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Abstract:

The work contained within this dissertation aims to investigate the role and mechanisms
of Cav1.2 and Kv2.1 ion channel cluster formation in the membrane of arterial smooth
muscle cells. Clustering of ion channels selective for these ions have long been a
commonly observed phenotype, yet the mechanisms of cluster formation are still
unknown. Overall, this dissertation provides a model by which ion channel clusters form
stochastically via a self-assembly process in the membrane based on three mechanistic
probabilities: nucleation, growth, and removal. Additionally, we focused on clustering
and interactions of two key ion channels, Kv2.1 and Cay1.2, in smooth muscle
physiology selective for potassium (K*) and calcium (Ca?*) respectively. The opening of
these channels play key roles in arterial physiology, counterbalancing each other to
affect arterial diameter. The key findings from this work help to elucidate the
mechanisms involved in the trafficking of ion channels, maintenance of clusters in the
plasma membrane and provide potential reasoning for sex-based differences in smooth
muscle physiology. Using a multiscale experimental and computational approach, we
describe a key interaction between Cay1.2 and Kv2.1 in arterial smooth muscle. This
model proposes that Kv2.1 clustering state is not a determinate of channel conduction in
mesenteric smooth muscle. Additionally, Kv2.1 macro-clusters serve as a sex-specific
site for increased Cav1.2 clustering and decreasing Kv2.1 macro-clustering decreases
Cav1.2 channel clustering. This sex-based interaction ultimately plays a key role in Ca?*

dynamics and smooth muscle physiology.
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Chapter 1: Introduction

1.1 Cardiovascular system overview

The cardiovascular system is composed of the heart, vasculature, and blood with
primary functions to transport oxygen, nutrients, and metabolic wastes, regulate water,
pH and temperature and protect from foreign invaders and pathogens. This is
accomplished by the coordination of three major components. The heart which primarily
serves as a pump creates a pressure gradient that propels blood through the
vasculature. The vasculature which consists of the arterial, venule and capillary system,
serves as a conduit for blood in order to delivery nutrients and remove wastes from
tissues. The blood is the media for transport throughout the system. Closely related,
although not part of the cardiovascular system is the lymphatic system. It is a system of
vessels and organs that closely interacts with the vasculature primarily functioning to
collect and transport lymph, a clear liquid that carries immune cells and waste products
from the body's tissues back into the bloodstream. In addition to its role in fluid balance,

the lymphatic system also plays a critical role in immune function.

1.2 The heart

The heart is a closed four-chambered system which pumps blood through the two major
vasculature circuits - the pulmonary and systemic circulations. The heart’s primary
function is to beat at regular intervals, creating a pressure gradient that propels blood
throughout the vascular network. The beating of the heart is incredibly precise and

regular but can be modulated to increase or decrease in frequency and strength. In a



healthy individual, action potentials originate in the pacemaking cells of the sinoatrial

node located within the right atria.

From the sinoatrial node, electrical signals propagate cell to cell via gap junction
throughout the left and right atria. The action potentials then propagate to the
atrioventricular node throughout the left and right sides of the heart via the bundle of His
and Purkinje fibers leading to contraction of the ventricles and pumping of blood into the

systemic circulation.

Extensive research has been dedicated to understanding the role of pacemaking cells in
cardiovascular physiology. The initiation of the heartbeat is commonly believed to occur
via an entrainment mechanism, whereby a small group of pacemaker cells within the
sinoatrial node have a higher firing rate than other cells in the cardiac conduction
system. These pacemaker cells synchronize with each other through electrical signals
transmitted via interactions between gap junctions, providing a commonly accepted
model for heartbeat initiation. It is noteworthy that the leading pacemaking location is

not fixed(7-3) and can change in reaction to physiological stimuli(4).

A recent study from our lab examined how the organization of the microvasculature in
the sinoatrial node relates to the electrical activity of nearby myocytes(5). We propose
that microvascular densities differ regionally within the sinoatrial node to match the
electrical and Ca?* dynamics of nearby myocytes, ultimately dictating the site of

dominant pacemaking within the node. Specifically, the superior sinoatrial node has a



higher vascular density, positioning myocytes with metabolically demanding, high-
frequency action potentials in closer proximity to vessels. On the other hand, lower
vascularization and electrical activity in the inferior sinoatrial node may restrict these
cells to support sinoatrial node periodicity with sporadic voltage fluctuations via a

stochastic resonance mechanism.

This model is based on a phenomenon called stochastic resonance where a weak
signal can be amplified by the assistance of noise. Such stochastic resonance events
have been implicated in the activation of APs in neurons(6, 7). In this scenario, the SAN
cells exhibit stochastic local Ca?* signals, generating low-amplitude electrical signals
that, individually, may not trigger cell firing since they fall below the threshold. However,
when these chance occurrences coincide with an electrical signal from a periodic
oscillator, subthreshold signal events (referred to as resonance) have the potential to
integrate and, at their peaks, enhance the likelihood of surpassing the threshold for cell
firing(8). In this formulation, the presence of noisy SAN cells with stochastic local Ca?*
transients plays a role in enhancing both the intensity and regularity of SAN activation.
Despite the limited understanding of the impact of stochastic resonance on pace-
making activity and cardiac contractility, a recent study proposed that it enhances the
synchronization capacity within the coupling of electrical stimulation and contractile
response(9). In the stochastic resonance model, all SAN cells are important in driving
the system. In this model both the noisy cells and the periodic oscillators play important
roles. The noisy cells create local Ca?* release events increasing the reliability of the

system to entrainment and adaptation, whereas the recurring electrical signaling



emanating from the inherently oscillating cells are critical for SAN activity altogether.
This mechanism does not involve entrainment by an external stimulus, but rather, it
suggests that the regional variation in the microvascular densities can shape the
intrinsic pacemaking properties of the sinoatrial node myocytes, allowing for efficient
and effective coordination of cardiac function. Our data provides a significant new
insight that the ability of certain areas of the node to function as periodic oscillators or
stochastic signal generators may be largely influenced by the density of vessels and

consequently, blood flow.

1.2.1 The cardiac cycle

The cardiac cycle is a series of events that occur during one heartbeat, which includes
the contraction and relaxation of the heart muscle cells, ultimately resulting in the
pumping of blood throughout the body. The cardiac cycle begins with the contraction of
the atria, which pushes blood into the ventricles through the open atrioventricular valves
(tricuspid for the right side and mitral/bicuspid for the left). As the atria relax, the
ventricles begin to contract, increasing the pressure within the ventricles and causing
the atrioventricular valves to close. During this step, isovolumetric contraction occurs as
the valves leading into and out of the ventricles are closed, and the volume of blood in
the ventricles remains. Once the pressure within the ventricles exceeds that of the aorta
and pulmonary arteries, the semilunar valves (pulmonary and aortic) open, allowing
blood to be ejected from the ventricles into the aorta and pulmonary artery. The volume
of blood ejected during ventricular ejection is known as the stroke volume. Once the

ventricles have ejected their blood and begin to relax, the pressure within the ventricles



decrease leading to the closure of the semilunar valves. At this point, the ventricles are
again closed off, and the volume of blood in the ventricles remains constant until the
pressure within the atria exceeds that of the ventricles, causing the atrioventricular
valves to open and allowing blood to flow from the atria into the ventricles. As the atria
contract, they push blood into the ventricles through the open atrioventricular valves,
filling the ventricles with blood in preparation for the next cardiac cycle. The duration of
the cardiac cycle and the timing of each of these events can be influenced by a variety
of factors, including the autonomic nervous system, hormones, and other physiological
processes. The ability of the heart to adapt and respond to changing conditions is

essential for maintaining proper cardiovascular function and overall health.

1.2.2 Excitation-contraction coupling in the heart

At a cellular level, the mechanical pumping relies on a process termed excitation-
contraction (EC) coupling (Figure 1.1). As an action potential propagates along the
membrane of the cardiomyocyte, the electrical signal activates voltage-gated, L-type
calcium channel Cay1.2 leading to a localized Ca?* influx. Clusters of Cay1.2, form
functional units with nearby ryanodine receptors called “couplons”(70, 11) expressed in
the closely juxtaposed sarcoplasmic reticulum (SR). This close interaction results in a
process termed calcium induced calcium release (CICR) where the activation of a
cluster of Cay1.2 channel creates a localized Ca?* signal within this intracellular
compartment between sarcolemma and sarcoplasmic reticulum. This Ca?* signal
activates nearby ryanodine receptors creating a larger calcium event called a

“spark”(12) further increasing intracellular Ca* concentrations. Synchronous Cay1.2-



activated spark activity summate to create a global Ca?* transient, initiating contraction.
The generation of a global Ca?* signal following a series of local RyRs openings,
initiated by Cav1.2, constitutes the fundamental principle of a local control theory for EC

coupling.

For the heart to relax, intracellular calcium must be brought down to resting levels via
several different mechanisms. The low intracellular Ca?* concentrations are maintained
primarily through the Na*/Ca?* exchanger (NCX)(73) and the sarco/endoplasmic
reticulum calcium ATPase (SERCA) protein found in the sarcoplasmic reticulum which
fills the SR Ca?* store(74). There is also evidence that the plasma membrane Ca?*
ATPase (PMCA), and mitochondrial Ca?* uniporter (MCU) play a smaller but significant
role in Ca?* homeostasis. NCX is an electrogenic protein that facilitates the exchange of
sodium (Na*) and Ca®* across the plasma membrane in either the Ca?*-efflux or Ca?*-
influx mode, depending on the electrochemical gradients of the substrate ions. The
primary function on a beat-to-beat basis is to extrude Ca?* from myocytes during
relaxation and diastole, which maintains Ca?* balance by counteracting the Ca?* entry
through L-type Ca?* channels during cardiac excitation. SERCA plays a critical role in
cardiac muscle function by pumping Ca?* from the cytosol back into the SR during
relaxation phase of the cardiac cycle. The activity is larger dependent on Ca?* and by
regulation by phospholamban(75) (PLB). When unphosphorylated, PLB can act as an
inhibitor of SERCA. However, when phosphorylation of PLB occurs (such as during 8-
adrenergic stimulation(76)) inhibition is relieved. The PMCA is a transporter that pumps

Ca?* ions out of the cell using ATP hydrolysis. This mechanism is slower than NCX, but



it can operate against a large electrochemical gradient(77). The MCU located on the
inner mitochondrial membrane allows Ca?* ions to enter the mitochondria. Once inside,

the Ca?* can stimulate oxidative phosphorylation and ATP synthesis.
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Figure 1.1 Classical view of electromechanical coupling in cardiac myocytes.
Mechanisms by which the cardiac action potential initiates a contraction (1 - 4, green).
Red “E” denotes Ca?* extrusion mechanisms that are active during the relaxation of the
heart. Events of cross bridge cycling are shown with pink background. Image created on

Biorender and adapted from template by Alyson Smith.

In cardiac muscle, the sarcomere is the basic unit of contraction, composed of thin and
thick filaments that interweave between a-actinin containing Z-discs. The sliding
filament theory describes how the myosin and actin filaments are positioned and how
this produces muscle contraction. Early studies using high resolution electron
micrographs showed that during a contraction the “A” band consisting of the myosin
filaments remained relatively constant in length and the “I” band, consisting of the actin

filaments, would change in length(78, 79). The actin filaments in complex with various



proteins such as tropomyosin and troponin are anchored to the Z-discs. This alignment
of actin filaments guarantees that the myosin will pull towards the center of the
sarcomere and causing the distance between the Z-discs to shorten. The force
generated is proportional to the number of actin-myosin interactions, “cross-bridges”.
Furthermore, tension can differ depending on the filament overlap and can be visualized
with tension-length curves. There is an optimum sarcomere length at which the actin-
myosin filaments are sufficiently overlapped and can produce the maximum amount of
tension. However, shortening or elongating the sarcomere length can decrease the
tensile force as the overlap is either too close and cannot come closer or too far away to

overlap(20).

Cross-bridge cycling is the process by which the myosin heads of thick filaments
interact with the actin filaments to generate force and cause contraction of cardiac
myocytes. The cardiac action potential triggers the influx of Ca?* into the cytoplasm of
the cardiac myocyte, which binds to the troponin complex on the actin filaments,
causing a conformational change that exposes the myosin-binding sites on the actin
filaments. The myosin head acts as an ATPase, hydrolyzing ATP into ADP and
phosphate. In this state, the myosin head is primed to generate force in a pre-power
stroke conformation. The primed myosin heads of the thick filaments bind to the
exposed myosin-binding sites on the actin filaments, forming cross-bridges.

The myosin heads undergo a conformational change, releasing ADP and phosphate
and generating force that pulls the actin filaments towards the center of the sarcomere,

shortening the sarcomere and causing contraction of the myocyte. ATP binds to the



myosin head, causing it to detach from the actin filament. The hydrolysis of ATP into
ADP and phosphate provides the energy for the myosin head to reset to its original
conformational state, allowing it to form a new cross-bridge with the actin filament and

repeat the cycle.

1.3 The vasculature

Blood vessels serve as conduits for blood, oxygen, nutrients, and waste delivery to and
from the body’s tissues. This system, and its regulatory components, are responsible for
changing blood distribution as necessitated by the metabolic needs of various tissues in
response to physiological and pathological conditions. The vasculature can be divided
into three major groups — arterial vessels which carry blood away from the heart,
venous vessels which return blood to the heart and capillaries which are the sites for
exchange of oxygen, nutrients and waste(27). When blood is pumped out of the heart to
the systemic circulation, it first travels from the aorta, a large conducting arterial outlet of
the heart, to the conduit arterial branches followed by resistance arteries and arterioles.
At this point, blood enters the microcirculation flowing from arterioles into the capillaries
at each target tissue. The capillaries consist of a single layer of endothelial cells which
permit the rapid exchange of oxygen, nutrients, and waste. Blood then begins the return
trip to the heart, first through microcirculatory venules which merge into the larger veins,
finally entering the right side of the heart through the vena cava. Blood is then pumped
into the pulmonary arterial circulation which transports the deoxygenated blood to the
lungs. Gas exchange occurs at the capillary/alveoli interface of the lung reoxygenating

the blood and removes carbon dioxide. The blood is first returned to the left atrium via



the pulmonary veins, then into the left ventricle for transport back out into the systemic

circulation via the systemic arterial network.

1.3.1 Blood flow through the vasculature

Contraction of the heart first propels blood into larger arteries leading to their distension.
The aorta and large conducting or conduit arteries are more elastic in nature(27). The
elastic recoil of the walls during ventricular relaxation continues the propulsion of blood
forward so that blood flow in continuous. As the artery network branches into the
resistance artery and arteriole levels, the vessels narrow and the composition of the
walls decrease in elasticity and become more muscular (22). Branching of the arteries
in the systemic circulation allows blood to be pumped through parallel arrangements of
vessels. This ensures that all organs receive blood of the same composition from the
source, such that no one organ receives blood that has passed through another organ.
In addition, an increase in branching concomitant with decrease in vessel diameter,
results in a large surface area of perfusion, an ability to independently regulate blood
perfusion to each organ and tight control of systemic blood pressure. This final point is

largely relevant in resistance arteries and arterioles, highlighted below.

The main function of the capillaries is to facilitate the movement of gases, nutrients, and
wastes. They are ideally suited for exchange of materials via diffusion for numerous
reasons. First, the walls of capillaries are made of a single layer of endothelial cells
providing a short route for diffusion. Second, capillaries are narrow, often only wide

enough for a single blood cell to flow through, so blood content is in close contact to the
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wall. Third, every cell is extremely close to a capillary so distance from blood to target
cell is short. Fourth, capillaries are vastly branched with a large total surface area for
exchange. Finally, blood flows very slowly in the capillary network which allows for a
greater amount of time for exchange. Blood then flows out of the capillaries into the

venules.

The venous system receives blood from the capillary beds and returns it back to the
heart. Capillaries first drain into venules, which lead into small veins exiting the organ
and increasingly converge into larger veins as it gets closer to the heart. The vessels of
the venous system are often termed capacitance vessels or as a blood reservoir
because of their storage capacity and high distensibility. They typically are larger radii,
low-resistance passageways as compared to arteries. A key physical characteristic for
many of these vessels is the presence of one-way valves which prevent blood from
flowing back toward the tissue. Although they can also be modulated via systemic

controls the remainder of the dissertation will not be focused on these vessels.

Blood flow through the vasculature is largely dependent on the pressure gradient and
the vascular resistance. Flow, or volume per unit time, is directly proportional to the
pressure gradient and inversely proportional to the vascular resistance (F=AP/R), where
F = flow, AP = pressure gradient and R = vascular resistance. Contraction of the heart
imparts pressure to the heart and is the main driving force through the vessel. As blood
travels through the system, flow begins to decrease due to frictional losses and

pressure drops throughout the vessels length. Resistance is the measure of the
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hindrance or opposition to the blood moving through the vessel and relies on three
factors: viscosity of blood, vessel length and vessel radius. Blood viscosity is generally
relatively constant but can change depending on blood composition. Vessel length (i.e.,
total surface area of the vasculature) does not considerably change beat to beat so it
has little overall effect on the resistance in an idealized system. Therefore, the largest
determinant of resistance to flow is the vessel’s radius. Blood can more easily move
through a vessel with a larger radius since the surface area at which the blood is
contact with the vessel (a frictional resistance) is much lower than in smaller vessels. All
these factors can be integrated into Poiseuille’s law: Flow rate = r*AP*r#/8ni. Critically,
resistance is inversely proportional to the radius to the fourth power. Therefore, tight
diameter control particularly at the resistance arteries can have profound effects on total

peripheral resistance and redistribution of blood to tissues where needed.

1.3.2 Vasculature Anatomy

All blood vessels share a common layered structure. The tunica intima is a single layer
of endothelial cells that form an inner tube of the vessel and that has important
regulatory roles of vascular diameter. The second layer, termed the tunica media, is
formed by the smooth muscle and smooth-muscle related cells which are the contractile
elements that set the diameter of the vessel. The smooth muscle-endothelial cell
interaction is critical to vessel function, repair, and remodeling. The final layer, tunica
adventitia, is formed by the extracellular matrix, fibroblasts, and nerve cells which add
another source of regulation and control. The composition and structure of each layer

differs depending on vascular region.
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1.3.3 The endothelium

The endothelium is a single layer of cells that line the entire vascular system(23, 24). In
addition to providing a barrier between blood and vessel, the endothelium serves a
myriad of roles including the regulation of vessel diameter, vascular growth, proliferation

of smooth muscle, and the blood clotting process(23).

A primary function of endothelial cells is its role in permeability. The endothelium is
semipermeable and allows for passive transport of solutes or mediated transport of
larger substances. The physical structure between endothelial cells can vary creating a
variety of conditions for the passage of compounds from vasculature to tissue(25). Tight
junctions between endothelial cells, as seen in arteries or at the blood brain barrier,
allow for precise control of passage of compounds(26, 27). In these cases, smaller
substances such as ions, glucose or amino acids can readily pass whereas larger
substances such as proteins cannot. In contrast, in many capillary beds, pores or
fenestrations exist between endothelial cells which provides less resistance to

movement of water-soluble substances or larger molecules.

Endothelial cells are a dynamic cell type that respond to various hormones,
neurotransmitters, and vasoactive factors communicating between themselves but also
conveying these responses to the overlaying smooth muscle cells. The overall
endothelium function and communication with smooth muscle can vary in function and

structure depending on vascular bed(28). Gap junctions between endothelial cells
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enable the electrical coupling between adjacent cells, allowing ion channel-mediated
alterations in membrane potential to propagate over long distances along the
endothelial tube that lines arterioles and that comprises capillaries(29-317). Furthermore,
hetero-cellular gap junctions allow endothelial cells to be electrically coupled to smooth
muscle cells in arterioles and pericytes in capillaries, enabling electrical signals
generated by endothelial cell ion channels to propagate to overlying mural cells, thereby
modulating smooth muscle or pericyte contractile activity. In arteries and arterioles,

these junctions are termed myoendothelial projections (MEPS)(32-34).

The protrusions of MEPS, mostly of the endothelium cell(35), are structurally similar to a
nervous system synapse and are observed mainly in smaller arteries and arterioles,
although they have been noted in veins(36). The expression of gap junctions suggests
that passageway for chemical and electrical signals that are key for fine-tuned control of
vasomotor function(37). Additionally, these connections occur at invaginations of the
smooth muscle membrane called caveolae creating signaling hubs that bring together
key scaffold and ion channel proteins such as AKAP150 and TRPV4(38). These MEPs
are widely considered as a signaling microdomain that is critical of the localization and

concentrating of cell-signaling partners.

The endothelium also has an important role in vessel diameter regulation by
synthesizing and releasing various vasoactive factors such as nitric oxide or endothelin
1 that effect the overlying smooth muscle. Nitric oxide (NO) is a potent vasodilatory

activator that is a result of the conversion of L-arginine by nitric oxide synthase (NOS).
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NO production can be stimulated by changes in blood flow or chemical signals. NO can
freely diffuse from the endothelial cell to the smooth muscle cells activating guanylate
cyclase, increasing the production of cyclic guanosine monophosphate (cGMP) which
can activate downstream protein kinases(39). Downstream NO related pathway targets
that induce artery dilation include protein kinase G (PKG) inhibition of calcium
channels(40) or modulation of K* channels(47) which oppose constriction of the
muscle(42). Endothelin-1 (ET-1) is a potent vasoconstrictor produced by the endothelial
cells in response to inflammation or low oxygen levels. ET-1 activation stimulates the
influx of Ca?* and contraction of the muscle via a phospholipase C — IP3 receptor

mediated event(43).

Immense work has uncovered a key vasodilatory signaling pathway in endothelial cells
via activation of intermediate (IKca) or small (SKca) conductance Ca?* activated K*
channels(44, 45) by TRPV4, TRPA1 and IP3R Ca?* signaling(46-49). Binding of
vasodilator agonists to Gaqg-coupled receptors initiates endothelium-dependent, agonist-
induced vasodilation. The activation of these receptors triggers phospholipase C 3
(PLCRB), which leads to the breakdown of membrane phosphatidylinositol 4,5-
bisphosphate (PIP-) into inositol 1,4,5 trisphosphate (IP3) and diacylglycerol (DAG)(50).
IP3 produced during this process binds to |P3 receptors (IP3R) located in the
endoplasmic reticulum membrane, increasing their sensitivity to activation by cytosolic
Ca?* and leading to Ca?*-induced Ca?*-release(51, 52). These local subplasmalemmal
increases in Ca?*, DAG-activated protein kinase C(49), and reduced membrane PIP;

levels(53) activate clusters of TRPV4 channels located in MEPs(49, 54, 55). In cerebral
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arterioles, TRPA1 channels also shown to be expressed in this microdomain(56-58).
The activation of TRPV4 (or TRPA1) channels, IPsRs, and other ion channels by
vasodilator agonists causes increases in intracellular Ca?* concentration, which in turn
activate IKca and SKca channels. The activation of these channels leads to K* efflux
from the cells and membrane hyperpolarization, ultimately resulting in endothelium-

dependent vasodilation(49, 59).

Emerging evidence suggests that capillaries, themselves consisting of a single layer of
endothelium, act as a sensory network regulating blood flow to meet the metabolic
demands of the tissue. These studies have primarily focused on the role of the capillary
in the context of neurovascular coupling (NVC). NVC is the process by which neuronal
activity in the brain is matched with local changes in cerebral blood flow and is a critical
process that ensures the adequate delivery of oxygen and nutrients to active brain
regions. These studies showed that capillary endothelial cells exposed to elevated
extracellular K*, as what would be experienced during enhanced neuronal activity,
initiates a retrograde, propagating, hyperpolarizing signal that travels endothelial to
endothelial cell, dilating upstream arterioles to increase local blood flow to the capillary
bed(60). This signaling is mediated by inward-rectifier K* channel (Kir2.1)(60), and
regulated by Katp(s7), PIP2 and GPCR modulation(583). For many years, it was believed
that the increase in blood flow triggered by neuronal activity was primarily caused by the
relaxation of smooth muscle cells around arterioles, directing oxygen and glucose

supply to active neurons(62-67). However, recent findings indicate that the dilation of
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capillaries, rather than arterioles, is responsible for much of the flow increase(68). As

such work soon focused on the role of pericytes.

Pericytes, which project around capillaries within a transitional region after arterioles,
differentially constrict to determine the morphology of capillary junctions and regulate
branch-specific blood flow(69). Pericytes first described by Rouget(70) in 1873 as
‘rouge cells,” and were later renamed pericytes by Zimmermann(717) in 1923, are
specialized cells that are situated periodically along the walls of capillaries covering 30-
90% of the microvessel wall(72, 73). Studies within the central nervous system show
they play vital roles in a range of physiological processes, including blood vessel
formation, maintenance of the blood-brain barrier, regulation of immune cell entry into
the central nervous system, and the control of cerebral blood flow(74). In response to
increased neuronal activity, capillaries under the presence of pericytes dilated before
that of the arteriole(75) implying the capillary dilation was a result of pericyte relaxation.
It is proposed that this dilation is regulated through the relaxation of contractile

pericytes(75-79).

Although the majority of the work has focused on this signaling unit in the brain or
retina, there is evidence that for similar mechanism through the systemic vasculature.
Zhao et al.(80) observed that Katp channels are highly expressed in cardiac ventricular
myocytes and play a crucial role in sensing the metabolic state of myocytes and
transmitting a negative feedback signal electrically to upstream elements. This electro-

metabolic voltage signal is immediately communicated through gap junctions to
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neighboring cellular components in the microvascular network, where it regulates
contractile pericytes and smooth muscle cells to modulate blood flow. Together, these
studies highlight the importance of functional hyperemia, coupling tissue activity to

vessel function.

1.4 Smooth Muscle Cells

There are two classes of smooth muscle: multi-unit and unitary. Multi-unit smooth
muscle functions similarly to skeletal muscle in that the muscle tension is graded by
variation in the number of active units. This type of muscle is highly innervated and
typically in areas that require fine control such as in the eye. Unitary smooth muscle
contains cells that tightly couple so that electrical signals can propagate cell to cell
which allows for a synchronized response. Unitary muscle can have phasic behavior,
with slow rhythmic contractions, or act tonically which produces a continuous
contraction. The electrical signals can also vary in smooth muscle. For instance, in
certain venule beds, action potential firing leads to a phasic contractile response(87,
82). However, in tonic unitary smooth muscle, such as in resistance arteries, action
potentials are not the driving electrical signal. Instead, changes in intravascular
pressure led to graded changes in membrane potentials(83, 84). Smooth muscle cells in
the vasculature wrap around the endothelial layer in a helical arrangement and can be

anywhere from a single layer in arterioles up to 20 layers in conduit arteries(24).

1.4.1 Mechanisms of arterial smooth muscle contraction and relaxation
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For this dissertation, we will be focusing on small resistance arteries located in the
murine mesentery. The mesentery is a recently classified organ(85, 86) involved in the
storage of fat and which arteries of this organ supply blood to both small and large
intestine. Approximately 25% of the body’s cardiac output is delivered via arteries of the
mesenteric, making them a major contributor to and a great model for total peripheral
resistance and blood pressure regulation(87). Upon dissection of this arterial bed, a
clear branching pattern becomes visible. The main artery is termed the first order
branch, increasing in classification number at each bifurcation point. The small
resistance arteries that we study are of the third or fourth order which are made up of up
to six layers of smooth muscle cells and internal layer of endothelial cells. The
contractile state of smooth muscle cells determines the diameter of the vessels,
contracting to narrow arteries and dilate to expand. Critical to arterial function is the
ability to shunt and reappropriate blood to areas of need. Physiologically, this process is
exemplified through functional hyperemia, where blood flow is increased to tissues that
exhibit an increased metabolic rate or in reactive hyperemia where an ischemic event
results in an increase in blood flow to an area that receives an inadequate amount of

blood perfusion.

