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Abstract

Action potential firing in various excitable cells (cardiomyocytes, neurons, smooth
and skeletal muscle cells) is enabled by the presence ofnwardly rectifying potassium
channels, such as K:2.1, which set the resting membrane potential to a negative value
allowing the activation of depo larizing voltage -gated currents. In the heart, Ki2.1-
mediated I« current is upregulated during development, but downregulated in certai n
pathologies, including myocardial infarction, heart failure, and the Anderson -Tawil
syndrome, a congenital disease characterized by periodic paralysis and pdymorphic
tachycardias. Such electrophysiological changes in the heart are often associated with
profound alterations in cardiomyocyte size and shape, extracellular matrix (ECM), as well
as cytoskeletal tension. Cardiomyocytes sense physical changes in their environment
through integrins, heterodimer ic receptors for ECM proteins that relay information to
focal adhesions (FAs), force-sensitive sub-cellular structures connected to actin
cytoskeleton. In different systems, dynamic changes in FA proteins as well as current flow
through ion channels, inclu ding K2.1, are known to govern important cellular processes,
including survival, proliferation, differentiation, migration, and matrix remodeling. Still,
relationships between ion channels, FAs, andmechanosensitive cellelectrophysiology are
not well -understood. The objective of this thesis has beento explore how changes in
integrin engagement and FA assembly within excitable cells affect Ki2.1 membrane

localization, I« amplitude, and action potential characteristics. We hypothesized that



integrin eng agement will increase the number of active Kir2.1 channels to the membrane,
thus increasing Ixaamplitude and changing action potential characteristics.

To accomplish this objective, we utilized a monoclonal line of HEK293 cells
engineered to express fluorescently tagged Kir2.1 to visualize channels, a monoclonal line
of HEK293 <cell s (" Ex29 3], camliacgsodiura ehaneed Natl®,
and gap junctional channel Connexin-43 as a well-defined excitable cell source, and
neonatal rat cardiomyocytes as native excitable cells.Using microfabrication techniques,
we created a platform for robustly and precisely controlling cell shape and size.
Combining this technique with single cell electrophysiology and quantitative image
analysis, we characterized local and global membrane distributions of Ki2.1, ki
amplitude, and FAs. We established that membrane-bound Ki2.1 localizes in proximity
to FAs, giving a non-uniform distribution of I «1 in the cell membrane.

Next we applied micropatterning of ECM proteins, pharmacological, and
environmental manipulations to alter FA size and distribution in individual cells.
Combining these techniques with single cell electrophysiology, confocal and total internal
reflection fluorescence (TIRF) microscopy, and quantitative image analysis, we provide
evidence that FAs and active integrins play a critical role in regulating K 2.1 membrane
localization, | k1 amplitude, and action potential morphology in excitable cells.

Furthermore, by studying K 2.1 turnover dynamics using fluorescence recovery

after photobleaching (FRAP), we show that the channels are uniformly transported to the

exXpre:s



membrane, where they preferentially accumulate near FA-rich sites via the local
inhibition of dynamin -mediated endocytosis. We conclude this thesis with a modeling
summary of the Kir2.1 trafficking and localization near FAs at the membrane.

Overall, this thesis shows links between the electrophysiology of ion channels and
FA biology, coupling action potential dynamics to changes in the cellular environment
and cytoskeletal mechanics. Our results propose a novel mechanism whereby engaged
integrins are an important regulator of the membrane localization of K 2.1 channels via
the local inhibition of dynamin -dependent endocytosis. This mechanism renders the ki
and cellular electrophysiology indirectly mechanosensitive to various intra - and
extracellular signals affecting integrin engagement and FA dynamics. The work in this
thesis warrant s future in -depth studies of how cell-matrix inte ractions modulate the
function of various ion channels across diverse cell types and pathophysiological

conditions.
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1.l ntroducti on

The field studying how ion channels give rise to currents that contribute to cell
membrane excitability is known as electrobiology. Sincethe invention of the patch
clamp technique in the early 1980<, ion channels have been extensively studied.The
progress in genetic engineering and targeted ion channel mutation s has further enabled
studies of ion channel trafficking and localization to the plasma membrane 2. However,
how ion channels localize and distribute on the cell membrane remains incompletely
understood . Within the last two decades, the field of mechanobiology has also
significantly progressed . The development of traction force microscopy (TFM) in
particular, has allowed for the visualization and quantification of mechanical forces
exerted by cells®. Alongside TFM, microfabricat ion techniques including soft
photolithography have allowed for the direct control of cell shape and local stresses on
the cytoskeleton?®. Improved understanding of h ow mechanical cues from the
environment are processedby cells to instruct their physiological and
pathophysiological responses have stimulated an increasing number of studies
exploring mechanoregulation of ion channel function.

