 in ECs. To address this question, | used real-time PCR to profile the mRNA

expression level in ECs isolated from Kir2.1*- heterozygous mice. The Kir2.1 mRNA
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Figure 3-3 Kir2 channel expression levels in isolated WT endothelial
cells. (A) Kir2.1 mRNA expression levels in CD31+ and CD31- cells.
(n=4, *p<0.05) (B) Real-time PCR trace of Kir2 channels in WT
endothelial cells. (n=4) (C) mRNA expression levels of Kir2 channels.
(n=4, *p<0.05) (Kir2.2 was not measurable.)
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expression level was decreased by 60-65% in Kir2.1*- ECs (Fig. 3-4 Aa and b). To test if
there is any compensatory increase of other two major Kir2 channels by the decrease of
Kir2.1 in these ECs, mRNA expression levels of Kir2.2 and Kir2.3 were additionally
measured (Fig. 3-4 B). The reduction of Kir2.1 mRNA expression level in Kir2.1*- ECs
significantly increased the level of MRNA expression for Kir2.2 and Kir2.3, but overall the
expression levels of the both mRNAs were still orders of magnitude lower than the level
of Kir2.1. Furthermore, the level of Kir2.1 protein was measured by western blot, and
Kir2.1 protein in Kir2.1*- ECs was also decreased around 50%, similar to the reduction of

MRNA expression level (Fig. 3-4 C a and b).

To test the functional changes of Kir currents in Kir2.1*- ECs, our lab measured the Kir
current in freshly-isolated ECs under both basal static and flow condition, and we
observed not only the reduction of Kir currents under static condition but also the loss of

flow-induced Kir currents in Kir2.1*- ECs (Ahn et al., 2017).

Taken all data together, | provided evidences that Kir2.1 is the major Kir channels in
mouse mesenteric ECs, and the Kir2.1*- mouse model is the powerful genetic model to

study the role of Kir2.1 channels in flow-induced endothelial function.

3.3.2 Kir2.1 is essential for flow-induced vasodilation

FIV is one of the major flow-induced functions of endothelium in vessels. My next question

was if endothelial Kir2.1 channels plays a role in FIV.

To address this question, | measured FIV in a first order branch of mesenteric arteries.

Mesenteric arteries were extracted and cannulated in an organ chamber, which
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Figure 3-4 Kir2.1 channel expression levels in isolated WT and Kir2.1"

endothelial cells. (A) Kir2.1 expression level in WT and Kir2.1™ cells by
real-time PCR. a and b are the trace of real-time PCR and the Kir2.1
MRNA expression levels. (n=4, *p<0.05) (B) Kir2 channels mRNA

expression levels in WT and Kir2.1" endothelial cells by real-time PCR.
(n=4, *p<0.05) (C) Kir2.1 protein expression levels in isolated WT and

Kir2.1"" endothelial cells. a and b are the representative western blot
images and the protein expression levels of Kir2.1 in both cells. (n=4,
*p<0.05)
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connected with two reservoirs on the both end to generate flow by pressure gradients
between reservoirs (Fig. 3-5 A). Arteries were pre-exposed under the pressure of 60 cm
H20, which is known to be the physiological intraluminal pressure in resistance arteries.
The arteries, then, were pre-constricted by endothelin-1, which is known to be produced
by endothelial cells and to cause constriction of vascular smooth muscle through G-
protein coupled receptors on smooth muscle cells. In order to generate flow in the
cannulated arteries, A10, A20, A40, A60 and A100 cm H20 pressure gradients were made
by changing the heights of two reservoirs (Fig. 3-5 B). From the height of 60 cm, one side
of the reservoir went up and the other side of the reservoir went down by equal lengths
of 5, 10, 20, 30, and 50 cm. The height difference of two reservoirs made pressure
gradients by gravity, and these pressure gradients generated the intraluminal flow in the
cannulated mesenteric arteries. Two reservoirs were moved with equal amounts for each
of the pressure gradients; therefore, the intraluminal pressure was always maintained as
60 cm H20 during the experiments, which provides the environment to measure the
vasodilation purely induced by flow. To calculate the wall shear stress generated by
pressure gradients in cannulated mesenteric arteries, | measured the volumetric flow
rates in each pressure gradients by measuring the volume of flow-through after the
cannulated arteries in 1 min. Based on these flow rates, | calculated the average
intraluminal wall shear stress level of cannulated arteries (Fig. 3-5 C). The calculated
range of shear stress levels generated by A40 to A100 cm H20 pressure gradients in
cannulated mesenteric arteries were shown in the range of 9 to 28 dynes/cm?, which is
relatively close to physiological shear stress level in resistance arteries. Lower than 40

cm H20, no measurable volume of flow-through were collected in 1 min. These results
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Figure 3-5 Schematic feature of pressure gradient induced flow
generation. (A) Mesenteric arteries are stabilized under 60 cm H,O of
intraluminal pressure. (B) Pressure gradient between two reservoir
generates flow in arteries with 60 cm H,O of intraluminal pressure. (C)
Calculated shear-stress levels under A40, A60, and A100 cm H,O
pressure gradients.
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imply that the experimental design of FIV measurement using an organ chamber mimics

relatively close to the in vivo condition.

Barium (Ba?*) is a well-known pharmaceutical inhibitor for Kir channels. In order to study
the role of Kir in FIV, | measured FIV in pressurized WT mesenteric arteries, of which the
diameters were 140 to 180 ym, with the ranges of 0, 0.3, 3, 10, 30, and 300 uM of Ba?".
Figure 3-6 A showed the representative trace of FIV in a WT mesenteric artery without
Ba?*. As expected, WT mesenteric arteries were dilated by the pressure gradient
generated flow, and higher flows increased the intraluminal diameters more. FIV was
decreased by the increase of Ba?* concentration, and there was no further decrease of
FIV after 30 uM of Ba?* (Fig. 3-6 B). Maximal FIVs at A100 cm H20 were summarized in
figure 3-6 C, and | calculated the IC50 (7.2 uM) based on these data. In the study of
electrophsiological Kir current measurement, the dose dependent inhibition of Ba?* was
tested in our lab, and the inhibition of Ba%* was observed with the IC50 of 4.8 uM in WT
ECs, which is similar to IC50 in FIV. Although Ba?* is a well-known inhibitor for Kir
channels, Ba?* is not a specific inhibitor of Kir2.1 channels; hence, | tested FIV in Kir2.1*"
mesenteric arteries to see if Kir2.1 plays a role in FIV. FIV was measured in pressurized
mesenteric arteries of 100-200 um isolated from WT and Kir2.1* mice. Figure 3-6 D
showed representative traces of FIV in WT and Kir2.1*- mesenteric arteries. FIV was
significantly reduced (~40% of FIV in WT arteries) in Kir2.1*- mesenteric arteries (Fig. 3-
6 E and F). To verify further that the reduction of FIV in Kir2.1*- resistance arteries was
due to the loss of Kir channel function, Ba?* (300 uM) was applied and there was no
further FIV decrease observed in these arteries, which suggested that Kir2.1 were the

only Ba?*-sensitive channels in these arteries. Papaverine was used at the end of each
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dilation (%) of pre-constricted mesenteric arteries harvested from WT
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trace of pre-constricted mesenteric arteries harvested from WT or
Kir2.1"" mice with and without 300 uM Baz+, as a function of pressure
gradient. (E) Average flow-induced dilation (%) of mesenteric arteries
harvested from WT or Kir2.1+/' mice with and without 300 yM Ba2+, as a
function of pressure gradient. (n=6 per group, *p<0.05) C, F: Maximal
dilation at A100 cm H,O pressure gradient for the same experimental
conditions as described in B and E respectively. (ET-1=endothelin-1,
PAP=Papaverine, added at the end of experiments to test the vessels’
maximal dilation.)
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experiments to verify that the reduction of FIV was due to the endothelium-dependent
pathways. Papaverine is an endothelium-independent vasodilator, which activates the
GMP cyclase in smooth muscle cells and induces vasodilation. The application of
papaverine at A100 cm H20 increased FIV to ~100% in both of WT and Kir2.1*"
mesenteric arteries, which proves that the loss of Kir2.1 channels in endothelium caused
the reduction of FIV in Kir2.1*- arteries. Therefore, these data suggest that Kir2.1

channels in ECs plays an important role in FIV.

To eliminate the possibility that the loss of FIV in Kir2.1*- mice could be a result of non-
specific changes in this genetic model, | also tested FIV in WT mouse mesenteric arteries,
which were transfected with dominant negative mutant of Kir2.1 in lentiviral vectors. It is
well established that the substitution of GYG to AAA amino acids sequence in the region
of the pore loop of the Kir2.1 channel, which breaks the K* selectivity filter, results in the
disruption of Kir2.1 current by specific dominant negative effect (Schram et al., 2002).
Specifically, transfecting the cells with dnKir2.1 subunits abrogates the activity of the
endogenous Kir2.1 channels. Kir currents reduction by dominant negative transfection on

human aortic endothelial cells were confirmed in our lab (Fang et al., 2005b).

A WT mesenteric artery was cannulated one side, and the lentiviral vectors were applied
into the lumen of the artery. After the lumen was filled up with viral vector containing media,

the other side of artery was tied to prevent the leakage, and incubated for 24 hours in

37 °C. FIV was measured in WT mesenteric arteries transfected with empty lentiviral

vector or dnKir2.1 lentiviral vectors. FIV in arteries transfected with dnKir2.1 was

significantly lower than that in vessels transfected with empty vector (Fig. 3-7 A and B)
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Figure 3-7 Loss of Kir2.1 function with dominant-negative Kir2.1 results
in the inhibition of FIV in mesenteric arteries. (A) dnKir2.1 or empty
lentiviral constructs are intraluminally treated to intact mesenteric
arteries for 24 hours. Average flow-induced dilation of pre-constricted
lentiviral constructs-treated and non-treated mesenteric arteries
harvested from WT mice, as a function of pressure gradient. Vessel
diameters are normalized to diameters stabilized at 60 cm H,O and the

intraluminal pressure is maintained at the same pressure. Ba’’ (300 uM)
is perfused extravascularly to WT mesenteric arteries without the
transfection of lentiviral constructs. (n=3 per group, *p<0.05) (B) Average
dilations at A100 cm H,O of A.
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indicating that the loss of Kir activity causes the reduction of FIV in mesenteric arteries.

To determine if the inhibition of FIV by blocking Kir channels with Ba?* was reversible, |
tested whether the effect of Ba2* on FIV could be recovered by the washout of Ba2* (Fig.
3-8 A, B, and C). FIV was measured in WT arteries by increasing pressure gradients as
described above before and after the application of Ba2+. My data showed that Ba?*
significantly reduced FIV. After washout of Ba?* from the organ chamber, FIV was

completely recovered. This data show that Ba2+ induced inhibition of FIV is reversible.