Resistance arteries have a unique intrinsic autoregulatory ability to respond to changes
in intravascular pressure. In the absence of neural or hormonal influences, arteries can
constrict or dilate to maintain an adequate blood flow despite changes in perfusion
pressure. The process termed myogenic tone, was initially described by William Bayless

in 1902(88). Increases in intravascular pressure will induce an increase in vessel
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diameter. With sustained pressure, the vessel will respond by contracting to return the
vessel to the original or smaller diameter. This response is crucial for maintenance of a
relatively constant blood flow to organs despite changes of intravascular pressure and

can be fine-tuned depending on a tissue’s metabolic needs (Figure 1.2).
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Figure 1.2 Myogenic response of a small resistance artery. Representative diameter
recording of a vessel in 2 mM Ca?* physiological saline solution (PSS, black trace) and
the same vessel upon incubation in Ca?*-free PSS with 1uM nifedipine (gray trace).
Intravascular pressure steps are denoted above the traces. Shaded purple region
denotes active myogenic constriction. Figure adapted from unpublished data collected

by Matsumoto, C.
Electro-mechanical coupling is a process that is critical for the myogenic response and
maintenance of myogenic tone (Figure 1.3). Although this process does rely on

changes in membrane potential, arterial smooth muscle does not require an action
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potential like skeletal or cardiac muscle to elicit a response. Instead, increases in
intravascular pressure stretch the plasma membrane which activates Na* channel
TRPCG6, melastatin-type TRPM4 and TRPP1 (PKDZ2) channels resulting in the
depolarization of the plasma membrane(89-97). This depolarization activates voltage
gated, dihydropyridine sensitive, L-type Cay1.2 calcium channels. Cay1.2 channel
activation results in a small, localized calcium event termed a “sparklet” (92-94).
Summation of nearby sparklets leads to a global increase in intracellular calcium which

is available for the contractile process.

Individual smooth muscle cells are long, spindle-like and do not have striations,
therefore contractile elements are organized differently than those of cardiac muscle. In
smooth muscle, the contractile proteins actin and myosin are not arranged into well-
defined sarcomeres like they are in cardiac muscle. Instead, they are scattered
throughout the cytoplasm of the smooth muscle cell in a more disorganized pattern. The
thin filaments of smooth muscle are composed of actin and regulatory proteins such as
caldesmon and calponin, and thick filaments composed of myosin. The actin filaments
are attached to dense bodies, which are like the Z-discs in skeletal muscle but are
dispersed throughout the cytoplasm. The myosin filaments are interspersed among the
actin filaments and are attached to the dense bodies by intermediate filaments. The
dense bodies and intermediate filaments provide structural support and help to anchor
the contractile proteins in place. Contraction of smooth muscle pulls these dense bodies
together shortening the cell. Despite irregular patterning compared to striated muscle,

the tension-length relationship is smooth muscle is consistent with that of straited
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muscle suggesting that the sliding filament theory is still upheld (95). The lack of a well-
defined sarcomere structure in smooth muscle allows for more flexibility in the degree
and pattern of contraction and allows for smooth muscle cells to contract over a wide

range of lengths and shapes.

EC-coupling in smooth muscle myocytes shares many commonalities as well as
differences with EC coupling in ventricular myocytes. Instead of binding troponin C, free
intracellular Ca?* ions bind to calmodulin (CaM), activates myosin light chain kinase
(MLCK) which phosphorylates the regulatory light chain (RLC) site on the myosin head,
hydrolyzes ATP into ADP and a phosphate, activating the filament for binding to actin
and cross-bridge formation(96). Like in cardiomyocytes, the dissociation of the
phosphate group results in a conformational change in the myosin head creating the
power stroke. When a new ATP molecule binds the myosin head, the myosin-actin
complex detaches. Hydrolysis of the ATP into ADP and phosphate primes the myosin
head for the next cycle. The process repeats itself until the intracellular Ca?*

concentration falls and the RLC is dephosphorylated.
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Figure 1.3 Classical view of electromechanical coupling in vascular smooth
muscle. The myogenic tone pathway (1 - 8, green) as initiated by an increase in
intravascular pressure. Negative feedback regulation via voltage-gated ion channels,
which respond directly to changes in membrane potential (3, red), or by calcium-
activated BKca channel activity resulting from an increase in SR Ca?* load (5 - 8,

denoted in red), are represented by red numbers. Image created using Biorender.

Myogenic tone serves as a starting point for vessel diameter but can be regulated via
endothelial-cell signaling, circulating metabolites, neurotransmitters or hormones(97).
Resistance artery smooth muscle contraction can also occur via a pharmaco-

mechanical coupling process. The pharmaco-mechanical coupling process primarily
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occurs via G-protein coupled receptor (GPCR) signaling pathways that can result in
either dilation or contraction without much effect on the membrane potential (98, 99).
Various ligands can initiate the signaling pathway which include but are not limited to
hormones, circulating peptides, neurotransmitters, and enzymes. GPCR activation
leads to increased cytosolic Ca?* concentrations or changes in phosphorylation states
for the contractile machinery, without directly affecting the membrane potential or
voltage-activated channels. For example, angiotensin Il, a circulating metabolite, is a
potent vasoconstrictor and has implicated in several disease states such as
hypertension(700, 107). Furthermore, the angiotensin Il receptor has proposed to be
involved in the myogenic process with a noncanonical role as a mechanosensitive
receptor(702, 103). Likewise, the sympathetic nervous system can influence myogenic

tone by releasing norepinephrine which binds alpha-adrenergic receptors.

The two major negative feedback regulation mechanisms to regulate vascular tone in
mesenteric arteries are the activation of voltage gated (Kv) potassium channels Kv2.1
and Kv1.5 and the large-conductance, calcium activated potassium channels
(BKca).(7104-106) These channels play a role in hyperpolarizing the membrane which
decreases Cav1.2 channel activity and intracellular Ca?* concentrations leading to
vasodilation. Kv channels are activated with membrane depolarization, inducing an
efflux of potassium from inside the cell and ultimately hyperpolarization of the
membrane. BKca channels can be modulated by voltage and Ca?* with each stimuli
capable of sensitizing K* efflux. For the Ca?* sensitive activation, BKca channel activity

is dependent on ryanodine receptors in the membrane of sarcoplasmic reticulum.
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Deeper discussion on the biophysics and physiological role of these channels follows

below.

Finally, myogenic tone is not consistent among all vessels. Studies suggest that within
the arterial network, the myogenic response increases as vessel diameter
decreases(707). Furthermore, studies have shown that veins and venules are capable
of a myogenic response(708), however, the arteries and arterioles are the primary level

where this regulation occurs and the site where the greatest resistance is generated.

1.5 lon channels in the membrane of arterial smooth muscle

Numerous ion channels underlie the intrinsic electrical properties of excitable cells.
Each channel has a highly selective pore which allows passage of specific ion across
the membrane. These pores can move from an open or closed state, transitioning
between the two is referred to channel gating, and are based on the conformational
changes of the channel in response to changes in membrane potential. Upon opening,
the select ions move down their electrochemical gradients. The major players consist of

channels selective for Ca?*, Na* or K* but others ion-selective channels exist.

1.5.1 Voltage-gated calcium channels

Calcium is a critical and highly regulated second messenger and the movement of this
ion plays diverse roles from setting membrane potential to signal transduction in all cell
types. One key family of ion channels for calcium movement into and out of the cell are

voltage-gated calcium channels (VGCC). These channels have been shown to be
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involved in muscle contraction, secretion, gene expression, synaptic transmission, and
action potential firing(709-111). VGCCs encompass a large family of channels encoded
by 10 genes split into three families: Cav1 (L-type), Cav2 (P/Q, N, R Type) and Cav3 (T
type)(772). Each family of VGCC has distinct pharmacological profiles, however, to
separate the members within each family is difficult via experimentation. Therefore,
classification of individual VGCCs tend to focus on the genetic identification and where
the channels are expressed. VGCCs share a common structure of an a1, a2 and 3

subunit with a y subunit in some cases(772).

A specific VGCC, Cav1.2, is critical to arterial smooth muscle function(84, 113, 114).
The channel is referred to as L-type, dihydropyridine sensitive and voltage-gated Cay1.2
channel because it requires a higher depolarization, exhibits long-lasting activity (L-
type) and is pharmacologically blocked by organic antagonists that include
dihydropyridines, phenylalkylamines and benzothiazepines. Recent cryo-electron
microscopy has revealed a structural model of family member Cay1.1 (775, 116) that
aid in the understanding on excitation-contraction coupling and channel function.
Although this specific channel is responsible for excitation-contraction coupling in
skeletal muscle, the structural arrangement is believed to be conserved throughout
eukaryotic Cav and Nav channel families(777). Cryo-EM structures of the channel,
determined at 3.6 and 4.24A resolution(715, 116), found the pore-forming alpha unit in
complex with a transmembrane y-, cytosolic - and extracellular a2§-subunits sitting at
1704 height and 1004 at its widest point. The a1 subunit is the pore-forming subunit

composed of four homologous domains (I-IV) each containing six transmembrane
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domains (S1-S6), an NH2-, and a COOH-terminus(709). The voltage sensor is formed
by S1-S4 while S5-S6 is the pore forming region(778). The N- and C- termini contain
important regulatory binding sites that include phosphorylation sites, calmodulin binding
sites and 1Q domains. Each auxiliary subunit plays important roles in ion conduction,
membrane expression and channel function. The 3 subunit is important for channel
activity and for targeting of the channel to the plasma membrane(779). The a26 subunit
comprises an extracellular a2 and membrane spanning & subunit connected by a
disulfide bond and has an important role in channel activity(720) as supported by cryo-
EM structures showing a2-a1 subunit interaction at the voltage sensing domain 1(115).
Furthermore, the y subunit is the subject of increased study and has varying reported
functions(721, 122) yet has been proposed to alter channel conductance(7715) (Figure

1.4).
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Figure 1.4 Structure and subunit composition of voltage-gated Ca?* channels. The
a1 subunit (gray), B subunit (orange), a28 subunit (red and blue), and y subunit (green)
are depicted in this model of voltage-gated Ca?* channel structure and subunit
composition. Key phosphorylation sites of protein kinases throughout the a1 and 8
subunits are denoted by red dots. Pre-IQ and |IQ domains are represented by ovals.

This image has been adapted and modified from Keef, Hume, and Zhong.

There is emerging data that suggest T-type calcium channels (TTCC) participate in
arterial tone regulation(723-127). TTCC alpha subunits Cav3.1, Cav3.2, and Cav3.3 that
have been identified in vascular smooth muscle across different vascular beds(723,
127). The structure of the TTCC a1 subunit is like other VGCCs, but so far, no auxiliary
subunits have been identified in association with TTCC. However, studies suggest that
TTCC activity can be influenced by other proteins, including LTCC auxiliary
subunits(728, 129). TTCCs are activated by low voltages, have fast-activating and fast-
inactivating currents, have relatively small unitary conductance, and are relatively
insensitive to agents that block L-type other high voltage activated Ca?* channels(727).
Of note, the inhibition of TTCCs had a weaker effect on myogenic tone compared to
LTCC blockade, but it was most significant at lower pressures when the vessels were
hyperpolarized(7123) suggesting TTCCs may have a larger role at these lower

pressures.

Research on rat mesenteric small arteries and arterioles investigated the function of

TTCCs in regulating vascular smooth muscle reactivity. Although larger vessels
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expressed both Cay1.2 and Cay3s, it was found that TTCCs in arterioles (vessels
smaller than 40 pM), were primarily involved in vasoconstrictor responses since they
lacked expression of Cayv1.2. Thus, TTCCs appear to play a significant role in arterial
constriction in these vessels(7130). Studies have demonstrated that the activity of Cav3.1
and Cav3.3 channels is implicated in pressure-induced constriction in the cerebral
vasculature(724-126). Intriguingly, when wild-type rat cerebral arteries were selectively
inhibited with micromolar Ni?* concentration, it led to depolarization and constriction,
suggesting the involvement of Cav3.2 channels(724). Immunogold labeling in electron
tomography of rat cerebral vascular smooth muscle (VSM) showed the presence of
microdomains containing caveolae and sarcoplasmic reticulum (SR), with localization of
Cav3.2 and RyR to these microdomains(724). Studies have suggested that a Ca®*
signaling network is established by caveolae, which enables Cav3.2-mediated Ca?*
influx to activate RyR receptors. This activation leads to the opening of Ca?*-activated
potassium channels, which results in membrane potential hyperpolarization(724-126).
As a result, the separation of microdomains allows for the regulation of arterial tone by
Cav3.2, which modulates the RyR-BKca channel axis. Although important to consider

the role of TTCCs, the remaining of the dissertation will focus on Cay1.2 channels.

1.5.2 Biophysical properties of Cav1.2

Cav1.2 activation requires a strong depolarization to open resulting in an inward current
of extracellular Ca?*. Membrane depolarization shifts the voltage sensor of the a1
subunit opening the channel pore. Cay1.2 is quickly activated and long lasting where a

relatively slow voltage dependent inactivation (VDI) occurs(737) in addition to Ca?*
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dependent inactivation (CDI)(132, 133). CDI serves as a protective mechanism by
which Ca?* entry can be terminated preventing Ca?* overload and related toxicity. This
protective mechanism occurs when calmodulin, a Ca?* binding regulatory protein, binds
both the pre-IQ and IQ domains within the C-terminus of the channel, resulting in
inactivation of the channel(737). This calcium regulatory process seems to occur at a
local level rather than via a global Ca?* signal, as this CDI can be seen at the single

channel level(134).

Cav1.2 is also the target of various regulatory mechanisms which include protein kinase
C (PKC) and protein kinase A (PKA) both of which reversibly phosphorylate serine and
threonine residues along the various subunits of the channel(7135, 136). PKC
phosphorylation via Gg-protein coupled receptor signaling enhances Cay1.2 activity and
results in the constriction of arterial smooth muscle(735, 136). This regulation is
required for basal and persistent sparklet activity, as inhibition of PKC reduces Cay1.2
activity and [Ca?*].. The effect of cCAMP-PKA signaling cascade in arterial smooth
muscle is much more complex as studies have proposed both a stimulatory and

inhibitory effect(736).

1.5.3 Cav1.2 in arterial smooth muscle

Significant work has shown the important role Cav1.2 plays in regulated calcium influx
and is critical to the myogenic response in VSMCs(84, 137, 138). Incubation of arteries
in Cav1.2 antagonist nifedipine has no effect on membrane depolarization yet prevents

pressure-induced arterial constriction, instead resulting in dilation of the vessel(83, 84).
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Knock out of Cay1.2 is embryonic lethal(739), however, studies of smooth muscle-
specific knockout of Cay1.2 in mice showed a decrease in mean arterial pressure and

the inability/severely hampered ability to develop myogenic tone(740).

Research of Cay1.2 channel biophysics have elucidated key aspects of Ca?* dynamics
in these cells (Figure 1.5). Critically important in mesenteric smooth muscle is the
relationship between voltage-dependent calcium channels and a sustained cytosolic
calcium level. Early work proposed a “window current”, at which sustained
depolarizations within a set range of voltages can elicit steady-state Ca?* levels(738,
141). The activation curve of Cav1.2 represents the probability that the channel will be
in its open state at a given membrane potential. This curve has a sigmoidal shape,
meaning that the probability of the channel being open increases rapidly as the
membrane potential becomes more positive, reaches a maximum value, and then
plateaus as the membrane potential becomes even more positive. The inactivation
curve represents the probability that the channel will be in its closed, inactivated state at
a given membrane potential. Also sigmoidal in shape, probability of inactivation
decreases rapidly as the membrane potential becomes more positive, reaches a
maximum value, and then levels off as the membrane potential becomes even more
positive. The overlap of these two curves denotes a range of potentials at which steady

state current inactivation is incomplete therefore steady-state calcium flux can occur.

To illustrate this phenomenon, Fleischman and colleagues(738) showed that short

depolarizations (250 ms) of fura2-AM loaded cells to voltages within this window current
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range, produced inward Ca®* currents that were small or nonexistent and no
appreciable change in intracellular Ca®* concentration. However, sustained
depolarizations of 60 seconds to these voltages did elicit a gradual increase in
intracellular Ca?* concentrations to a steady state that was sustained for the duration of
the depolarization. At more positive steps where the channel can be maximally
activated, a short depolarization elicited a large current concomitant with a rise in
intracellular Ca2*(138). A sustained depolarization to these more positive membrane
potentials led to a transient inward current and transient increase in intracellular Ca?*
concentrations which could not be sustained for the duration of the depolarization.
Therefore, the range of the window current suggests membrane potentials at which the

channel can be constitutively active.

Quantitative measurements of these channels, by combination of both single channel
and whole cell Ca?* currents, further dissected the role of Cay1.2 activity in the
development and maintenance of myogenic tone(741). Experimental measures of the
factors in the equation | = iINPo has been used to Cay1.2 channels characteristics in
arterial smooth muscle cells. This study determined the open probability (Po) of Cav1.2
channels at physiological membrane potentials ranged from 3.4 X 10 to 2 X 103 at -40
mV and -20 mV, respectively. Additionally, using peak whole cell current, recorded
unitary current i, and Po, the approximate number of Cay1.2 channels could be
calculated. Interestingly, this calculation determined that only 1-10 channels are open at
the physiological potentials(747). Taken together, evidence supports the notion that at

the physiological membrane potentials in smooth muscle cells (-55 mV to -35 mV)
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populations of that a relatively low number of Cay1.2 channels can be constitutively

active and have profound effects on calcium dynamics.
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Figure 1.5 Biophysical properties of Cay1.2 channels in arterial smooth muscle.
Representative Cay1.2 currents in mesenteric arterial smooth muscle measured over a
range of voltages (-80 mV to +50 mV). Voltage dependence of Icav1.2 at membrane
potentials ranging from -80 to +50 mV. Plots of Cay1.2 activation and steady-state
inactivation. The area under the curves shaded in blue represent the window current.

Figure adapted from unpublished data acquired by Matsumoto, C and O’'Dwyer, S.

1.5.4 Functional coupling of Cay1.2

Cav1.2 channels stochastically form clusters in the membrane of excitable cells which is
important in the channel’s ability to functionally couple(742). In these clusters of typically
2-5 channels, the C-termini of adjacent channels physically interact(743). This positive
cooperativity results in the coordinated opening of multiple, tethered channels,
amplifying Ca?* entry compared to that of random opening of independently gated
channels(743). This is physiologically relevant since functional coupling can be tuned by

local changes in intracellular calcium and can be dysregulated under pathological
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conditions(744, 145). Functional coupling, also termed coupled gating, is dynamic as
Cav1.2 interactions can be regulated by a local or global Ca?* signal (Figure 1.6). At
rest, when the membrane is at negative membrane potentials and low intracellular Ca?*
concentrations, the open probability of Cav1.2 is low therefore there is little interaction
between adjacent channels. Upon membrane depolarization, Cayv1.2 channels open
elevating intracellular Ca?* concentrations which bind calmodulin in the cytosol. The
Ca?*-calmodulin complex can bind to the pre-IQ domain of the C-terminal of Cay1.2
channels which promotes a physical interaction between adjacent channels enabling
the functional coupling process. This functional coupling increases the activity of the
adjoined channel, amplifying Ca?* influx. As intracellular Ca%* concentrations begin to
fall, the channels can remain in a primed state. If the membrane is depolarized while in
this primed state, the amplification of Ca?* would be immediate. However, if the Ca?*
levels remain at resting levels beyond the lifetime of the primed state, the coupling

dissolves and the cycle begins again(746).

In arterial smooth muscle, Cav1.2 channels produce persistent sparklets over a range of
physiological membrane potentials. This persistent phenomenon of high channel activity
has been linked to the coupled gating and could account for as much as 50% of the
Ca?* influx in pressurized arteries (92-94, 113, 147, 148). Furthermore, Cay1.2 channel
gating is potentiated in hypertensive states resulting in increased myogenic tone and
blood pressure(744). Although coupled gating plays a critical role in smooth muscle
activity, little is known on how Cav1.2 clusters are formed and maintained. It does

appear that clustering of Cay1.2 channels themselves are not affected by cooperative
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gating. For example, removal of the C-termini of the channel results in similar cluster
sizes to WT(746). Further research is needed to understand the mechanism behind this

phenomenon and its role in arterial smooth muscle physiology.
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Figure 1.6 Model of functional coupling in Cav1.2 channels. Cay1.2 channels in a
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cluster at resting membrane potentials (top left). During depolarization, open probability
of Cav1.2 increases allowing external Ca?* to flow through the channels into the cell.
Ca?* binding to calmodulin is increased (top right). Calmodulin binding facilitates
physical interaction between Cayv1.2 channels. Functional coupling increases activity of
connected channels and Ca?* influx into cell (bottom right). Voltage- and calcium-
dependent inactivation decrease [Ca?*}j yet Cav1.2 stay coupled for a period of time
(bottom left). If membrane depolarization occurs within that time-frame Ca?*
amplification will occur immediately. Otherwise, coupled channels will disband and the

cycle will restart. Adapted from Dixon et al.(146).
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1.5.5 Voltage-gated potassium channels

Potassium ion concentrations are key to cell homeostasis and play critical roles in
several biological processes. Potassium is the major cation inside the cell whose
movement is associated with setting of resting membrane potentials or as a key
regulator of action potentials. One key family of potassium channels are the voltage-
gated potassium (Kv) channels. They have been divided into twelve large subfamilies
(Kv1-12)(749) encoding dozens of distinct a subunits that contain the pore-forming and
voltage sensing transmembrane domains which assemble as homo- or hetero-
tetramers(750). Channel activity and functional characteristics are formed by a wide
variety of combinations of subunits that allow for distinct properties. Nomenclature has
varied over time, however now follows KCN* nomenclature as assigned by the
UCL/HGNC/HUGO Human Gene Nomenclature(157). Each a unit has 6
transmembrane segments (S1-S6) with S4 serving as a voltage-sensing domain, the P-
loop between S5-S6 as the pore-forming domain and a myriad of N- and C- terminal
cytoplasmic domains as revealed in the crystal structure of Ky1 (Shaker) channel at a
resolution of 2.94(752). In vascular smooth muscle, the expression profile of members
from Kv channel family depends on the tissue type and vascular bed. In mesenteric
arteries specifically expresses a variety of family members including BKca, Kv1.2, Kv1.5,
Kv2 and Kv9.3(705, 153-156) suggesting that this family of channels is critical in
hyperpolarization of the membrane and serving as a key regulator in arterial smooth

muscle(157).

1.5.6 Kv2.1 in arterial smooth muscle
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Although murine mesenteric smooth muscle expresses several Ky family members, the
focus of this dissertation is on Kv2.1(758). Kv2.1 channels specifically have been shown
in arterial smooth muscle to comprise ~50% of Kv current and blockade of the channel
induces enhanced myogenic constriction in pressurized arteries(705, 1563, 157).
Pharmacological inhibition of Kv2.1 with stromatoxin in intact arterioles induced a robust
constriction suggesting Kv2.1 plays a critical role in maintenance of myogenic tone(705,
157) (Figure 1.7). The functional Kv channel is formed by a tetramer of a subunits or in
complex with an electrically silent Kv9 subunits. Kv9's are an electrically silent channel
subunit that do not form homo-tetramers at the membrane but instead form complexes
with Kv2.1 to modulate activity and function(759). When found in complex, the voltage
activation of Kv2.1/Kv9.3 channels exhibited shifts to more hyperpolarized potentials
compared to homo-tetramers of Kv1 or Kv2.1 channels(757). Together this suggests
that these Kv2.1/Kv9.3 complexes could play a role in regulation of myogenic tone over
lower and wider range of membrane potentials and pressures and would argue for the

importance of the study of Kv2.1 channels in the vasculature.
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Figure 1.7 Structure of Kv2.1 and representative traces. (A) The a1 subunit (gray) of

Kv2.1. The proximal restriction and clustering signal domain is denoted in green. (B)
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Representative total K* (Ik) and RY785 sensitive (Kv2.1 currents) in mesenteric arterial
smooth muscle measured over a range of voltages (-80mV to +50 mV). (C) Voltage
dependence of Ik and Kv2.1 at membrane potentials ranging from -80 to +50 mV. Figure

adapted from unpublished data acquired by Matsumoto, C.

Kv2.1 is unique in that it forms large, high-density clusters at the surface of the plasma
membrane observed in many cell types and tissues (i.e. neurons(7160, 1617), transfected
COS1 (162, 163), HEK293 cells, pancreatic 3 cells). The proximal restriction and
clustering (PRC) domain, a 26 amino acid targeting domain that includes 4 critical
amino acids(764) located within the C-terminus of Kv2.1 channels, is critical for
localization and clustering of the channel(757). This state of clustering is dynamic,
forming or dissolving depending on different states of the cell. The phosphorylation state
of the channel is critical to this clustering phenotype. For instance, in response to
ischemia or elevated intracellular Ca?* concentrations, Kv2.1 channels within the
plasma membrane are dephosphorylated, reducing the clustering and appearing more
uniform in distribution within the membrane(765, 166). Additionally, this dissolution of
Kv2.1 macro-clusters has functional consequences for the channel. De-phosphorylated
and therefore de-clustered Kv2.1 channels exhibit a hyperpolarized shift in voltage
dependence(165, 167) suggesting a potential mechanism for effects on clustered state

of the channel and function.

Studies have also proposed that the majority of Kv2.1 channels in the membrane are

non-conducting and instead have non-canonical functions(768-170). For instance, Kv2.1
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serves to help anchor the plasma membrane to the endoplasmic reticulum forming
junctions (ER-PM junctions) with the plasma membrane that are independent of
potassium conductance. Kv2.1 expression in the PM can affect the ER-PM junctional
sites via phosphorylation states of interacting proteins VAPA and VAPB(7717). It has
also been shown to be involved in a signaling microdomain with Cay1.2 and ryanodine
receptors. The ability to remodel of the ER-PM junctions by Kv2.1 is unaffected by the
conduction potential of the channel, instead important for clustering and contact sites is

the PRC domain(172).

1.6 Other important ion channels in smooth muscle physiology
Although the focus on the dissertation will be on Cay1.2 and Kv2.1, it is also recognized

that there are several other ion channels that are key to regulation of smooth muscle

physiology.

1.6.1 Ryanodine receptors

Ryanodine receptors (RyR) are large homo-tetramers located in the membrane of the
endoplasmic reticulum, a specialized membrane system that stores and releases Ca®*,
that are ryanodine-sensitive and Ca?* selective(755). There are three isoforms of RyR
(RyR1, RyR2 and RyR3) that share high sequence homology(773) but expression
changes regionally and depending on vascular bed(774). Cryo-EM studies show a
mushroom shaped structure with a large (~80% of entire mass) cytosolic cap and a
transmembrane stalk(775). Each RyR subunit contains six transmembrane domains

(S1-S6), a calcium selective pore formed by S6, a large N-terminal tail and a smaller C-
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tail, together forming the Ca?* sensor, binding sites of interacting partners and
numerous sites for channel regulation(776). RyR are Ca?* sensitive and can be
activated at low Ca?* concentrations(777), inhibited at higher Ca?*concentrations(777),
or effected by SR Ca?* load(778). These receptors are also regulated via

phosphorylation(776) or by interacting partners such as calmodulin.

In both skeletal and cardiac myocytes, RyR are critical for increase cytosolic Ca?*
concentrations for muscle contraction as explained in the CICR process. Although CICR
has been shown to occur in particular smooth muscle of various tissues(779, 180), the
focus of this section will be on the negative feedback role of RyR that has been shown
to occur in arterial smooth muscle cells and the myogenic tone process(704). Ca?* influx
through a clusters of ryanodine receptor was first “sparks” by Heping Cheng and
colleagues in 1993(72). Since then, immense work has been undertaken to understand
the role of spark activity in arterial smooth muscle. Alone, these localized increase in
Ca?* do not significantly raise the global Ca?* levels(787). Spark activity instead has
been linked to BKca channel activity, such that each spark has an associated a
spontaneous transient outward currents (STOCs)(704). These STOCs can be visualized
as outward transients which hyperpolarize the membrane, deactivating Cay1.2
channels, reducing myogenic tone and causing dilation of the artery. Pharmacological
blockade of RyR results in silencing of STOCs and BKca inhibition therefore establishing

this interaction(12, 104, 182).

1.6.2 BKca channels

40



Another ion channel critical for homeostatic feedback of vascular smooth muscle is the
BKca channel. This channel encoded by the KCNMA1 gene is also referred to as Maxi-
K, calcium sensitive BK, Slo1 or Kca1.1. As some of these names imply, the channel is
voltage and Ca?* sensitive, outwardly rectifying K* current with a large unitary
conductance. Studies suggest that smooth muscle BKca channels are also

mechanosensitive(783).