In this dissertation, investigative tools from the fields of electro - and
mechanobiology are applied to the context of physiology of excitable cells. Specifically,
we explore the effects of integrin signaling on the membrane localization and

distribution of the inward rectifier potassium channel, Kir2.1. In the heart, Kr2.1-



mediated |« current is upregulated during development 5.6, but downregulated in certain
pathologies, including myocardial infarction, heart failure 7.8 and the Anderson-Tawil
syndrome?, a congenital disease characterized by periodic paralysis and polymorphic
tachycardias'® 11 Such electrophysiological changes in the heart are often associated with
profound alterations in cardiomyocyte size and shape, extracellular matrix (ECM), and
cytoskeletal tension?2 13 Cardiomyocytes sense physical changes in their environment
throug h integrins 14, heterodimeric receptors for ECM proteins that relay information to
focal adhesions (FAs),force-sensitive sub-cellular structures connected to actin
cytoskeleton?s 16 In different systems, dynamic changes in FA proteins as well as current
flow through ion channels, including K 2.1, are known to govern important cellular
processes, including cell survival, proliferation, differentiation, migration, and matrix
remodeling 1720, Still, relationships between FA assembly and Kir2.1function and cellular
electrophysiology are not well -understood.

In this dissertation, we sought to explore how changes in FA assembly within
excitable cells affect Kr2.1 membrane localization, Ik amplitude, and action potential
characteristics. We hypothesized that integrin engagement will increase the number of
active Kir2.1 channels to the membrane, thus increasing & amplitude and changing action
potential characteristics. Specifically, we utilized a monoclonal line of HEK293 cells
engineered to express fluorescently tagged Kr2.1 to visualize channels, a monalonal line

of HEK293 <cell s (*“ Ex29 3i2.]),camliacgsodiura ehanaall Natl®,

eEXpPre:



and gap junctional channel Connexin-43 as a well-defined excitable cell source?:- 22 and
neonatal rat ventricular myocytes (NRVMs) as native excitable cells. We applied
micropatterning of ECM proteins, pharmacological, and environmental manipulations to
alter FA size and distribution in individual cells. Combining these techniques with single
cell electrophysiology and quantitative image analysis, we provide evidence that FAs and
integrins play a critical role in regulating K 2.1 membrane localization, Ik amplitude, and
action potential morphology in excitable cells. Furthermore, by studying K #2.1 turnover
dynamics, we show that these channels are uniformly transported to the membrane,
where they preferentially accumulate near FA -rich sites via the local inhibition of
dynamin -mediated endocytosis of Ki2.1. Overall, our studies reveal new links between
the electrophysiology of ion channels and FA biology, coupling action potential dynamics
to changes in the cellular environment and cytoskeletal mechanics. This work is described
in several Thesis Chapters as outlined below:

In Chapter 2, we present relevant background. First, we provide a brief history of
the field of electrobiology, followed by a basic introduction to cardiac electrophysiology.
We then discuss Ki2.1 channels and their role in cardiac action potential propagation.
Next, we introduce the field of m echanobiology and discuss FAs and their role sin
sensing physical cues.We further discuss physicochemical changes incell

microenvironment in cardiac development and disease as a rationale for studying FAs in



cardiac tissue. Lastly, we present a summary of the literature that is available on the
relationship between FAs, mechanosensing, and ion channels.

In Chapter 3, we describea system to study how cell size and shape, and
ultimately FA assembly, affect the expression and distributio n of Ki2.1 channels in
Ex293 cells and NRVMs. We quantify corresponding FAs and Ik density in cells of
different sizes and shapes. We also quantify FAs and ki from local areas within each
cell. We present images that for the first time, visualize the proximity of K ¥2.1 channels
to FAs. We show concordant changes in ki density and FA coverage in engineered cells
as well as NRVMs. Lastly, we show that Kir2.1 are proximal to FAs in adult native
ventricular myocardium.

In Chapter 4, we perform a wide var iety of interventions that affect FA assembly
and integrin signaling and assessorresponding changes in Ix: density and Kir2.1
recruitment. These interventions include the knockdown of vinculin, plating cells on
different ECM substr ates, changing mediaosmolarity, and exposing cellsto various
molecules that affect contractility, FA kinase (FAK) signaling, and integrin engagement.
Ix1 density correlates with FA coverage regardless of intervention type. Furthermore, we
show that Kir2.1 is actively recruited to new sites of integrin engagement through ECM
coated microspheres. Lastly, we show the electrophysiological consequences of integrin
dependent Kir2.1 trafficking i n Ex293 cells, by measuringAP morphology that is affected

by the resulting changes in kidensity.