My next goal to determine whether the effect of Kir2.1 channels in FIV is endothelial
dependent. The Kir2.1*- heterozygous genetic mouse model is a global knock down
model; hence, not only endothelial cells but also other cells in mesenteric arteries have
reduced expression of Kir2.1. In order to determine whether the effect of Kir2.1 on FIV is
endothelium-dependent, | tested vasodilation in endothelium denuded arteries by SNP, a
well-known NO donor (Fig. 3-9 A and B). The rationale of this experiment is that NO
induces relaxation of smooth muscles directly, resulting in vasodilation. Mesenteric
arteries were cannulated to the organ chamber and perfused with 10 ml of air bubbles to
remove the endothelium. Figure 3-9 A shows the representative trace and B shows the
summary of the SNP dose-dependent vasodilation data. There was no difference
observed in vasodilation respond to NO increase between the arteries from WT and
Kir2.1*- mice. To verify the endothelium denudation, | tested acetylcholine dose-
dependent vasodilation in the same arteries before SNP dose-dependent vasodilation
measurement, and there was no dilation detected up to 100 uM of acetylcholine in
denuded mesenteric arteries from both WT and Kir2.1*- mice (Fig. 3-9 C). In contrast,

endothelium intact WT arteries showed acetylcholine dose-dependent vasodilation as
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expected.

Additionally, | measured K* induced vasodilation in denuded arteries to test whether
smooth muscle Kir channels play a role in the regulation of FIV. Earlier studies showed
that increase of extracellular K* may activate Kir channels and Na*-K* ATPase in VSMCs,
inducing the hyperpolarization of smooth muscle in cerebral and coronary arterial beds
(Burns et al., 2004; Filosa et al., 2006). Although | showed that Kir2.1 is not expressed in
vascular smooth muscles of mesenteric arteries, it is possible that smooth muscles in
mesenteric arterial beds can express other Kir channles, which can respond to
extracellular K* to induce vasodilation. Mesenteric arteries were denuded by 10 ml of air
bubbling, and tested the vasodilation with 10, 16, 20 and 40 mM of total K* concentration
in buffer by adding KClI solution (Fig. 3-10 A, B, and C). Vasodilation was increased dose-
dependently up to 20 mM of total K* concentration in denuded WT arteries, and there was
no difference between WT and Kir2.1*- arteries. Ba%* also had no effect. In contrast,
ouabain, a well-known Na*-K* ATPase inhibitor, blocked K*-dependent vasodilation in
denuded mesenteric arteries from the both WT and Kir2.1*- mice. These data suggest
that K*-dependent vasodilation in mesenteric arteries is Na*-K* ATPase dependent, but
not Kir channels dependent. As expected, higher than 20 mM of K* caused

vasoconstriction due to the depolarization of smooth muscles.

In order to know if these observations in mesenteric arteries were tissue specific, | tested
K* dose-dependent vasodilation in denuded WT cerebral arteries (Fig. 3-11 A and B). |
observed decreased vasodilation by Ba2*, and there was no further decrease between 30
and 300 uM of Ba?*, which implies that K* dose-dependent vasodilation relies on the

vascular smooth muscle Kir channels. Combination of ouabain with Ba2* significantly
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further decreased the vasodilation by 20 mM of K*, which shows that not only Kir channels
but also Na*-K* ATPase in VSMCs regulate K* dose-dependent vasodilation in cerebral
arteries. Taken all together, these data indicate that my observation in Kir2.1 regulation

of FIV is endothelial-dependent in mesenteric arteries.

3.3.3 Rescue of FIV in Kir2.1*- arteries by endothelial-specific Kir2.1 expression

My next question was if the recovery of Kir2.1 channels can rescue the FIV in the Kir2.1*"
mouse model. This question was addressed using adenoviral vector, which express WT
Kir2.1 channels with HA-tag (WT Kir2.1-HA) using VE-Cad promoter (Vector Biolabs, CA).
VE-Cadherin is a well-known endothelial cell specific protein and the promoter of this
protein is only activated in ECs. Therefore, this adenoviral vector only expresses WT
Kir2.1-HA channels in ECs. The endothelial specific expression of WT Kir2.1-HA channels
was tested by immunofluorescence staining in our lab, and it was shown that anti-HA
fluorescence signal was only detected from ECs, but not in VSMCs by the transfection of
EC-specific WT Kir2.1 (Ahn et al., 2017). Additionally, functional recovery of Kir2.1
currents in Kir2.1*- ECs was observed after the transfection of WT Kir2.1-HA adenoviral

vector in our lab (Ahn et al., 2017).

Mesenteric arteries freshly-isolated from Kir2.1*- mice were transfected with EC-specific
WT Kir2.1-HA for 24 hours, and FIV was measured (Fig. 3-12 A, B, and C). As expected,
empty viral vector transfected arteries from Kir2.1*- mice showed the reduced FIV (less
than 40% dilation at maximal flow), and there was no Ba?* sensitivity. However, most

importantly, EC-specific WT Kir2.1-HA transfected Kir2.1+/- arteries showed fully
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recovered FIV, and the recovered FIV was sensitive to Ba2*. These results show that
endothelial specific WT Kir2.1 recovery by adenoviral vector rescued the FIV impairment
due to the Kir2.1 deficiency. Combine these data with previous data, | suggest that

endothelial Kir2.1 channel is the major key component in FIV.

3.3.4 Complementary roles of Kir2.1 and Kca channels in flow-induced vasodilation

| showed endothelial Kir2.1 regulates the flow-induced vasodilation in resistance arteries.
Earlier studies showed that SK channels play a significant role in FIV (Brahler et al., 2009;
Milkau et al., 2010; Wulff & Kohler, 2013). My next question was to determine whether Kir
and SK channels regulate FIV through the same pathway. Mesenteric arteries from WT
and Kir2.1*- mice were cannulated in the organ chamber, and then, the arteries were
pressurized and pre-constricted to measure the FIV. To test the role of SK channels in
FIV, apamin (20 nM), a well-known inhibitor of SK channels, was incubated for 30 mins
before the FIV measurement. As expected, the significant reduction (about 50%) of FIV
was observed in WT mesenteric arteries treated with apamin (Fig. 3-13 A, B, and C). In
the same vessels, Ba?* also decreased the FIV also about 50%. Interestingly, combination
of apamin and Ba?* completely abrogated FIV, which implies that FIV in mouse
mesenteric arteries have two regulatory pathways: 1) Kir channel-dependent pathway
and 2) SK channel-dependent pathway. To confirm the data, apamin was incubated with
Kir2.1*- arteries, and the residual vasodilation by flow (around 40%) was inhibited
completely as same as WT arteries treated with Ba?* and apamin together (Fig. 3-13 D,
E, and F). More importantly, at the end of all experiments, the application of papaverin

induced full dilation in all arteries, which showed that the arteries maintained their ability
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to relax.

In order to test whether the concentration of apamin (20 nM) used to determine the
contribution of SK channels to FIV response in mesenteric arteries results in full inhibition
of SK, | tested the dose-response of apamin induced inhibition of FIV in WT mesenteric
arteries (Fig. 3-14 A and B). Apamin was applied 0, 0.2, 2, 20, and 50 nM for 30 mins prior
to measure FIV in the same mesenteric arteries, respectively. After the measurement of
each dose of apamin, the vessel was fully washed out by perfusion to remove any residual
effect of the dose applied before. During the repeated measurements, different order of
dose-dependent, such as increase of dose or decrease of dose of apamin, FIV in WT
mesenteric arteries were measured, and the order of dose increase or decrease did not
affect the results of FIV. Apamin showed around 11 nM of IC50, and there was no further
decreased FIV measured after 20 nM, which showed that 20 nM of apamin completely
eliminated the contribution of SK channels in FIV of mesenteric arteries during the

previous experiments.

In terms of mechanism, SK channels are known to contribute FIV via endothelial-derived
hyperpolarizing factors. | showed that Kir channels regulate FIV in SK channel-
independent pathway; thus, my next question was if Kir2.1 channels regulate FIV by an
NO-dependent mechanism. As discussed in the Chapter 1, NO is produced by eNOS in
ECs. To address my question, | measured FIV with Nw-Nitro-L-arginine-methyl-ester
hydrochloride (L-NAME) (100 uM), a well-known inhibitor for eNOS, in mesenteric arteries
from both WT and Kir2.1*- mice (Fig. 3-15 A, B, and C). As expected, FIV were
significantly decreased with L-NAME in WT arteries. Interestingly, there was no further

decrease of FIV observed with the combination of L-NAME and Ba?*, which suggests that
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the regulation of Kir channels is via the NO production. The FIV measurement of Kir2.1*-
arteries with L-NAME or combination of L-NAME and Ba?* showed no further decrease,
which supports the previous suggestion that endothelial Kir2.1 regulation of FIV is through

the NO pathway.

In order to know if the SK channel dependent pathway in FIV is involved to NO pathway,
| tested FIV in WT mesenteric arteries with the combination of L-NAME and apamin (Fig.
3-15 D, E, and F). Interestingly, similar to the application of the combination of Ba%* and
apamin, the FIV was completely abrogated. In all the experiments, papaverin-induced
dilation was not affected by apamin, L-NAME, Ba?*, and the combination of any listed
components, which showed that mesenteric arteries used in these experiments
maintained the ability to relax under the inhibition condition of SK channels, eNOS, and/or
Kir channels. Taken all together, these results suggest that endothelial Kir channels
regulate FIV via NO production, and the regulation of FIV by SK channels follows NO-

and Kir channel-independent pathways.

3.3.5 Flow-induced eNOS activation is requlated by Kir2.1 via Akt1 phosphorylation

The results from FIV measurements suggest that the regulation of endothelial Kir2.1
channels in FIV is via NO production; therefore, my next question was the molecular

mechanism of eNOS regulation under flow by Kir2.1 channels.