BKca channels are formed by a tetramer of alpha subunits(784) that have six
transmembrane domains (S1-S6) that is highly conserved with Ky channels(785).
However, these channels also have a distinct SO region which makes the N-terminal
extracellular (785) and a long cytosolic C-tail which includes several regulatory sites.
Importantly, the long C-tail contains two regions called the regulator of conductance for
K+ (RCK1 and RCK2) which are high affinity Ca?* binding sites as well as a low affinity
Mg?* binding site, all key to the calcium sensitivity of the channel(786). Additionally,
BKca channels are often associated with two transmembrane BKca beta subunits.
Although four types of 8 subunits have been identified, 31 appears to be the most highly
expressed in resistance arteries(787). BKca channel association with this subunit has
profound effects, altering gating kinetics and increasing the calcium sensitivity(788,

189).

Cryo-EM structural studies of the BKca channel have revealed several unique functions

for the channel in addition to confirming the structure above. For instance, the high K*

conductance may be attributed to the large funnel like opening below the selectivity
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pore with additional lateral openings that shorten the path and reduce the resistance for
K* ion movement(790). Structures within the funnel opening also has a number of
electronegative residues which attract the K* ions(790). The structure also confirms the
existence of three ion-binding sites as predicted in other electrophysiological
studies(790). Furthermore, additional structural studies propose that the gating ring and
voltage censors are directly linked, which may allow for the coupling of membrane

voltage and Ca?* sensors(797).

Physiologically, BKca channel activation is an important feedback mechanism for
vascular contraction. Membrane depolarization in addition to increases in intracellular
Ca?* activate BKca channels which are critical for maintaining resting membrane
potential(792). Pharmacological blockade of BKca channels enhanced myogenic tone in
mesenteric smooth muscle(793, 794). The BKca channel’s sensitivity and regulation by
Ca?* is key to channel function. Global intracellular Ca?* concentrations in smooth
muscle range from ~100 to 300 nM which is below the threshold required to significantly
increase the open probability of the channel(782, 195). However, local intracellular Ca?*
signals from the ryanodine receptors (sparks, as mentioned in above section) can raise
Ca?* concentrations enough to elicit a BKca response(704). Key to this model is the
close juxtaposition of approximately 20 nm, of RyR within the SR to BKca channels in
the membrane. The opening of a single RYR or cluster of RYRs can lead to a localized
increase in Ca?* that can reach between 4-30 uM which activate BKca channels creating
a large macroscopic K* current(795). This K* efflux from the cell is one regulatory

feedback mechanism employed by the cell and have been identified as spontaneous

42



transient outward currents (STOCs)(796). Pharmacological dissection of the coupling of
these two channels imply that BKca channel activity is controlled by the spark activity of
RyRs(704). In this study, blockage of BKca with TEA or iberiotoxin or inhibition of RyR

with ryanodine led to similar levels of constriction(704).

BKca channel activators are effective vasodilators and ablation of the beta subunit
enhances myogenic tone. This channel and its subtype is a target of many
pharmacological studies that have vast number of naturally occurring regulators.
Pharmacological block of BKca channels in arterial smooth muscle by iberiotoxin results
in membrane depolarization and constriction of the artery. Inhibiting sparks, or efflux of
Ca?* from the SR via RyR, also results in membrane depolarization and vascular

constriction, further illustrating the relationship of BKca, RyR and VSMCs.

The a-subunit of BKca channels is frequently associated with modulatory 3 subunits,
which modify channel gating kinetics and increase the Ca?* sensitivity of the a-
subunit(7197-199). Variations in the coupling of a and B subunits of BKca channels may
contribute to the observed heterogeneity of Ca?* sensitivity of these channels in
vascular SMCs from different vascular beds(200). Research in artery smooth muscle
cells has revealed that the majority of a subunits of BKca channels are located in the
plasma membrane, while 31 subunits are situated in Rab11A positive recycling
endosomes. The (1 subunits can rapidly transport to the plasma membrane and
associate with a subunits, providing a dynamic mechanism for modulating the activity of

BKca channels(207). Under pathological conditions, the 1 subunit of BKca channels
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plays a role in regulating excitability and contractility. In various models of hypertension,
the expression of this subunit is reduced, leading to impaired BKca channel function and
in coupling of BKca and RyR spark signaling(202, 203). The calcineurin/NFATc3
signaling pathway has been identified as a mechanism for decreasing 31 expression
during angiotensin ll-induced hypertension. Ca?* influx through L-type Ca?* channels
are required for down-regulation of the beta1 subunit of the BK channel, which
contributes to arterial dysfunction and the development of hypertension. Remarkably,
NFATc3”- mice have lower systemic blood pressure, suggesting that this transcription
factor plays a crucial role in the development of severe hypertension induced by chronic

angiotensin Il signaling activation(203).

1.6.3 Inositol-1,4,5-triphosphate receptor

The inositol-1,4,5-triphosphate receptor (IP3R) is located within the membrane of the
endoplasmic reticulum. It is encoded by three separate genes(204) and can form both
homo- and heterotetrametric proteins which give rise to various functional
properties(205). Similar to RyR, IP3R subunits also consists of 6 transmembrane
domains (S1-S6), an S5 and S6 domain that forms the ion pore, a long cytoplasmic N-
terminus and a shorter cytoplasmic C-terminal tail(206). Like RyR, the IP3R crystal
structure revealed a large mushroom shaped protein although relatively smaller(207). In
mammals, there are three isoforms of IP3Rs (IP3R1-1P3R3)(57) that share approximately
60-80% homology, with highly conserved pope and ligand-binding regions(52). As the
name suggests, IP3Rs are activated by inositol 1,4,5 triphosphate (IP3). IP3 is generated

from the hydrolysis of membrane phosphatidylinositol 1,4 bisphosphate (PIP2) by
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membrane associated phospholipases under the control of Gag/11 mediated GPCR
signaling. The IP3 binding site is located on the N-terminus of each monomer at a region
called the IP3 binding core (IBC). Importantly, both IP3 and cytosolic Ca?* are required
for activation of the receptor(57). In the absence of IP3, Ca?* is not capable of opening
the channel. IP3 binds to the IBC, modulating channel gating in a Ca®* dependent
manner, such that in low concentrations of IP3, IPsR are more sensitive to inhibition by

Ca?* and higher IP3 concentrations decrease the Ca?* sensitivity of inhibition.

IP3R are important regulators of calcium signaling and smooth muscle contraction in the
arterial vasculature. In SMCs, there are regional and vascular bed differences of IP3R
expression(208) but typically IPsR1 appears to be the predominant isoform(208) in
smooth muscle. In some vascular beds, IP3is proposed to have a central role in the
generation and maintenance of myogenic tone. The current model suggests IPsR Ca?*
release activates TRPM4 channels which contribute to the pressure-induced
depolarization of SMCs, activation of VGCCs and ultimately contraction of the muscle.
Interestingly, studies in mesenteric smooth muscle argue that IP3z and IP3R do not have
as large of a role in the development of myogenic tone, instead suggesting that DAG
produced by PLC hydrolysis of phosphatidylcholine is the key regulator(209). However,
mesenteric arteries from hypertensive mice exhibited enhanced IP3R expression and
IPsR-depedent Ca?* release compared to normotensive mice possibly via upregulation
of the channel via the calcineurin-NFAT axis(270). Despite this difference in the players

in development of myogenic tone, we cannot completely rule out the role of IP3R in our
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cells. Under normal conditions, IP3R could have a negligible role in myogenic tone and

activity is enhanced in pathophysiological states.

1.7 Sex-differences in vasculature in health and disease

Cardiovascular disease (CVD) is a leading cause of morbidity and mortality worldwide,
and there is increasing recognition that there are important sex differences in the
epidemiology, pathophysiology, and clinical presentation of CVD(217). Hypertension is
one of the leading risk factors for CVD and plays a large role in deaths caused by heart
disease, stroke and renal disease supporting the importance of sex-based research of
smooth muscle physiology. Women have historically been underrepresented in
cardiovascular clinical trials, and as a result, most of the evidence on CVD prevention
and treatment is based on studies conducted in men. However, recent studies have
shown that there are important sex differences in the epidemiology of CVD. For
example, women have a lower overall incidence of CVD than men, but this difference
disappears after menopause(272). Women also have different risk factor profiles for
CVD, with a greater prevalence of hypertension and diabetes, but a lower prevalence of
smoking and dyslipidemia compared to men(272, 213). Women with CVD tend to
present with different symptoms than men. For example, women are more likely to
experience atypical symptoms such as fatigue, shortness of breath, nausea, and back
pain rather than the classic symptoms of chest pain and arm pain that are more
common in men(214, 215). This can lead to underdiagnosis and undertreatment of CVD
in women(215). Clinically, cardiovascular diseases are treated differently in men and

women. Women are often prescribed diuretics and beta-blockers, while men more often
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receive ACE inhibitors and calcium channel blockers(216-218). Furthermore, multiple
studies have reported that ACE inhibitors are more effective in men than women(277-
219). These sex differences may have important implications for the development of
sex-specific guidelines for CVD prevention and treatment and have important
implications for the development of sex-specific diagnostic algorithms and education for

healthcare providers.

There are several indications at the arterial level that ion channel activity and myogenic
tone differ between males and females. Various lines of evidence propose circulating
sex hormones such as estrogen as a possible explanation for these sex differences. For
instance, estrogen, specifically 17BEstradiol, has been suggested to mediate
vasorelaxation(39, 220, 221), increase BKca channel function(222), and decrease
[Ca?*]i(223). In intact coronary arteries, males generally exhibit enhanced myogenic
tone in intact coronary arteries compared to females(224), however, when estrogen is
present, arterial tone is significantly reduced. Considering the evident health disparities
between pre- and post-menopausal women, it is crucial to conduct research on the
fundamental physiological variances between male and female arterial smooth muscle
under normal conditions, devoid of hormonal influence. Specific areas to be studied
include whether ion channels function at different rates in one sex versus the other and
whether the response of arterial smooth muscle to neurotransmitters and

vasoconstrictors differs between sexes.

1.8 Goals and Hypotheses
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Given the review above, the overall scope of this dissertation is to elucidate the
mechanisms governing the formation of Kv2.1 and Cav1.2 clusters and the role of these
channels in arterial myocyte physiology. Two major narratives are presented.

Aim 1: Assess how ion channel clusters are formed in the membrane of excitable cells.
Hypothesis: lon channel clustering is a default mechanism of channel
organization and are formed via a stochastic self-assembly mechanism

Aim 2: Assess the role of Kv2.1 macro-clusters on sex-specific differences in Cay1.2

clustering and function in arterial myocytes
Hypothesis: Kyv2.1 forms large macro-clusters upon phosphorylation at a specific
at specific site SS90A, and disrupting the clustering site eliminates sex-specific

differences in Cav1.2 clustering and function in arterial myocytes.
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Chapter 2: lon channels stochastically organize in the membrane of excitable
cells

Note: This chapter is composed of the following published paper: Sato D et al. A
stochastic model of ion channel cluster formation in the plasma membrane. Published in
Journal of General Physiology. 2019 Sep 2; 151(9):1116-1134. doi:

10.1085/jgp.201912327

2.1 Abstract

lon channels are often found arranged into dense clusters in the plasma membranes of
excitable cells, but the mechanisms underlying the formation and maintenance of these
functional aggregates are unknown. Here, we tested the hypothesis that channel
clustering is the consequence of a stochastic self-assembly process and propose a
model by which channel clusters are formed and regulated in size. Our hypothesis is
based on statistical analyses of the size distributions of the channel clusters we
measured in neurons, ventricular myocytes, arterial smooth muscle as well as
heterologous cells, which in all cases were described by exponential functions,
indicative of a Poisson process, i.e., clusters form in a continuous, independent and
memory-less fashion. We were able to reproduce the observed cluster distributions of
five different types of channels in the membrane of excitable and tsA-201 cells in
simulations using a computer model in which channels are ‘delivered’ to the membrane
at randomly assigned locations. The model’s three parameters represent channel
cluster nucleation, growth, and removal probabilities, the values of which were

estimated based on our experimental measurements. We also determined the time
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course of cluster formation and membrane dwell time for Cay1.2 and TRPV4 channels
expressed in tsA-201 cells to constrain our model. In addition, we elaborated a more
complex version of our model that incorporated a self-regulating, feedback mechanism
to shape channel cluster formation. The strong inference we make from our results is
that Cav1.2, Cav1.3, BK, and TRPV4 proteins are all randomly inserted in the plasma
membranes of excitable cells and that they form homogeneous clusters that increase in
size until they reach a steady-state. Further, it appears likely that the regulation of
cluster size for both a diverse set of membrane-bound proteins and a wide range of cell

types is regulated by a common feedback mechanism.

Introduction

Cell biologists have been studying the mechanisms of ion channel expression and
delivery to the membrane for decades. This work has revealed key roles for the
cytoskeleton, channel subunits, scaffolding proteins, and/or lipid microdomains (e.g.,
caveolae) in the organization of ion channels in the plasma membrane (221, 225-229).
The process starts when messenger RNA encoding the transmembrane ion channel
subunits is translated on endoplasmic reticulum (ER)-bound ribosomes from which the
nascent polypeptides are translocated into the membrane. Fully assembled channel
proteins leave the ER in vesicles that fuse with the frans Golgi, where they undergo
post-translation processing, including, for many ion channel subunits, modification of N-
linked glycosylation. These vesicles are transported as cargo by molecular motors
traveling along microtubules that run from the cis side of the Golgi apparatus to the

cytoplasmic surface (229, 230). lon channels appear on the cell surface upon fusion of
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these vesicles with the plasma membrane, which, depending on the ion channel and
cell type, can occur at proximal sites or, in some cases, quite distant from where the
vesicles emerged from the Golgi apparatus. Plasma membrane ion channels are

eventually removed and either recycled or degraded via endocytic pathways.

The organization of ion channels has long been recognized to vary along a cell's
membranous surface (2371-234). Descriptions of the distributions of ion channels in the
plasma membrane have been based on the analysis of electron micrographs (233-237),
confocal images of cells exposed to protein-specific antibodies attached to fluorescent
moieties (238), and, more recently, super resolution imaging (239-244). In most
instances, it has been shown that many ion channels aggregate into dense clusters. For
example, in neurons, ligand-gated ion channel proteins involved in synaptic
transmission are concentrated on the dendritic and somatic membranes (245), whereas
the voltage-gated ion channels required for the release of neurotransmitter are
restricted to the axon terminals (2371, 232, 235, 246). In striated muscle,
dihydropyridine-sensitive voltage-gated Ca?* channels form clusters along the
sarcolemma and transverse tubules of the cells (234, 236). Such exquisite spatial
arrangements of ion channels are critical for efficient biological functions in both
neurons and muscle. Indeed, clustering of voltage-gated Ca?* channels is critical for the
amplification of Ca?* influx that is necessary to initiate neurotransmitter release in
neuronal terminals and to sustain excitation-contraction coupling in muscle.
Furthermore, it has recently been demonstrated that proteins engaged in cooperative

signaling cascades display co-clustering, e.g., clusters of large conductance Ca?*-
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activated K* (BK) channels are surrounded by clusters of Cay1.3 channels that generate
the requisite local Ca?* influx (239, 247). Yet, despite these advances, a broadly
applicable quantitative model that amalgamates key concepts of ion channel insertion

and organization in mammalian cells is lacking.

We gain some insight on the mechanisms underlying channel cluster formation from
studies performed in bacteria, where time-lapse fluorescence images suggest that
chemoreceptor proteins are inserted randomly into the membrane via the general
protein translocation machinery of the cells and then diffuse to existing clusters

(248). The distance between clusters, however, varied widely within cells, prompting
Thiem, Kentner and Sourjik (249) to propose that protein cluster formation and growth is
a stochastic self-assembly process in which newly synthesized proteins diffuse in the
membrane and then join existing clusters or create new clusters. In their model, clusters
can originate anywhere in the membrane and later become attached to scaffolding or
anchoring sites. Shortly thereafter, it was reported that anchoring sites may not be
required for the formation of new clusters and their simulations suggested that the
periodic positioning of new clusters can emerge spontaneously in growing cells (250).
At present, however, it is unclear whether the distribution of ion channels in the surface
membrane of mammalian cells could be the result of a similar stochastic self-assembly

process of protein organization.

In the work described here, we used super-resolution fluorescent microscopy to

determine the sizes and densities of clusters of five different ion channel proteins
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expressed in the surface membranes of ventricular myocytes (Cav1.2), smooth muscle
cells (Cav1.2, TRPV4, and BK channels), neurons (Cav1.3), and tsA-201 cells (Cav1.2,
Cav1.3s, Cav1.3L, and TRPV4 channels). We found that the probability density functions
of the cluster sizes of all of these ion channels could be fit with an exponential function,
a hallmark of a Poisson process. Thus, we generated a mathematical model in which
vesicles containing ion channel proteins are inserted into the membrane at random
locations. The model reproduced the observed steady-state clustering of Cav1.2,
Cav1.3, TRPV4, and BK channels in the membranes of neurons, cardiomyocytes,
smooth muscle, and tsA-201 cells. To further elaborate and constrain our model, we
studied the formation and growth of clusters of Cav1.2 and TRPV4 channels expressed
in tsA-201 cells, as well as the turnover rate of these channels in the membrane. We
found that adding a regulatory feedback mechanism scaled to channel number
enhanced its capacity of the model to reproduce our experimental observations. On the
basis of our experimental and modeling results, we propose that the regulation of
cluster size for both a diverse set of membrane-bound proteins and a wide range of cell
types is regulated by a common feedback mechanism. Our model constitutes a novel
tool for identifying potential mechanisms by which specific proteins and signaling

pathways could dynamically shape membrane channel cluster formation.

2.3 Material and Methods
2.3.1 Immunofluorescence and super-resolution microscopy
We performed immunofluorescence and super resolution imaging experiments using

methods similar to those described elsewhere (239-243). Briefly, cells were fixed at the
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specified times after transfection by incubating in phosphate-buffered saline (PBS)
containing 3% paraformaldehyde and 0.1% glutaraldehyde (GA) for 10 minutes at room
temperature. After washing with PBS, cells were incubated with sodium borohydride (1
mg/ml) for 10 minutes at room temperature, washed again with PBS, and blocked by
incubating in 3% bovine serum albumin and 0.25% v/v Triton X-100 in PBS for 1 hour at
room temperature (220 °C). The cells were incubated either overnight at 4°C or for 1
hour at room temperature with anti-GFP antibody conjugated to Alexa Fluor 647
(Thermo Fisher, #A-31852) diluted in blocking buffer to a concentration of 10 pg/ml.
After washing with PBS, samples were post-fixed with 0.25% GA in PBS for 10 minutes

at room temperature, washed with PBS and prepared for imaging.

Coverslips were mounted on microscope slides with a round bottom cavity (NeoLab
Migge Laborbedarf-Vertriebs GmbH, Germany), using fresh MEA-GLOX imaging buffer.
The day of the experiment a stock of 5 ml of 100 mM MEA (cysteamine hydrochloride,
Sigma-Aldrich #M6500) in PBS was prepared and pH was adjusted to 8.2 with KOH,
10M. A stock of GLOX containing 50 pl of 10 mM Tris-HCI pH 8, 3.5 mg glucose
oxidase (Sigma-Aldrich #G2133), and 12.5 pl of catalase (Sigma-Aldrich C100) was
prepared, sonicated for 5 minutes and centrifuged for 3 minutes at 13000 rpm at 4°C.
This stock was kept at 4°C and used within a week. Finally, 50 ml of Buffer B, containing
200 mM Tris-HCI pH 8, 10 mM NaCl, and 10% w/v glucose was prepared, kept at 4°C,
and used within 6 months. Right before mounting the coverslip the final MEA-GLOX
buffer was mixed by adding a ratio of 89:10:1 of Buffer B: MEA: GLOX. Final

concentration of the components in this imaging buffer were 10 mM MEA, 0.56 mg/mi
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glucose oxidase, and 34 pg/ml catalase. Coverslips were sealed with Twinsil (Picodent,

Germany) and aluminum tape to reduce oxygen permeation.

Super-resolution images were generated using a super-resolution ground-state
depletion system (SR-GSD, Leica) equipped with high-power lasers (488 nm, 1.4
kW/cm?; 532 nm, 2.1 kW/cm?; 642 nm, 2.1 kW/cm?) and an additional 30 mW, 405 nm
laser. Images were obtained using a 160x HCX Plan-Apochromat (NA 1.43) oil-
immersion lens and an EMCCD camera (iXon3 897; Andor Technology). For all
experiments, the camera was running in frame-transfer mode at a frame rate of 100 Hz.
Fluorescence was detected through Leica high-power TIRF filter cubes (488 HP-T, 532
HP-T, 642 HP-T) with emission band-pass filters of 505-605 nm, 550-650 nm, and 660-

760 nm.

Super-resolution localization images were reconstructed using the coordinates of
centroids obtained by fitting single-molecule fluorescence signals with a 2D Gaussian
function using LASAF software (Leica). A total of 35,000 images were used to construct
the images. The localization accuracy of the system is limited by the statistical noise of
photon counting. Thus, assuming the point-spread functions are Gaussian, the precision
of localization is proportional to DLR/YN, where DLR is the diffraction-limited resolution
of a fluorophore and N is the average number of detected photons per switching event
(251, 252). Accordingly, we estimated a lateral localization accuracy of 16 nm for Alexa

647 (=1900 detected photons per switching cycle).
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For this paper we re-analyzed previously published super resolution images of Cay1.2
channels from ventricular myocytes (240) as well as Cayv1.3 channels from hippocampal
neurons and tsA-201 cells (2471) and TRPV4 channels from arterial smooth muscle cells
(242, 243). The figure legends in the present report differentiate data derived from those
studies versus data derived from new experiments. Detailed experimental procedures
on the treatment and imaging of the re-analyzed cells can be found in the original

papers cited above.

2.3.2 tsA-201 cell transfection

tsA-201 cells (Sigma-Aldrich) were cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Gibco) supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin at 37°C in a humidified 5% CO2 atmosphere. Cells were plated
onto 25 mm round 1.5 coverslips and transiently transfected using jetPEI (Polyplus
Transfection). For the Cav1.2 experiments, cells were transfected with plasmids
encoding the rabbit Cav1.2 (a1c) conjugated to (600 ng), and rat auxiliary subunits
Cava20 (300 ng), and Cavps (600 ng), (kindly provided by Dr. Diane Lipscombe; Brown
University, Providence, RI). For the TRPV4 experiments cells were transfected with 600
ng of a plasmid encoding the mouse TRPV4-EGFP (kindly provided by Dr. Philipp
Slusallek, Saarland University, Saarbriucken, Germany) in which the GFP moiety has
been mutated to prevent oligomerizarion. For photoactivation experiments, cells were
transfected with Cay1.2 tagged at their C-terminus with photoactivatable GFP
(GenScript, 600 ng) and auxiliary subunits stated above or TRPV4 tagged at their C-

terminus with photoactivable GFP (GenScript, 600 ng).
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2.3.3 Time-lapse confocal microscopy

The live-cell imaging of photoactivatable experiments were performed on an Olympus
Fluoview 3000 (FV3000) confocal laser-scanning microscope equipped with an
Olympus PlanApo 60x/1.40 NA oil-immersion objective. We used 405 nm laser light to
photoactivate the PA-Cay1.2 and PA-TRPV4 channels. Pre-stimulation images were
collected in order to normalize fluorescence signal. Upon excitation, robust GFP
fluorescence emission was observed. Normalized fluorescence time courses were
compiled by averaging line scans of various ROIs from each cell. Regions of interest

were resliced and quantified over time.

2.3.4 Stochastic self-assembly model

To simulate the aggregation process of channels within cell membranes, we developed
a simplified stochastic self-assembly model of cluster growth modified from stochastic
self-assembly algorithms proposed for bacterial proteins and ryanodine receptors (244,
250, 253). As was done by Baddeley, Jayasinghe, Lam, Rossberger, Cannell and
Soeller (244) for ryanodine receptors, our model does not consider channel diffusion for
cluster formation. The observation that voltage-gated Na* channels in the sarcolemma
of skeletal muscle fibers are immobile, suggests that lateral channel diffusion, at least in
native muscle cells, may not be a significant determinant of cluster growth (254).

In our model, the cell membrane is represented by a 10 x 10 ym virtual two-dimensional
square grid (Grid;;). This space is subdivided into 10° 'grid sites’, each of which

measures 10 x 10 nm and represents the space that can be occupied by an individual
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ion channel molecule. Particles simulating ion channels were inserted randomly into the
grid with cluster growth and density determined by three model parameters representing

nucleation (Pr), growth (Pg), and removal (Pr) probabilities.

We first assume that at time ¢ = 0 there are no channels present in the grid (Grid;; = 0).

Then, in each iteration, there are three processes; (1) nucleation, (2) cluster growth, (3)

removal.
Nucleation B Growth ¢ Removal
PQ
Pg 2p; Q08 P,
P Py E Pq P k@ 3 P 3Pr
Pg Pg | Pg Pg
}10 nm Pq E—-} Pr

[
10 nm

Figure 2.1 In silico stochastic self-assembly model. (A) Nucleation process.
Channels are inserted into the grid randomly with nucleation probability P, at each time
step. ‘1’ represents occupied grid sites. (B) If a nucleating channel exists, channels are
randomly inserted into any one of the four available grid sites immediately adjacent to
the nucleating channel with growth probability P4 at each time step. (C) After that, the
growth probability of a cluster is Pg x the number of available neighbors. Clusters are

randomly removed with the removal probability, Pr x the number of channels.
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(1) Nucleation. Channels are inserted into the grid randomly with nucleation
probability B, at each time step (Figure 2.1A). In this study, each iteraion is equal
to 18 seconds.

(2) Cluster growth. If a grid site becomes occupied by a channel (Grid;; = 1) cluster

growth is induced.

1, occupied
0, empty

Grid;; = {
For simplicity, cluster growth is simulated by random insertion of a channel in any
one of the four available grid sites immediately adjacent to a nucleating channel
with growth probability F, at each time step (Figure 2.1B). Once one channel is
added to the existing nucleating channel, a cluster is formed. After that, the
growth probability of a cluster is Pg x the number of available neighbors.

(3) Removal of clusters. Concurrently with growth, in each time step there is a
removal probability, Py, for clusters already formed on the grid. It is important to
note that we have defined a cluster to be a group of two or more channels.
Clusters dwell in the membrane for some time before they are recycled or
degraded. Therefore, the removal probability, P, of a cluster increases
depending on its size (P X the number of channels) (Figure 2.1C). Because
clusters will grow until they are recycled or degraded the removal probability sets

a limit for maximal cluster size.
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The parameters Py, Py, and Pr were specified using two methods. In the first, we
defined probabilities Py (), Pq (t), and Pr (t) . The probabilities Py (t) and Py (t) were
defined to be sigmoid functions based on a correlation between the experimental fitting
of mean cluster area and density and Py and Py, respectively. In addition, Pr was
defined to be an increasing sigmoid function to account for the observation that Cay1.2
channel internalization increases as the number of channels increases (255). These
parameters were based on the experimental data using the time course of the
distribution of cluster sizes and the values were determined by a non-linear least-

squares method (Figures 2.4 and 2.5; Table 2.1).

In our second method, the parameters P,, Py, and Pr have a feedback mechanism. In
this feedback model, Cay1.2 and TRPV4 expression is regulated by the number of
channels. In this study, P», Py, and Pk linearly increase or decrease until they reach
steady state values. Then, the basic feedback model is described by the following

differential equations,

dp, P,
@) o
dP, P

_9 _ __9

It ryN (1 Kg>' (2)
AP, Py
¢ — ’N <1 - K—R) (3)
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where ry, rg, and rr are growth rates of Py, Py, and Pr, respectively, and K, Ky, and Kr
are steady state values of Py, Py, and Pr, respectively, and N is the number of

channels per unit area.