In Chapter 5, we investigate the mechanisms behind observed integrin -mediated
changes inKi2.1 localization at the membrane. Using total internal reflectance
fluorescence (TIRF) microscopy, we show enhanced K2.1 recruitment to the membrane
during integrin engagement. Using a series of inhibitors, we show that local changes in
endocytosis are the primary mechanism for integrin -mediated regulation of | k1. We
utilize fluorescence recovery after photobleaching (FRAP) to quantify turnover rates and
mobile fractions of td -Tomato fused Ki2.1 at FArich and FA-poor sites in
micropatterned cells. Our results show that membrane-bound Ki2.1 channels are rapidly
internalized in areas of low integrin engagement and stabilized in areas ofincreased
integrin engagement, yielding a heterogeneous distribution of channels at the
membrane. Lastly, we describe a simple computation model to describe Kir2.1trafficking
to and from the membrane including the response to biochemical modulations .

Finally, in Chapter 6, we summarize our findings and highlight thei r significance
and in Chapter 7, we discuss potential future work including the investigation of
various binding partners of K 2.1that may be involved in the regulation of channel
localization at membrane by integrin engagement, the potential roles of integrin
engagement in Kir2.1 phosphorylation, and the potential roles of integrin -mediated Kir2.1
regulation in action potential conduction in 2D and 3D cardiac tissues.

Collectively, in this dissertation, we postulate a novel mechanism whereby

integrin engagement regulates Kir2.1 channel localization in the cell membrane, which in



turn can profoundly affect electrical properties of excitable cells. Combining
electrophysiological, microfabrication, and advanced imaging techniques, we have
developed a versatile platform for studying the interactions between force transducing
proteins and ion channels. Specifically, we show that local upregulation of integrin
engagementcanincreasethe number of channels on the membrane by downregulating
their endocytosis, thus increasing the total Kir2.1 membrane density and ki. The

integrin -mediated non-uniform rate of endocytosis along the cell membrane results in
the heterogeneous membranedistribution of K 2.1, with K r2.1channels beingenriched
at sites of large, stable FAsand depleted at FA-poor sites. These results pave the wayfor
increased understanding of ion channel fate and function in he art development and

diseaseand may inspire novel approaches for treatment of cardiac arrhythmias .



2.Background

2.1 Electrophysiology: From Observing Frog Leg Twitches to
Genetically Engineering Excitable Cells

In 1791, Italian physicianand nat ur al phil osopher Lui gi G
attacked by two very opposite sects—the scientists and the know-nothings. Both laugh
atme—cal ling me ‘thmesftreaoags’ Ydkanci rkmow t hat | he
the greatest fKmrowsms fiom matswroee i ng bioelectric
experiments were the first to demonstrate propagating action potentials in biological
systems?, However, the birth of electro physiology , or the study of electrical properties

of biological tissues, happenedsomel 00 year s prior to Galvani S
Swammerdamnotced muscl e contractions in a frog | eg
was Sir Isaac Newton, a decale later, to first realize that nerves carry electrical signals
“from the brain®into the muscl es”

The 1800s were filled with great strides that aided in the understanding of the
physical phenomenon that is electricity and its application sto biological tissues?. In
1850s, the speed of nerve impulse propagation wasfirst recorded by Hermann von
Hel mholtz. Julius Bernstein, wusifirgt his “differ
measurements of resting membrane potential, rise time, and duration of action
potentials. It was not until 1896 that with the help of his student, Vassily Tschagovetz,

Berstein theorized that the selective permeability of K*ions in the cell membrane

established the resting membrane potential of excitable cells?. This theory was further
7



developed by Charles Overton, who suggested an action potential was made possible by
the exchange of Nar and K+ions through the cell membrane?’. Although not termed
“acti on phs hodon bfickahgés in membrane voltage potential due to the
passage of ions through ion channels in the membraneexisted prior to the ionic theory
of membrane excitability 25. During an action potential, a hyperpolarized membrane
potential enables the voltage-gated sodium channels to transiently and quickly
depolarize the cell membrane to positive potentials upon receiving a stimulus of
sufficient strength , followed by the return to the original resting state (repolarization

phaseys.

2.1.1 The Voltage Clamp

The next thirty years (1900s1930s) became devoted to understanding the
structure of the cell membrane as a lipid bilayer2s. The first intracellular recordings were
performed in 1939 by Hodgkin and Huxley 2°and by independently by Curtis and Cole3®
31in 1941 These measurements were done on a giantl-mm diameter squid axon as size
of the intracellular electrode was a limiting factor. In these measurements, btal

membrane current, Im, was be defined as the following:

© © 0 — (2.1.1)
Therefore, the voltage-clamp technique, where V is held constant and — is 0, was

applied to study the ionic currents that contributed to changes in membrane current.