In order to address this question, primary cultured ECs of mesenteric arteries from WT
and Kir2.1*- mice were exposed under 20 dynes/cm? of the shear stress, which simulates

physiological condition of the resistance artery, generated by the cone apparatus for 30
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mins. Due to the strict regulation of eNOS activation, ECs were lysed on ice immediately
after flow exposure with RIPA buffer containing protease and phosphatase inhibitor. The
activation of eNOS was tested by western blot analysis (Fig. 3-16 A and C). As expected
in WT ECs, the shear stress exposure increased the phosphorylation of S1177 residue in
eNOS, which is a well-known phosphorylation site (Fisslthaler et al., 2000), compared to
the phosphorylation under the static condition. In contrast, the phosphorylation of S1177
in eNOS by shear stress was not increased in Kir2.1*- ECs. Consistent with these
observation, Ba?* decreased eNOS phosphorylation in WT ECs, and there was no further
decrease of flow-induced eNOS activation in Kir2.1*- ECs, which confirms the Kir2.1
regulates flow-induced eNOS phosphorylation. According to Dimmeler et al., flow-induced
eNOS activation is governed by Akt phosphorylation (Dimmeler et al., 1999). To test if the
eNOS regulation by Kir2.1 is via Akt phosphorylation, | tested flow-induced eNOS
phosphorylation with MK2202, a well-known Akt inhibitor. Inhibition of Akt showed no flow-
induced increase of eNOS phosphorylation in WT ECs, and interestingly, no flow-induced
eNOS activation was also observed in Kir2.1*- ECs without further decrease. These
results imply that flow-induced eNOS activation is regulated by Kir2.1 channels via Akt
activation. Therefore, | tested the regulation of flow-induced Akt1 activation by Kir2.1 (Fig.
3-16 B and D). Similar to eNOS activation, WT ECs showed the significant
phosphorylation increase of S473 residue in Akt1, which is a well-known phosphorylation
site to activate Akt, under the shear stress. Whereas, there was no increase of Akt1
phosphorylation in Kir2.1*- ECs with and without Ba2* and WT ECs with Ba?*. Additionally,
the MK2202 treatment did not further decrease the flow-induced Akt1 phosphorylation in

both of WT and Kir2.1*- ECs. In order to determine if the overexpression of WT Kir2.1
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Figure 3-16 Kir channels regulate flow-induced eNOS activation by Akt
phosphorylation. (A) Representative western blot for eNOS
phosphorylation by shear stress (20 dyn/cm?, 30 min) with or without
Ba?* or Akt inhibitor (MK2206) in murine mesenteric arterial ECs
isolated from WT and Kir2.1*- mice. (B) Representative western blot for
Akt phosphorylation in the same experimental samples shown in A. (C)
Densitometry for group data represented in A (n=4 per group, *p<0.05)
(D) Densitometry for the group data represented in E (n=4 per group,
*p<0.05). (SS: shear stress, MK: MK2206)
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channels recover the flow-induced eNOS activation via Akt phosphorylation in Kir2.1*-
ECs, | transfected Kir2.1*- ECs with WT Kir2.1-HA adenoviral vectors, and tested the
shear stress induced eNOS and Akt phosphorylation by western blot analysis (Fig. 3-17).
As expected, empty vector transfected Kir2.1*- ECs showed no increase of flow-induced
phosphorylation of eNOS with or without Ba?*, and also there was no increase with Akt
inhibitor. In contrast, the flow-induced eNOS phosphorylation was fully recovered in WT
Kir2.1-HA transfected Kir2.1*- ECs, and there was no flow-induced eNOS
phosphorylation in these cells with Ba?* or MK2202 (Fig. 3-17 Aand C). The flow-induced
Akt1 activation was also recovered by the transfection of WT Kir2.1-HA in Kir2.1*- ECs
(Fig. 3-17 B and D). Based in these data, Kir2.1 in ECs regulates flow-induced eNOS

activation via Akt phosphorylation to produce NO resulting in FIV.

3.3.6 Kir 2.1 but not Kca requlate flow-induced NO generation in mesenteric arteries

Although my data presented above suggest that endothelial Kir2.1 regulates FIV via
eNOS regulation, my next objective was to determine whether the flow-induced NO

production is affected by Kir2.1 deficiency, and follows the Kca-independent pathway.

| tested flow-induced NO production in mesenteric arteries with a membrane permeable
NO-sensitive fluorescent dye, Diaminorhodamine-4M (DAR4M). Intact mesenteric
arteries from WT and Kir2.1*"- mice were loaded with DAR4M, and then pressurized and
exposed to flow generated by a pressure gradient (A60 cm H20) for 30 min. As expected,
WT arteries showed significant increase of NO-fluorescent signal after flow exposure

compared to after static condition. In contrast, there was no significant increase of flow-

72



Kir2.1+- ECs

a B e B. Kir2.1+- ECs
AL Empty adv EC Kir2.1 adv
S3t St 33 ot SS+ SS+ $S+ SS+
Stat SS 2+ Stat SS 2+ MK
e Ea Stat SS Baz* MK Stat SS Baz MK
PENOS === o w — -..... P, PAK! ‘sugy GENS SIS SNe SN
- e
ENOS ey e - = — == Akt  — — — Y R e =
T =D G =D D WD = O
GAPDH mes @b D = - eap @uep cmd ot
G ; ) By,
35 *
(2] 2 1
i
© 25 Q15 ]
Q. o
g - S, o
[ 17}
8 g 1
g 15 5
g 1 £
= 05 4
05
0 0 4
Stat SS SS SS Stat SS SS SS Stat SS SS SS Stat S§ SS SS
+Ba?* +MK +Ba2* +MK +Ba?* +MK +Ba? +MK
Empty adv EC Kir2.1 adv Empty adv EC Kir2.1 adv

Kir2.1*- mesenteric ECs Kir2.1*- mesenteric ECs

Figure 3-17 Recovery of flow-induced eNOS activation by Akt
phosphorylation in Kir2.1*- endothelial cells by the transfection of EC-
specific WT-Kir2.1. (A) Representative western blot for eNOS
phosphorylation by shear stress (20 dyn/cm?, 30 min) with or without
Ba2* or Akt inhibitor (MK2206) in the adenoviral vector (empty or Kir2.1-
HA) transfected murine mesenteric arterial ECs from Kir2.1*- mice. (B)
Representative western blot for Akt phosphorylation in the same
experimental samples shown in A. (C) Densitometry for the group data
represented in A (n=4 per group, *p<0.05). (D) Densitometry for the

group data represented in C (n=4 per group, *p<0.05). (SS: shear
stress, MK: MK2206)
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induced NO production in Kir2.1*- arteries and WT arteries with Ba2*. To verify that the
increased DAR4M signal in WT arteries under flow was by NO production, | tested flow-
induced NO production with L-NAME in WT arteries, and the flow-induced NO signal was
abrogated, which proves that the increased DAR4M signal is due to the flow-induced NO
increase (Fig. 3-18 A and B). As a negative control, endothelium denuded arteries from
WT and Kir2.1*- mice were also tested to measure flow-induced NO production, and there
were no detectable signals at all under both static and flow conditions (Fig. 3-18 C). These
data provide the direct evidence that Kir2.1 channels are essential for the flow-induced

NO production.

In order to test the role of SK in flow-induced NO production, the flow-induced NO
production was measured in WT arteries with and without 20 nM of apamin in a parallel
series of experiments (Fig. 3-19 A and B). As shown in the above, 20 nM of apamin
reduced FIV significantly under the fluid shear stress generated by 60 cm H20 pressure
gradient, whereas the flow-induced production of NO was not affected by apamin (20 nM)

under the same shear stress condition.

These data suggest that flow-induced NO production is regulated by Kir2.1 rather than
SK, and the contribution of SK channels in FIV follows the Kir2.1- and NO- independent

pathway.

3.3.7 Kir2.1 contributes to the control of blood pressure

Blood pressure is determined with two major factors: 1) peripheral vascular resistance

and 2) cardiac outputs (Messerli, 1982). All my results shown above suggest that the loss

74



WT+Ba”"

WT+LN

WT

Kir2.1"

Bright field

75

Flow

25

15

0.5

Relative fluorescence by NO

Flow

I

WT

-+
Kir2.1"

-+
WT+Ba"



Figure 3-18 Kir2.1 controls flow-induced nitric oxide production. (A)
Images of NO-specific fluorescence in response to flow in WT and
Kir2.1"" mesenteric arteries: left panels show the inner surface of the
arteries in bright field, middle panels show NO-specific fluorescence
stained by DAR4M in arteries not exposed to flow, right panels show NO-
specific fluorescence in arteries exposed to flow generated by a pressure
gradient of A60 cm H,O for 30 min with or without Ba”" (30 puM) or
LNAME (100 pM) (scale = 50 ym). (B) Quantification of NO specific
fluorescence in the same arteries normalized to “No flow” control (n=6
arteries per condition, *p<0.05). (C) Images of NO specific fluorescence
of endothelium denuded WT and Kir2.1" arteries maintained under
static conditions (middle panels) or exposed to 30 min of flow (right
panels) (n=4).
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Figure 3-19 Flow-induced nitric oxide production is regulated by SK-
independent pathway. (A) Images of NO specific fluorescence of WT
arteries maintained under static conditions (middle panels) or exposed
to 30 min of flow (right panels) with or without application of apamin (20
nM). (B) Quantification of NO specific fluorescence in the same arteries
(n=5 arteries per condition, *p<0.05).
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of Kir2.1 reduces FIV in resistance arteries, which causes the increase of peripheral
resistance. My next question in this study, thus, was if the reduced FIV in resistance
arteries by the loss of Kir2.1 affects the increase of blood pressure. To address this
question, mean arterial pressure (MAP) was measured in carotid arteries using carotid
cannulation procedure in WT and Kir2.1*- mice (Fig. 3-20 A). Compared to the MAP in
WT mice (62 mm Hg), the MAP of Kir2.1*- mice increased 20 mm Hg higher, which was
also statistically significant. These experiments were performed on age-matched male
mice and in the same range of body weights (Fig. 3-20 B). In order to know that the
increase of the MAP is due to the increased peripheral resistance, the tail blood flow rates
were measured from WT and Kir2.1*- mice using volume-pressure recording tail-cuff
measurement (Fig. 3-20 C), and the vascular resistance was calculated as a ratio of blood
flow to mean blood pressure taken from the same animal (Fig. 3-20 D). Consistent with
the increase in the blood pressure, tail blood flow rates were decreased significantly and
the vascular resistance significantly increased in Kir2.1*- mice. These results show that
loss of FIV in Kir2.1 deficient mice causes higher peripheral vascular resistance, resulting

in higher blood pressure.

Loss of Kir channel function is known to cause long-QT syndrome (Tristani-Firouzi et al.,
2002). Kir2.1*- mouse model is a global genetic knock down mouse model. To determine
if the global deficiency of Kir2.1 channels contributes to the increased blood pressure by
affecting cardiac functions in Kir2.1*- mouse model, | tested the cardiac functions in WT
and Kir2.1** mice including stroke volume, heart rate, and cardiac output using

echocardiogram.