2.4 Results

2.4.1 The distributions of Cay1.2, Cav1.3, BK and TRPV4 channel cluster sizes are
fit by an exponential function

Over the last five years, our research team has been using super-resolution imaging to
determine the spatial organization of Ca?*-permeable and Ca?*-sensitive ion channels in
the surface membrane of multiple cell types. In this paper, we have re-analyzed our
previously published super-resolution data on Cay1.2 channels in cardiomyocytes
(Dixon, Moreno, Yuan, Opitz-Araya, Binder, Navedo and Santana (240), two isoforms of
the Cav1.3 channel in hippocampal neurons and heterologous cells (Moreno et al.,
2016), and TRPV4 channels in arterial myocytes (Tajada, Moreno, O'Dwyer, Woods,
Sato, Navedo and Santana (242) to provide a broad, quantitative examination of how
different types of channels are organized in the plasma membrane with nanometer
resolution. To this extensive data set, we have added new, equivalent measurements
on Cayv1.2 channels and the large-conductance Ca?*-activated K* (BK) channels in the
sarcolemma of arterial myocytes. As was the case in our prior analyses, we found that
the Cav1.2 channels were expressed into dense clusters of different size along the

surface membrane with a mean cluster area 2488 + 140 nm?2, similar to that we found in

ventricular myocytes (2555 + 82 nm?; Dixon, Moreno, Yuan, Opitz-Araya, Binder,
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Navedo and Santana (240) (Table 2.2). The BK channels also formed clusters along

the sarcolemma of the arterial myocytes with a mean cluster area of 3008 + 223 nm?.

Figure 2.2 displays samples of the super-resolution images we have generated for five
different channel proteins ( BK, Cav1.2, TRPV4, Cay1.3s, and Cay1.3L ) in four different
kinds of cell membranes (arterial myocytes, cardiomyocytes, hippocampal neurons and
tsA-201 cells). In each case, we found that the channels are arranged into dense
clusters with a wide range of sizes throughout the cell membranes. In the same figure,
we have plotted the frequency distributions of cluster sizes for each of our data sets that

remarkably reveal that each can be fit by a single exponential function.

Hippocampal
neurons

Arterial Myocytes Cardiomyocytes

Ca,1.2 TRPV4

405 BK arterial myocytes tsA-201 cells
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Figure 2.2 BK, Cav1.2, TRPV4, and Cav1.3 channels organize in clusters in

multiple cell types exhibiting an exponential cluster area distribution.
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Representative super-resolution ground state depletion images of the cluster
organization of endogenous BK (blue), Cav1.2 (green), and TRPV4 (red) channels in
arterial myocytes, endogenous Cav1.2 (orange) channels in cardiomyocytes,
endogenous Cay1.3 (light blue) channels in hippocampal neurons, and the two splicing
variants Cav1.3s (pink) and Cav1.3. (yellow) expressed in tsA-201 cells. The plot
summarizes the frequency distribution of the cluster areas for each channel. All the
distributions were fit with a single exponential function. Average cluster areas and
densities for each channel are presented in Table 2. TRPV4 data were modified from
Tajada et al. (2017), Cav1.2 in cardiomyocytes was modified from Dixon et al. (2015),

and Cav1.3 data were modified from Moreno et al. (2016).

2.4.2 Stochastic self-assembly may account for the formation of homogeneous
clusters of membrane channels in neurons, cardiomyocytes, and smooth muscle
cells

Our finding that the size distributions of clusters for five different channel proteins could
all be described by exponential functions, the hallmark of a Poisson process, strongly
suggested that the clusters are formed stochastically in a continuous, independent, and
memory-less fashion. A similar proposal was advanced by Wang, Wingreen and
Mukhopadhyay (250) and Greenfield, McEvoy, Shroff, Crooks, Wingreen, Betzig and
Liphardt (2563) to account for the spatial organization of chemotactic proteins in bacterial
membranes and by Baddeley, Jayasinghe, Lam, Rossberger, Cannell and Soeller (244)
for ryanodine receptors in ventricular myocytes. To test our hypothesis, we modified the

approach employed by Baddeley, Jayasinghe, Lam, Rossberger, Cannell and Soeller
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(244) to create a new model to reproduce our cluster distributions and make testable

predictions regarding plasma membrane protein organization.

Our modeling begins with the generation of a 10 x 10 ym grid composed of 10° pixels.
The dimension of each pixel (100 nm?) in this grid is similar to the size of individual

Cav1 (715) and TRPV4 channels (256, 257). Particles simulating ion channels were
inserted randomly into the grid with cluster growth and density determined by three
model parameters representing nucleation (P»), growth (Pg) and cluster removal (Pr).
These parameters are probability functions meant to represent different biological
processes. P is the probability that a vesicle containing an ion channel (or channels)
will be randomly inserted at any site in the membrane. Nucleation is the first step in the
formation of a new structure via self-assembly or self-organization. In our model, Py
values are uniform across the grid. At the beginning of the simulation, most “seeding”
events involve the insertion of single channels. However, once cluster growth has
initiated, the model allows for the stochastic insertion of multiple channels at any
particular site. Py is the probability of a channel to be inserted immediately adjacent to
pre-existing channels. In our model, cluster growth is simulated by random insertion of a
channel in any one of the four available grid sites immediately adjacent to a nucleating
channel. The growth probability of a cluster is Pgx the number of available neighbors.
Once a channel or small cluster is “seeded” in the membrane, the probability of insertion
of a new channel adjacent to it increases, inducing cluster growth. The final parameter,

Pr, represents the probability of a channel or cluster of channels being removed from
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the membrane by endocytosis and/or degradation. Individual channels and clusters

were randomly removed every iteration.

The key question was whether or not this simple model could reproduce the cluster area
distributions we measured from our super-resolution images of endogenous channels in
arterial myocytes, cardiomyocytes, hippocampal neurons, as well as channels
expressed exogenously in tsA-201 cells. Because we could not observe the formation of
the channel clusters as the cells develop, we assumed that the cluster area and density
distributions we measured represented steady-state conditions and set the parameters

Pn, Pg, and Pk to constant values.

As shown in Figure 2.3, our stochastic self-assembly model effectively reproduced the
steady-state size distributions and mean cluster areas that we measured for all five
channels proteins embedded in the membrane of four different cell types: arterial
myocyte BK channels (Figure 2.3A), arterial myocyte Cav1.2 channels (Figure 2.3B),
arterial myocyte TRPV4 channels (Figure 2.3C), ventricular myocyte Cav1.2 channels
(Figure 2.3D), neuronal Cay1.3 channels (Figure 2.3E), tsA-201 Cay1.3L channels

(Figure 2.3F), and tsA-201 Cav1.3s channels (Figure 2.3G).
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Figure 2.3 The distributions of Cav1.2, TRPV4, and BK channels in smooth

muscle, Cav1.2 in ventricular myocytes, and Cay1.3 in neurons and tsA-201 cells

could be explained by a stochastic self-assembly of clusters. Histograms of the
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experimental (black bars) and simulated (red bars) clusters area distributions of (A) BK,
(B) Cav1.2, and (C) TRPV4 channels in arterial myocytes, (D) Cav1.2 in ventricular
myocytes, (E) Cay1.3 channels in hippocampal neurons, and (F) Cav1.3L and (G)

Cav1.3s channels in tsA-201 cells.

2.4.3 Time-dependent assembly of Cav1.2 and TRPV4 channel clusters

As mentioned above, the super-resolution images from which we measured channel
cluster sizes and densities present only a snapshot of the cell membrane. We had no
information as to how the channel clusters develop and are maintained over time. To
address this issue, we expressed Cav1.2-EGFP (Figure 2.4) or TRPV4-EGFP channels
(Figure 2.5) in tsA-201 cells, fixed the cells at 0, 4, 6, 12, 24, 36, and 48 hours after
transfection, immunolabeled the channels, and acquired super-resolution images of the
channels in the membrane. These images permitted us to determine how the
distribution of channel cluster sizes changed over a 48 hour period. In Figure 2.4A, we
show super-resolution images of a tsA-201 cell at different time points following
transfection with the Cay1.2-EGFP plasmid. The images were analyzed to quantify the
area and densities of the Cay1.2 channel clusters (Figure 2.4B-E). The frequency
histograms of cluster areas were generated from the images acquired at each time
point. This analysis revealed that although the number of clusters varied with time, the
size distributions could all be fit with single exponential functions that differed mainly in
their amplitude (Figure 2.4B). Accordingly, histograms generated using the percentage
of total clusters within each bin of cluster area were similar (Figure 2.4C). These data

reveal that the mean size of the Cav1.2 clusters within the population of tsA-201 cells
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increased rapidly over the first 12 hours post-transfection and then reached a plateau at
about 24 hours (Figure 2.4D).These data could be fit with exponential functions with a
half amplitude (T12) at 5.8 hours after transfection. Cav1.2 cluster density, like mean
cluster area, also reached a plateau by about 24 hours and was could be fit with a

sigmoidal function with a half amplitude at 11.5 hours (Figure 2.4E).
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Figure 2.4 Time course of the formation of Cay1.2 channel clusters in tsA-201
cells. (A) Representative super-resolution GSD binary masks of immunolabeled Cay1.2
channels expressed in tsA-201 cells at 0, 12, 24, 36, and 48 h after transfection. (B)
Frequency distribution of Cav1.2 channels cluster areas at each time point. (C) Relative
frequency distribution of Cav1.2 channels cluster areas expressed as percentages.
Dashed color lines in B and C represent the best single exponential decay function fit
for each dataset. (D) Change of mean Cav1.2 channel cluster area at different time
points after transfection. Data are presented as mean + SEM for individual cells at each
time point. Mean cluster area data were fit with a one-phase exponential equation (solid
black line). The tau value of the fit is 8.37 h. (E) Change of Cay1.2 channel cluster
density at different time points after transfection. Data are presented as mean + SEM for
individual cells at each time point. Mean cluster density data were fit with a sigmoidal
function (solid black line). The loglCso fit is 11.42 h. (B—E) All data were compiled as
follows: 4 h: n = 1,497 clusters from 4 cells; 6 h: n = 2,100 clusters from 4 cells; 12 h: n
= 87,209 clusters from 16 cells; 24 h: n = 114,805 clusters from 11 cells; 36 h: n =

66,769 clusters from 5 cells; 48 h: n = 118,281 clusters from 13 cells.

In Figure 2.5A, we show super-resolution images of representative tsA-201 cells at 0,
12, 24, 36, and 48 hours after transfection with the TRPV4-EGFP plasmid. As was the
case for Cav1.2 channels, the sizes of the TRPV4 clusters followed exponential
distributions at each time point (Figure 2.5B-C). As we found for Cav1.2 channels, the
mean area and density of TRPV4 channel clusters increased rapidly over a period of

about 12 hours and reached a plateau at about 24 hours (Figure 2.5D-E). Similarly, the
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TRPV4 cluster size and density data were fit with exponential functions with T+ at 6.4
and 5.7 hours after transfection for cluster size and cluster density, respectively. The
common finding that the cluster sizes and cluster densities of these two types of
channels increase rapidly over a short period following transfection and expression, but
then reach a steady state, suggests the presence of a regulatory, feedback mechanism

controlling channel cluster size and density.
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Figure 2.5 Time course of the formation of TRPV4 channel clusters in tsA-201

cells. (A) Representative superresolution GSD binary masks of immunolabeled TRPV4

channels in transfected tsA-201 cells at 0, 12, 24, 36, and 48 h after transfection. (B)

Frequency distribution of TRPV4 channels cluster areas at each time point. (C) Relative

frequency distribution of TRPV4 channels cluster areas expressed as percentages.
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Dashed color lines in B and C represent the best single exponential decay function fit
for each dataset. (D) Change of mean TRPV4 channel cluster area at different time
points after transfection. Data are presented as mean + SEM for individual cells at each
time point. (E) Change of TRPV4 channel cluster density at different time points after
transfection. Data are presented as mean + SEM for individual cells at each time point.
Mean cluster area data (D) and mean cluster density data (E) were fit with a one-phase
exponential equation (solid black line). The tau values for cluster area and cluster
density are 9.17 and 8.22 h, respectively. (B—E) All data were compiled as follows: 4 h:
n = 13,734 from 4 cells; 6 h: 20,004 clusters from 4 cells; 12 h: n = 96,295 clusters from
12 cells; 24 h: n = 111,632 clusters from 11 cells; 36 h: n = 60,518 clusters from 7 cells,

48 h: n = 120,416 from 12 cells.

2.4.4 Turnover rate of Cav1.2 and TRPV4 channels in the membrane of tsA-201
cells

By tuning the three parameters in our model through iterative simulations, we found a
connection between Py and Prto channel cluster size and between P, channel cluster

density.

Thus, properly constraining our model required information about channel turnover rates
within cell membranes. To this end, we expressed photoactivatable-GFP tagged Cav1.2
or TRPV4 channels (PA-Cav1.2 and PA-TRPV4) in tsA-201 cells. Photoactivatable-GFP
is non-fluorescent until it is exposed to a brief blue light pulse. Thus, PA-Cay1.2 and PA-

TRPV4 fluorescence is limited to the set of channels expressed at the time of
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photoactivation. PA-Cayv1.2 and PA-TRPV4 fluorescence intensity is therefore
proportional to the number of channels expressed and could be used to determine dwell

time, i.e., the time these channels spend in the membrane.

For these experiments, cells expressing PA-Cay1.2 or PA-TRPV4 (Figure 2.6) were
imaged before and after a 10 seconds exposure to 405 nm light to activate the PA-GFP.
In Figure 2.6A, we show a confocal image from a center section of a representative
tsA-201 cell expressing PA-Cav1.2. As expected, after photoactivation the fluorescence
was largely limited to the surface membrane of the cell. For analysis, we measured the
spatially-averaged fluorescence and generated pseudo line-scans from multiple regions
in the membrane from 2D image stacks. The time course of fluorescence intensity in
three sites in the membrane is shown to the right of the 2D image in Figure 2.6A. Note
that at each site, over a period of 90 min after photoactivation, PA-Cav1.2 fluorescence
nearly disappears, suggesting that most channels are removed from the membrane
within this period. Figure 2.6B shows the averaged, normalized fluorescence intensity
from all the membrane sites analyzed from multiple cells. The decaying phase of the

curve was fit with a single exponential function with a T+/2 of 9.74 minutes.

In Figure 2.6C, we show the results of equivalent experiments for cells expressing PA-
TRPVA4. As in the case of PA-Cav1.2, PA-TRPV4 fluorescence in the membrane
increased following 405 illumination, and decayed with time. However, unlike PA-
Cav1.2, PA-TRPV4 fluorescence seems to reach a steady state around 45% of the

initial maximum signal. Figure 2.6D shows the averaged (with SEM), normalized
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fluorescence and decay of all the analyzed sites. These data suggest that while a
population of TRPV4 channels is removed from the membrane, a larger subset of
channels either remains embedded within the membrane or is removed but then
recycled back to it. A T1,2 of 11.59 minutes for the first population was estimated by

fitting a single exponential function.
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Figure 2.6 Dwell times for Cav1.2 and TRPV4 channels in tsA-201 cells are fast. (A)
Representative image of a tsA-201 cell transfected with Cav1.2-PA-GFP immediately
after stimulation (i), with corresponding labeled ROI slices (ii), and fluorescent traces of
the ROl slices (iii). F, fluorescence. (B) Mean time course of Cav1.2-PA-GFP
normalized fluorescence (dark green dashed line) and SEM at each time (light green
shaded area) of all normalized ROls. Time course was fit with an exponential function
(black line). 26 ROls from nine cells were averaged. (C) Representative image of a tsA-

201 cell transfected with TRPV4-PA-GFP immediately after stimulation (i), with
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corresponding labeled ROI slices (ii), and fluorescent traces of the ROI slices (iii). (D)
Mean time course of TRVP4-PA-GFP normalized fluorescence (dark green dashed line)
and SEM at each time (light green shaded area) of all normalized ROls. Time course

was fit with an exponential function (black line). 17 ROIls from 6 cells were averaged.

2.4.5 Model captures dwell times and time-dependent assembly of Cay1.2 and
TRPV4 channel clusters

Our goal in acquiring the experimental measurements of the time course of channel
cluster formation and channel turnover rate or dwell time described above was to
extend our model beyond its successful representation of steady-state conditions
(Figure 2.3). That is, could our model replicate the time-dependent assembly of Cay1.2
and TRPV4 channel clusters that we observed experimentally in tsA-201 cells (Figure
2.4 and 2.5) while incorporating the membrane dwell times that we measured (Figure

2.6).

Figure 2.7 shows the relationship between channel and cluster dwell times and model
parameters, Py and Pr. Channel and cluster dwell times are independent of model
parameter, Py, as dwell times correspond to events following nucleation. Note that
decreasing Pr or decreasing Py increases the membrane dwell times for both individual
channels (Figure 2.7A) and channel clusters (Figure 2.7B). Further, these data
suggest that the dwell times of a channel or a cluster in the membrane is determined by

individual Py values. For example, the predicted dwell times in the membrane of a
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cluster in a cell with Py = 0.07 and Pr = 0.0007 (P4/Pr = 100) is 12 minutes, while a cell

with Py = 0.1 and Pg = 0.001 (Py/Pr = 100) is 9 minutes.

We plotted the distributions of membrane dwell times for individual channels and
channel clusters with a Py of 0.01 and Pr of 0.0001 (Figure 2.7C) or 0.001 (Figure
2.7D). Regardless of the magnitude of Py and Pr, our model generated exponential
membrane dwell time distributions for individual channels that were exponential and
Gaussian dwell time distributions for channel clusters. The mean dwell times in the
membrane obtained from our model for both individual channels (60 min) and channel
clusters (75 min) using a Pr of 0.0001 were similar to those suggested for Cay1.2 in

neuronal dendrites (=1 hour) (258).
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Figure 2.7 Py and Pr determine channel and cluster dwell time. (A and B) Surface
plots showing the relationships between Py, Pr, and channel dwell time (A) or cluster
dwell time (B). (C and D) Frequency distributions of channel and cluster dwell times with

Pr equal to 0.0001 (C) or 0.001 (D). For the simulations in C and D, Pg and P, were
0.01 and 0.00006, respectively.

Because the single channel and channel cluster membrane dwell times are
predominantly set by the value of Py in our model, we examined the effects of the
paraments Pr and P, on cluster area and densities after setting Pgto 0.07, the value

that reproduced our experimental measurements of the area of Cay1.2 and TRPV4
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channel clusters (Figures 2.4 and 2.5). As shown in Figure 2.8A, we found that setting
the values of Py and Pr in ratios ranging from 20-100 resulted in increasing channel
cluster areas and that a Py/Pr ratio > 50 was required to generate clusters with areas
similar to those measured in our experiments for Cav1.2 and TRPV4 in tsA-201 cells 48
hours after transfection. This is important as it indicates that channel cluster sizes are

determined by the Py/Pr ratio and not by individual Py and Pr values.

We also found that the influence of Py4/Pr ratios on channel cluster formation in our
model is affected by P,. For example, cluster area decreases as P, is increased. This
can be explained by the fact that when the P, value is small, the probability of channel
insertion decreases, and the channel clusters grow according to the specific values of
Pgyand Pr. However, when Pjis increased, the probability of channel insertion
increases, resulting in the initiation of multiple clusters with large variations in size and a
decrease in mean cluster area as shown in Figure 2.8A. In contrast, cluster density is

independent of the Py4/Pr ratio and mainly determined by P, (Figure 2.8B).

To further illustrate the effects of Pr and P, on channel cluster area, we show the results
of a series of simulations using two different P, values (Figure 2.8C): 0.00045 (black
trace) and 0.00005 (red trace). Similarly, the effects of Pr and P, on channel cluster
density are shown in Figure 2.8D. These two P, values were chosen because they
generated simulated channel cluster areas similar to those observed in tsA-201 cells

expressing Cav1.2-EGFP (Figure 2.4) or TRPV4-EGFP (Figure 2.5) (i.e., Pn =
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0.00045), or to those reported in studies in the endogenous channels native cells (i.e.,

P, = 0.00005) (240, 242, 243).
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Figure 2.8 In silico stochastic self-assembly of protein clusters with realistic sizes
and densities. (A) Plot of the relationships between P, and cluster area at P4/Pr ratios
equal to 20 (Pg = 0.07, Pr = 0.0035), 40 (P4 = 0.07, Pr = 0.00175), 60 (Pq = 0.07, Pr =
0.001166667), 80 (Pg = 0.07, Pr = 0.000875), and 100 (P4 = 0.07, Pr = 0.0007). (B)
Relationships between P, and cluster density at Py¢/Pr ratios equal to 20 (P4 = 0.07, Pr
= 0.0035), 40 (Pg = 0.07, Pr = 0.00175), 60 (P4 = 0.07, Pr = 0.001166667), 80 (Pg =
0.07, Pr = 0.000875), and 100 (Pg = 0.07, Pr = 0.0007). For simulations in A and B, we
averaged cluster area and density values at steady state for 2,000 iterations. (C) Effect

of Py4/Pr ratios on cluster area. (D) Effect of Py4/Pr ratios on cluster density. (C and D)
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For these simulations, we set the value of P, = 0.00005 (red traces) and P, = 0.00045
(black traces), Pq = 0.07 and Pr ranged between 0.007 and 0.0007 to achieve Py4/Pr

ratios of 10—100.

2.4.6 In silico stochastic self-assembly of Cav1.2 and TRPV4 clusters

As our model successfully simulated the creation of channel clusters with size,
densities, and dwell times similar to those observed experimentally, we set out to use
this model to replicate the experimental data we acquired on the time courses of Cay1.2
and TRPV4 channel cluster formations expressed in tsA-201 cells (Figures 2.4 and
2.5). To do so, images were generated on every iteration of the model using time-
dependent probability functions Py, Ppn, and Pr. In Figures 2.9A and 2.10A, we defined
the time-dependent probability functions of Py, P», and Pr to be sigmoid functions. The
rationale for this was our own data showing that the time course of Cay1.2 and TRPV4
cluster growth (Pg) and densities (Pn) followed a sigmoidal distribution and the work by
Green, Barrett, Bultynck, Shamah and Dolmetsch (255) suggesting that Cav1.2 channel
internalization in neurons (i.e., Pr) increased as Cav1.2 channel number increased. The
range of P, values used were determined by the density data in Figures 2.4-2.5 as well

as the Ps-density relationships in Figure 2.8.
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Figure 2.9 Sigmoidal time-dependent changes in Pg, P,, and Pr reproduce the
time course of Cav1.2 cluster formation in the plasma membrane of tsA-201 cells.
(A) Plots of Pg,cavi.2 (purple), Pncavi.2 (orange), and Prcavi.2 (green) versus time.

Pr.cavt2=1/1+5e-60t*0.001166667, Py cav1.2=1/1+15e-12t*0.07, and
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Pn,cav12= 1/1+2000e-27t*0.00045. (B) In silico images of Cav1.2 clusters at 0, 12, 24,
36, and 48 h after the initiation of expression using the parameters in A. (C and D) The
black trace depicts the time course of mean cluster area (C) and densities of simulated
clusters (D). Colored dots represent the superimposed experimental data from Fig. 3.
(E) Mean Cav1.2 channel (black) and cluster (red) dwell times based on the sigmoidal

functions Py, Py, and Pr.

In the case of Cay1.2 channels, the time-dependent probability functions Py cav1.2 and
Pn,cav1.2 reached steady-state in about 18 hours. Similarly, in the case of TRPV4
channels, Py trpv4 and Pp trpv4 reached steady-state in about 20 hours. Pr cavr.2 and
Pr trPv4 however, reached their steady-states in about 8 hours, which is critical as the
ratio between Pr and Py controls the cluster area. Figures 2.9B and 2.10B show
computer-generated 2D images of Cay1.2 and TRPV4 channel clusters at various

iterations corresponding to 0, 12, 24, 36, and 48 hours after transfection.

In Figures 2.9C-D and 2.10C-D, we plotted the results obtained from the model
simulations (black trace) relative to our experimental data points for the sizes and
densities of channel clusters. Cluster sizes for Cay1.2 and TRPV4 channels are similar,
but there is a key difference in their densities. The cluster density for Cav1.2 channels is
low relative to TRPV4 at 4 and 8 hours. This behavior is reproduced by the time-

dependent probability function for Pp.
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We could extract the membrane dwell times for individual channels and channels
clusters of Cav1.2 (Figure 2.9E) and TRPV4 channels (Figure 2.10E) from these
simulations. The dwell times in the membrane of individual Cav1.2 and TRPV4 channels
(= 15 minutes) and channel clusters (= 35 minutes) were initially high, but decreased to
lower steady-state levels after approximately 12 hours. At 48 hours, the predicted dwell
times of both individual channels (Cav1.2 and TRPV4 : 4.2 minutes) and channel

clusters (Cav1.2 and TRPV4: 10.3 minutes) were quite similar for the two channel types.

These data suggest that steady-state channel organization for either channel type can
be attained by time-dependent changes in Py and P, and a relatively rapid turnover rate
for both individual channels and clusters. Further, the data suggest feasible set points

for Py and Py in living cells.
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Figure 2.10 Sigmoidal time-dependent changes in Py, Pn, and Pr reproduce the
time course of TRPV4 cluster formation in the plasma membrane of tsA-201 cells.
(A) Plots of Pgtrrva (purple), Pntrrva (Orange), and Prtrpv4 (green) versus time.

PR,TRPV4= 1/1+10e-60t*0.001166667, Pg,TRPV4= 1/1+15e-12t*0.07, and
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Pn,TRPV4=1/1+75e-16t*0.00045. (B) In silico images of TRPV4 clusters at 0, 12, 24,
36, and 48 h after the initiation of expression using the parameters in A. (C and D) The
black trace depicts the time course of mean cluster area (C) and densities of simulated
clusters (D). Colored dots represent the superimposed experimental data from Fig. 4.
(E) Mean TRPV4 channel (black) and cluster (red) dwell times based on the sigmoidal

functions Py, Py, and Pr.

2.4.7 Feedback control of the stochastic self-assembly of Cay1.2 and TRPV4
clusters

As mentioned earlier, Green, Barrett, Bultynck, Shamah and Dolmetsch (255)
suggested that Cav1.2 channel internalization increases as the number of channels
increases, indicating some level of feedback between channel number and Pk,
presumably as mediated through intracellular Ca?* levels. Thus, we augmented our
model to demonstrate how Cav1.2 and TRPV4 channel cluster size and density might
be regulated by a feedback mechanism dependent on the number of channels present
on the grid. To do so, we set the rates of cluster growth proportional to the number of
channels present, represented by the first term (rN; x = n, g, or R) in equations 1, 2,
and 3 in the Methods. This term provides the positive feedback component of the
model. The second term (P«/Kx; x = n, g, or R) in equations 1, 2, and 3 is responsible for
the negative feedback component of the model. When the number of channels is small,
the positive feedback process dominates. As the number of channels becomes larger,

the negative feedback process dominates.
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The impact of these additional terms in the model are shown in Figure 2.11 for Cav1.2
and in Figure 2.12 for TRPV4 channels. Figures 2.11A and 2.12A show simulated
images of Cav1.2 and TRPV4 channel clusters at 0, 12, 24, 36, and 48 hours after
transfection. The positive and negative feedback processes create sigmoidal curves for
Py, Pr, and P, (Figures 2.11B and 2.12B). The time course of cluster growth is
governed by the product of the Py and Pr curves. Accordingly, depending on the shape
of Py and Pr curves, the cluster sizes may have two phases. Cluster density was mainly

determined by a sigmoidal P, curve.
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Figure 2.11 Feedback model for Cav1.2 cluster formation. (A) In silico images of

Cav1.2 clusters at 0, 12, 24, 36, and 48 h after the initiation of expression. (B) Solutions
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to the feedback model equations dPRdt, dPgdt, and dPndt. (C and D) The black trace
depicts the time course of mean cluster area (C) and density (D) of simulated Cav1.2
clusters. Colored dots represent the superimposed experimental data from Fig. 3. (E)
Predicted mean Cav1.2 channel (black) and cluster dwell times (red) based on the

feedback model.

In Figures 2.11C-D and 2.12C-D, we plotted the simulated and experimentally-
measured and cluster sizes and densities for Cav1.2 and TRPV4 channels. The
simulations show that increasing Pn,cav1.2 (from 2e-07 to 0.00045), Pg,cav1.2 (from 0.004
to 0.07), and Prcav1.2 (from 0.0002 to 0.0012) (Figure 2.11B) or Px,trpv4 (from 0.000006
to 0.00045), Py rev4 (from 0.004 to 0.07), and Pr 1rev4 (from 0.0001 to 0.0012) (Figure
2.12B) increases channel cluster areas and densities over time to levels similar to those
observed experimentally. In the case of Cav1.2, Py .cav1.2 , Prcavi.2 and Ppcav1.2 reached
plateau levels at about 24, 10, and 16 hours after transfection, respectively. In the case
of TRPV4, Py treva4 , Pr1rRPV4 @and Pp trev4 values plateaued about 24, 6, and 24 hours,

respectively.