Using the voltage-clamp technique, Hodgkin and Huxley were the first to
identify key ionic currents, | na and Ik, that governed the changesin cell membrane
potential upon excitation of squid axon. In 1953, they described a mathematical model
of action potential initiation and propagatio n, based on aseries of voltage-clamp
experiments, where the membrane with ion channels wasrepresented as an electrical
circuit. This circuit (Figure 2.1) was described by a conductancebased model consisting
of a set of nonlinear differential questions. The specific capacitance of cell membrane
was denoted as Gn. The individual ion channel currents were modeled using membrane
voltage- and time-dependent conductances (g) and constant voliage sources (E, Nernst

potential) set by the concentration gradient over the membrane.

A
Extracellular
Tie
gK(Vvt) Na(Vit)
Cm :: OLeak Vm
—— Eg —~ Ena
IK\L Ina \L | cak \L
Intracellular v

Figure 2.1: Hodgkin -Huxley conductance -based model of the cell.

2.1.2 The Art of Patch Clamping

While Hodgkin and Hux ley used intracellularly positioned wire inside squid

axon, this technigue could not be applied to record current in small cells or individual
9



ion channels. In the late 1970searly 19805 Neher and Sakman developed the patch-

clamp technique to record currents through single ion channelst. This technique allows

for the measurementof1-2 pA of current through a smal
p at dyhusing the voltage-clamp technique and a microelectrode that forms a tight seal
with the cell membrane. While the basic principles of patch clamping are similar to that

of intracellular recordings that have been previously developed, the major innovation is

the microelectrode, allowing for the recording of currents in single ion channels (Figure

2.2).

Figure 2.2: Fire-polished microelectrodes that are used in patch clamp.
The microel ect rode, or “nmdetfronhglagsicgpibaty tube’and i s

fire-polished to be 1-2 microns in diameter. The patch pipett e is then filled with solution
mimi cking intracellular milieu and is used to interface an amplifier circuit and the
interior of the cell.

The major components of the patch-clamp setup used in this thesis (Figure 2.3)
were: 1) inverted microscope for the visualization of the cells and the microelectrode, 2)

micro-manipulator to control the movements of the microelect rode, 3) anti-vibration
10
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table to dampen the mechanical noise,4) patch-clamp amplifier for controlling and
recording voltage and currents, 5) suction and air pressure control to establish seal
between the electrode and cell surface 6) movable stage for holding cell samples 7) the
headstage amplifier that holds the microelectrode and amplifies the recordings using an
operational amplifier with a high resista nce feedback, and 8) lath that hold s solutions

mimicking extracellular milieu and the coverslips containing cells to be patch clamped.

7. Headstage
Amplifier

Figure 2.3: Patch-clamp set up used for this thesis work.
The patch-clamp technique is versatile in its ability to record electrophysiological

signals. Voltage clamp is used to measure ionic currents at different voltage steps, while
current clamp is used to measure voltage responses (action potentials) in esponse to
small current stimuli . There are also several configurations of patch clamp (Figure 2.4)
that can allow for di fferent measurements from the entire cell membrane, a small

membrane patch, or individual ch annels.
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Apply Suction
Whole-Cell
Recording Retract
Retract l Retract L/

[ ———

l/ Outside-Out Air Exposure [/Inside-Out

Retract patch patch
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Figure 2.4: Patch configurations that are commonly used in patch clamp recordings.
Those highlighted in red boxes are used in this thesis work.

In this thesis work, we have utilized the cell-attached patch clamp and whole -cell
configurations. Cell -attached patch clamp allows for the measurement of total current
through a small area of the membrane that remains intact. In the whole -cell
configuration, the small patch of membrane is r emoved by applying suction and the
total current from the entire membrane can be measured. Patch clamp remains to be the

gold standard for measuring i onic currents in living cells.

2.1.3 The Cardiac Action Potential

Heart contains distinct electrically excitable cell types including sino -atrial nodal
(SAN) cells, atrial cells, atrio-ventricular (AV) nodal cells, common (His) bundle cells,

cells from the bundle branches, Purkinje fibers, and ventricular cells. Each cell type has

12



unigue action potential morph ology due to the underlying expression of distinct ion

channels and currents®2 (Figure 2.5A).

B f}lase 1

A

Sinus

&= node

Phase 0

Atrial
muscle
AV
node

Phase 4 Phase 4

Common
bundle

Bundle

branches

1 Purkinje H
fibers H
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Ventricular |
muscle

lon Conductance

Ik

Figure 2.5: Cardiac action potential s.
(A) Different cardiac cell types give rise to different AP morphologies 33. (B) Phases of a
ventricular AP (C) Major ion channel conductances during ventricular AP.