These parameters were measured using an echocardiogram on lightly sedated mice (1.5%
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isoflurane). Typical left ventricular M-mode images of the echocardiogram for WT and
Kir2.1*- mice are shown in Figure 3-21 A and B. More specifically, the images show the
oscillatory movement of the ventricular wall that occur during the cardiac cycle (i.e.,
systole and diastole), and the stroke volume is calculated based on the difference
between the chamber volumes during diastole and systole. As shown in the
representative left ventricular M-mode images, there was no significant difference
observed in stroke volume between WT and Kir2.1 mice, and the heart rate of both WT
and Kir2.1*- mice was in the regular range of ~500 beats per minute (Fig. 3-21 C and D).
Additionally, there was no cardiac output differences in both WT and Kir2.1*- mice (Fig.
3-21 E). The echocardiogram results suggest that the increase of blood pressure in Kir2.1
*I mice is mainly due to the increase of peripheral vascular resistance, and the global

deficiency of Kir2.1 does not affect the cardiac function in the Kir2.1*- mouse model.
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Figure 3-21 Cardiac function does not contribute to increased blood
pressure in Kir2.1 deficient mice. (A) Representative M-mode
echocardiogram of the left ventricle from WT mouse. (B) Representative

M-mode echocardiogram of the left ventricle from Kir2.1” mouse. (C)
Stroke volumes of WT and Kir2.1™" mice are measured by M-mode

echocardiogram from the parasternal short axis view. (WT, n=6, Kir2.1 +/',
n=5) (D) Heart rates are measured during M-mode echocardiogram.

(WT, n=6, Kir2.1+/', n=5) (E) Cardiac outputs of WT and Kir2.1 " mice are
determined from stroke volume multiplied by heart rate. (WT, n=6,

Kir2.1"”", n=5)
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3.4 Discussion

In this study, | present the first specific evidence for the role of endothelial Kir channels in
FIV of resistance arteries. My major findings of this study are: i) functionally expressed
Kir channels in primary endothelial cells from resistance arteries show clear flow
sensitivity, ii) Kir2.1 channels in Kir channels are essential for FIV of murine mesenteric
arteries through NO production by eNOS and Akt phosphorylation, iii) genetic deficiency
of Kir2.1 channels in mouse increases peripheral vascular resistance and blood pressure,
iv) Kir and Kca act independently through two distinct NO-dependent and NO-independent
pathway in FIV. These findings address that Kir channels play a major role in endothelium-

dependent FIV and provide the first insights into the mechanism of this effect.

3.4.1 Expression of Kir2 channels in microvascular endothelial cells

The presence of Kir currents with Ba2*-sensitivity in multiple subtypes of endothelial cells
from different species were reported in multiple studies (Rusko et al., 1992; Romanenko
et al., 2002; Crane et al., 2003; Fang et al., 2005b; Ledoux et al., 2008). In this study, |
present a molecular profile of Kir2 channels in mouse mesenteric endothelial cells. At the
transcriptional level, | observed the expression of three subtypes of Kir2 channels in
mesenteric endothelial cells, which are Kir2.1, Kir2.2, and Kir2.3; however, the expression
level of Kir2.1 is several orders of magnitude higher than that of the other two channels.
Expression of Kir2.1 is also confirmed on the translational level. Functionally, our lab show
for the first time that primary mesenteric ECs express shear stress-sensitive Kir currents

(Ahn et al., 2017). These currents significantly reduced in mesenteric arterial ECs isolated
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from Kir2.1*- heterozygous mice. Based on these observations, Kir2.1 is the major

functional Kir channel in mesenteric endothelium.

3.4.2 Consideration of the Kir2.1*- mouse model

Since the global knock out of Kir2.1 channels is lethal, and the mice die within a few hours
after birth (Zaritsky et al., 2000), | considered using a Kir2.1 heterozygous mouse model
(Kir2.1*"), which is fully viable for the life span same as WT mouse. | found that
mesenteric arterial endothelial cells from Kir2.1*- mice express significantly decreased
levels of Kir2.1 channels on both transcriptional (~65% decreased) and translational (~50%
decreased) levels, as well as functional currents (electrophysiological data ~50%
decreased). The decreased Kir2.1 expression in Kir2.1*- mice leads the increase (2-3
folds increase) in the expression of Kir2.2 and Kir2.3 channels; however, because the
expression level of Kir2.2 and Kir2.3 channels is much lower than Kir2.1 channels, this
increase does not compensate for the functional Kir channel currents. Interestingly, the
decreased expression of Kir channels results in the decreased sensitivity to shear stress,

but the basis of this decreased sensitivity to shear is unclear.

3.4.3 Role of endothelial Kir2.1 in flow-induced vasodilation

In this study, | demonstrated that the loss of Kir2.1 channels expression with the
corresponding reduction of flow-sensitive Kir currents results in a dramatic decrease in
FIV of murine mesenteric arteries. It was known that Ba?* decreased flow-induce

vasodilation in human brachial arteries, rabbit cerebral arteries, and rabbit facial veins
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(Wellman & Bevan, 1995; Xie & Bevan, 1998; Dawes et al., 2002). These observations
suggested the role of Kir channels in FIV, but it was unclear whether endothelial Kir
channels regulate FIV. To address the role of endothelial Kir channels in FIV, | tested
Kir2.1 expression in smooth muscles of mouse mesenteric arteries. Consistent with
previous studies (Crane et al., 2003; Smith et al., 2008), | observed that mouse
mesenteric VSMCs do not express Kir2.1 channels, which allows me to take advantage
isolating the effects of endothelial Kir2.1 channels on the vascular function in this
resistance artery model. However, there is always a concern about the tissue specificity
in the interpretation of the observed effects in a global knock out model. Due to this
concern, | provided several lines of evidence to support the conclusion that the observed
effects should be attributed to the lack of Kir in endothelial cells. First, endothelium-
denuded arteries maintain their full reactivity in response to SNP, an NO donor, an assay
that is typically used to ascertain the smooth muscle reactivity to NO (Ignarro & Kadowitz,
1985). Additionally, whereas the expression of Kir channels in VSMCs is shown to be
tissue specific, it was reported in previous studies that Kir2.1 channels was not detected
in VSMCs of murine mesenteric arteries (Crane et al., 2003; Jackson, 2005; Smith et al.,
2008; Dunn & Nelson, 2010). Consistent with these studies, | also show in this study that
no detectable Kir2.1 channel expresses in mouse mesenteric VSMCs. However, there is
a possibility that other subtypes of Kir2 channels might be expressed in mesenteric
VSMCs and contribute to FIV via an NO-independent mechanism; thus, | tested K*-
induced vasodilation to exclude this possibility. The rationale of this approach is that Kir2
channels in VSMCs may contribute to FIV through NO-independent K*-induced

vasodilation due to the Kir channel sensitivity to extracellular K*, which is elevated due to
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the K* efflux from adjacent endothelial cells responded to flow (Quayle et al., 1993;
Edwards et al., 1998; Burns et al., 2004; Filosa et al., 2006). Alternatively, K*-induced
vasodilation may also be mediated by Na*/K*-ATPase (Burns et al., 2004). In order to
address this concern, extracellular K*-induced vasodilation was tested in endothelium-
denuded mesenteric arteries. As expected, increase up to 20 mM of extracellular K*
resulted in a vasodilatory response, whereas extracellular K* concentration higher than
20 mM caused the vasoconstriction, which causes the depolarization of smooth muscle
cells triggering constriction. My data show, however, the K*-induced vasodilation in these
denuded arteries is sensitive to ouabain, but not Ba?*. These results indicate that the
vasodilation of endothelium-denuded mesenteric arteries by extracellular K* should be
attributed to the Na*/K*-ATPase rather than Kir2 channels. In contrast, as expected, |
observed the contribution of Kir2 channels of K*-induced vasodilation in endothelium
denuded cerebral arteries from the same mouse. My data show, therefore, there is tissue
specific differences in smooth muscles, which regulate vasodilatory mechanisms
differently by tissue functions. Most importantly, by showing the rescued FIV in Kir2.1*-
mesenteric arteries with the EC-specific overexpression of WT Kir2.1 channels, | provide
compelling evidence for the major role of endothelial Kir2.1 in the mouse mesenteric

arterial FIV.

3.4.4 Endothelial Kir2.1 channels control FIV by requlating Akt/eNOS signaling and

NO generation

Previous study suggested that endothelial K* channel activation may act as endothelium-

derived hyperpolarizing factor (EDHF), which is defined as NO-independent and
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cyclooxygenase (COX)-independent mechanism, responsible for a vasodilation observed
when both NO synthase and COX are inhibited (Brandes et al., 2000). This mechanism
is well-established for Kca channels in earlier studies that demonstrate almost complete
loss of EDHF-mediated vasodilation in carotid and cremaster arteries by blocking or using
genetically knock out mouse models of small and intermediate-conductance Kca (SK and
IK) channels (Miura et al., 2001; Brahler et al., 2009; Wolfle et al., 2009). Interestingly, it
was also reported that IK channels dominantly regulate acetylcholine-induced EDHF-
mediated vasodilation (Brahler et al., 2009; Wolfle et al., 2009), whereas SK channels are
responsible for the flow-induced EDHF-mediated vasodilation (Brahler et al., 2009).
However, my data demonstrates that endothelial Kir2 channels regulate FIV by a different
mechanism; there was no changes in FIV with the combination of eNOS inhibitor and
either blocking of Kir2 channels by Ba?* in WT mice or the genetic loss of Kir2.1
expression in Kir2.1*- mice, which shows that Kir2 channels have no effect on NO-
dependent FIV component. Consistent with these data, | also demonstrate directly that
flow-induced NO generation is abolished in mesenteric arteries from Kir2.1*~ mice.
Endothelium denudation of the arteries, as expected, eliminates even residual NO signals
in both WT and Kir2.1*- arteries because eNOS, the major NO synthase in FIV, is
expressed selectively in endothelial cells. Taken together, these data indicate that

endothelial Kir2 channels regulate FIV by regulating endothelial NO generation.