We also extracted the membrane dwell times of individual Cav1.2 (Figure 2.11E) and
TRPV4 channels (Figure 2.12E) and clusters from simulations using the feedback
model. With the parameters used in our simulations, the mean channel (Cav1.2 = 50
minutes; TRPV4 = 60 minutes) and channel cluster (Cay1.2 = 120 minutes; TRPV4 =
140 minutes) membrane dwell times were initially high. However, these values quickly

(i.e., after about 4 hours) decreased and then remained relatively stable over time for
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both channels types, such that at 48 hours the predicted channel and cluster dwell
times for Cav1.2 were 4.3 and 10.5 minutes, respectively, and for TRPV4 were 4.3 and
10.9 minutes, respectively. To demonstrate how our feedback model works, we created
videos of simulations of Cay1.2 and TRPV4 trafficking and cluster formation in the

membrane using the Py, Pr, and P, values in Figures 2.11 and 2.12.
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Figure 2.12 Feedback model for TRPV4 cluster formation. (A) In silico images of

TRPVA4 clusters at 0, 12, 24, 36, and 48 h after the initiation of expression. (B) Solutions
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to the feedback model equations dPRdt, dPgdt, and dPndt. (C and D) The black trace
depicts the time course of mean cluster area (C) and density of simulated TRPV4
clusters (D). Colored dots represent the superimposed experimental data from Fig. 4.
(E) Predicted mean TRPV4 channel (black) and cluster dwell times (red) based on the

feedback model.

The two methods we used to reproduce our experimental measurements of cluster
formation for Cav1.2 (Figure 2.4) and TRPV4 (Figure 2.5) channels data are
complementary and supportive of the concept that channel cluster size and density are
regulated via feedback mechanisms. In the first method, we used empirically-derived
assumptions regarding time-dependent changes in Pr, Pp, and Pg. This first model
predicts that in order to reach a plateau phase in cluster size and density, we must
increase the parameters Py, Py, and Pr until reaching a constant or equilibrium level.
We proposed that the curves should be sigmoidally-shaped such that changes in cluster
size and density would be constrained to the desired values of P,, Py, and Pr we
observed in tsA cells. In the second method, the behavior of Py, Py, and Prthrough time
was modeled using differential equations coupled by the total number of channels,

allowing us to explicitly include a feedback mechanism.

2.5 Discussion
Using a combination of experimental and computer modeling approaches, we have
made five important observations regarding the formation of ion channel clusters and

trafficking in living cells. First, the distributions of clusters of the five types of channels
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studied (Cav1.2, BK, TRPV4, Cav1.3s and Cav1.3s) were all described by a single
exponential function regardless of the type of cell they are expressed in, supporting the
hypothesis that the presence of ion channels clusters in cell membranes is consequent
to a stochastic, self-assembly process. Second, Cay1.2 and TRPV4 channel clusters
form in tsA-201 cells with an initial period of rapid growth in size, after which they are
maintained in a steady-state. Third, this steady-state form in tsA-201 cells is maintained
by a relatively fast turnover rate of Cay1.2 and TRPV4 channels. Fourth, our model
predicts that steady-state size distributions of membrane channel clusters could be
sustained by a range channel turnover rate. While we are aware of the possibility that
our measurements are based solely on a heterologous expression system and might
differ from those made in other cell types, our fifth observation is that both our
experimentally-measured and predicted membrane dwell times are similar to those
reported for Cav1.2 in cultured cardiac HL-1 cells (259) and in primary neurons (258),

as well as to mean transcript and protein dwell times (260).

To illustrate how our model could be used by physiologists interested in investigating
the role of a particular interacting protein in ion channel clustering, we have considered
three potential scenarios in which a change in a physiological process alters ion channel
cluster area or density via changes in one of the three model parameters (i.e., Pn, Pg Or
Pr). In the first scenario, let us propose that the insertion of channels at the plasma
membrane is enhanced by the upregulation or activation of a signaling pathway. In our
model, this process would result in an increase in the parameter P,. An example of this

could be the Ca?*-dependent upregulation of K* channels expression via the activation
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of the calcineurin/NFAT signaling pathway. As first demonstrated by Amberg, Rossow,
Navedo and Santana (267) and Rossow et al (262-264), Kv4 and Kv2 channel
expression is tightly regulated by intracellular Ca?* in cardiac and vascular cells. BK
channel expression is also regulated by Ca?* levels in smooth muscle (265, 266). In this
scenario, the increase in the expression of the channels will increase the available pool
of channels that can be inserted at the plasma membrane, increasing cluster density.
Interestingly, the differences in Cav1.2 and TRPV4 cluster densities reported here
among tsA-201 cells, smooth muscle, and ventricular myocytes were simulated by
variations in the P, among these cells. These data suggest that the level of expression
of these channels and/or the proteins related with the trafficking and delivery of these

channels to the plasma membrane vary between cells.

In the second scenario, we consider the possibility that the insertion of new channels is
favored to occur in the same sites where other channels have been previously inserted
because of the upregulation of an interacting protein. In our model, this process would
increase Py. An example of such a protein is BIN1, which binds to the inner face of the
plasma membrane and forms lattices via the cooperative binding of other molecules,
thus creating membrane microfolds (267). In ventricular myocytes, BIN1 has been
implicated in the formation of membrane curvatures (268) and in anchoring
microtubules where newly synthesized Cav1.2 channels are delivered to the surface
membrane (269, 270). As such, BIN1 could function to increase the local concentration
of Cav1.2 channels at specific sites in the plasma membrane, enhancing their

clustering. Consistent with this, De La Mata, Tajada, O'Dwyer, Matsumoto, Dixon,
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Hariharan, Moreno and Santana (2717) found that overexpression BIN1 in human
embryonic stem cell-derived cardiomyocytes increased Cay1.2 cluster size. Thus, BIN1
could be acting to direct the directed insertion of Cayv1.2 channels in the sarcolemma of
cardiac myocytes which would increase the Py of these channels. Importantly, in the
case of channels that undergo functional coupling (i.e. L-type Ca?* channels), the
increase in cluster size could strengthen the coupling between these channels resulting

in a further increase in the amplitude of ion flux.

Finally, in the third scenario, we imagine a situation in which the removal of individual
ion channels or ion channel clusters from the plasma membrane is enhanced by an
interacting protein. In our model, this process would result in an increase in the
parameter Pr. An example of this could be the activation of the HECT ubiquitin ligase
ALP4, which has been linked to TRPV4 channel internalization (272). Another example
is the tumor suppressor elF3e/Int6 (eukaryotic initiation factor 3 subunit e), which
induces internalization of Cav1.2 channels in neurons (255). In this scenario, the
activation of these proteins will likely be associated with an overall decrease in channel

membrane dwell time and a decrease in clusters size.

An important observation we made in the course of this study is that whereas the sizes
and densities of Cav1.2 and TRPV4 channel clusters expressed in tsA-201 cells
increased rapidly after transfection, both parameters reach a plateau within 24 hours.
These results suggest that plasma membrane expression levels and clustering of

exogenously expressed Cav1.2 and TRPV4 channels is under the control of a feedback
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mechanism. Indeed, recent live-cell imaging experiments indicate that Cay1.2
containing vesicles in tsA-201 cells could have multiple mechanisms for interacting and
delivering channel to the plasma membrane (229). Similar proposals have been put
forth for endogenous Cay1.2 in cardiac myocytes (273) and neurons (255). The latter
report suggested that action potential firing rate, channel activity, and a Ca?*-driven
increase in Cav1.2 internalization (i.e., Pr) was responsible for regulating plasma
membrane expression levels of Cayv1.2. Our feedback model relies exclusively on
channel number and does not take into account the state of the channel (e.g., open,
deactivated, inactivated, desensitized). Thus, a desensitized or inactivated channel
would have the same probability of being removed by internalization or endocytosis
than a deactivated or open channel. Mechanisms determining steady-state levels of

these ion channels in cardiac and smooth muscle will need further study.

Another intriguing question posed by our work is whether the membrane dwell times
and time course of clustering of Cav1.2 and TRPV4 channels in native cells are similar
to those we found operating in tsA-201 cells. The work by De La Mata, Tajada,
O'Dwyer, Matsumoto, Dixon, Hariharan, Moreno and Santana (277) suggests that in
hESC-CMs, Cav1.2 cluster sizes and densities increased from the induction of
differentiation until day 30. Interestingly, the channel cluster sizes and densities
achieved at this time point were similar to those in adult ventricular myocytes, raising
the possibility that they had reached an intrinsically-defined level of steady-state
expression and clustering. Regardless of whether a steady state had been reached or

not, these hESC-CM data suggests that the rates of cluster nucleation, growth, removal,
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and thus channel membrane dwell times are likely different among cells at different
levels of differentiation. A testable hypothesis is that the membrane dwell time of
channels is higher in rapidly dividing cells like tsA-201 cells, than in fully differentiated,
non-dividing cells like ventricular myocytes, and that upon stimulation (e.g., autonomic
nervous system, physiological and pathological hypertrophy) changes in gene
expression, channel delivery, recycling and/or protein degradation could increase

channel dynamics.

Another key question raised by our study is whether membrane channels are
internalized individually or through the removal of entire clusters. Our experimental data
and model simulations do not provide a definitive answer, but simulations in which
channels were exclusively removed one at a time predicted the formation of a large
number of macro-clusters with parameters similar to those used to reproduce
experimental data from cardiac myocytes, smooth muscle cells, neurons, and tsA-201
cells. Yet, macro-clusters predicted by the model were not observed experimentally.
Accordingly, we modified the model so that channel internalization would be stochastic
and involve individual channels as well as channel clusters of varied sizes. Considering
that the area of an endocytic vesicle could range from 1200 to 1.26 x10% nm? and the
mean cluster areas reported here range from about 1900 to 3700 nm? this assumption

seems reasonable. Future experiments will be required to test this hypothesis.

Finally, while our data reveal that in smooth muscle and tsA-201 cells, channels are

clustered randomly throughout the entire cell surface, it is important to mention that
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variations in channel expression both between and within cells are commonly observed
and reported. To cite just a few examples, Nav1 channels are highly concentrated in the
nodes of Ranvier of myelinated axons, but largely absent from the internodal membrane
(274), Cav1.2 channel are preferentially expressed in along the T-tubules of ventricular
myocytes (240), the Na*/H* exchanger is absent from the T-tubules (275), and the
Na*/K*a2ATPase proteins are distributed preferentially in the T-tubules and surface
sarcolemma (276). While these regional variations in channel expression may seem
incompatible with our model, they could still be the result of a stochastic, self-assembly
process operating within a restricted cellular domain. For example, our data suggest
that Cav1.2 channel clusters are stochastically self-assembled along the T-tubules of
ventricular myocytes, but not throughout the entire cell. These seemingly contradictory
observations can be reconciled by proposing that there may be variations in Py, Py, or
Pr in different compartments of the same cell that lead to stochastic self-assembly of
clusters therein. The possibility of regional variations in Pp, Py, and P, should be

addressed in further studies.

In summary, we have provided a set of experimental measurements and computer
simulations that support the hypothesis that the formation of ion channel clusters in the
surface membrane of excitable cells reflects the operation of a stochastic self-assembly
process without the involvement of any active mechanism of aggregation, such as
agrin-induced recruitment of acetylcholine receptors into the post-synaptic motor
endplate (277), ankyrin G-mediated clustering of voltage-gated Na* channels and Kv7

channels et nodes of Ranvier (278), and Kv2 channel clustering by VAPA and VAPB
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proteins (279, 280). Indeed, our data are consistent with the view that membrane
channel clustering is the default organization for multiple types of channels in the
surface membranes of four different cell types. Notably, our model incorporates a self-
regulating mechanism that assumes a feedback process between channel number and
channel cluster formation. Our model may be broadly applicable to the distributions of
many different types of membrane (bound proteins and channels) in health and disease
states. We certainly cannot rule out the possibility that one or more proteins will be
found that are not randomly distributed along the surface membrane. Whether or not
there is a functional consequence of clustering for all the types of ion channels, as we
have found for Cav1.2, Cav1.3, BK, and TRPV4 channels, remains an open question,

but a very important one.
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Table 2.1 Feedback model parameters and initial conditions.

Cav1.2 0.0004 0.0 0.0011666 0.00000 0.001 0.000 0.00000 0.004375 0.000194
5 7 67 2 8 3 0225 44

TRPV4 0.0004 0.0 0.0011666 0.00000 0.000 0.000 0.00000 0.004375 0.000106
7 67 2 5 3 5921 06

Table 2.2 Summary of experimental super-resolution data.

Smooth muscle

Cav1.2 2488 + 140 97+04
TRPV4 1834 + 117 7.8+0.2
BK 3008 + 223 9.2+0.5
Cardiac muscle

Cav1.2 2555 + 82 219+1.5
Hippocampal neurons

Cav1.3 3660 + 80 23.3+1.8
tsA-201 cells*

Cav1.2 1566 + 148 546 +5.7
Cav1.3s 2119+ 73 15.8+4.3
Cav1.3L 2543 + 50 149143
TRPV4 1605 + 212 73.4+8.9




Table 2.3 Summary of in silico steady-state data.

Cluster density
2
on Cluster area (nm?) (clusters/um?) Steady state Py, Pr, Pn
channel
Short Long il Long dwell Short Long
. dwell dwell > ) =
dwell time . . time dwell time dwell time
time time
Smooth muscle
Py =01 Py =0.01
Pr= Pr =
Cavl.2 2481 2479 97 97 0.0012803 0P'0901 609
Pn= n
0.000043648 8'0000051 963
Py=0.1 Py =0.01
Pr= Pr=
TRPV4 1819 1851 7.8 7.8 0.0020398 0.00027071
Pn = Pn
0.000039526 | =0.000004824
gg;m Py =0.01
BK 2981 3030 9.2 9.24 0.00097263 g"’f 0.000119
Pn= n-
0.000036651 0.000004355
Cardiac muscle
Py=0.1 Py =0.01
Pr= Pr=
Cav1.2 2559 2543 21.9 21.8 0.0010796 0.00013367
Pn= Pn=
0.00011952 0.000014258
Hippocampal neurons
Py =01 Py =0.01
Pr= Pr =
Cavi3 3657 3697 232 234 0.00052117 8'0000629539
Pn=
Pn=
0.0001249 | ( 500014666
tsA-201 cells
Py=005 | po 7009
Pr= R=
Cavl.3s 2103 2127 17.1 15.8 0.00086217 %09010066
Pn= n-
0.000044351 2'0000047631
Py =0.05 Py =0.005
Pr= Pr=
Cav1.3L 2539 2558 14.8 15.0 0.00058827 0.0000787855
Pn= Pn=
0.000036252 | 0.0000042249
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Chapter 3: The formation of Kv2.1 macro-clusters is required for sex-specific

differences in Cay1.2 clustering and function in arterial myocytes

3.1 Abstract

In arterial myocytes, the canonical function of voltage-gated Cav1.2 and Kv2.1 channels
is to induce myocyte contraction and relaxation through their responses to membrane
depolarization, respectively. Paradoxically, Kv2.1 also plays a sex-specific role by
promoting the clustering and activity of Cay1.2 channels. However, the impact of Kv2.1
protein organization on Cav1.2 function remains poorly understood. We discovered that
Kv2.1 forms micro-clusters, which can transform into large macro-clusters when a
critical clustering site (S590) in the channel is phosphorylated in arterial myocytes.
Notably, female myocytes exhibit greater phosphorylation of S590 and macro-cluster
formation compared to males. Contrary to current models, the activity of Kv2.1 channels
seems unrelated to expression density in arterial myocytes. Disrupting the Kv2.1
clustering site (Kv2.1s5904) eliminated Kv2.1 macro-clustering and sex-specific
differences in Cav1.2 cluster size and activity. We propose that the degree of Kv2.1

clustering tunes Cav1.2 channel function in a sex-specific manner in arterial myocytes.

3.2 Introduction
Activation of dihydropyridine-sensitive, voltage-gated L-type Cav1.2 channels plays a
crucial role in the development of myogenic tone (287), a process of autoregulation that

enables arteries to regulate their diameter in response to changes in intravascular

101



pressure (282). This mechanism, independent of neural or hormonal influences, is

critical to maintain constant blood flow despite changes in blood pressure.

The current model of the myogenic response proposes that mechanical stretch of the
membrane leads to the activation of TRPC6 (90), TRPM4 (283), and TRPP1/2 (PKD2)
(97) channels, which depolarizes arterial myocytes, activating Cav1.2 channels (287).
Activation of a single or a small cluster of Cay1.2 channels results in a local increase in
intracellular Ca?* concentration ([Ca?*]i) termed a “Cav1.2 sparklet” (92, 93, 284).
Summation of multiple Cav1.2 sparklets leads to a global increase in [Ca?*]; that triggers

muscle contraction.

Cav1.2 channels form clusters in the plasma membrane via a stochastically self-
assembly mechanism (285). Cav1.2 channels within these clusters can gate
cooperatively in response to Ca?*-driven physical interactions of adjacent channels
(143, 240). Cav1.2 channels in this configuration allow for larger Ca?* influx compared
to random, independent openings of individual channels. In vascular smooth muscle,
cooperative gating of Cav1.2 channels has been estimated to contribute up to ~50% of

Ca?* influx during the development of myogenic tone (94).

One route of negative feedback regulation of membrane depolarization and Ca?* influx
via Cav1.2 channels occurs through the depolarization-mediated activation of delayed
rectifier voltage-gated Kv2.1 channels (705, 286). In its canonical role, Kv2.1 proteins in

arterial smooth muscle cells form ion conducting voltage-gated K* channels whose
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activation results in membrane potential hyperpolarization in these cells, thereby
affecting myocyte [Ca?*]; and myogenic tone (705). Until recently, the accepted role of
Kv2.1 protein in arterial myocytes was to form K* conducting channels. However, our
recent work suggests that that only about 1% of the Kv2.1 channels in the plasma
membrane of arterial smooth muscle are conductive (287). Indeed, a growing body of
evidence suggests that Kv2.1 proteins have dual conductive and structural roles in the

surface membrane of smooth muscle cells and neurons (287-289).

In neurons and HEK293T cells, Kv2.1 is expressed in large macro-clusters (161, 170,
279, 288, 290-292). A 26 amino acid region within the C-terminus of the channel called
the proximal restriction and clustering (PRC) domain was determined to be responsible
for this expression pattern (764). The high-density clustering of Kv2.1 channels is
influenced by phosphorylation of serine residues within the PRC domain (293-2995).
Additionally, in heterologous expression systems, the majority of Kv2.1 channels within
macro-clusters are considered non-conductive (168, 170, 290). Little to no channel
activity was detectable within Kv2.1 clusters, whereas currents could be recorded in
areas with diffuse Kv2.1 expression (770). One of the structural roles of Kv2.1 is to
promote clustering of Cav1.2 channels, thus increasing the probability of Cav1.2-to-

Cav1.2 interactions within these clusters (288, 289).

Both, the conductive and structural roles of Kv2.1, depend on the level of expression of

this protein, which in arterial myocytes varies with sex (287). In female myocytes, where

expression of Kv2.1 protein is higher than in male myocytes, Kv2.1 has both conductive
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and structural roles. Female myocytes have larger Cav1.2 clusters, [Ca?*];, and
myogenic tone than male myocytes. In contrast, in male myocytes, Kv2.1 channels

regulate membrane potential, but not Cav1.2 channel clustering.

Based on these data, a model was proposed in which Kv2.1 function varies with

sex(287). In males, Kv2.1 channels primarily control membrane potential, but in female
myocytes Kv2.1 plays dual electrical and Cav1.2 clustering roles. Currently, it is unclear
whether the conductive and structural functions of Kv2.1 in native arterial myocytes rely

on its clustering ability, and if this relationship is sex-dependent.

In this study, we tested the hypothesis that conductive and structural roles of Kv2.1
channels in male and female arterial myocytes depend on their capacity to form clusters
in studies of WT and S586A mutant rat Kv2.1 channels expressed in heterologous cells,
and in arterial myocytes from a novel gene edited knock-in mouse expressing the
S590A mutation. We focused on serine 586 within the PRC domain (amino acids 573-
598) of rat Kv2.1 because a point mutation changing this amino acid to a non-
phosphorylatable alanine decreases the Kv2.1 clustering phenotype (764). This
corresponds to a S590A point mutation in the mouse Kyv2.1 channel. Our data show that
Kv2.1 is expressed into large macro-clusters composed of micro-clusters that can only
be resolved with super-resolution microscopy. The Kv2.1ssg6a point mutation nearly
eliminated Kv2.1 macro-clusters but had a minimal impact on micro-clusters. Notably,
we find that Kv2.1 channel function is not dependent on its ability to form macro-clusters

in arterial myocytes of either sex. Rather, Kv2.1 macro-clustering enhances Cav1.2
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channel clusters and activity. Based on these results, we propose a new model in which
macro-clustering of Kv2.1 in arterial myocytes alters Cav1.2 channel organization and

function in a sex-specific manner but has no impact on its conductive function.

3.3 Materials and Methods

3.3.1 Generation of the CRISPR/Cas9-edited Kv2.1s590a (KCNB1 S590A) knock-in
mouse

The KCNB1 S590A mutation changes a AGC codon to GCC in Exon 2, thus converting
a serine to an alanine (S590A) in the Kv2.1 polypeptide. The knock-in mouse was
generated in collaboration with the UC Davis Mouse Biology Program by using
Crispr/CAS mediated homology directed repair. KCNB1 S590A mice were generated by
introducing a mixture of gRNA (15 ng/L), single-stranded oligodeoxynucleotide (ssODN)
repair template and Cas9 protein (30 ng/pL) by pronuclear microinjection into C57BL/6J
mouse zygotes. Twenty zygotes were injected and implanted into the oviducts of one
surrogate dam. A total of 6 pups were born, and genomic DNA was extracted from tail
biopsies followed by PCR amplification using a specific primer set to identify a single
male founder (FO). DNA-Seq analysis was used to confirm the mouse genotype. The
correctly integrated single mutant FO male mouse was further backcrossed with WT
C57BL/6J female mice to produce offspring (F1) followed by intercrossing for two
additional generations to obtain KCNB1 S590A heterozygotes which were used for
breeding. Heterozygous and homozygous mutants were identified by a PCR genotyping

protocol.
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3.3.2 Animals
Mice were euthanized with a single, lethal dose of sodium pentobarbital (250 mg/kg)
intraperitoneally. All experiments were conducted in accordance with the University of

California Institutional Animal Care and Use Committee guidelines.

3.3.3 Arterial myocyte isolation

Third and fourth order mesenteric arteries were carefully cleaned of surrounding
adipose and connective tissue, dissected out, and placed in ice-cold dissecting solution
(Mg?*-PSS; 5 mM KClI, 140 mM NaCl, 2mM MgClz, 10 mM glucose, and 10 mM
HEPES) adjusted to pH 7.4 with NaOH. Arteries were first placed in dissecting solution
supplemented with 1.23 mg/ml papain (Worthington Biochemical, Lakewood, NJ) and 1
mg/ml DTT at 37°C for 14 min. This was immediately followed by a five-min incubation
in dissecting solution supplemented with 1.6 mg/ml collagenase H, 0.5 mg/ml elastase
(Worthington Biochemical), and 1 mg/ml trypsin inhibitor from Glycine max at 37°C.
Arteries were rinsed three times with dissection solution and single cells obtained by
gentle trituration with a wide-bore glass pipette. Myocytes were maintained at 4°C until

used.

3.3.4 HEK293T cell culture and transfection

HEK293T (AATC #CRL-3216) cells were cultured in Dulbecco’s Modified Eagle Medium
(Gibco #11955) supplemented with 10% fetal bovine serum (Gibco #26140) and 1%
penicillin/streptomycin (Gibco #15140122) and maintained at 37°C in a humidified 5%

CO. atmosphere. Cells were transiently transfected using JetPEI (Polyplus Transfection
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#101000053) according to manufacturer’s protocol and passaged 24 hours later onto 25
mm square #1.5 coverslips or 18 mm square collagen coated #1.5 coverslips (Neuvitro
Corporation #GG-18-15-Collagen) for GSD experiments. Plasmids encoding DsRed-
Kv2.1wT, DsRed-Kv2.1ss586a, DSRed-Kv2.1p40aw, and DsRed-Kv2.1p404w, ss86a Were
previously described(279, 289). mScarlet-tagged versions of these plasmids were
generated by GenScript, replacing the sequence encoding dsRed with sequence
encoding mScarlet(296). For the bimolecular fluorescence experiments, cells were
transfected with the pore-forming subunit of the rabbit Cav1.2 (a1c, kindly provided by
Dr. Diane Lipscombe; Brown University, Providence, RI) with the carboxy tail fused to
either the N-fragment (VN) or the C-fragment (VC) of the Venus protein (27097, 22011;
Addgene, Cambridge, MA), auxiliary subunits Cava20, Cavps (kindly provided by Dr.
Diane Lipscombe, Brown University, Providence, RI) and either DsRed-Kv2.1ps0sw Or
DsRed-Kv2.1p40aw, sssea-dsRed. HEK293T cells were transfected with Cay1.2-VN,

Cav1.2-VC, Cava20, Ca Bz and DsRed-Ky2.1-dsRed in a 1.0:1.0:1.0:1.5:0.4 ratio.

3.3.5 Live cell confocal imaging

HEK293T cells transfected with 200 ng of mScarlet-Kv2.1wr or mScarlet-Kv2.1ss86a and
seeded onto 25-mm square 1.5 coverslips approximately 16 hours before experiments.
Imaging was performed in Tyrode Il solution consisting of (in mM) 140 NacCl, 5.4 KCl, 1
MgCl2, 1.8 CaCly, 5 HEPES, and 5.5 glucose, pH 7.4 with NaOH. Cells were imaged
with an Olympus Fluoview 3000 confocal laser-scanning microscope equipped with an
Olympus Plan-Apochromat 60x oil immersion lens (NA = 1.40). Image stacks were

analyzed using Imaris software.
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Stacks of images were analyzed using Imaris 10 (Andor, Belfast). Briefly, Kv2.1-
associated mScarlet signal was mapped to x/y/z centroid co-ordinates in each image
stack using the Spots tool. Spots were assigned to all signal surpassing a fixed signal
threshold and restricted to puncta greater than 100 nm (x/y) and 150 nm diameter (z),
such that any bright signal with a volume greater than two voxels was identified as a
Kv2.1 cluster. ‘Region Growing’ was utilized (with a fixed manual threshold) to apply
variable sizing to Kv2.1 Spots, in line with the volume and brightness of mScarlet
puncta. Finally, the Cell segmentation function was used to estimate cell boundaries

based on low-intensity mScarlet signal and obtain an approximate cell volume.