The rapid upstroke of ventricular action potentials is triggered by the fast
activation of Nav1.5 channels Figure 2.5B,C, Phase 0). While Nal.5 rapidly inactivates,
transient outward current, | «, from voltage -gated K+ cause a quick, but partial
repolarization of the membrane 34 (Phase 1). The hallmark of ventricular cardiac action
potentials is the long plateau (Phase 2) made possible by the balance of ion movement
through L -type calcium channels (Ca/l1.2), delayed rectifier potassium channels, and Na
Ca exchanger. During this plateau phase, C&*+induced Ca?released from the
sarcoplasmic reticulum thr ough ryanodine receptors binds to myofilaments allowing for

contraction3®. Inward rectifier potassium channels (K r2.1) are responsible for the final
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repolarization phase of the cardiac action potential (Phase 3) and resting membrane

potential (Phase 4)36

2.1.4 The Inward Rectifying Potassium Channel, Kj

The cardiacinward rectifier potassium channel, Ki2.1 (Figure 2.6), plays a crucial
role in normal propagation in the heart. This channel gives rise to the inwardly
rectifying current, | «1, which determines the repolarization phase of the action potential .
The Iki current also dictates theresting membrane potential of cardiomyocytes, which
indirectly controls excitability of the cell by modulating the availability of sodium
channels for the initiation phase of action potential initiation 27.

First discovered in skeletal muscles®, Kir family of channels did not follow the
Hodgkin —Huxley kinetics that other known voltage gated K *channels followed. These
channels have a greater flow of ions into the cell (inwardly rectifying) at negative
potentials due to a block of outward K *flux by Mg 2+ and polyamines. The Kir channel
activity depend s on the electrochemical gradient of K+, or the difference in membrane
potential and the reversal potential of K + Ex. The subunits of Ki channels consist of two
transmembrane domains (TM1 and TM2) linked by an extracellular pore -forming regi on
(H5). Four of these subunits assemble to form atetrameric, functional complex. Kir2.x
channels can form homomeric or heteromeric structures with other subunits in the

family.
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Figure 2.6: Kir2.1 Channels
(A) Voltage protocol and | k2 response in patch clamp. (B) Typical IV curve for Ix1 (C)
Transmembrane domains of Kir2.1 (D) 3D protein structure of Kir2.1

The Kir2.x channels are synthesized in the ER and then trafficked from the Golgi
to a sub-membrane region by microtubules 3¢, which are locally stabilized by FAK
phosphorylation 4. Channels fuse to membrane via SNARE complexes* and then are
anchored and stabilized to the membrane by SAP972 Ki2.x channels have a FYCENE
amino acid sequence near theC terminus that allows the channels to be trafficked from
the ER to the membrané®. In addition, a YXX @ motif is essential to allow proper Golgi
export#4. Kir2.x channels are removed from the membrane via clathrin-dependent
endocytosis?*, a process that is FAK/Src and dynamin dependent. The channels then

can undergo several fates. Channels can be held in an intracellular pool to be ecycled
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back to the membrane or shunted away to be degraded by the lysosome or proteasome

pathways 4.

Many cardiac pathologies are associated with disrupted Ixicurrent. lki is
downregulated in chronic heart failure 7, ischemia and myocardial infarctions®. Over 30
mutations in the KCNJ2 gene that disrupt trafficking of K 2.1 to the membrane result in
the Anderson-Tawil syndrome 9, characterized by periodic paralysis, QT prolongation in

ECG, ventricular ectopy, and polymorphic tachycardias 1 1%

2.1.5 Role of Cardiac lon Channel Expression and Distribution in AP
Propagation

AP propagation and conduction velocity (CV) in cardiac tissue reflect the

interplay between cell membrane and micro- and macrostructural tissue properties. A
key determinant of normal AP conduction is membrane excitability, dictat ed by Ina.
Reduction of Ina can be caused by genetic mutations in the Nal1.5 channel itself, like in
the Brugada syndrome#’ or through mutations or dysfunctions in the structural proteins.
It can also be caused by a depolarization in the membrane resting potential due the
reduction of I k1. As shown in computational models devel oped by Rudy and Shaw, as
Ina decreases, resulting CV in the tissue also decreases, along with the safety factor (SF)
of conduction. Conduction fails after | na decreasesbelow a critical level 48,

Conduction in the myocardium is anisotropic, faster in the longitudinal direction

than in the transverse direction. This functional anisotropy can be attributed to

16



structural anisotropy including the elongated cell shape, polarized distribution of gap

junctions, and potentially non -uniform resistivity of extracellular space. Studies show
that Nav1.5 channels and K:-2.1 channels are mainly restricted to theintercalated disks
(IDs), where gap junctional proteins, such as Cx43,and cell to cell adhesion junctional

proteins, like N -Cadherin(N -Cad) reside(Figure 2.7).