In terms of the molecular mechanism, | show that impairment of Kir2.1 results in the loss
of flow-induced phosphorylation of eNOS and Akt in mesenteric ECs, and WT Kir2.1
overexpression in Kir2.1-deficient ECs fully rescued the flow-induced phosphorylation of

these enzymes. Additionally, consistent with previous studies (Fleming et al., 1998;
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Dimmeler et al., 1999), flow-induced eNOS phosphorylation was mainly mediated by Akt
phosphorylation. Blocking of Akt activation abrogated the rescue effect by overexpressing
Kir2.1 channels. Therefore, these data indicated that Kir2.1 channels regulate flow-
induced Akt phosphorylation resulting in eNOS activation. However, it is still unclear what
the mechanistic link between Kir channels and Akt is. Earlier studies suggested that K*
channels regulate Ca?* influx into the cells and the cellular functions are regulated by
influx Ca?* (Adams et al., 1989; Luckhoff & Busse, 1990; Lin et al., 1993). However, there
were other studies, which showed that FIV is Ca?*-independent (Stepp et al., 1999), and
that flow-induced eNOS activation is Akt-dependent but Ca?*-independent (Dimmeler et
al., 1999). It is also reported that not only flow-induced eNOS activation, but also receptor-
mediated eNOS activation has a component that Akt-dependent and Ca?* independent,
which is supporting the Ca?*-independent Akt activation (Fleming et al., 1999; Takahashi
& Mendelsohn, 2003). Based on these previous studies and my observations described
above, | suggest that Kir channels regulate eNOS through Akt but not through Ca?*.
However, flow-induced Ca?* influx should be checked in future studies to clarify this issue.
Additionally, as mentioned above, the mechanism by which Kir channels regulate Akt
should also be elucidated in future studies. Although previous study by Sonkusare et al.
suggested that the role of Kir2.1 is a hyperpolarization booster, which is downstream of
SK channels in Ca?*-mediated vasodilation (Sonkusare et al., 2016), my data clearly
show that the NO-dependent components of FIV is regulated by Kir2 and separate from
SK-dependent components. This conclusion is consistent with earlier observations that
NO-dependent regulation of blood pressure is still existed in SK channel knock out mouse

model (Kohler & Ruth, 2010). Importantly, my data that blocking both Kir2 and SK
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channels totally abolished FIV in murine mesenteric arteries indicates that Kir2 and SK
regulate FIV in two parallel pathways as major contributors, which are fully responsible to
flow. Although the mechanism for differential effects of Kir2.1 and SK channels on FIV is
unclear, one possibility is that there are differential intracellular distributions of these
channels. Earlier studies in our lab showed that Kir2.1 is located in cholesterol-rich
membrane domains (Tikku et al., 2007) and in caveolae, where Kir2.1 channels interact
with caveolin-1 (Han et al., 2014). It is well-established in previous studies that eNOS
interacts caveolin-1 (Garcia-Cardena et al., 1997; Ghosh et al., 1998; Gratton et al., 2000),
which implies the possible geometrical regulation of Kir2.1 channels on eNOS activation;
however, SK channels were also reported to be in caveolae (Absi et al., 2007; Goedicke-
Fritz et al., 2015). Therefore, it is difficult to explain by location only for the functional
difference between Kir2.1 and SK channels in eNOS activation. Further studies are
needed to understand how different types of K* channels regulate FIV by distinct

mechanisms.

3.4.5 Role of Kir2.1 channels in requlation of blood pressure and vascular

resistance

My observation that Kir2.1 impairment causes significant mean arterial blood pressure
elevation up to 20 mm Hg indicates that Kir2 channels also play a major role in control of
vascular tone in vivo. Based on previous research, impairment of Kca also causes the
elevation of blood pressure (Brahler et al., 2009). My finding that Kir2 and SK contribute
almost equally to FIV is able to explain either Kir2 or Kca affects to the elevation of blood

pressure. Interestingly, whereas Kir2 channels play a key role in FIV, we saw no Ba?*
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effect on the baseline diameters of the mesenteric arteries. Therefore, it implies that other
mechanisms are predominantly involved to the resting tone, as should be investigated in

the future.

Moreover, since my finding shows that the loss of Kir2.1 channels results in significant
impairment of FIV in resistance arteries and since it is known that resistance arteries are
a major source of peripheral vascular resistance in the circulation (Mayet & Hughes,
2003), | hypothesized that increased vascular resistance in vivo causes the elevation of
the blood pressure in Kir2.1 deficient mice. My data address this hypothesis that Kir2.1*-
mice have significantly decreased flow rate resulting in increased vascular resistance by
using volumetric pressure recording tail-cuff measurement. Furthermore, since the two
major components that contribute to mean arterial pressure (MAP) are cardiac output
(CO) and peripheral vascular resistance (PVR) (MAP = CO x PVR) (Mayet & Hughes,
2003), | also tested if Kir2.1 deficiency in Kir2.1*- mice may result in an increase in the
stroke volume and/or heart rate resulting in increased cardiac output because Kir
channels are known to function in cardiomyocytes as regulating repolarization and
maintaining resting membrane potential. My results show, however, that there is no
difference in either stroke volume or hear rates between WT and Kir2.1*- mice and that
the physiological cardiac parameters are not changed in Kir2.1*- mice. Taken together,
these observations indicate that Kir2.1 deficiency results in increased blood pressure via

increased peripheral vascular resistance rather than cardiac functions.
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Chapter 4. Inwardly rectifying K* channels plays a key role to agonist-induced

vasodilation in resistance arteries

4.1 Introduction

Endothelium-dependent vasodilation is not only mediated by flow but also mediated by
vasoactive factors, such as bradykinin, acetylcholine, and sphingosine-1-phosphate,
which bind to their specific receptors (kinin receptor, cholinergic muscarinic receptor,
sphingosine-1-phosphate receptor, respectively), which induce Ca?* influx into the
endothelial cells, which activate Ca?*-activated K* (Kca) channels (Sun & Ye, 2012).
These receptors are known to be G protein-coupled receptors, and they are also known
to activate Akt phosphorylation through the activation of phosphoinoside 3-kinase (PI3K)

resulting in endothelial nitric oxide synthase (eNOS) activation (Sessa, 2004).

Bradykinin is a type of kinins and endogenous vasoactive peptides (Malowney et al.,
2015). Bradykinin is known as an important vasoactive factor in many types of vascular
beds, such as coronary and resistance arteries (Groves et al., 1995). When bradykinin
binds to the receptor, the cytosolic Ca?* concentration increases leading the activation of
Kca channels. Activated endothelial Kca channels activate vascular smooth muscle Kir
channels and Na*-K* ATPase, which result in hyperpolarization of vasodilation (Hangaard

et al., 2015).

Bradykinin is also known to activate eNOS through Akt activation. Binding of bradykinin
to the receptor induces the G protein-coupled receptor mediated PI3K activation, which

phosphorylates Akt resulting in eNOS activation by the phosphorylation of S1177 residue
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of eNOS. In the Chapter 3, | presented the data showing that endothelial Kir channels
regulate flow-induced vasodilation through eNOS activation by regulating Akt
phosphorylation. Previous studies showed that bradykinin-induced vasodilation is also
regulated by eNOS activation via Akt phosphorylation (Ndiaye et al., 2004; Sessa, 2004);
therefore, | hypothesized that endothelial Kir channels may also regulate NO production
in the receptor-mediated vasodilation. To address my hypothesis, | tested: i) bradykinin-
induced vasodilation in mesenteric arteries from WT and Kir2.1*- mice, ii) acetylcholine
mediated vasodilation in the same arteries, and iii) bradykinin-induced NO production
from endothelial cells isolated from WT and Kir2.1*- mesenteric arteries by real-time

electrical NO detection.
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4.2 Methods

4.2.1 Receptor-mediated vasodilation measurement

Resistance arteries (between 75-150 um) from mesenteric arteriole beds were isolated
and cannulated to glass micropipettes filled with Krebs solution (pH 7.40). Both ends of
the cannulated vessel were connected to two separate Krebs reservoirs, and the vessel
was stabilized at 60 cm H20 intraluminal pressure by elevating two Krebs-containing
reservoirs 60 cm above the organ chamber. The reservoirs and the vessel lumen generate
an open circuit. Vessels are equilibrated in this way for 30 minutes. After the 30-min
equilibration period, vessels were constricted (up to 50% of baseline diameter) with
endothelin (ET-1) (120 to 160 pM final concentration), and receptor-mediated vasodilation
was determined by exposing the vessels to incremental dosages of 1 nM, 10 nM, 100 nM,
1 uM, 10 uM, and 100 uM for acetylcholine stimulation, and 10 pM, 100 pM, 1 nM, 10 nM,
100 nM, and 1 uM for bradykinin stimulation. Intraluminal pressure is maintained at 60
cm H20 during the experiment. Receptor-mediated vasodilation was determined in the
presence and absence of external perfusion of BaClz (30 uM), L-NAME (100 pym), apamin
(20 nM), and combination of BaClz and L-NAME, and BaClz2 and apamin. All inhibitors and
blockers were incubated with the arteries for 30 mins before the application of flow.
Papaverine (100 uM) was added during exposure at the maximal dosage (at 100 uM for
acetylcholine and at 1 yM for bradykinin) to test maximal endothelium-independent
dilation. Resistance arteries were monitored continuously, and internal diameters were
measured at the maximal diameter after each pressure gradient applied. Preparations

were visualized with video cameras and monitors (model VIA-100, Boeckeler).
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4.2.2 Receptor-mediated NO production electrical measurement

Mouse mesenteric arterial endothelial cells were isolated as described in Chapter 2.
Briefly, mouse mesenteric arteries were extracted from 3 mice and incubated in digestion
solution for 1 hour in 37 °C. Digested cells were incubated with magnetic beads
conjugated anti-mouse CD31 IgG for endothelial cell purification. Purified ECs were

cultured to passage 5 to use. Isolated ECs were seeded in a 24-well plate with 2x105 cells.

Receptor-mediated NO production were measured using a porphyrinic NO electrode as
described previously (Maniatis et al., 2006). Briefly, the electrode was created by coating
carbon fibers with a metalloporphyrinic conductive polymer and subsequently sealed with
Nafion. Each electrode is calibrated using a stock solution of NO-saturated water. NO
diffuses into the Nafion membrane where it is oxidized to the nitrosyl ion. The electron is
transferred to the porphyrin of the conductive polymer and proceeds along the copper
wire to a detector. The NO electrode is placed onto the surface of an endothelial cell
monolayer and 2 additional electrodes are added to the solution to generate a 650-mV
potential. The system was coupled with a FAS1 femtostat and a personal computer with
electrochemical software (Gamry Instruments, Warminster, Pa). Electrode current, which
is proportional to NO concentration, is measured as a function of time. The cell culture
medium temperature is kept at 37°C. ECs from WT and Kir2.1*- mice were treated with
100 nM BK or 100 yM Ach, and produced NO were measured. Pharmaceutical Kir2.1
inhibitor, Ba?* (30 uM), and Akt inhibitor, MK2202, were incubated for 30 minutes in 37 °C,

and NO production measured with BK (100 nM).

Rescue experiment: Kir2.1*- ECs were incubated with adenoviral vector of WT-Kir2.1

for 24 hours in 37 °C. ECs were stimulated with BK (100 nM) and NO was measured.

100



Empty viral vector transfected Kir2.1*- ECs were used for control. Rescued Ba?*-

sensitivity was tested with Ba?* (30 uM).
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4.3 Results

4.3.1 Role of Kir2.1 in receptor-mediated vasodilation

My first question in this study was whether Kir2.1 channels also regulate the receptor
mediated vasodilation; hence, | tested bradykinin-induced vasodilation in mesenteric
arteries from WT and Kir2.1*- mice. As expected, WT mesenteric arteries dilated respond
to bradykinin dose-dependently (Fig. 4-1 A, B, and C), whereas Kir2.1*- mesenteric
arteries showed significantly reduced vasodilation (up to 50%) respond to bradykinin (Fig.
4-1 D, E, and F). The application of Ba?* (30 uM) in WT arteries also reduced around 50%
of vasodilation. These observations support that Kir2.1 channels play a major role in
receptor-mediated vasodilation. Additionally, there was no further decrease of bradykinin-
induced vasodilation in Kir2.1*- mesenteric arteries with Ba2*, which suggests that there
was no Kir2.1 channel distribution in bradykinin-induced vasodilation of Kir2.1*-

mesenteric arteries.