3.3.6 Kv2.1 immunofluorescence immunocytochemistry

Immunofluorescence labeling was performed on freshly dissociated arterial myocytes.
Cells were left to adhere for one hour at room temperature prior to fixation, fixed with
4% formaldehyde (Electron Microscopy Sciences #50980487) diluted in phosphate-
buffered saline (PBS) (Fisher Scientific, Hampton, NH) for 15 minutes at room
temperature, washed, and incubated with 50 mM glycine (BioRad, Hercules, CA) for 10
min to reduce aldehydes. The surface membrane was stained with wheat germ
agglutinin (WGA) Alexa Fluor 488 (1 uM, ThermoFisher #/N11261) for 10 minutes at
room temperature followed by washing. Cells were then incubated in blocking buffer
made of 3% w/v bovine serum albumin and 0.25% Triton X-100 in PBS, followed by
incubation with mouse anti-Kv2.1 (mAb K89/34; RRID: AB_2877280; NeuroMab, Davis,

CA, 1:200) diluted in blocking buffer for one hour at room temperature. Myocytes were
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washed, incubated at room temperature for one hour with Alexa Fluor 647-conjugated
donkey anti-mouse IgG diluted in blocking buffer (2 ug/ml, Molecular Probes, Cat
#A31571) followed by washes in PBS. For experiments investigating Kv2.1
phosphorylation state, double labeling was performed with the mouse anti-Kv2.1 pS590
phosphospecific mAb L100/1(297) together with rabbit anti-Kv2.1 (KC(292); Trimmer
laboratory, RRID:AB_2315767; 1:100). Myocytes were washed, incubated at room
temperature for one hour with Alexa Fluor 568-conjugated goat anti-mouse IgG (2
pug/ml, Molecular Probes, Cat #A11004) and Alexa Fluor 647-conjugated donkey anti-
rabbit 1IgG (2 pg/ml, Molecular Probes, Cat #A31571) diluted in blocking buffer followed
by washes in PBS. All washes were performed with PBS three times for 10 minutes.
Coverslips were mounted onto microscope slides in Vectashield mounting medium
(Vector Labs) and sealed with clear nail polish. Images were collected on a Dragonfly
200 spinning disk confocal (Andor), coupled to a DMi* Leica microscope (Leica,
Wetzlar, Germany) equipped with a 60x oil immersion objective (NA = 1.40) and
acquired using an Andor iXon EMCCD camera. Images were collected via Fusion
software, in optical planes with a z-axis of 0.13 um/step. Image files were analyzed

using Imaris.

Image stacks were segmented and analyzed in Imaris 10. WGA-488 signal was
background-subtracted and a fixed threshold applied to consistently map the plasma
membrane, using the Surfaces tool. Alexa Fluor-647 signal (denoting Kv2.1 puncta) was

assessed using the Spots tool, as described above. Spots marking Kv2.1 clusters were
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categorized into internal and plasma membrane-restricted components, with the latter

utilized for analysis.

3.3.7 Super-resolution microscopy

HEK293T cells transfected with 200 ng mScarlet-Kv2.1wt or mScarlet-Kv2.1ssgea-
mScarlet and arterial myocytes were plated onto collagen coated glass coverslips
(Neuvitro Corporation, #GG-18-1.5-Collagen) followed by fixation with 3% formaldehyde
and 0.1% glutaraldehyde diluted in PBS for 15 min at room temperature. After washing
with PBS, cells were incubated with 50 mM glycine (BioRad, Hercules, CA) for 10 min to
quench aldehydes. Cells were washed and incubated for one hour at room temperature
with a blocking buffer made with 3% w/v BSA and 0.25% Triton X-100 in PBS. Cells
were then incubated with either mouse anti-Kv2.1 (HEK293T experiments, mAb K89/34;
RRID: AB_2877280; UC Davis/NIH Neuromab Facility, Davis, CA; 1:20) or mouse anti-
Cav1.2 (arterial myocytes experiments, mAb L57/23; RRID: AB_2802123; 1:5). After
extensive washings with PBS (three quick washes followed by three 30-min washes),
cells were incubated at room temperature for one hour with Alexa Fluor 647-conjugated
goat anti-mouse diluted in blocking buffer to a concentration of 2 yg/ml and afterwards

extensively washed with PBS.

The imaging buffer contained 10 mM MEA, 0.56 mg/ml glucose oxidase, 34 ug/ml
catalase, and 10% w/v glucose in TN buffer (200 mM Tris-HCI pH 8, 10 mM NaCl). A
super resolution ground state deletion system (SR-GSD, Leica, Wetzlar, Germany)

based on stochastic single-molecule localization was used to generate super-resolution
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images of Cay1.2 and Kv2.1 labeling. The Leica SR-GSD is a Leica DMI6000B TIRF
microscope system equipped with a 160x HCX Plan-Apochromat (NA 1.43) oil-
immersion lens and an EMCCD camera (iXon3 897, Andor Technology, Belfast, United
Kingdom). Fluorophores were excited with a 642 nm laser (used for both pumping to the
dark state and image acquisition). For all experiments, the camera was running in
frame-transfer mode at a frame rate of 100 Hz (11 ms exposure time). Fluorescence
was detected through Leica high power TIRF filter cubes (488 HP-T, 532 HP-T, 642 HP-
T) with emission band-pass filters of 505-605 nm, 550-650 nm, and 660-760 nm. A total
of 35,000 images were collected per cell and used to construct the super resolution
localization images. Fluorescence signals in each image were fit with a 2D Gaussian
function which localized the coordinates of centroids of single molecule fluorescence
within the LASAF software (Leica). Images were rendered at 20 nm/pixel (normalized
Gaussian mode), threshold (# photons/event) using the GSD software and exported as
binary TIF images. Particle analyses were determined in ImagedJ. Representative

images were rendered down to 2 nm for visualization purposes.

To accomplish the Gaussian blur, the GSD generated pixel in an image was replaced
by a weighted average of 200 nm of its neighboring pixels. The amount of blur applied
to the image was controlled by the size of the kernel, which determines the radius of the
neighboring pixels used in the calculation, such that the larger the kernel, the more

pixels are included in the calculation, and the stronger the blur effect.

3.3.8 Quantitative PCR
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Total RNA was isolated using the RNeasy Mini Kit (Qiagen) as per manufacturer’s
instructions. Isolated mRNA was then reverse transcribed using the AffinityScript gqPCR
cDNA Synthesis Kit (Agilent) following manufacturer’s protocol. Quantitative PCR
(qPCR) analysis was performed using a QuantStudio 7 Pro Real-time PCR System
(Applied Biosystems), using PowerUP SYBR Green Master Mix (Thermo Fisher
Scientific) as the fluorescence probe. The cycling conditions were 50°C for 2 minutes
and 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 s and 56°C for 1 minute.
A dissociation curve protocol (ramping temperatures between 60°C and 95°C) was

added at the end to verify amplification specificity of each gPCR reaction.

Specific primers were designed in this experiment, including B-actin (NM_007393.5):
sense nt (895-914): CCAGCCTTCCTTCTTGGGTA, antisense nt (989-967):
AGAGGTCTTTACGGATGTCAACG,; and Cav1.2 (NM_009781.4): sense nt (5-23):
CTGAAAGCAGAAGCTCGGA, antisense nt (181-163): CATTGTGGCTTCCAGTTGG.
Primer efficiencies were tested to be in between 90% and 110%. The relative

abundance of Cay1.2 transcript was normalized to -actin transcript expression.

3.3.9 Proximity Ligation Assay

A Duolink In Situ PLA kit (Sigma) was used to detected Kv2.1-Kv2.1 and Kv2.1-Cay1.2
complexes in freshly isolated mesenteric arterial myocytes. All protocols post incubation
of primary antibodies were followed in accordance with the manufacturer’s instructions.
Briefly, cells were plated on glass coverslips and allowed to adhere for 1 hour at room

temperature. Cells were fixed with 4% paraformaldehyde for 20 minutes, quenched in
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10mM glycine for 15 min, washed in PBS two times for three minutes, and
permeabilized 20 minutes in 0.1% Triton X-100. After blocking for 1 hour at 37°C in
Duolink Blocking Solution, cells were incubated overnight at 4°C using the following
primary antibodies: mouse anti-Kv2.1 (mAb K89/34; RRID: AB_2877280; UC Davis/NIH
Neuromab Facility, Davis, CA; 1:200), rabbit anti-Kv2.1 (KC(292); RRID:AB_2315767;
1:100) and rabbit anti-Cav1.2. The anti-Cav1.2 rabbit polyclonal antibody “Cav1.2 II-llI”
was generated by immunizing two New Zealand white rabbits with a His-tagged
recombinant protein fragment corresponding to a.a. 785-900 of mouse Cay1.2
(accession number Q01815). Antibodies were affinity purified from serum on
nitrocellulose strips containing the Cav1.2 lI-lll His-tagged recombinant protein fragment
following the method of Olmsted(298). Cells incubated with only one primary antibody
served as negative controls. Secondary oligonucleotide-conjugated antibodies (PLA
probes: anti-mouse MINUS and anti-rabbit PLUS) were used to detect Kv2.1 and
Cav1.2 interactions. Fluorescent signal was detected using an Olympus FV3000
confocal microscope equipped with a 60x oil immersion lens (NA = 1.40). Images were
collected with a z-axis of 0.5 pm/step optical planes. Stacks of images were combined

in ImagedJ and used for analysis of puncta/um? per cell.

3.3.10 Patch-clamp electrophysiology

All electrophysiological recordings were acquired at room temperature using an
Axopatch 200B amplifier and Digidata 1440 digitizer (Molecular Devices, Sunnyvale,
CA). Borosilicate patch pipettes were pulled and polished to resistances of 3-6 MQ

using a micropipette puller (model P-97, Sutter Instruments, Novato, CA).

113



lkv2.1 was measured in arterial myocytes using conventional whole-cell voltage-clamp
electrophysiology at a frequency of 50 kHz and low-pass filter of 2 kHz. Cells were
continuously perfused with an external solution containing (in mM) 130 NaCl, 5 KCI, 3
MgCl2, 10 glucose, and 10 HEPES adjusted to pH 7.4 with NaOH. Micropipettes were
filled with an internal solution containing (in mM) 87 K-aspartate, 20 KCI, 1 CaCly, 1
MgClz2, 5 MgATP, 10 EGTA, and 10 HEPES pH 7.2 with KOH. A liquid junction potential
of 13 mV was corrected for offline. To measure current-voltage relationships, cells were
subjected to a series of 500 ms test pulses increasing from -70 mV to +70 mV. In order
to isolate the RY785-sensitive Kv2 current, cells were first bathed and recorded in
external solution. Cells were then exposed to 1uM RY785 (MedChemExpress) to inhibit
Kv2.1 activity. RY785-sensitive currents were calculated by subtracted the RY785

exposed traces from the composite Ik traces.

lca was measured in isolated arterial myocytes using conventional whole-cell
electrophysiology. Currents were measured at a frequency of 50 kHz and low-pass
filtered at 2 kHz. Myocytes were continuously bathed in an external solution with (in
mM) 115 NaCl, 10 TEA-CI, 0.5 MgClz, 5.5 glucose, 5 CsCl, 20 BaCl,, and 10 HEPES
adjusted to a pH of 7.4 using CsOH. Micropipettes were filled with (in mM) 20 CsCl, 87
aspartic acid, 1 MgClz, 10 HEPES, 5 MgATP, and 10 EGTA adjusted to pH 7.2 via
CsOH. A voltage error of 9.4 attributed to the liquid junction potential of the recording

solutions was corrected for offline. Cells were exposed to a series of 300 ms
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depolarizing pulses from a holding potential of -70 mV to test potentials ranging from -

70 mV to +60 mV to attain current-voltage relationships.

3.3.11 Bimolecular fluorescence complementation

Spontaneous interactions of Cav1.2 channels were assayed using biomolecular
fluorescence complementation. HEK293T cells were transfected with Cay1.2 channels
tagged at their C-terminus to either a non-fluorescent N-(VN(1-154, 1152L)) or C-
terminal (VC( 155-238, A206K)) halves of a ‘split’ Venus fluorescent protein. When
Cav1.2-VN and Cay1.2-VC are brought close enough together to interact, the full Venus
protein can fold into its functional, fluorescent conformation. The scale of Venus
fluorescence emission can therefore be an indicator of Cayv1.2-Cay1.2 interactions.

Venus fluorescence was monitored using TIRF microscopy.

For whole-cell current recordings from HEK293T cells, pipettes were filled with a
solution containing (mM) 84 Cs-aspartate, 20 CsClI, 1 MgCl2, 10 HEPES, 1 EGTA, and 5
MgATP adjusted to pH 7.2 using CsOH. HEK293T cells were continuously perfused
with an external solution comprising of (in mM) 5 CsClI, 10 HEPES, 10 glucose, 140

NMDG, 1 MgClz, and 20 CaCl, with a pH of 7.4 (HCI).

3.3.12 Cav1.2 sparklets
Ca?* sparklets were recorded using a through-the-lens TIRF microscope built around an
inverted microscope (1X-70; Olympus) equipped with a Plan-Apochromat (60X; NA 1.49)

objective (Olympus) and an electron-multiplying charge-coupled device (EMCCD)
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camera (iXON; Andor Technology, UK). Myocytes were loaded via the patch pipette
with a solution containing (in mM) 0.2 Fluo-5F (Invitrogen # F14221), 87 Cs-aspartate,
20 CsCl, 1 MgClz, 5 MgATP, 10 HEPES, 10 EGTA, pH 7.2 with CsOH. Cells were
perfused in an external solution containing 140 NMDG, 5 CsClI, 51 MgCl2, 10 glucose,
10 HEPES, 2 CaCly, pH 7.4 with HCI. After obtaining a GQ seal in 2mM Ca?* external
solution, the cell was broken into and allowed to dialyze for 3 minutes. The external
solution was exchanged with a solution containing (in mM) 120 NMDG, 5 CsCl, 1 MgClz,
10 glucose, 10 HEPES, 20 CaCly, pH 7.4 with HCI. Images for the detection of sparklets
were recorded at a frequency of 100 Hz using TILL Image software. Cells were held to a
membrane potential of =70 mV using the whole-cell configuration of the patch-clamp
technique. Sparklets were automatically detected and later analyzed using custom

software (Source code 2) written in MATLAB (RRID:SCR_001622) as previously

described (240).

3.3.13 In silico modeling
Simulations were performed using the Sato et al. (285) and Hernandez-Hernandez et al.
(299) mathematical models for cluster formation and smooth muscle electrophysiology,

respectively.

3.3.14 Chemicals and statistics
All chemical reagents were acquired from Sigma-Aldrich (St. Louis, MO) unless
otherwise stated. Data was expressed as mean + SEM and analyzed using GraphPad

Prism software. Statistical significance was determined using appropriate paired or
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unpaired T-tests, non-parametric tests, or one-way analysis of variance (ANOVA). P <

0.05 was considered statistically significant and denoted by * in the figures.

3.4 Results

3.4.1 Kv2.1 macro-clusters are composed of micro-clusters of Kv2.1 and are
declustered by the Kv2.1s586a mutation

We began our study by determining the spatial distribution in heterologous cells of
exogenously expressed wild-type rat Kv2.1 (Kv2.1wt) channels and Kv2.1 channels in
which serine at position 586 was mutated to an alanine (Kv2.1ssgea) using confocal and
super-resolution ground state depletion (GSD) microscopy (Figure 3.1). Both channels

were tagged at their N-terminus with the red-shifted fluorescent protein mScarlet.

Figure 3.1A shows confocal maximum intensity projection images of 3D reconstructions
of representative HEK293T cells expressing Kv2.1wr (left) and Kv2.1ssgea (right). To the
right of each image, we show single plane images from the bottom (top panel) and
center (bottom panel) of each cell. Figure 3.1B-E shows a quantitative analysis of the
number and volume of Kv2.1 clusters from these 3D confocal images. The frequency
distributions of Kv2.1wr (black) and Kv2.1sssea (blue) cluster volumes could be fit with a
single exponential function. Of note, the number of clusters were smaller in most
volume bins for the Kv2.1ss586a mutation compared to Kyv2.1wt. For example, in the same
number of cells (n = 7), we detected a total of 6,344 Kv2.1wr clusters, but only 3,335
Kv2.1ss586a Clusters. The number of clusters per cell was 594.4 + 52.7 in Kv2.1wt

(median = 542 clusters) and 318.2 + 42.7 clusters in Kv2.1ssg6a (median = 299 clusters)
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(P =0.0003) (Figure 3.1C). The total cluster volume per cell of Kv2.1wt was 50.8 £ 5.7
um? (median = 47.8 um?3) compared to 25.4 + 4.7 um? in cells expressing Kv2.1ssssa
(median = 19.8 um3) (P = 0.001) (Figure 3.1D). Interestingly, the mean cluster volumes
were not significantly different between Kv2.1wr channels at 0.09 + 0.01 ym? (median =
0.08 um?3) and Kv2.1ssgsa at 0.09 + 0.01 ym?® (median = 0.08 um?®) (Figure 3.1E). These
data suggest that Kv2.1wt channels are expressed into clusters and that Kv2.1ssgea

expression is more diffuse and exhibits a more uniform distribution.
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Figure 3.1 Kv2.1 macro-clusters are declustered into micro-clusters with the
Kv2.1s586a point mutation. (A) Confocal maximum intensity projection images of
HEK293T cells transfected with Kv2.1wr (left) or Kv2.1sss6a (right) tagged with mScarlet.
Insets show single plane images of the bottom or center of each cell. (B) Number of
Kv2.1 cluster volumes of Kv2.1wr (black) and Kv2.1ssgea (blue) in transfected HEK293T
cells. Insets quantify relative frequency histograms as a percentage of Kv2.1 volumes.
Plots representing (C) number of clusters per cell, (D) total cluster volume per cell, and
(E) mean cluster volumes. (F) Representative super-resolution GSD images of
immunolabeled Kv2.1 channels in transfected HEK293T cells. Insets show 4 ym?
regions of interest. Red overlay depicts Gaussian blur. Cyan lines indicate distances of
greater than 200 nm while yellow arrows represent distances less than 200 nm. (G)
Number of clusters of Kv2.1wr (black) and Kv2.1ssgea (blue) by cluster area in
transfected HEK293T cells. Insets quantify relative frequency histograms as a
percentage of Kv2.1 areas. (H) Summary plot of mean Kv2.1 cluster areas from super-

resolution images. *P < 0.05, **P < 0.01, ***P < 0.001. Error bars indicate mean + SEM.

Figure 3.1F provides representative super-resolution GSD TIF images (lateral
resolution = 40 nm) from representative cells expressing Kv2.1wt or Kv2.1ss86a. Note
that data are provided on an area basis since we are imaging a single plane footprint of
the cell in contrast to capturing multiple Z-slices. We also provide two regions of interest
(boxed areas) by each image. Kv2.1wr and Kv2.1sssea channels are organized into
clusters of varied sizes (Figure 3.1G), and consistent with the lower resolution confocal

data, the distribution of Kv2.1ss86a channel clusters was more diffuse than that of

120



Kv2.1wr. It should be noted that the regions of interest (ROI) of our GSD images reveal
that the macro-clusters observed at the confocal level are, in fact, made up of numerous

micro-clusters.

To increase our confidence in this observation, we utilized a Gaussian blur (shown in
red) to decrease the resolution of the GSD signal to match that of confocal microscopy.
Cyan arrows indicate distances greater than 200 nm between signals produced by
GSD, while yellow arrows indicate distances less than 200 nm (Figure 3.1F, insets).
Notably, our GSD image with a Gaussian blur accurately reproduced the clustering
phenotype of Kv2.1wr at the confocal level, providing further evidence that macro-
clusters are composed of micro-clusters. Although we do not observe the large macro-

clusters in Kv2.1ss86a €xpressing cells, we can still resolve Kv2.1 micro-clusters.

The frequency distribution of the cluster areas of Kv2.1wr and Kv2.1ss86a Obtained from
GSD imaging could both be fit with an exponential function (Figure 3.1G). The mean
cluster area of Kv2.1wr was 2634 + 143 nm? (median = 2568 nm?), larger than that of
Kv2.1ss86a channels which was 1860 + 104 nm? (median = 1907 nm?) (P = 0.0003)
(Figure 3.1H). This is likely due to the absence of larger clusters in cells expressing
Kv2.1ss86a. Notably, cluster density was 41 + 5 clusters per micron and 29 * 4 clusters

per micron for Kv2.1 and Kv2.1ssgea, respectively.

Our finding that the size distributions of Kv2.1wt and Kv2.1ssssa clusters could be

described by exponential functions, the hallmark of a Poisson process, suggests that
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these clusters are formed stochastically (300). To test this hypothesis, we implemented
the stochastic modeling approach employed by Sato et al. (285) to determine whether
we could reproduce our cluster distributions and make testable predictions regarding
plasma membrane protein organization. As shown in Figure 3.2, our stochastic self-
assembly model effectively reproduced the steady-state size distributions that we
measured for Kv2.1wt and Kv2.1sss6a proteins embedded in the surface membrane of
HEK293T cells. The parameters used in the model are summarized in Figure 3.2C.
These in silico data suggest that in HEK293T cells, Kv2.1wt has a higher probability of
nucleation (i.e., Pn) and cluster growth (i.e., Pg) than Kv2.1ss86a channels. The

probability of channel removal (Pr) was similar.
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Figure 3.2 The distributions of Kv2.1wr and Kv2.1sss6a in HEK293T cells could be
explained by a stochastic self-assembly mechanism. (A) Histograms of
experimental (black bars) and simulated (red bars) cluster area distributions as a
relative frequency of Kv2.1wt in HEK293T cells. (B) Histograms of experimental (black
bars) and simulated (red bars) cluster area distributions as a relative frequency of

Kv2.1ss86a in HEK293T cells. (C) Summary of experimental and in silico data.

Analysis of our confocal microscopy data showed that in HEK293T cells, Kv2.1wr is
expressed in clusters of different sizes but do in fact form large macro-clusters. Using
this confocal microscopy analysis, we sought to define the size of a Kv2.1 macro-
cluster. We began with the mean cluster volume of Kv2.1wr generated in Figure 3.1E.
Our analysis provided a mean cluster volume of 0.09 ym?3. Assuming the volume of a
cluster is spherical, we extrapolated the diameter of the macro-cluster to be 560 nm.
The standard deviation of these measurements was 0.32. Thus, the mean minus 2
standard deviations provides a lower end limit with a 95% confidence and aligned with
the lateral resolution of our confocal microscopy. Accordingly, we define the lower limit
of a macro-cluster as a cluster that is larger than 0.03 um?or 326 nm in diameter, with

clusters smaller than this classified as micro-clusters.

3.4.2 Kv2.1s590a mutation does not affect overall Kv2.1 channel expression but
declusters smooth muscle Kv2.1 channels in a sex-specific manner
Next, we investigated whether, as in heterologous expression system (i.e., Figure 3.1),

Kv2.1 channels cluster in arterial myocytes and whether this clustering could be
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disrupted via mutation of critical amino acids in the PRC domain. To do this, we used
Crispr/CAS gene editing to generate a knock-in mouse line expressing the S590A point
mutation, corresponding to the S586A mutation in rat K2.1, at the KCNB1 locus of a
C57/BL6J mouse (see Methods section for a full description of how these mice were

generated).

We isolated, fixed, permeabilized, and labeled arterial myocytes from both male and
female Kv2.1wt and Kv2.1ss590a knock-in mice. We double labeled with wheat germ
agglutinin-488 (WGA488) to identify the sarcolemma and Kv2.1-specific antibodies in
male and female Kv2.1wrt and Kv2.1ss590a myocytes using confocal microscopy. Figure
3.3A and 3.3G show representative 3D images of fixed mesenteric smooth muscle cells

labeled with WGA488 and immunolabeled for Ky2.1.
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Figure 3.3 The Kv2.1s500a mutation declusters Kv2.1 channels in arterial smooth
muscle in a sex-specific manner. (A, G) Representative maximum projection images
of Kv2.1 channel clusters at the surface membrane of Kv2.1wr male (A, left), Kv2.1s590a
male (A, right), Kv2.1wt female (G, left) and Kv2.1ss90a female (G, right) myocytes.
Quantification of immunofluorescence normalized to cell volume of labeled Kv2.1 in
male (B) and female (H) myocytes. (C, 1) Relative frequency as a percentage of Kv2.1
cluster volumes from Kv2.1wt male (C, black), Kv2.1ss500a male (C, purple), Kv2. 1wt
female (I, red) and Kv2.1ss500a female (I, blue) myocytes. Summary data of Kv2.1
clusters in male myocytes showing (D, J) mean cluster volumes, (E, K) clusters per cell,
and (F, L) percent of the surface membrane occupied by Kv2.1 channels in male and
female myocytes. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Error bars indicate

mean + SEM.

We investigated whether the Kv2.1ss90a mutation leads to altered expression levels of
the channel in arterial myocytes. Our analysis showed that total, cell-wide Kv2.1-
associated fluorescence normalized to cell volume was similar in sex-matched Kv2.1wr
and Kv2.1ss590a myocytes (Figure 3.3B, H), suggesting that the Kv2.1 expression is

similar in these cells.

Further analysis of Kv2.1 clusters was restricted to those that overlapped with the WGA-
mapped plasma membrane. In both, the Kv2.1wrt and Kv2.1ss590a males, the frequency
distribution of Kv2.1 cluster sizes were similar in terms of relative values in all volume

bins and could be fit with an exponential decay function (Figure 3.3C). The mean
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cluster volume in Ky2.1wr males was 0.07 £+ 0.01 um?® (median = 0.07 yum?3) compared to
a mean of 0.07 + 0.01 ym3 (median = 0.06 pm?3) in Kv2.1ss90a male myocytes. (P =
0.338) (Figure 3.3D). Additionally, total clusters per cell of 551.6 + 71.1 clusters,
(median = 505 clusters) in Kv2.1wt male myocytes were not significantly different from
total clusters per cell of 444.2 + 33.4 clusters (median = 419 clusters) in Kv2.1ss590a
males (P = 0.10) (Figure 3.3E). The percentage of the membrane occupied by clusters
in Kv2.1wt male myocytes was on average 5.5 £ 0.9% (median = 5.1%), similar to the

average in Kyv2.1ss90a males of 5.0 £ 1.0% (median = 4.6%) (P = 0.34) (Figure 3.3F).

In sharp contrast to male myocytes, Kv2.1ss590a female myocytes exhibited an increased
proportion of smaller clusters as compared to those from Kv2.1wt females (Figure 3.3I).
Accordingly, mean cluster size of Kv2.1wr in female myocytes was 0.14 + 0.10 ym?3
(median = 0.14 ym3), significantly larger than mean cluster size of 0.10 £ 0.01 ym?
(median = 0.09 ym?) (P = 0.007) in Kv2.1ss590a females (Figure 3.3J). Kv2.1wr female
myocytes had 796 + 67 clusters per cell, (median = 815 clusters) compared to only 422
+ 34 clusters per cell (median = 415 clusters) in Kv2.1ss90a female myocytes (P <
0.0001) (Figure 3.3K). Similarly, the percentage of the plasma membrane occupied by
Kv2.1 was higher in Kv2.1wtfemale myocytes at 16.7 + 1.8% (median = 17.7%) in
contrast to Kv2.1ss590a female myocytes in which Kv2.1 clusters occupied on average 7.2
+ 1.0% of the plasma membrane (median = 6.0) (P < 0.0001) (Figure 3.3L). The
significantly lower Kv2.1 clustering profile in all metrics measured indicates that unlike in

males, the S590A mutation decreases channel clustering in female myocytes.
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Using the threshold set from our confocal imaging (i.e., macro-clusters are >0.025um?3),
we quantified the number of macro-clusters expressed in myocytes from Kv2.1wrand
Kv2.1s590a mice. Around 62% of clusters in Kv2.1wt male myocytes were identified as
macro-clusters, with a similar percentage of 58% observed in samples from males with
the Kv2.1s590a mutation. Approximately 70% of Kv2.1 clusters in Kv2.1wt female
myocytes were classified as macro-clusters. Remarkably, in Kv2.1ss590a female

myocytes, macro-clusters accounted for approximately 49% of the total Kv2.1 clusters.

We also quantified Kv2.1 micro-clusters. Although the proportion of micro-clusters was
similar in male Kv2.1wr and Kv2.1ss90a myocytes (38% and 42%, respectively), female
Kv2.1s590a myocytes exhibited a much larger proportion of micro-clusters (51%)
compared to myocytes from Kv2.1wrfemales (30%). Hence, it can be reasoned that the
S590A mutation has a sex-specific effect of reducing the extent of Kv2.1 macro-
clustering in female but not male arterial myocytes without impacting channel

expression.