t-tubuie’ e s £ 3 /
structure P
(e 3 S N lateral
; ¥ ‘membran
o embrane

/7

lateral % .7 lateral
membrane ) - membrane

Figure 2.7 Adult Human Ventricular Myocardium.
Cryosection immunostained for Na v1.5(green), Kr2.1(red), and N-Cadherin(cyan). Example of
IDs are labeled with arrows as well as N-Cad. An example of lateral maembrane is also labeled.
An example of an area showing t-tubule structures are labeled with a white box. Scale bar, 50um.
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Spach et al. studied the role of cell size and Cx43 distribution pattern around the
membrane in cell-to-cell delay (surrogate for CV) and maximum upstroke velocity of the
AP generation. They showed that the size of cell was a larger contibutor to CV and
maximum upstroke velocity than the distribution of gap junctions 495 The roles of co-
localization of ion channels and gap junctions in AP conduction are less understood and
may be relevant in regimes of critical conduction as suggested in modeling studies by
Kucera et al .. They demonstrated the need for Nav1.5 channelproximity to Cx43 in
intercalated disk s to sustain conduction when gap junctional coupling was reduced to
less than 10%0f its physiological level. Using a similar model, our collaborator Seth
Weinberg from Virginia Commonwealth University has shown in yet unpublished
studies that as Ik: localization to ID vs. lateral myocyte borders increases, CV increases
and APD decreases. This increase is rast significant when | na and Ik have the same
membrane distribution pattern. It is thus possible that the distribution of ion channels in
the cell membrane may play an important role in conduction; however, these results are

yet to be tested in experiments.

2.1.6 Engineering Excitability in Non-Excitable Cells

Recent studies in the Bursac group have applied genetic engineering techniques
to convert non-excitable somatic cells in an autonomous source of electrically excitable
and conducting cells52%4. A minimum set of three channels were stably expressed in HEK
cells to enable hyperpolarization of their resting membrane potential, elicit an all -or-

18



none AP response, and couple with other cells to allow for electrical propagation.
Specifically, Ki2.1 channels were expressed to give rise tod and a hyperpolarized
resting membrane potential. Nav1.5 was introduced to HEK cells line stably expressing
Kir2.1, allowing for the AP firing. Lastly, connexin -43 (Cx43) was introduced to allow for

the gap junctional coupling between cells and AP propagation. Antibiotic selection was

used to establish a stable, monoclonalln e t hat was termed “Ex293".

been shown to propagate in 2D and well as 3D fibrin based cultures and to enable active
conduction between regions of cardiomyocytes. Later studies in our lab have moved
from HEK cells to creating excitable human primary cells using bacterial counterparts of
mammalian sodium channelss3. Though HEK cells are not an ideal cell source for
cardiac therapy, they can be used to study complex electrical phenomenon in a
simplified system. They are excellent cell source for studying Kir2.1 andNav1.5 due to
the reproducibility of current measurements and low genetic variability. Action

potentials that are elicited can be directly tied to changes in Iki and Ina.

2.2 Cell Mechanobiology and Mechanotransduction

Cellular mechanobiology is the int erdisciplinary study of how cells sense
mechanical loads and translate them into biological responses. Mechanotransduction is
the process by which mechanical loads are turned into cascades of cellular and
molecular events. Although mechanobiology has been a field as old as

electrophysiology, the study of cellular mechanobiology came about in the early 1990s.
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In 1997, D.E. Ingber published the idea of tensegrity?s, an architectural basis for
cellular mechanotransduction. This model suggests that the organization of the
cytoskeleton provides mechanism for translating mechanical loads into biochemical
responses. A major assumption in the model i s
respond to their mechanical environments through cell membrane receptors allowing
cells to constantly remodel. This model gave rise to the idea that focal adhesion
complexes are what couples the cytoskeleton to the external microenvironment of the

cell.

2.2.1 Focal Adhesions

Focal adhesions (FAs) areforce-sensitive sub-cellular structures that connect the

extracellular matrix (ECM) to the actincyt os kel et on of <cell s. FAs are

out and outside in signaling. Some of the Kk
integrins, focal adhesion kinase (FAK), paxillin, talin, and vinculin 15, Integrins are
transmembrane heterodi meric proteins that ©bind
subunit. Integrins activate FAK by autophosphorylation of tyrosine at site 397 (Y397),

which allows for the binding of FAK with Src at Y397. The FAK/Src complex can trigger

a multitude of downstream events ¢, including phosphorylation of paxillin which plays

an important role as a scaffold for the formation of FAs. Talin is another FA protein that

allows for integrin clustering and FA stabilization, which is upregulated with the

activation of FAK/Src®7. Vinculin, which binds with Talin, is known to be
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mechanosensitive protein that is recruited under FA tension %8, It acts as a
mechanosensor and controls the growth of FA complexes under tension through its
interactions with talin and paxillin 5960