In the previous chapter, | showed that Kir2.1 channels regulate flow-induced vasodilation
through NO production. To test whether Kir2.1 channels also regulate receptor-mediated
vasodilation through NO production, | measured bradykinin-induced vasodilation with L-
NAME (100 pM), a well-known eNOS inhibitor (Fig. 4-1). As expected, | observed around
50% reduction of vasodilation respond to bradykinin. There was no further decrease in
bradykinin-induced vasodilation observed in Kir2.1*- mesenteric arteries with L-NAME or
the combination of L-NAME and Ba?*, or in WT mesenteric arteries with the combination
of Ba?* and L-NAME. These data show that Kir2.1 channels regulate receptor-mediated
vasodilation through NO production, likely to Kir2.1 regulation in flow-induced vasodilation.

Previous studies showed that receptor-mediated vasodilation induces Kca channel
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Figure 4-1 Role of Kir2.1 in bradykinin-induced vasodilation in mouse
mesenteric arteries. (A) Representative bradykinin-induced trace of pre-
constricted mesenteric arteries harvested from WT mice with and without

30 uM Ba2+, 100 yM LNAME, 20 nM apamin, or combination of each. (B)
Average bradykinin-induced dilation (%) of mesenteric arteries

harvested from WT mice with and without 30 uM Ba2+, 100 uM LNAME,
20 nM apamin, or combination of each. (n=4 per group, *p<0.05) (D)
Representative bradykinin-induced trace of pre-constricted mesenteric

arteries harvested from Kir2.1"" mice in the same condition of A. (E)
Average bradykinin-induced dilation (%) of mesenteric arteries

harvested from Kir2.1” mice in the same condition of B. (n=4 per group)
C, F: Maximal dilation at 1uM bradykinin for the same experimental
conditions as described in B and E, respectively. (ET-1=endothelin-1,
PAP= Papaverine, added at the end of experiments to test the vessels’
maximal dilation.)
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activation leading vasodilation. Thus, my next question was whether Kir2.1 channels and
Kca channels regulate receptor-mediated vasodilation in the same pathway. To address
this question, | tested bradykinin-induced vasodilation with apamin, a well-known blocker
of small-conductance Ca?*-activated K* channels (SK) (Fig. 4-1). As expected, apamin
reduced around 50% of vasodilation respond to bradykinin in WT mesenteric arteries.
Interestingly, bradykinin-induced vasodilation was disrupted in Kir2.1*- mesenteric
arteries with apamin and in WT mesenteric arteries with the combination of Ba%* and
apamin. These data show that Kir2.1 channels regulate receptor-mediated vasodilation

in mesenteric arteries in a Kca channel-independent pathway.

| also tested the role of Kir2.1 channels in acetylcholine-induced vasodilation to address
that Kir2.1 channels also regulate in other major vasoactive factor mediated vasodilation
(Fig. 4-2 A). As expected, WT mesenteric arteries showed increase of vasodilation
respond to applied acetylcholine concentrations. Kir2.1*- mesenteric arteries showed
significantly reduced vasodilation (up to 50%) respond to acetylcholine, and additional
Ba?* did not further decrease the vasodilation. Interestingly, WT mesenteric arteries with
Ba%* showed further decrease in vasodilation (up to 38%) compared to Kir2.1*"
mesenteric arteries, but there was no statistical significance. To determine whether Kir2.1
channels regulate acetylcholine-induced vasodilation through NO production, | tested
acetylcholine-induced vasodilation with L-NAME in a different set of experiments (Fig. 4-
2 B). As expected, WT mesenteric arteries showed significant reduction of acetylcholine-
induced vasodilation with L-NAME. In Kir2.1*- mesenteric arteries, there was no further
decrease of acetylcholine-induced vasodilation observed with L-NAME. These results

show that acetylcholine-induced vasodilation is also regulated by Kir2.1 channels through
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Figure 4-2 Role of Kir2.1 in acetylcholine-induced vasodilation in mouse
mesenteric arteries. (A) Average acetylcholine-induced dilation (%) of

mesenteric arteries harvested from WT and Kir2.1+/' mice with and

without 30 uM Ba”". (n=4 per group, *p<0.05) (B) Average acetylcholine-
induced dilation (%) of mesenteric arteries harvested from WT and
Kir2.1" mice with and without 100 MM LNAME. (n=4 per group, *p<0.05)
(ET-1=endothelin-1, PAP= Papaverine, added at the end of experiments
to test the vessels’ maximal dilation.)
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NO production.

4.3.2 Kir regulation in receptor-mediated NO production

As | observed that the vasodilation mediated by vasoactive factors is regulated by Kir2.1
channels through NO production, my next question was if the bradykinin-induced NO
production in endothelial cells is regulated by Kir channels. To address this question, |
measured bradykinin-induced NO production using real-time electrical NO detection in
ECs from mesenteric arteries of WT and Kir2.1*- mice. Porphyrinic NO probe detects NO
and provides electrical signal, which can be converted to the amounts of NO production
in real-time from ECs. Bradykinin (100 nM)-induced NO production was recorded for 10
minutes in the both of WT and Kir2.1*- ECs. The representative trace of NO production
from WT and Kir2.1*- ECs is presented (Fig. 4-3 A). WT mesenteric arterial ECs produced
890 + 70 nM of NO for 10 minutes respond to bradykinin (Fig. 4-3 B). In 2 minutes after
bradykinin treatment, NO production hit the maximum release of 220 + 15 nM (Fig. 4-3
C). Kir2.1*- ECs showed reduced production of bradykinin-induced NO production (total
325 + 35 nM in 10 minutes, and max 95 + 15 nM). Ba?* reduced bradykinin-induced NO
production in WT ECs (Fig. 4-3 D, E, and F). In Kir2.1*- ECs, whereas, Ba?* had no
significant reduction for both the total and maximal bradykinin-induced NO production.
Taken together, my observation suggests that Kir2.1 channels regulate NO production in

EC cells.
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Figure 4-3 Role of Kir2.1 in bradykinin-induced NO production from
mesenteric arterial endothelial cells. (A) Representative trace of
bradykinin-induced (100 nM) NO production in mesenteric arterial
endothelial cells from WT and Kir2.1”" mice. (B) Average amounts of
total NO production for 10 min in endothelial cells from WT and Kir2.1"
mice by 100 nM of bradykinin. (n=4 per group, *p<0.05) (C) Average
amounts of maximal NO production in endothelial cells from WT and
Kir2.1"" mice by 100 nM of bradykinin. (n=4 per group, *p<0.05) (D)
Representative trace of bradykinin-induced (100 nM) NO production in
mesenteric arterial endothelial cells from WT and Kir2.1” mice with and
without Ba”" (30 uM). (E) Average amounts of total NO production for 10
min in endothelial cells from WT and Kir2.1" mice with and without Ba”*
(30 uM) by 100 nM of bradykinin. (n=4 per group, *p<0.05) (F) Average
amounts of maximal NO production in endothelial cells from WT and

Kir2.1"" mice with and without Ba>" (30 uM) by 100 nM of bradykinin.
(n=4 per group, *p<0.05)
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4.3.3 Rescued NO production in Kir channel impaired ECs by WT-Kir2.1

overexpression

My next question was whether the reduced bradykinin-induced NO production in Kir2.1*-
ECs could be rescued by WT-Kir2.1 channel overexpression. To address this question,
Kir2.1*- ECs were transfected by adenoviral vectors (10 MOI) with empty or WT-Kir2.1
channels. WT-Kir2.1 transfected Kir2.1*- ECs showed fully recovered bradykinin-induced
NO production in both total and maximal NO production (Fig. 4-4 A and B). The maximal
NO production from WT-Kir2.1 transfected Kir2.1*- ECs respond to bradykinin was similar
to the amounts of WT ECs (225 + 25 nM and 210 + 25 nM in WT and recovered Kir2.1*-
ECs, respectively). Although the total production of bradykinin-induced NO in WT-Kir2.1
transfected Kir2.1*- ECs were lower than that of WT ECs (890 + 70 and 690 + 60 in WT
and recovered Kir2.1*- ECs, respectively), the rescued bradykinin-induced NO production
was significantly higher than that of empty vector transfected Kir2.1*- ECs. Rescued
bradykinin-induced NO production showed Ba?* sensitivity, which implies that Kir2.1
channels distribute to this recovery effect. Taken all together, my observations strongly
suggest that Kir2.1 channels mainly regulate NO production in endothelial cells resulting

in vasodilation.

4.3.4 Kir channel requlation on NO production via Akt activation

My next question was how Kir2.1 channels regulate bradykinin-induced NO production.
In Chapter 3, | observed that Kir channel regulation in flow-induced eNOS activation was

through Akt phosphorylation. Therefore, in order to determine whether Kir channel
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Figure 4-4 WT-Kir2.1 transfection recovers bradykinin-induced NO
production in endothelial cells from Kir2.1*- mice. (A) Average amounts
of total bradykinin-induced (100 nM) NO production for 10 min in
endothelial cells from Kir2.1*- mice transfected by empty and WT-Kir2.1
adenoviral vector. (n=4 per group, *p<0.05) (B) Average amounts of
maximal bradykinin-induced (100 nM) NO production in endothelial
cells from Kir2.1*- mice transfected by empty and WT-Kir2.1 adenoviral
vector. (n=4 per group, *p<0.05)
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regulation in bradykinin-induced NO production was also through Akt, | tested bradykinin-
induced NO production with Akt inhibitor, MK2202, in WT and Kir2.1*- ECs (Fig. 4-5 A
and B). MK2202 (100 nM) inhibited NO production significantly in WT ECs in both total
(310 £ 15 nM) and maximal (85 £ 10 nM) bradykinin-induced NO production. However,
there was no significant decrease of NO production in Kir2.1*- ECs. No further decrease
of NO in Kir2.1*- ECs with Akt inhibitor implies that Kir channel regulation in the receptor-
mediated NO production is via Akt activation. Therefore, Kir channel regulates not only

the flow-induced but also the receptor-mediated NO production through Akt activation.
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Figure 4-5 Kir2.1 regulation in Bradykinin-induced NO production from
endothelial cells via Akt-dependent pathway. (A) Average amounts of
total bradykinin-induced (100 nM) NO production for 10 min in
endothelial cells from WT and Kir2.1*~ mice with and without Akt
inhibitor (MK2202). (n=4 per group, *p<0.05) (B) Average amounts of
maximal bradykinin-induced (100 nM) NO production in endothelial
cells from WT and Kir2.1*- mice with and without Akt inhibitor
(MK2202). (n=4 per group, *p<0.05)
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4.4 Discussion

In this study, | present evidence that Kir2.1 channels regulate not only flow-induced
vasodilation but also receptor-mediated vasodilation through NO production via Akt
activation in resistance arteries. My major findings in this part of the study are: i) Kir2.1
channels are essential for bradykinin-induced vasodilation of murine mesenteric arteries
through NO production, ii) Kir and Kca act independently through two distinct pathways
(NO-dependent and NO-independent) in bradykinin-induced vasodilation, and iii) Kir2.1
channels regulate bradykinin-induced NO production through Akt activation. These
findings indicate that Kir channels are essential for the NO production in endothelium-

dependent vasodilation of both flow-induced and receptor-mediated.