3.4.3 Kv2.1 phospho-S590 phosphorylation is higher in myocytes from female
versus male Kv2.1wr mice

To investigate the potential role of the S590 phosphorylation site in the sex-specific
differences in Kv2.1 clustering, we conducted immunocytochemistry analyses on arterial
myocytes (Figure 3.4). We tested the hypothesis that Kv2.1wr female myocytes exhibit
a higher degree of Kv2.1 S590 phosphorylation compared to males, which could

contribute to the observed sex-specific variations in Kv2.1 clustering. Accordingly, we
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utilized a monoclonal antibody (mAb L100/1; (297)) specific for Kv2.1 that is
phosphorylated at serine 590 (pS590). Figure 3.4A shows cells double immunolabeled

for pS590 (left) and total Kv2.1 (right) using confocal microscopy.
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Figure 3.4 Kv2.1wt female myocytes exhibit more extensive Kv2.1 pS590
phosphorylation than those from Kv2.1wr males. (A) Representative maximum
projection images of immunolabeling for pS590 Kv2.1 (left) and total Kv2.1channel
clusters (right) at the surface membrane of Kv2.1wt female (red), Kv2.1ss90a female

(blue), Kv2.1wt male (black), and Kv2.1ss90a male (purple) cells. (B) Summary data of
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pS590 Kv2.1 clusters per cell. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Error bars

indicate mean + SEM.

One advantage of our study is that our Kv2.1ss90a mice serve as an ideal negative
control. As expected, Kv2.1s590a males exhibited 2.3 + 0.6 clusters (median = 2.0
clusters) per cell and Kv2.1ss90a females exhibited 1.2 + 0.4 clusters (median = 1.0
clusters) per cell confirming the specificity of this mAb for Kv2.1 phosphorylated at
S590. Remarkably, phosphorylated Kv2.1 clusters were observed in Kv2.1wt females
(Figure 3.4B) exhibiting on average 12.2 + 1.7 of phosphorylated clusters (median =
10.0 clusters) per cell, whereas Kv2.1wr males exhibited 3.4 + 0.6 clusters (median =
2.5 clusters) per cell. Collectively, these findings suggest that basal levels of Kv2.1
S590 phosphorylation are higher in Kv2.1wt females, which could account for their
increased clustering of Kv2.1. Furthermore, these data support the notion that Kv2.1
phosphorylation in Kv2.1wr male myocytes is constitutively low, making the S590A
mutation functionally indistinguishable from non-phosphorylated Kv2.1wr and thus

ineffective in altering Kv2.1 clustering in male myocytes.

3.4.4 Expression of clustering impaired Kv2.1s5090a does not affect channel activity
in arterial myocytes

Three studies, one using Xenopus oocytes(768), one using HEK293T cells (770) and
another from our group using arterial myocytes (287) have suggested that the vast
majority of Kv2.1 channels (i.e., 98-99%) expressed in the plasma membrane of these

cells are non-conductive. O'Connell et al(170) suggested that, at least in HEK293T
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cells, Kv2.1 channel activity depends on their density and that channels within large,
dense macro-clusters are non-conductive. A testable hypothesis raised by these data is
that a larger fraction of Kv2.1ss590a should be conductive and hence the amplitude of
Kv2.1 currents in native arterial myocytes should differ between cells from Kv2.1wr and

Kv2.1s590a mice (Figure 3.5).

131



A In silico male arterial myocytes |

Kv2.1

200001
Eg_ 15000 Functional
% channels
< 10000+
_< 100%
5000 / 50%
—
f T T T T 1 10%
-50 -30 -10 10 30 50
Voltage (mV)
c 175+
—~ 150"
'S 125
E 100
S 754 1%

=g /

]

_ l l : I0.1%
-50 -30 -10 10 30 50
Voltage (mV)

E Male arterial myocytes |, ,
+50 mV

B

In silico female arterial myocytes |, , ,

Functional
20000 channels
o 100%
2 150001
<
&
< 100001

] / °0%

-30

-10 10
Voltage (mV)

1754
150+
125
100+

75

livz.1(PA/PF)

251 01%
10 10 30 50
Voltage (mV)

r T
-50 -30

Female arterial myocytes |

Kv2.1

+50 mV

I I I
-50 -40 -30 -20 -10 0 10 20 30
Voltage (mV)

1
40 50

132

—F———70 | T T T T 1
-50 -40 -30-20-10 0 10 20 30 40 50

Voltage (mV)




Figure 3.5 Expression of clustering impaired K,2.1ss00a does not affect Kv2.1
channel activity in arterial myocytes. Computationally modeled Ikv2.1 in male (A) and
female (B) myocytes assuming 100% (red), 50% (blue) or 10% (green) of Kv2.1
channels present in the plasma membrane are functional. Computationally modeled
lkv2.1 in male (C) and female (D) myocytes assuming 1% (gray) and 0.1% (black) Kv2.1
channels are functional. (E) Representative Ik2.1 traces at +50 mV from Kv2.1wr male
(black) and Kv2.1ss90a male (purple) arterial myocytes. (F) Representative k2.1 traces at
+50 mV from Kv2.1wr female (red) and Kv2.1ss00a (blue) arterial myocytes. Ikv2.1 traces
were obtained by subtracting currents after the application of RY785 from control Ik
traces. Voltage dependence of lkv2.1 in Kv2.1wt and Kv2.1ss500a male (G, black and
purple) and Kv2.1wt and Kv2.1ss90a female (H, red and blue) myocytes. Error bars

indicate mean + SEM.

We tested this hypothesis using a multipronged approach. First, we used a
mathematical modeling approach (299) to determine the predicted changes in
macroscopic Kv2.1 currents with varied levels of functional channels (i.e., 0.1, 1, 10, 50,
or 100%) in male and female arterial myocytes (Figure 3.5A-D). The rationale for this
analysis is that it provides a set of potential outcomes that can provide insights into the
degree of Kv2.1 declustering in Kv2.1s590a myocytes. This model incorporated data
(e.g., voltage-dependencies and number of channels in the sarcolemma) from O’'Dwyer

et al(287).
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As shown in Figure 3.5A, the model predicts that with 100%, 50%, or 10% functional
Kv2.1 channels in male myocytes would produce current densities at +50 mV of 7,006,
3,503, and 701 pA/pF, respectively. By contrast, at the same voltage, the in silico
female arterial myocytes produce current densities of 17,293, 8,646, and 1,729 pA/pF
with 100%, 50%, or 10% functional Kv2.1 channels (Figure 3.5B). We also simulated
the current-voltage relationships in male (Figure 3.5C) and female (Figure 3.5D)
myocytes assuming 1% and 0.1% of Kv2.1 channels are conductive, which are more
within the range with previous experimental results in heterologous systems (7168, 170)
and native cells (287). The magnitude of in silico Kv2.1 current densities with 1% or
0.1% functional channels was 70.1 and 5.57 pA/pF in male myocytes and 173 and 16.7

pA/pF in female myocytes.

Next, we recorded voltage-gated K* (Kv) currents in male and female Kv2.1wtand
Kv2.1ss90a arterial myocytes in response to 500 ms depolarizations to voltages between
-50 and +50 mV before and after applying the Kv2.1 blocker RY785 (1 uM) (301, 302).
This compound decreases Kv2.1 currents by blocking the pore of these channels (307)
rather than by immobilizing their voltage sensor, as stromatoxin does (303). As a first
step in these experiments, we tested the specificity of the RY785 by recording Kv
currents before and after the application of this molecule in male and female Kv2.1wr
and Kv2.1 null (Kv2.17-) myocytes (Figure 3.6A-D). Notably, application of 1 uM RY785
decreased the amplitude of K* currents in Kv2.1wr but not in Kv2.17- myocytes of either
sex. This indicates that RY785 is a specific blocker of Kv2.1 channels in arterial

myocytes.

134



Male arterial myocytes |, , ,

C
40-
'S 30
g g
X 20
- $
104 g ‘ |
b o 2 B
s s8¢ @ ; $ s %"
I I
-50-40 30 20- 10 0 10 20 30 40 50
Voltage (mV)
E
405 ° K,2.1,; Male
o K,2.1,,, Male
L 30+ g
<
S $
—~ 20-
]
[ ]
10 - .

g2oe0

-50-40-30-20-10 0 10 20 30 40 50
Voltage (mV)

Female arterial myocytes |, ,

[ oo

100 me. T A I ugvalmfpere e A A
D
40 -
o K2.1,,Male ‘& 301
o K21, Female < 3
e K,2.1"Male 5204 [
K,2.1* Female < ]
3
10 + [
¥
§
¥+ FF 7

-50-40-30-20-10 0 10 20 30 40 50
Voltage (mV)

o K21,
o K21

S590A

¢

| (PA/PF)

10
=

Female
Female

— T| — T T T 1
-50-40-30-20-10 0 10 20 30 40 50
Voltage (mV)

Figure 3.6 K* currents in Kv2.1wr, Kv2.17 null and Kv2.1ss90a myocytes. (A)

Representative RY785-sensitive traces at +50 mV from Kv2.1wr (black) and Kv2.1" null
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(gray) males myocytes. (B) Representative traces at +50 mV from Kv2.1wr (red) and
Kv2.17 null (pink) female myocytes. (C) IV relationship of total K* current (lk) recorded
from Kv2.1wt male (black), Kv2.17- null male (gray), Kv2.1wr female (red), and Kv2.17
null female (pink) myocytes. (D) IV relationship of RY785-sensitive (Kv2.1) currents
recorded from Kv2.1wr male (black), Kv2.17- null male (gray), Kv2.1wr female (red), and
Kv2.17 null female (pink) myocytes. (E) IV relationship of total K* current (Ik) recorded
from Kv2.1wt male (black) and Kv2.1ss590a male (purple) myocytes. (F) IV relationship of
total K* current (Ik) recorded from Kv2.1wr female (red) and Kv2.1ss90a female (blue)

myocytes.

Having completed these critical control experiments, we recorded Ky currents from
Kv2.1wt and Kv2.1ss90a myocytes. We noted that the amplitude of the composite K
currents were similar in myocytes from Kv2.1ss590a mice compared to myocytes from
sex-matched Kv2.1wr littermates (Figure 3.6C). Importantly, for both sexes, RY785-
sensitive Kv2.1 currents were also similar in male (Figure 3.5E, G) and female (Figure
3.5F, H) Kv2.1wTt and Kv2.1s590a myocytes. Indeed, a comparison of the experimental
and in silico amplitudes of the macroscopic Kv2.1 currents suggests that less than 1%
of the channels are functional in myocytes from both male and female Kv2.1wrand
Kv2.1ss90a mice. When taken together with our analyses of Kv2.1 clustering detailed
above, these findings suggest that in arterial myocytes Kv2.1 channel activity is not

determined by the extent and nature of its clustering.
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3.4.5 The Kv2.1s590a mutation diminishes Kv2.1 and Cav1.2 interactions in female
myocytes

We used the proximity ligation assay (PLA) to interrogate the impact of the Kv2.1ss590a
mutation on protein-protein interactions, at a resolution of approximately 40 nm (304,
305) (Figure 3.7). We first evaluated Kv2.1-Kv2.1 interactions within isolated mesenteric
smooth muscle cells by using two different antibodies directed against different epitopes
in the Kv2.1 cytoplasmic C-terminus. In this case both intra- and inter-molecular
proximity of the two epitopes would yield a PLA signal. Inter-molecular interactions
could be visualized as “puncta”, and we hypothesized that more puncta would be
exhibited in cells where Kv2.1 was more clustered since there would be increased
proximity of epitopes due to intermolecular interactions, allowing for more PLA reactions
to occur. Confocal images of Kv2.1wr and Kv2.1ss590a myocytes subjected to PLA show
that puncta of Kv2.1-Kv2.1 PLA signals were randomly distributed throughout the cell,
and that PLA signal could be detected in all cells consistent with our confocal data
above showing that Kv2.1 micro-clustering still occurs in mutant myocytes of both sexes
(Figure 3.7A). The density of PLA puncta of 0.035 + 0.003 puncta/um? (median = 0.035
um?) in Kv2.1wt males was similar to 0.030 + 0.003 puncta/um? (median = 0.028 um?) in
Kv2.1s590a male mice (P = 0.148) (Figure 3.7B). Consistent with the confocal imaging
analysis, the density of Kv2.1- Kv2.1 PLA puncta was greater in Kv2.1wt females, with
an average of 0.153 + 0.011 puncta/um? (median = 0.162 um?), compared to 0.046 *
0.003 puncta/um? (median = 0.037 um?) in Kv2.1ss90a females (P < 0.0001) Figure
3.7C), suggesting that the Kv2.1ss90a mutation reduces the level of Ky2.1 clustering in

female myocytes.
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Previous work from our group has shown that Kv2.1 expression promotes Cay1.2
clustering and activity in neurons (288) and arterial myocytes (287). Following from this
and the data above, we hypothesize that in arterial myocytes Kv2.1 plays a sex-specific
structural role as an organizer to bring Cav1.2 channels together in female but not male
myocytes. We again used PLA to test the hypothesis that the declustering of Ky2.1
channels in female but not male myocytes from Kv2.1ss90a mice would decrease Ky2.1-
Cav1.2 channel interactions in a sex-specific manner. Representative images of Kv2.1-
Cav1.2 PLA puncta show randomly distributed interactions across the cell (Figure

3.7D).
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Figure 3.7 Kv2.1 and Cav1.2 interactions are decreased in female Kv2.1s590a

myocytes (A) PLA images of representative Kv2.1-Kv2.1 channel interactions in arterial

myocytes. Quantification of Kyv2.1-Kv2.1 PLA puncta/um? in male (B) and female (C)

myocytes. (D) PLA images of representative Kv2.1-Cay1.2 channel interactions in

arterial myocytes. Quantification of Kv2.1-Cay1.2 PLA puncta/um?in male (E) and

female (F). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Error bars indicate mean *

SEM.
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Quantification showed that Kv2.1-Cay1.2 puncta density was unchanged in males
between Ky2.1wt male myocytes with a mean of 0.022 + 0.002 puncta/um? (median =
0.016 puncta/um?) and Kv2.1s590a male myocytes with a mean of 0.018 + 0.002
puncta/um? (median = 0.016 puncta/um?; P = 0.217) (Figure 3.7E). However, Kv2.1-
Cav1.2 interactions decreased in female Kv2.1ss90a myocytes with a mean of 0.030 *
0.004 puncta/um? (median = 0.026 puncta/um?) compared to Kv2.1wr female myocytes
with a mean of 0.044 + 0.004 puncta/um? (median = 0.026 puncta/um?; P = 0.013)
(Figure 3.7F). These data further support a sex-specific structural role for Kyv2.1

channels, facilitating Cay1.2-Cav1.2 clustering.

3.4.6 Female myocytes expressing Kv2.1ss90a have reduced macroscopic Cav1.2
currents

We recorded macroscopic Cay1.2 currents (Ica) from male and female Kv2.1wt and
Kv2.1ss90a arterial myocytes (Figure 3.8A-D). Ica was activated by applying 300 ms
voltage step depolarizations from a holding potential of -80 to +60 mV. We show Ica
traces recorded during a depolarization to 0 mV from representative male (Figure 3.8A)
and female (Figure 3.8B) Kv2.1wt and Kv2.1ss90a arterial myocytes. Note that the
amplitude and kinetics of Ica in these male Kv2.1wrt and Kv2.1ss90a arterial myocytes
were similar. By contrast, we found that peak Ica was smaller in female Kv2.1ss590a
myocytes compared to those in Kv2.1wr cells. In Figure 3.8C and D, we show the
voltage dependence of the amplitude of Ica from all the cells examined over a wider
range of membrane potentials. This analysis shows that the amplitude of Ica is similar in

Kv2.1wt and Kv2.1ss90a male myocytes at all voltages examined. However, in female
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myocytes, lca was smaller in Kv2.1ss500a than in Kv2.1wr at all voltages examined.
Indeed, at 0 mV, Ica amplitude in Kv2.1ss590a cells was approximately 50% of that of WT

females.
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Figure 3.8 Ica is reduced in Kv2.1s500a female myocytes but unaffected in male
arterial myocytes. Ica records (0 mV) from representative Kv2.1wt and Kv2.1s590a male
(A) and Kv2.1wt and Kv2.1ss90a female (B) myocytes. Voltage dependence of Ica from
male (C) and female (D) myocytes at membrane potentials ranging from -50 to +50 mV.
(E,F) Representative images of immunolabeled Cav1.2 in myocytes from Kv2.1wt male
(E, black), Kv2.1s590a male (E, purple), Kv2.1wt female (F, red), and Kv2.1ss90a female
(F, blue) mice. Summary data from real-time quantitative PCR experiments of Cay1.2
MRNA expression relative to 3-actin in male (G) and female (I) myocytes. Quantification
of immunofluorescence of labeled Cay1.2a subunit in male (H) and female (J)

myocytes. Error bars indicate mean + SEM.

Next, we determined the level of expression of Cay1.2 protein in male and female
Kv2.1ss590a and Kv2.1wt vessels using immunocytochemistry (Figure 3.8E, F, H, J) and
RT-PCR approaches (Figure 3.8G and I). Our analysis suggests that total Cay1.2
protein and mRNA expression is similar in male and female Kv2.1ss90a and Kv2.1wr
vessels. This suggests that the smaller Ica in female Kv2.1s500a than Kv2.1wt myocytes

is not likely due to lower Cay1.2 expression in these cells

3.4.7 Declustering Kv2.1 in myocytes with the Kv2.1s590a mutation decreases
Cav1.2 cluster sizes in female but not male arterial myocytes

In a previous study (287), we suggested a model that differences in Ica amplitude
between female and male arterial myocytes were due to sex-specific differences in

Kv2.1-mediated Cav1.2 clustering that impacted the probability of cooperative gating of
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these channels. Our data above show differences in Ica amplitude between female
Kv2.1wt and Kv2.1ss90a myocytes in the absence of differences in Cav1.2 expression
levels. Thus, we investigated whether Kv2.1s590a expression altered Cav1.2 channel
clustering in a sex-specific manner using ground state depletion (GSD) super-resolution

microscopy (Figure 3.9).
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Figure 3.9 Cav1.2 cluster sizes are decreased in myocytes from female but not
male Kv2.1ss590a mice. (A) Representative super-resolution GSD images of
immunolabeled Cay1.2 labeled channels in Kv2.1wr (left) and Kv2.1ss90a (right) male
myocytes. Insets show 4 um? regions of interest. (B) Relative frequency as a percentage
of Kv2.1 cluster areas of Kv2.1wr (black) and Kv2.1ss00a (purple) in male myocytes. (C)
Summary plot of mean Kv2.1 cluster areas in male myocytes (D) Representative super-
resolution GSD microscopy images of immunolabeled Cay1.2 labeled channels in
Kv2.1wr (left) and Kv2.1ss500a (right) female myocytes. (E) Relative frequency as a
percentage of Kv2.1 cluster areas of Kv2.1wr (red) and Kv2.1ss90a (blue) female
myocytes. (F) Summary plot of mean Kv2.1 cluster areas in female myocytes. *P < 0.05,

**P <0.01, ***P < 0.001. Error bars indicate mean + SEM.

We show ground state-depletion run in TIRF mode super-resolution images from
representative male (Figure 3.9A) and female (Figure 3.9D) myocytes from Kv2.1wt
and Kv2.1ss90a mice. The insets show expanded views of two regions of interest (1 um?)
within each cell image. Our TIRF images show that Cav1.2 clusters of various sizes are
expressed throughout these cells. The frequency distribution of Cay1.2 cluster areas of
Kv2.1wt and Kv2.1ss86a in male and females could both be fit with an exponential

function (Figure 3.9B, E).
The mean area of Cay1.2 clusters in male Kv2.1wr of 2259 + 55 nm? (median = 2219
nm?) was similar to the Kv2.1ss90a male mean of 2345 + 82 nm? (median = 2354 nm?) (P

= 0.173) (Figure 3.9C), suggesting that declustering Kv2.1 in male myocytes does not

146



affect Cav1.2 channel clustering. However, Cav1.2 cluster sizes were significantly
smaller in Kv2.1ss90a female myocytes with a mean area of 2381 + 91 nm? (median =
2251 nm?) compared to Kv2.1wr female myocytes whose mean area was 3098 + 164
nm? (median = 3117 nm?) (P = 0.0001). Taken together with our electrophysiological
data, our findings suggest that the clustering and activity of Cay1.2 channels is

modulated by the degree of Kv2.1 clustering.

As shown in Figure 3.10A and B, our stochastic self-assembly model effectively
reproduced the steady-state size distributions that we measured for Cav1.2 clustering in
Kv2.1wt and Kv2.1ss86a arterial myocytes. The parameters used in the model are
summarized in Figure 3.10C. These in silico data suggest that Cav1.2 clusters in
Kv2.1ss90a female myocytes have a higher probability of growth (i.e., Pg) than those in

female Kv2.1wr arterial myocytes.
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Figure 3.10 The distributions of Cav1.2 in Kv2.1 and Kv2.1s5904 arterial myocytes
could be explained by a stochastic self-assembly mechanism. (A) Histograms of

experimental (black bars) and simulated (red bars) Cav1.2 cluster area distributions as
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a relative frequency of Kv2.1wr (left) and Kv2.1ss90a (right) in male arterial myocytes. (B)
Histograms of experimental (black bars) and simulated (red bars) Cav1.2 cluster area
distributions as a relative frequency of Kv2.1wr (left) and Kv2.1ss90a (right) in female

arterial myocytes. (C) Summary of experimental and in silico data.

3.4.8 Kv2.1ss86a reduces Cav1.2-Cav1.2 channel interactions

Having previously shown that Kv2.1 enhances Cay1.2-Cav1.2 channel interactions in
arterial myocytes (287), we set out to determine if a decrease in Kv2.1 clustering would
lead to a reduction in Cay1.2-Cav1.2 interactions. We utilized a split-Venus fluorescent
protein system to visualize Cay1.2 channels. This system involves fusing Cav1.2
channels with either the N-terminal fragment (Cav1.2-VN) or the C-terminal fragment
(Cav1.2-VC) of Venus protein. Individually, neither Cav1.2-VN nor Cay1.2-VC emits
fluorescence. However, when brought into close enough proximity for interaction to
occur, they can reconstitute a full fluorescence emitting Venus protein. Thus, the split-
Venus fluorescence can be utilized to indicate spontaneous interactions between
neighboring Cav1.2 channels. Accordingly, we compared the split-Venus fluorescence
in HEK293T cells expressing Cav1.2-VN and Cay1.2-VC and co-expressing either
Kv2.1wt or Kv2.1sssea (Figure 3.11). The voltage protocols used for these experiments
are similar to those used in two recent studies (240, 287) and are described in detail in

the Methods section of this paper.
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Figure 3.11 Cav1.2-Cav1.2 interactions are decreased in cells expressing
Kv2.1s586a (A, left) Representative currents measured at 0 mV from pre- (opaque red)
and post- (red) conditioning protocol from HEK293T cells expressing Cav1.2-VN,
Cav1.2-VC, and DsRed-Kv2.1p404w. (A, right) Normalized (to peak current in pre-
conditioning protocol) pre- and post- IV relationships from HEK293T cells expressing
Cav1.2-VN, Cav1.2-VC, and DsRed-Kv2.1pa04w. (B, left) Representative currents
measured at 0 mV from pre- (opaque blue) and post- (blue) conditioning protocol from
HEK293T cells expressing Cav1.2-VN, Cav1.2-VC, and DsRed-Kv2.1p404w,s586. (B,
right) Normalized pre- and post- IV relationships from HEK293T cells expressing
Cav1.2-VN, Cay1.2-VC, and DsRed-Kv2.1p404w,s586a. (C) Representative TIRF images
of Venus fluorescence reconstitution in HEK293T cells from cells transfected with

Cav1.2-VC, Cav1.2-VC and DsRed-Kv2.1paoaw (left) or Cav1.2-VC, Cav1.2-VC and
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DsRed-Kv2.1p404w,s586a (right). Pre- and post-conditioning Cav1.2-Venus (green),
Kv2.1pa0sw or Kv2.1ps04aw,sssea (red), and the merge of the two channels are presented.
(D) Summary of Cav1.2-Venus fluorescence (F/Fo). *P < 0.05. Error bars indicate mean

+ SEM.

We first transfected HEK293T cells with Cay1.2-VC, Cav1.2-VN, and the non-
conducting but clustering competent rat Kv2.1p404w channel(306) tagged with red-shifted
fluorescent protein dsRed. The P404W mutation confers a non-conductive Ky2.1
phenotype, allowing us to study the structural clustering role of Kv2.1 without masking of
the Ca?* currents by K*. We found that Ica was larger at most membrane potentials in
our post-conditioning IV protocol with a peak Ica at 0 mV showing an increase by about
51% (Figure 3.11A). Representative TIRF images are provided before and after
conditioning protocol (Figure 3.11C). Note the appearance of co-clusters of Cay1.2
(green) and Kv2.1 (red). Our data show that Venus fluorescence increased by
approximately 21% with stimulation from basal to post-conditioning steps suggesting an
increase in Kv2.1 dependent Cav1.2-Cay1.2 interactions (Figure 3.11D). This supports
previously published results(287, 289). To test the role of declustering Kv2.1 with the
S586A point mutation on Cav1.2 channel interactions, we co-expressed Cay1.2-VN,
Cav1.2-VC and DsRed-Kv2.1pa0aw,s586a in HEK293T cells and repeated the above
protocol. We found that Ica did exhibit a small increase of about 9.4% between pre- and
post- conditional protocols (Figure 3.11B). In representative TIRF footprints, we show
that Cav1.2-VN, Cay1.2-VC and Kv2.1p404w,ss86a transfected cells expressed more

diffusely clustered Cav1.2 and Kv2.1 channels, visually confirming that Kv2.1 is
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declustered (Figure 3.11C). Furthermore, Venus fluorescence with Kv2.1p404w,s586A
expression increased by about 9%, a level similar to what was previously
published(287, 289) with Cay1.2-VN and Cav1.2 VC alone (Figure 3.11D). We propose
this small increase is due to the intrinsic ability of Cay1.2 channels to interact with one
another. However, this increase in Venus fluorescence was significantly lower than that
seen in Kv2.1p404w transfected cells (Figure 3.11D). Together these data further support
the structural role Kv2.1 channels play in modulating Cav1.2-Cay1.2 interactions and

activity.

3.4.9 The activity of Cav1.2 channels is reduced in Kv2.1s500a female but not male
arterial myocytes

We next examined whether variations in the activity of Cav1.2 channels could explain
the differences in lca observed in myocytes from Kv2.1wt and Kv2.1ss90a male and
female mice. Cav1.2 channel activity was determined by recording Cav1.2 sparklets
using TIRF microscopy as previously described (92-94, 144, 147, 289, 307) (Figure
3.12).TIRF microscopy of near-plasma membrane intracellular Ca?* levels provides a
powerful tool for recording Ca?* entry via individual or small clusters of Cay1.2 channels,
as it enables the activity of individual channels to be recorded from a relatively large
membrane area allowing for the identification of discrete sarcolemma signaling
domains. In this analysis, Cav1.2 sparklet activity is expressed as nPs, where n is the
number of quantal levels reached by the sparklet site and Ps is the probability of

sparklet occurrence.
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As previously reported (747), detailed analysis of Cav1.2 sparklets sites revealed
heterogeneity in activity at different sites. Therefore, Cav1.2 sparklets sites were

separated into low and high activity sites, using an nPs cutoff of 0.2.

Representative Cay1.2 sparklet traces are provided (Figure 3.12A, B, F, G) from low
activity sparklet sites. Of note, the majority of the sparklet activity that occurs in male
myocytes is produced by a signal that corresponds to a single channel opening (one
quantal unit) (Figure 3.12A, B). The strength of the coupled gating is denoted by the k
value, and in these traces, the k values are close to or equal to 0, indicating no or weak
coupling between the channels. In contrast, the Kv2.1wr female trace (Figure 3.12F)
from a low activity site exhibited coordinated multi-channel openings, of up to 3
channels with a kK value of 0.466. Interestingly, the activity of sparklet sites from
Kv2.1s590a female myocytes (Figure 3.12G) were similar to those of Kv2.1wr and
Kv2.1ss90a male myocytes (Figure 3.12A, B), exhibiting mostly single channel openings

and few coupled gating events.
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Figure 3.12 Activity of Cav1.2 channels is reduced in Kv2.1ss536a female but not
male arterial myocytes Representative sparklet traces from Kv2.1wr male (A),
Kv2.1s590a male (B), Kv2.1wt female (F), and Kv2.1ss90a female (G) myocytes. k values
are shown above each trace. nPs values from low activity sites (left) and high activity
sites (right) in male (C) and female (H) myocytes. Coupling coefficient values (k) from
male (D) and female (I) myocytes. Sparklet sites per cell from male myocytes (E) and

female (J) myocytes. *P < 0.05, **P < 0.01. Error bars indicate mean + SEM.