In cardio myocytes, focal adhesion proteins form structures called costameres.
Costameres are riblike structures that form between the ECM and sarcolemma at the z-
lines and allow for the force transmission between the two. 5 Costameres are also known
as the vinculin-talin -integrin system. They localize in T-tubules, lateral membranes with

the dystrophin -syntrophin complex, as well as the ID in human ventricles 62

2.2.2 Molecular Sensing of Physical Cues

Cell shape and size play key roles in cell proliferation and death; therefore, cells
need the ability to sense their own geometric confirmation 3. Microfabrication techniques
in combination with soft photolithography allow for the direct control of cell shape and
size4. Studies have shown that the size of the cells can differmtiate mesenchymal stem
cells into adipocytes or osteoblast$4. FA assembly reacts to not only cell shape and sizé
66 but also the concavity of membrane curvature®’.

Integrins sense ECM composition through ligation of different subunits.

Different subunits bind to do different ECM proteins and can withstand distinct
mechanical | oads. C ®d1 ihteyrine aan withstartd highimeathamicat o
forces®® (>100 pN). FN-a B1 bonds are extremely force sensitive albwing FAs to remodel
in proportion to mechanical load. These bonds break at 20-50 pN, but have a transient
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increase in bond strength under load®°. Maj or | aminin bibldibilyd

o b1, a b4l Calls react to mechanical stressed by remodeling their own

microenvironments by changing ECM composition.

2.2.3 Cardiac Microenvironment in Development

The microenvironment and morphology of the myocytes also change with
development. With postna tal growth of the heart, cardiomyocytes elongate, widen, and
alter their shape, from a spindle-like to a distinct brick -like shape™. These structural
changes coincide with changes in the distribution and expression of cell junction
proteins and ion channels. Specifically, within 3 -4 weeks after birth in rodents, N -
Cadherins change their distribution in membrane from uniform to predominantly
localizing at the cell ends in IDs, as do other proteins like desmosomes’2. This
polarization of N -Cadherins is followed by similar polarization of gap junctions by 3
months post-birth in rodents 73, while this process in humans takes as long as 6 years.
Costameric proteins also restructure with development. In adulthood, talin localizes
predominantly on the lateral edge of the cell with some staining localizing within the
IDs7. Vinculin , associates with both costameres and adherens junctions, increases in
expression postnatally, and is distributed uniformly in the lateral membrane but

predominately in the ID 75 (Figure 2.8).
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Figure 2.8 Adult Rat Ventricular Myocardium
Cryosection immunostained for Na v1.5(green),Vinculin (red), and Kir2.1(cyan). Scale bar, 25um.

Throughout development, the extracellular matrix (ECM) composition also
changes. Laminin expression increases with postnatal development and is found lining
the lateral membrane of the cardiomyocytes marking future costameric regions.
Fibronectin (FN) is the most abundant ECM protein in early development and its
expression level decreases into adulthood as it is replaced with laminin 7276 Collagen |
and Il are the most abundant ECM protein in the adult heart. The total coll agen content
increases with age; however, the ratio between Collagen | and Il changes as well. At the
neonatal stage Collagen | to Collagen Ill ratio is high. In adulthood Collagen | fraction
decreases, as Collagen lll fraction increases’”’Collagen IV is the second most abundant
ECM protein in early development. Cardiomyocytes lose their preferential attachment to
Collagen IV into adulthood, but still maintain a significant expression of Collagen IV. In
adul thood, cardiomyocytes |l ose the expression

allow for the attachment to Collagen IV and FN. 78

2.2.4 Cardiac Microenvironment in Disease
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Often times, during cardiac disease there is a reversal of cell phenotype and
extracellular microenviro nment into more fetal or neonatal stages™. In ischemic diseases,
Cx43usually re-assemblesfrom IDs at the lateral cardiomyocyte membrane 8.
Pulmonary hypertension in sheep was shown to result in the lateralization of
desmosomes and Cx43 and a reduction of Nal.5 staining at the IDs. This reduction was
also marked with a decrease in peaklina density®.. Decease in ka, resulting in reduction
of maximum action potential upstroke velocity, has been found in cardiomyocytes in
border zone of myocardial infarction 82 Surviving border zone cardiomyocytes have
been also shown to have reduced k:%. In the development of pathologi cal hypertrophy,
there is a reduction of Cx43 and Na/1.5 expression preceding significant fibrosis.
Alongside these ionic changes in cardiomyocytes, there are changes in the ECM
composition. Fibronectin deposition increases after either myocardial infarction or
pressure-overload hypertrophy 8 8 Experiments in infarcted rodent hearts reveal a 5-15
times increase in mRNA for Collagen | and lll few day s post infarction. This is shortly
followed by a n increase in deposition of Collagen | and Il in both the non -infarcted and
infarcted regions of the infarcted hearts®’. Laminin expression decreases significantly
post myocardial infarction 8. Vinculin expression in the cardiomyocytes also increases
during ischemia and reperfusion injury 8. To date, the potential causal relationships

between the remodeling of structural proteins inside and outside cardiomyocytes and
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their membrane ion channels have not been studied in detail, in neither cardiac disease
nor development.