4.4.1 Role of endothelial Kir2.1 channels in bradykinin-induced vasodilation

Previous studies reported that bradykinin-induced vasodilation was reduced by Ba?* in
porcine coronary arteries and human brachial arteries (Rivers et al., 2001; Vigili de
Kreutzenberg et al., 2003); however, the contribution of endothelial Kir channels in
bradykinin-induced vasodilation was unclear. In this study, | showed the impairment of
bradykinin-induced vasodilation in mesenteric arteries from Kir2.1 deficient mice. Notably,
as was shown in Chapter 3, Kir2.1 channels are expressed in endothelial cell, not in
smooth muscle cells. Therefore, my observation of Kir channel regulation in bradykinin-
induced mouse mesenteric arterial vasodilation is the first evidence that Kir channels in
endothelial cells regulate receptor-mediated vasodilation. Additionally, my results show

that Kir channels in endothelium regulate not only bradykinin-induced vasodilation but
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also vasodilation induced by acetylcholine, which are known to be the major vasoactive
factors in vascular physiology. Based on these results, | suggest that endothelial Kir

channels are essential for receptor-mediated vasodilation.

In this study, | also observed that bradykinin-induced vasodilation was completely
disrupted with apamin in Kir2.1*- mouse mesenteric arteries. Additionally, WT mesenteric
arteries with combination of Ba?* and apamin also showed complete disruption of
bradykinin-induced vasodilation. While, | observed there was no further decrease in
bradykinin-induced vasodilation with L-NAME in Kir2.1*- mesenteric arteries. Additionally,
there was no difference between WT arteries with Ba?* and with combination of Ba?* and
L-NAME. These data show that the effect of Kir2.1 channels on bradykinin-induced
vasodilation is mediated by a NO-dependent pathway and a Kca-independent pathway.
Furthermore, | observed that there was no further decrease in acetylcholine-induced
vasodilation with L-NAME in Kir2.1*- arteries; hence, based on my observations, |
conclude that Kir channels regulate receptor-mediated vasodilation through NO

production.

4.4.2 Role of Kir2.1 in endothelial NO production in response to bradykinin

In this study, | present evidence that Kir2.1 channels are essential for bradykinin-induced
NO production in mouse mesenteric arterial endothelial cells. The lack of Kir2.1 channel
activity significantly reduced bradykinin-induced NO production in these cells.
Furthermore, adenoviral transfection of WT-Kir2.1 channels fully recovered bradykinin-

induced NO production in Kir2.1 deficient ECs. Bradykinin-induced eNOS activation is
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known to be regulated by Akt phosphorylation (Ndiaye et al., 2004; Sessa, 2004). As
expected, Akt inhibitor significantly reduced bradykinin-induced NO production in WT ECs.
Interestingly, there was no further reduction of bradykinin-induced NO production with Akt
inhibitor in Kir2.1 deficient ECs. These data imply that Kir2.1 channels regulate eNOS
activation by bradykinin through an Akt-dependent pathway. | also showed in Chapter 3
that Kir2.1 channels regulate flow-induced eNOS activation through Akt phosphorylation.
However, it is still unclear what is the mechanistic link between Kir2.1 channels and Akt
activation in response to both flow and bradykinin. Therefore, the detailed mechanism
how Kir2.1 channels regulate Akt activation should be addressed in further studies.
Bradykinin is also known to induce Ca?* influx into ECs (Hangaard et al., 2015), and
intracellular Ca?* is also essential for eNOS activation. However, it is unclear whether
Kir2.1 channels are involved to Ca?* influx into ECs; hence, the relation between Kir2.1

channel activity and Ca?* influx respond to bradykinin should be studied in the future.
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Chapter 5. Role of Kir2.1 channels in hyperlipidemia

5.1 Introduction

Hyperlipidemia is the number one risk factor causing severe cardiovascular disease, such
as atherosclerosis, hypertension, and coronary artery disease. In previous studies from
our lab, inwardly rectifying K* (Kir) channels are known to be strongly suppressed by the
increase of cellular cholesterol (Romanenko et al., 2002; Levitan, 2009; Singh et al.,
2009). In these studies, Kir currents were reduced by cholesterol enrichment, and it was
shown that cholesterol directly binds to Kir channels. Additionally, it was shown that
cholesterol inhibited flow-induced Kir currents in porcine aortic endothelial cells (Fang et

al., 2006).

Since my data demonstrated that Kir channels are essential for flow-induced vasodilation.
| hypothesized that shear stress induced vasodilation may be impaired because of the
hyperlipidemia-induced downregulation of Kir channel activity. Furthermore, | suggest that
the loss of Kir channel activity may enhance the development of atherosclerosis. To
address my hypothesis, | tested: i) flow-induced vasodilation in mesenteric arteries from
ApoE~" mice and ApoE""/Kir2.1*- mice, and ii) aortic lesion formation under high fat diet

condition in ApoE"- and ApoE7/Kir2.1*- mice.
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5.2 Methods

5.2.1 Aortic lesion formation

ApoE~- and ApoE"/Kir2.1*- FVB mice were used. Mice were fed with western high fat diet
for 6 months and 9 months. Mice were euthanized by high dose isoflurane, and the heart
perfusion was performed right after expiring. PBS were circulated to remove the blood for
10 minutes, and 4% paraformaldehyde were circulated to fix the aorta for 10 minutes.
Fixed aortas were extracted with hearts and kept in 4% paraformaldehyde to further fix
for 24 hours, 4 °C. After fixation, the surrounding tissues of aortas were cleaned in PBS,

and aortas were detached from hearts.

Oil red O en face staining was used to stain aortic lesions. QOil red O stock solution (5%
w/v) was prepared in 100% isopropanol. Working solution was prepared in 2:3 ratio of
water and stock solution, and filtered through 0.2 ym membrane for ready-to-use.
Washing solution was prepared with 60% isopropanol. Aortas were opened to make
intraluminal side up to be stained. To fix the shape of aortas during staining, outer
diameter 100 um pins were used. Each aorta was exposed to 200 ul of Oil red O working
solution for 10 minutes in room temperature, and washed with washing solution for 3
times. Not to dry the samples, stained aortas, then, emerged with PBS. The pictures were
taken through DFK 41 CCD camera (World Precision Instrument) with stereotype

microscope. Lesion areas were analyzed by ImagedJ based on total areas of the aortas.

118



5.3 Results

5.3.1 Hyperlipidemia reduces flow-induced vasodilation by blocking of Kir

channels

Previous studies in our lab showed that Kir currents were suppressed by direct cholesterol
binding to Kir channels (Romanenko et al., 2002; Levitan, 2009; Singh et al., 2009).
Additionally, our lab showed that flow-induced Kir currents were also significantly reduced
by cholesterol (Fang et al., 2006). Based on these results, my first question in this part of
the study was whether FIV in mesenteric arteries is reduced by hyperlipidemia through
Kir channel impairment. To address this question, | tested FIV in mesenteric arteries from
ApoE"- and ApoE"/Kir2.1*- (DKO) mice (Fig. 5-1). ApoE”- mouse model is a well-known
hyperlipidemic mouse model. It was reported that FIV in ApoE”- mouse cutaneous vessels
were significantly reduced (Yang et al., 1999). Consistent with this study, | observed
significantly decreased FIV in mesenteric arteries from ApoE”- mice (Fig. 5-1 Aand B). To
determine if the loss of Kir channel activity contribute to the decreased FIV in ApoE"
arteries, FIV was measured in mesenteric arteries from DKO mouse (Fig. 5-1 C and D).
Interestingly, there was no further decrease in FIV of DKO mesenteric arteries compared
to that of ApoE-- arteries. Additionally, the sensitivity of FIV to Ba2* was not observed in
mesenteric arteries from both of ApoE”- and DKO mice. These results suggest that the
reduction of FIV caused by hyperlipidemia is due to the loss of Kir channel activity in
endothelial cells. In the Chapter 3 and 4, | have shown that Kir channel regulation in
vasodilation is through a NO-dependent and a Kca-independent pathway; hence, | tested
FIV with L-NAME or apamin in mesenteric arteries from ApoE”- and DKO mice. There

was no significant decrease of FIV observed in both ApoE”- and DKO arteries, whereas
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Figure 5-1 Impaired flow-induced vasodilation in dyslipidemia is due to
the loss of Kir2.1 activity. (A) Average flow-induced dilation of pre-

constricted mesenteric arteries harvested from ApoE'/' mice with and
without Ba”* (30 uM), LNAME (100 uM), apamin (20 nM) or combination
of Ba’" and LNAME, as a function of pressure gradient. (n=4 per group)
(B) Average dilations at A100 cm H,O of A. (C) Average flow-induced
dilation of pre-constricted mesenteric arteries harvested from ApoE_/'
/Kir2.1™" mice with and without Ba>" (30 M), LNAME (100 pM), apamin

(20 nM) or combination of Ba’" and LNAME, as a function of pressure
gradient. (n=4 per group) (D) Average dilations at A100 cm H,O of C.
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apamin disrupted FIV in mesenteric arteries from both ApoE-- and DKO mice. Therefore,
these data strongly suggest that hyperlipidemia reduces FIV through suppression of Kir

channels in a NO-dependent pathway.