We found that in low activity sparklet sites, the average nPs was not significantly
different between Kv2.1wr and Kv2.1ss90a male myocytes (Figure 3.12C). Kv2.1wr
sparklet sites had an average nPs of 0.06 £ 0.02 (median = 0.05) compared to
Kv2.1ss90a Where the nPs average was 0.07 £ 0.03 (median = 0.06) (P = 0.41). In male
myocytes of either genotype, we rarely observed cells exhibiting high activity sparklet
sites, except for a single site in a Kv2.1wr male myocyte (Figure 3.12C). Furthermore,
we did not observe a difference in the number of Cay1.2 sparklet sites between Kv2.1wt

and Kv2.1s590a male myocytes, with most cells exhibiting just one site (Figure 3.12D).

Similarly, when we compared nPs in low activity sites in Kv2.1wt and Kv2.1ss90a female
myocytes, we could not discern a difference in their average nPs values (Figure 3.12H).
Kv2.1wt female mean nPs was 0.10 £ 0.02 (median = 0.09), which was similar to 0.06 *
0.03 (median = 0.04) in Kv2.1s500a female myocytes (P = 0.10). High activity sites
averaged an nPs of 0.29 £ 0.03 (median = 0.30) in Kv2.1wr cells and a mean of 0.29 £

0.01 (median = 0.29) in Kv2.1ss90a female cells (P = 0.50) (Figure 3.12H). However,
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Kv2.1wt female myocytes exhibited 2.44 + 0.24 (median = 3.0) Cav1.2 sparklet sites per
cell, significantly higher than 1.40 + 0.25 (median = 1.0) Cav1.2 sparklet sites in
Kv2.1ss90a female myocytes (P = 0.008) suggesting decreased Cav1.2 channel activity

with S590A mutation (Figure 3.12I).

Previous work (744) showed that Cav1.2 sparklet sites appeared to arise from the
simultaneous opening and/or closing of multiple channels suggesting that small groups
of channels may be functioning cooperatively. To examine such coupling, we employed
a coupled Markov chain model to determine the coupling coefficient (k) among Cav1.2
channels at Ca?* sparklet sites. The k value ranges from 0 for channels that gate
independently to 1 for channels that are tightly coupled and open and close
simultaneously. A detailed description of this model is provided in the expanded

Methods section.

Using this analysis, we found that the average « value of 0.28 + 0.09 (median = 0.30) in
Kv2.1wt male myocytes was not significantly different from 0.20 £ 0.09 (median = 0.22)
in Kv2.1s500a male myocytes (P = 0.27) (Figure 3.12E). However, the average « value of
0.36 = 0.05 (median = 0.38) in female Kv2.1wr myocytes, was significantly higher than
0.14 £ 0.07 (median = 0) (P = 0.0082) in female Kv2.1ss90A myocytes, suggesting more
coupled events (Figure 3.12J). Taken together, these data indicate increased Cay1.2
channel activity and coupled gating in myocytes from Kv2.1wr females compared to
those with the Kv2.1ss90a mutation, suggesting that clustering of Kv2.1 modulates

Cav1.2 channel activity.
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3.5 Discussion

In this study, we show that arterial smooth muscle cells from mice expressing a gene-
edited point mutation of the Kv2.1 channel that selectively eliminates its characteristic
macro-clustered localization have properties remarkably like those from Kv2.1 knock-out
mice. This leads us to formulate a new model in which Kv2.1 expression — by itself —
is not sufficient for this channel to exert its structural functions on modulating Cav1.2
clustering and activity, but rather depends on Kv2.1 channel’s capacity to form macro-
clusters. Notably, the presence of Kv2.1 macro-clusters in female, but not male
myocytes underlie sex-specific differences in Ca?* influx via Cay1.2 channels in arterial
smooth muscle. Our data suggest a new paradigm whereby the clustering of ion
channels underlies their physiological functions, independent of their ability to conduct

ions.

Analysis of super-resolution images indicates that clustering of Kv2.1 and Cav1.2
channels is random and hence does not involve an active process. This stochastic self-
assembly mechanism leads to micro- and macro-clusters of varying sizes that represent
the default organization of Kv2.1 and Cav1 channels expressed endogenously in
neurons and smooth muscle cells or exogenously in heterologous cells (285).
Furthermore, we found that Kv2.1 macro-clusters are composed of groups of micro-
clusters. This is consistent with a recent study showing that in developing neurons

Kv2.1 macro-clusters formed from the coalescence of numerous micro-clusters (308)

and suggests that the organization of Kv2.1 clusters is hierarchical.
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An important finding in this study is that Kv2.1 clustering is more prominent in female
than in male arterial myocytes, with female myocytes expressing a larger proportion of
macro-clusters. In this context, the development of the Kv2.1s590a mouse allowed us to
investigate the separable structural and clustering and ion conducting roles of this
channel. We found that expression Kv2.1ss90a nearly eliminated macro-clustering in
female myocytes but had no impact on Kv2.1 micro-clusters in cells from male or female
myocytes. Because the S590A mutation eliminated a phosphorylation site in the PRC
domain that causes macro-clustering, these findings suggested that the potential
mechanism of these sex-specific differences in Kv2.1 clustering was differential

phosphorylation of this specific serine in male and female myocytes.

Indeed, Kv2.1 phosphorylation and macro-clustering is regulated by a myriad of protein
kinases such as CDKS5 and protein phosphatases such as calcineurin (309). These
kinases and phosphatases work as a rheostatic mechanism to regulate the
phosphorylation status of Kv2.1 based on physiological demands (294, 295, 309).
Accordingly, we found that that the phosphorylation state of Kv2.1 in arterial myocytes
differs between the two sexes, specifically, that Kv2.1 in male myocytes is

phosphorylated to a much lower degree.

It is intriguing to consider the potential clustering mechanisms that are impacted by

inhibiting phosphorylation at the 590/586 specific site of the PRC domain by the serine

to alanine point mutation. One hypothesis is that VAP proteins act to modulate the
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probability of macro-cluster formation. Studies show that Kv2.1 clusters are expressed at
sites where the endo/sarcoplasmic reticulum is brought into close juxtaposition to the
plasma membrane (ER/SR-PM junctions) (308) and this interaction and accumulation of
channels relies on the tethering of Kv2.1 to VAP proteins (279, 310). The
transmembrane ER/SR VAP proteins (VAPA and VAPB) interact with the
phosphorylated Ky2.1 PRC domain and have been proposed to function to increase the
local concentration of Kv2.1 channels at ER/SR-PM junctions resulting in Kv2.1 macro-

clustering.

Consistent with this, Kirmiz et al., (279) found that knock-out of VAPA in RAW664.7
macrophage cells resulted in a decrease in Kv2.1 channel clustering. Knockdown of
endogenous VAP proteins similarly impaired clustering of Kv2.1 heterologously
expressed in HEK293T cells (370). Interestingly, the model proposed in these prior
papers (279, 310) suggested that the phosphorylated PRC domain is necessary and
sufficient for macro-clustering of Kv2 channels. This is consistent with prior studies
showing that mutations disrupting or eliminating the PRC domain (761, 306, 310) or
treatments that impact Kv2.1 phosphorylation (294, 295, 309) impact Kv2.1 clustering. It
is presumed that the phosphorylation of multiple serine residues, including S590, within
the PRC domain provide the negative charges needed to generate a functional VAP-
binding FFAT — two phenylalanines in an acidic tract — motif, as has been shown for
numerous other proteins that exhibit phosphorylation-dependent binding to VAPs
(377).Therefore, one possible mechanism for the decrease in macro-clustering in the

S590A mutant is the inability of VAP proteins to recognize the PRC domain of mutated
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channels preventing cluster growth. The similarity in the patterns of cluster sizes and
densities between HEK293T cells and arterial myocytes of both WT and S590A
channels is noteworthy, indicating the possibility of a shared set of mechanisms. Further
research will be necessary to uncover the underlying factors that govern these

clustering patterns.

Prior studies have suggested that the bulk of Kv2.1 channels heterologously expressed
in Xenopus oocytes (7168) or HEK293T cells (170) as well as endogenous Ky2.1 in
hippocampal neurons (169) and arterial myocytes (287) are in a nonconducting state.
The prevailing view is that aggregation of Kv2.1 channels into high density clusters is
what renders most of these channels incapable of conducting K* (45). Although our
study does not address this issue comprehensively, at a minimum, our data suggest
that Kv2.1 conduction is not dependent on macro-clustering formation. Future studies
should investigate whether the formation of Kv2.1 micro-clusters may be sufficient to

electrically silence these channels.

This is the first study to definitively demonstrate the structural role of Kv2.1 clustering in
regulating Cav1.2 channel clustering and activity that occurs in channels of native cells.
This is significant because the generally accepted view is that the functional impact of
ion channel clustering is to exclusively concentrate ion conducting roles at specific sites.
For example, Na* channel clustering at nodes of Ranvier (372), neuronal Ca?* channel
clustering at active zones in presynaptic terminals (373), and skeletal muscle Ca?*

channels at SR Ca?* release units (374). In the case of ventricular myocytes, it is
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concentrating voltage sensors at specific sites in the junctional dyad (315, 316). We
propose that Kv2.1 clustering is distinct in playing a role in modulating the localization
and activity of an otherwise seemingly unrelated ion channel: Cav1.2 channels. This
functional impact of Kv2.1 is due to the density-dependent cooperative gating that is an

intrinsic property of Cay1.2 channels (317).

Remarkably, the overall impact of Kv2.1ss90a expression is that the differences between
the Ica amplitude of wild-type male and female myocytes were eliminated in myocytes,
similar to as we observed in homozygous Kv2.1 knockout mice (287). Thus,
declustering Kv2.1 channels appears to have the same impact as fully eliminating Kv2.1
expression on Cav1.2 clustering and activity in male and female myocytes. As our work
also suggests that in arterial myocytes the conductive function of Kv2.1 channels is
independent of the degree of its clustering, in our model it is the extent of Kv2.1
clustering that is the key determinant of the sex-specific differences in Ca?* influx

observed in these cells.

To conclude, we propose a model by which Kv2.1 serves a structural role in promoting
Cav1.2 channel clustering and activity in a sex-dependent manner. Of note, Kv2.1ss590a
mutation reduced Cav1.2 clustering and function in female myocytes but had no effect
on male myocytes. Kv2.1 clustering is not necessary for Kv2.1 channel function
however, Kv2.1 macro-clusters alter Cay1.2 channel organization. Together, our data
suggest that the interactions between Ky2.1 and Cav1.2 are crucial for sex-based

differences in arterial smooth muscle physiology.
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Chapter 4: Discussion

4.1 Overview

The objective of this dissertation is to explore the formation of Kv2.1 and Cay1.2
clusters in murine mesenteric cells, their potential role and mechanisms in smooth
muscle physiology, and the implications of any observed differences between sexes.
The interaction between Cav1.2 and Kv2.1 activity is critical for arterial physiology, and
it is commonly observed that these ion channels cluster together. However, the
mechanisms behind the formation of these clusters are currently unknown. This
dissertation presents a stochastic self-assembly model for ion channel cluster formation
based on three mechanistic probabilities: nucleation, growth, and removal. The findings
help to understand the mechanisms involved in ion channel trafficking and cluster
maintenance in the plasma membrane and provide a potential explanation for sex-
based differences in smooth muscle physiology. The experimental and computational
approach reveals a crucial interaction between Cay1.2 and Kv2.1 in arterial smooth
muscle. The model suggests that the clustering state of Kv2.1 does not determine
channel conduction in mesenteric smooth muscle. Additionally, Kv2.1 macro-clusters
act as sex-specific sites for increased Cav1.2 clustering. De-clustering Kv2.1 macro-
clustering reduces Cav1.2 channel clustering and activity, playing a crucial role in Ca?*

dynamics and smooth muscle physiology.

4.2 Fundamental findings and insights from the stochastic self-assembly of ion

channel cluster formation model
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Here we address the important, yet incompletely understood question of how ion
channel clusters form and are trafficked to the plasma membrane using a combination
of experimental and computational modeling approaches. Statistical analysis of ion
channel clusters size distributions in neurons, ventricular myocytes, arterial smooth
muscle myocytes and heterologous expression system cells could all be described by
exponential functions, suggesting a Poisson process. This would indicate that a
continuous, independent, and memory-less process is at play. We propose a stochastic
model of ion channel cluster delivery to the membrane that can be described by three
mechanistic probabilities: nucleation, growth, and removal. The model suggests that
stochastic self-assembly is the default mode of protein organization for many ion
channels in the membrane of excitable cells. From experiments of exogenous
expression of Cayv1.2 and TRPV4 in tsA-201 cells we observed that cluster formation
began with rapid growth in cluster size and density eventually reaching a steady-state.
Our model predicts that the maintenance of this steady state relies on a relatively fast
turnover of Cav1.2 and TRPV4 channels, but also gives us the added ability to estimate
cluster dwell times in the membrane. Our model of stochastic ion channel formation in
the membrane of excitable cells provides a unique and limitless tool that can be used to
further refine ion channel clustering mechanisms in the membrane. Additionally, this
model aids in the generation of testable hypotheses that can be examined both
computationally and experimentally for how specific proteins and signaling pathways

could dynamically shape cluster formation.
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Our model provides a rigorous theoretical framework to describe ion channel protein
trafficking. Previous studies on Cay1.2 trafficking have focused on specific mechanisms
such as vesicle forward trafficking to the membrane(2271, 318, 319), internalization
(320), or Cay1.2 dynamic transport(3271, 322). Experimental findings suggest that
Cav1.2 channel clusters and activity can be modulated by unique intracellular and
perimembrane vesicular dynamics to fine-tune Ca?* signals(322). Another study
providing a mechanism for activity-dependent internalization and trafficking of Cav1.2
mediated by binding to the tumor suppressor elF3e/Int6(320). Like our findings, a third
study on Cav1.2 trafficking reported that the dwell times of channels at the membrane
were on the order of minutes(327). Our model offers a significant advantage as it
integrates multiple mechanisms of Cav1.2 trafficking, including vesicle forward
trafficking to the membrane, internalization, and dynamic transport, enabling a
comprehensive analysis of their interplay. Moreover, the model facilitates the
determination of a number of testable readouts such as cluster areas, densities and

membrane dwell times.

Our model corroborates experimental findings that Cav1.2 ion channel clusters are
dynamic structures within the cardiovascular system(322, 323). One important finding
was that a feedback mechanism controls the clustering of Cayv1.2 channels, which is
crucial for establishing a stable Cav1.2 expression pattern. This could act as a reference
point for regulation in reaction to physiological changes, that would be critical to
maintain a relatively constant tissue performance under a range of physiological

conditions. The studies by Ito et al.(323) and Del Villar et al.(324) provided insights into
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the regulation of Cav1.2 channel trafficking during BAR signaling in ventricular
myocytes. The study revealed that Cav1.2 channels are rapidly incorporated as pre-
existing clusters, presumably through the merging of endosomes and transportation by
molecular motors along microtubules anchored to the sarcolemma with the assistance
of the protein BIN1 (Pg in our model). The authors observed that microtubules are
required for Cav1.2 insertion and that Cav1.2 channel trafficking and cluster formation
depends on random events, such as fluctuations in microtubule and actin dynamics and
transport. Although follow-up studies are needed to investigate which specific processes
contribute to fluctuations in Cayv1.2 channel clustering in ventricular myocytes, the
potential of our model to replicate cluster expression in different tissue types provides

us with a high level of confidence in its theoretical underpinnings.

In Chapter 3, we observe that both Cay1.2 and Kv2.1 clusters exhibit a stochastic self-
assembly mechanism and gain insight about Cay1.2 clustering via perturbations of
Kv2.1 mutation. We observed total Cay1.2 channel expression does not decrease in
Kv2.1s590a mice but Cav1.2 clustering does decrease in Kv2.1ss90a females. We
postulate that Kv2.1 macro-clusters may be acting as an interacting partner for Cav1.2
channels that are already inserted into the membrane, increasing the clustering of these
channels (i.e., increase Pg). A model that can simulate the two channels trafficking
together could provide a clearer picture of how Kv2.1 macro-clusters can increase
Cav1.2 channel cluster sizes and how these interactions may exist over time. In future
versions of the model, we could consider exploring the interactions of multiple proteins

not only at steady-state but also over time. This would allow us to investigate how these
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protein interactions influence the sizes and densities of clusters, as well as whether
these interactions affect the longevity of clusters in the membrane. Such an analysis
would be particularly interesting in shedding light on the dynamics of protein clustering

and how these cluster interactions shape arterial smooth muscle physiology.

An area of research unexplored by our model pertains to alterations in channel
expression in disease models. For example, the general consensus is that in
hypertensive rat models, the expression of Cav1.2 is upregulated(325-330), and
channel activity is enhanced(744), thereby augmenting myogenic tone. In contrast,
Tajada and colleagues(337) demonstrated that in mouse mesenteric arteries, Cav1.2 is
downregulated but an increase Cav1.2 sparklet activity inducing increases in Ca?* influx
and ultimately affecting contractile state of the cell. One might initially attribute the
differences in the findings to variations in species, hypertensive models, or vascular
beds studied. However, our computational model has the potential to provide insight

into the possible mechanisms that could underlie these observations.

Based on the cluster distributions of Cay1.2 channels in the membrane from cells of
normotensive and hypertensive animals, we can begin to investigate what factors may
be involved in enhanced Cav1.2 channel activity. In examples where Cav1.2 channel
expression increases, we can make several hypotheses. If channel density stays the
same but channel cluster size increases, we can predict that a growth factor (Pg) is at
play. If cluster density increases with no effect on cluster size, we can expect the

change in distribution is due to an enhancement of the pool of channels delivered to the
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membrane (P»). It is possible that both the cluster size and cluster density increase.
This would predict that multiple nucleating or growth mechanisms could be at play.
According to several studies, it is believed that upregulation of Cayv1.2 auxiliary subunits
020 or B3(332, 333) may be responsible for this phenomenon. Given the known
involvement of these subunits in membrane expression, it is reasonable to hypothesize
that upregulation of these subunits would increase the amount of Cav1.2 transported to

the membrane, leading to an increase in cluster densities (Pn).

In cases where hypertensive models elicit a decrease in Cay1.2 channels, it has been
proposed that a change in Cay1.2 subunit composition may be responsible for the
downregulation and altered activity of Cay1.2 channels in hypertensive models.
Specifically, both B3 and B2 subunits are expressed(334), but B3 appears to be the
predominant subunit expressed in normotensive animals(337). Interestingly. previous
research has indicated that the expression of the 3 subunit subtype is crucial for the
formation of Cayv1.2 channel clusters and densities of different sizes in the plasma
membrane(335). Based on these findings, our model predicts that both a decrease in

nucleating and growth probabilities are involved in this process.

4.3 Fundamental findings of Cav1.2 and Kv2.1 channel interactions

The clustering and activity of Cav1.2 and Kv2.1 are important for arterial smooth muscle
physiological function. Cav1.2 channels are the primary means of raising intracellular
Ca?* levels in arterial smooth muscle cells. Key to this physiological role is that these

channels form clusters and functionally cooperate. In this model, clustered channels can
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cooperatively gate, via a Ca?*-calmodulin interaction, to amplify Ca?* entry. On the
contrary, Kv2.1 channels function as voltage-gated potassium channels which
hyperpolarize the cell membrane upon activation, decreasing intracellular Ca®*
concentrations and myogenic tone. However, the work contained here and previously
reported(287) propose that Kv2.1 channels have a more complex function in vascular
smooth muscle, playing opposing roles in regulating the membrane potential and
enhancing Cav1.2 activity. In its typical role, Kv2.1 opening induces relaxation by
decreasing the Po of Cay1.2 channels and subsequently lowering [Ca?*]i. However, our
findings support a non-canonical role for Kv2.1 protein playing a structural role in arterial
myocytes, where it enhances Cav1.2 clustering and activity in females, leading to an

increase in [Ca?*]i and inducing contraction.

We propose a model in which Kv2.1 channel clustering has a unique structural function
for Cav1.2 interactions in female arterial smooth muscle. Our results indicate that the
mutation of a critical phosphorylation site (S590A) in the PRC domain of Kv2.1, which is
responsible for the clustering of Kv2.1 channels, leads to a reduction in the expression
of macro-clusters of these channels. This decrease is accompanied by a sex-dependent
decrease in the size of the clusters, especially macro-clusters. However, males,
regardless of mutation, exhibit smaller Kv2.1 clusters compared to WT females and are
largely similar to each other in all metrics measured. Furthermore, the cluster
characteristics of Kv2.1ss90a females are similar to those of males. Based on our
modeling presenting in Chapter 2, we can speculate that WT females may possess a

transcription factor or enhanced regulatory mechanism such as hyper-phosphorylation
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that is absent in males. However, further studies are necessary to investigate this

possibility.

In support of our findings in Chapter 3, Vierra et al. (288), reported that the co-
expression of WT Kv2.1 and Cav1.2 channels induced Cav1.2 clustering in HEK-293
cells and hippocampal neurons. However, the expression of Kv2.1sssea, Which does not
cluster, failed to promote Cav1.2 clustering. Additionally, they demonstrated that
treatments that affect Kv2.1 clustering also rapidly and dynamically regulate Cav1.2
clustering in both cell types. These findings suggest that the expression and clustering
state of Kv2.1 channels directly and actively regulate Cav1.2 clustering. It is of note that
this Cav1.2-Kv2.1 interaction could be recapitulated in HEK-293 cells, which are female.
Future studies would have to determine under what conditions this interaction occurs.

It is intriguing that O’Dwyer et al.(287) found that Kv2.1 regulates both relaxation and
contraction in arterial smooth muscle. Importantly, they found that the relative
contribution of the electrical and structural roles of Kv2.1 in controlling membrane
potential and Cav1.2 activity, respectively, differ between sexes. In male myocytes, the
dominant role for Kv2.1 channels is as an ion channel that regulates membrane
potential. In contrast, in female myocytes, Kv2.1 channels have dual electrical and
structural roles that regulate both membrane potential and enhance Cay1.2 function.
Our results from Kv2.1s500a mutation mice were similar to those previously published in
Kv2.17- mice(287). Specifically, whole cell Ica was similar between WT, Kv2.1ss5904 and
Kv2.17- male myocytes yet were significantly reduced in Kv2.1ss90n and Ky2.17

compared to the WT female myocytes. Additionally, Cav1.2 clusters sizes measured
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with super resolution microscopy followed this trend. This would suggest that Cay1.2
channels are not dependent on Kv2.1 to cluster, yet Kv2.1 macro-clusters could serve

as a growth factor (Pg) for Cav1.2 clusters in females based on our model in Chapter 2.

4.4 Reflections and conclusions

Our study raises an important question regarding the phosphorylation of Kv2.1 and the
formation of macro-clusters in females versus males. Kv2.1 clustering is regulated by a
myriad of kinases such as CDK5 and phosphatases such calcineurin(309). These
kinases and phosphatases work in a rheostatic mechanism to regulate the
phosphorylation status of Kv2.1 based on physiological demands. The clustering
phenotype of Kv2.1 depends on the phosphorylated status of the channel, whereas
dephosphorylation decreases clustering. One possibility in our system is that basal
kinase activity is higher in females than males. To address this question, western blot
analysis or immunocytochemistry targeting phosphorylated Kv2.1 and total Kv2.1
expression could be used. We would expect to observe a smaller Kv2.1 phosphorylation

to total Kv2.1 ratio in males compared to females.

Although our research has provided strong evidence for the impact of both Kv2.1 and
Cav1.2 organization and function in male and female mesenteric arteries, we did not
investigate other vascular beds or regions within a vascular tree. Our recent work has
shown that the distance between two proteins can vary not only between sexes but also
in different arterial beds within the same sex, highlighting the need to explore the

consistency of our observations throughout various tissues(336). Potential experiments
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could focus on Cav1.2-Kv2.1 interactions in this vascular tree at a cellular level, the
myogenic response in isolated arteries, and even study of the blood flow within the brain
under various genetic manipulations. It would be imperative to study whether there exist
any sex-based differences in various beds and orders of the vascular branches. To our
knowledge, no studies have compared Cay1.2 expression or cluster sizes between
different arterial beds, and potential next steps could explore Cayv1.2’s trafficking and
organization within different arterial beds, as well as whether Kv2.1 continues to play its

structural role as seen in Chapters 2 and 3.

One of Kv2.1 clusters non-canonical structural roles is to tether the endoplasmic
reticulum to the plasma membrane (ER-PM junctions)(171, 172, 337-339). These are
sites where the plasma membrane is brought into close juxtaposition with the ER and
represent specialized signaling domains(340). In arterial smooth muscle, extensive work
has shown that the existence of these junctions(341, 342), although we are not aware of
any studies looking at the presence of Ky2.1 at these junctions. Future studies will
investigate the composition of these microdomains and whether these are sites of

enhanced Kv2.1 mediated clustering of Cav1.2 channels.

In neurons, ER-PM junctions are sites where Kv2.1 has been shown to colocalize with
ryanodine receptors (RyR) forming signaling units with L-type Ca?* channels to enhance
Ca?* influx. However, in smooth muscle, sparks via RyR are critical for the negative
feedback of membrane depolarization. These localized RyR Ca?* signals activate

nearby large, Ca?* sensitive K* channels (BKca) resulting in an outward current. These
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can be visualized as spontaneous transient outward currents (STOCs) that ultimately
result in vasodilation(796). Our study raises questions about whether macro-clusters of
Kv2.1 in females could also be a site for RyR-BKca interactions. Future studies will aim
to determine whether Kv2.1 has a structural role in this interaction, investigate whether
de-clustering Kv2.1 affects ER-PM junctions and/or alters BKca-RyR coupling, and
assess the physiological significance of these findings in arterial smooth muscle
relaxation in a sex-dependent manner. We can speculate that the disruption of BKca-
RYR interactions and the inhibition of smooth muscle relaxation can be achieved by de-
clustering Kv2.1. We envision experiments in our laboratory that utilize simultaneous
recording of membrane potential and Ca?* imaging to determine BKca-RyR coupling. In
depth analysis of spark amplitudes, spread and frequency coupled to BKca current
amplitude and frequency could provide novel insight into this interaction. Additionally,
future studies would look at this interaction and whether the sex-based differences in
this interaction would also have physiological consequences for the development of

myogenic tone.

The sex-specific component hints at an interesting avenue of study. What exactly is the
role of various sex hormones on the formation of Kv2.1 clustering and Cay1.2
dynamics? An intriguing approach would be to investigate the impact of ovariectomy
and castration in mice on the organization of Cay1.2 and Kv2.1, and their respective
roles in the regulation of smooth muscle function. Additionally, it would be interesting to
see if there are alterations to blood pressure, myogenic tone, Cav1.2 and Kv2.1 channel

activity or clustering in response to these changes. Finally, it would be interesting to
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study whether re-addition of sex-hormones to the ovariectomized or castrated mice

rescues the phenotype.

Additional questions raised in the study regard the physiological consequences of the
Kv2.1s590a mutation. Previous work from our lab has provided evidence that female
mesenteric arteries express more Kv2.1, larger Cay1.2 channel clusters and exhibit
higher levels of [Ca?*]i compared to males. Collectively this result in enhanced myogenic
tone in females compared to males. We would hypothesize that Kv2.1ss590a females
would have decreased myogenic due to decreased Cav1.2 clusters activity. Future
studies will aim to further elucidate the functional consequences of this mutation and
whether targeting this interaction could provide a therapeutic option for blood pressure

regulation.

In conclusion, this dissertation investigates the mechanisms of ion channel formation in
murine mesenteric smooth muscle cells, focusing on the clustering and interactions of
Kv2.1 and Cav1.2 ion channels. The study proposes a model by which ion channel
clusters form stochastically via a self-assembly process in the membrane based on
three mechanistic probabilities. The findings suggest that Kv2.1 clustering state is not a
determinant of channel conduction in mesenteric smooth muscle and Kv2.1 macro-
clusters serve as a sex-specific site for increased Cav1.2 clustering, which plays a key
role in Ca?* dynamics and smooth muscle physiology. Overall, the study sheds light on

the mechanisms involved in the trafficking of ion channels and maintenance of clusters
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in the plasma membrane, providing potential reasoning for sex-based differences in

smooth muscle physiology.
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