5.3.2 Kir2.1 channel deficiency causes more lesions in hyperlipidemia

Multiple studies showed that ApoE"- mice develop aortic lesions (Afek et al., 1999; Lee et
al., 1999; Paul et al., 1999), and that western-style high fat diet is known to accelerate the
formation of lesions in these mice. My next question was if Kir channel impairment by
hyperlipidemia enhances lesion formation. To address this question, | tested aortic lesion
formation in ApoE”- and DKO mice with 6 months and 9 months of western-style high fat
diet (HFD). As expected, aortic lesions were formed in arteries from both ApoE"- and DKO
mice after 6 months of HFD (Fig. 5-2 A, B, C, D, and E). No significant difference was
observed in total aortic lesion area between aortas from ApoE” and DKO mice in this
time point (Fig. 5-2 A, B, and C). Furthermore, | also analyzed lesion formation in two
separate regions of aortas: i) arch of aorta, known to be atheroprone region, in which
lesion forms in larger area due to the disturbed shear stress, and ii) thoracic aorta, known
to be atheroprotective region because of the laminar shear stress. However, while there
were more lesions in arch of aortas from both ApoE” and DKO mice as compared to
thoracic, there was no difference between ApoE-- and DKO mice (Fig. 5-2 D and E). After
9 months of western-style HFD, the aortic lesions were dramatically increased in aortas
from both ApoE"- and DKO mice compared to those of 6 months HFD (Fig. 5-2 F and G).
Interestingly, aortas from DKO mice showed significantly larger lesion area than aortas

from ApoE” mice in total, arch regions, and thoracic regions. Especially, the
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Figure 5-2 Kir2.1 is essential to prevent lesion formation. (A)

Representative oil red O en face stained aorta from ApoE'/' mouse with
6 months of high fat diet. (B) Representative oil red O en face stained

aorta from ApoE'/'/Kir2.1+/' mouse with 6 months of high fat diet. (C)
Average of total lesion area normalized by total area of aortas with 6
months of high fat diet. (n=4 per group). (D) Average of lesion area in
arch of aortas normalized by total arch area with 6 months of high fat
diet. (n=4 per group) (E) Average of lesion area in thoracic of aorta
normalized by total thoracic area with 6 months of high fat diet. (n=4 per

group) (F) Representative oil red O en face stained aorta from ApoE'/'
mouse with 9 months of high fat diet. (B) Representative oil red O en

face stained aorta from ApoE'/'/Kir2.1+/' mouse with 9 months of high fat
diet. (C) Average of total lesion area normalized by total area of aortas
with 9 months of high fat diet. (n=4 per group, *p<0.05). (D) Average of
lesion area in arch of aortas normalized by total arch area with 9 months
of high fat diet. (n=4 per group, *p<0.05) (E) Average of lesion area in
thoracic of aorta normalized by total thoracic area with 9 months of high
fat diet. (n=4 per group, *p<0.05)
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atheroprotective thoracic aortas were covered by lesions up to 24%. These results
showed that genetic deficiency of Kir2.1 channels results in increased formation of

atherosclerotic lesions.
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5.4 Discussion

In this study, | presented evidence for the role of Kir channels in endothelial dysfunction
and lesion formation in hyperlipidemia. Our lab showed the loss of Kir channel activity by
cholesterol in previous studies. Impaired FIV in microcirculation under dyslipidemia was
observed in multiple studies (Lopes et al., 2013; Ozkor et al., 2015; Reimann et al., 2015).
However, it was unclear the role of endothelial Kir channels in impaired FIV under
dyslipidemic condition. In my observation, as consistent with previous studies, mesenteric
arteries from dyslipidemic mice showed impaired FIV. Interestingly, mesenteric arteries
from Kir2.1 deficient mice with dyslipidemia showed no further decreased FIV. These data
combined with previous studies suggest that dyslipidemia reduces Kir channel activity
resulting in impairment of FIV. However, many other studies are still required to support
this statement, such as whether other components of FIV rather than Kir channels are
affected by dyslipidemia, where and how cholesterol binds to Kir channels, and if the

impaired FIV in dyslipidemia can be recovered by endothelial Kir2.1 overexpression.

5.4.1 Larger lesion formation in Kir2.1 deficient ApoE knock out mice

It is well-known that dyslipidemia elevates lesion formation in blood vessels resulting in
atherosclerosis. Multiple studies suggest that increased low-density lipoprotein (LDL)
uptake into endothelial cells in dyslipidemia enhances the atherolesion formation (Linton
et al., 2000); hence, other studies observed the reduced lesion formation in caveolin-1 or
scavenger receptor (components related to LDL uptake) knock out mouse models in

dyslipidemia (Hu et al., 2008; Kuchibhotla et al., 2008; Das & Das, 2012). Deletion of
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certain genes elevated lesion formation, such as syndecan 4 in endothelial cells, which
serves as a coreceptor for extracellular matrix proteins and growth factors, and maintains
endothelial function (Baeyens et al., 2014); therefore, the loss of syndecan 4 leads to
endothelial dysfunction, and results in severe atherosclerosis. Additionally, endothelial
specific overexpression of caveolin-1 increased lesion formation in dyslipidemic condition
(Fernandez-Hernando et al., 2010). Interestingly, | observed that the loss of Kir2.1 also
exacerbated lesion formation in dyslipidemia. Based on these observations, there are
several possibilities for the role of Kir2.1 in atherosclerosis: i) Kir2.1 may be essential for
endothelial function; therefore, the loss of Kir2.1 may result in endothelial dysfunction
leading to atherosclerosis, ii) Kir2.1 may regulate LDL uptake into endothelial cells; hence,
the loss of Kir2.1 may enhance LDL uptake, and iii) since these mice are global Kir2.1
deficient mice, the loss of Kir2.1 in other types of cells, such as macrophages, may play
a key role in the observed elevated lesion formation. All of these possibilities should be

studied to understand the role of Kir2.1 in atherosclerosis.
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Chapter 6. Conclusion

My main project was to identify the role of Kir2.1 channels in vascular function. Kir
channels are expressed in variable cell types, and function to maintain the membrane
potential. Olesen et al. showed that endothelial Kir channels are activated by flow (Olesen
et al., 1988); however, the role of endothelial Kir channels in vascular function was unclear.
Therefore, my first goal to achieve in this project was to identify the role of endothelial Kir
channels in flow-induced vasodilation, which is known as a major function of endothelium
in vascular function. | mainly used murine mesenteric arteries to identify the role of
endothelial Kir channels in flow-induced vasodilation (FIV). To address the role of Kir
channels in vasodilation, | showed that: i) Kir2.1 channels are the major Kir channels
expressed in endothelial cells, ii) the loss of Kir2.1 channels results in impaired FIV, iii)
transfection of endothelial cell-specific WT-Kir2.1 channels in Kir2.1 deficient arteries fully
recovers FIV, which demonstrates endothelial Kir2.1 channels regulate FIV, iv) Kir2.1
channels regulate FIV in a NO-dependent and a Kca-independent pathway, v) in terms of
mechanism, Kir2.1 channels regulate flow-induced eNOS phosphorylation through Akt
phosphorylation, vi) the loss of Kir2.1 channels results in disruption of flow-induced NO
production, and vii) the loss of Kir2.1 channels leads hypertension due to the increased
peripheral vascular resistance. Based on these results, | concluded that endothelial Kir2.1
channels are essential for FIV. However, to address further about the role of Kir2.1
channels in FIV, many questions are needed to be answered: i) whether Kir2.1 channels
regulates flow-induced Ca?* influx, ii) whether the results shown here can be repeated in
endothelial-specific Kir2.1 channel knock out mouse model, and iii) whether the regulation

of endothelial Kir2.1 channels in FIV of murine arteries has the same effect in human
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microcirculation. Additionally, data that | provided in this thesis are based on experiments
from ex vivo studies; hence, new experimental design may be required to support animal
in vivo studies. To increase the shear stress of the blood in vivo, there are so many factors,
but exercise would be the best physiological factor to induce high shear stress of the
blood in vivo naturally to study FIV in vivo. Therefore, | would also like to suggest

introducing animal exercise experimental set up in the further study to support my findings.

There is another type of endothelium-dependent vasodilation, which is receptor-mediated
vasodilation. Receptor-mediated vasodilation is defined by vasoactive factors binding to
their receptors to induce vasodilation. Vasoactive factors are known to induce Ca?* influx
into the endothelial cells, and increased intracellular Ca?* activates Kca channels in
endothelial cells, which causes membrane hyperpolarization of endothelial cells resulting
in vasodilation (Sun & Ye, 2012). Additionally, K* efflux from endothelial cells by Kca
channel activation induces the activation of Kir channels and Na*-K* ATPase in smooth
muscles, which causes membrane hyperpolarization of smooth muscle resulting in
vasodilation (Hangaard et al., 2015). Furthermore, vasoactive factors also activate eNOS
through Akt activation, resulting in vasodilation by NO (Ndiaye et al., 2004). To address
whether Kir2.1 channels also regulate receptor-mediated vasodilation through NO
production, | showed that i) the loss of Kir2.1 channels results in impaired receptor-
mediated vasodilation, ii) the regulation of Kir channels in receptor-mediated vasodilation
follows a NO-dependent and a Kca-independent pathway, iii) Kir2.1 channels are essential
for receptor-mediated NO production, iv) overexpression of WT-Kir2.1 channels in Kir2.1
deficient endothelial cells recovers receptor-mediated NO production, and v) Kir2.1

channel regulation on receptor-mediated NO production is through an Akt-dependent
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pathway. Although | showed several lines of evidence, which show endothelial Kir
channels play a major role in receptor-mediated vasodilation via NO production, many
other studies are required to support this statement, such as i) whether Kir channels are
activated by vasoactive factors, ii) whether receptor-mediated Ca?* influx into endothelial
cells is regulated by Kir channels, iii) whether these results can be repeated in endothelial-
specific Kir2.1 channel knock out mice, and iv) whether Kir channel effect on receptor-
mediated vasodilation in mouse resistance arteries has the same effect in human

microcirculation.

These two findings suggest that when the endothelial cells are stimulated by flow or
vasoactive factors, Kir2.1 channels are activated to induce eNOS activation through Akt
phosphorylation resulting in a NO-dependent vasodilation (Fig. 6-1). According to
Chatterjee et al, change of membrane potential may control the Akt phosphorylation
through the activation of voltage-sensitive phosphatase (Chatterjee et al., 2012). Ci-VSP
(Ciona intestinalis-voltage sensitive phosphatase) is known to be activated by the
membrane depolarization and remove phosphates in PIP3 (phosphatidylinositol (3,4,5)-
triphosphate) transforming into PIP2 (phosphatidylinositol (4,5)-diphosphate), which can
be used as a substrate for PI3K (phosphoinositide 3-kinase), a well-known kinase for Akt

phosphorylation (Halaszovich et al., 2009).

In the same time, Ca?* influx is also increased by flow or vasoactive factors, although the
relationship between Ca?* influx and Kir2.1 activity is still unclear, and the increased
intracellular Ca?* activates Kca channels in endothelial cells resulting in a Kca-dependent

vasodilation (Hangaard et al., 2015).

Our lab previously showed that cholesterol strongly suppresses Kir channel activity in
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endothelial cells, and my data suggest that impaired FIV in dyslipidemia is due to the loss
of Kir channel activity, which is consistent with my previous observation that loss of
endothelial Kir channels results in impaired FIV. However, dyslipidemia is known to affect
various components in endothelial cells resulting in endothelial dysfunction; therefore,
other endothelial components in FIV, such as Kca, Ca?* channels, eNOS, PI3K, and Akt,
should also be studied in the level of expression and functional activity. | also showed that
the loss of Kir2.1 channels enhances lesion formation in dyslipidemic mice resulting in
severe atherosclerosis. These results imply that Kir2.1 channels are important to prevent
atherolesion formation in dyslipidemia. Although mechanisms how Kir2.1 channels
protect atherosclerosis remain unclear, these results suggest that Kir channels can be a

key component to treat atherosclerosis.
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