2.3 The Roles of Mechanotransduction in lon Channel
Regulation

The first studies that connect ion channel function to integrin -mediated
mechanosensing have been performed in the 1990% 91 Following these studies, several
studies have emerged showing that potassium channel activity can be induced by
upregulated mechanical stress on cells and FAK activity®2 % The following is a literature
overview of known interactions between integrins and cytoskeletal proteins and ion

channels.

2.3.1. Integrins and lon Channels

As shown in Table 1, Integrins can regulate function of several voltage-gated ion
channels through interactions with their regulatory subunits, phosphorylation, oxidative
state, gene expression, and trafficking?#%. Table 1 shows a few studies hat were

performed to show interactions between ion channels and integrins.

Table 1. Known Interactions between lon Channels and Integrins

Integrin Complex Effect of Integrin Mechanism of
h I . nT . .
Channe Subunit Cell Type Formation on Channel Channel Regulation Ref
Smooth Muscle . . p-Ser (PKA) and p-
1.2 d. | 97-99
Ca e (arteriolar) nd Stimulation Tyr (Src, FAK)

Smooth Muscle . .
Cavl.2 04f31 . 8 n.d. Stimulation P-Tyr 100
(arteriolar)

Cavl.2 ovfBs Smooth.MuscIe n.d. Inhibition P-Tyr independent 94
(arteriolar)

Kv1.3 B1 T lymphocytes Yes Stimulation n.d. 101
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102,
IRK 04f31 Monocytes n.d. Stimulation n.d. 103
104,

Kv4.2 n.d. . Neurons n.d. Increasgd n.d.
(hippocampal) Expression 105
Kir3.1 B1 Xenopus Yes n.d. n.d. o1

oocytes
Ventricular . .
- 106
lci (swell) Bz Myocytes n.d. Stimulation p-Tyr (Src, FAK)

Kir3.1, a close relative of K2.1, has been shown to form a complex with b1
integrins, but the effects of on the channel have not been determined:. On the other
hand, L-type Ca?*channels have shown to be stimulated through tyrosine
phosphorylation, but have not been yet shown to form a complex with integrins ¢, The

knowledge on mechanism of integrin -mediated channel regulation remains incomplete.

2.3.2. Cytoskeletal Proteins and lon Channels

Previous studies have also implied the close association of specific cytoskeletal
proteins and sodium channels9%113 Howev er, the potential link between cardiomyocyte
cytoskeletal (costameric or ID) structures and ion channels and its implications for
cardiac AP initiation and conduction are yet to be explored. Table 2summarizes some of

the known interactions between structural membrane prot eins and cardiac ion channels.

Table 2. Known Cytoskeletal Protein Interactions with Cardiac lon Channels

Protein Interaction with Na v1.5 Ref. Interaction with K #2.1 Ref.
P ~ 12 - -
q-Actinin -2 ya gctlnln 2, y peak Ina No known interaction
density
Membrane localization 47, No known Interaction
Ankyrin G ZAnkG, Zpeak Ina density 115,
116
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Caveolin-3 (Cav3)

B-adrenergic receptor
stimulation -dependent
regulation of Ina

117,

118

Colocalize at lateral membrane.
Mutations in Cav3 Z k1.

119

Lateral membrane localization

120

Associates via PDZ-binding

42

Dystrophin ZDystrophin, Zpeak Ina domain
density
No known interaction Increases local number of 121
Filamin A channels in membrane at the
sarcomere
MOG1 Cell surface expression at ID 122 No known interaction

YyMOG1, y peak Inadensity

N-Cadherin (NCad)

Found in clusters with Na v1.5
atthe ID. ZNav1.5 leads to
loss of strength in NCad

123

No known interaction

Nedd4-2, ubiquitin -
protein ligase

Nedd4-2 and Nav1.5 co
expression causesZIna peak
density

124

126

Nedd 4-2 expression ZKir2.1
channel expression through
AMP -activated protein kinase

127

Plakophilin -2 (PKP2)/

ZPKP2,ZIna peak density,
Zconduction velocity

128,

129

PKP2 Binds PKG at the ID
whose mutation 211

129

Plakoglobin(PKG) PKP2 Binds PKG at the ID
whose mutation Zlna
Regulates surface expression | 120, Regulates surfaceexpression at | 130,
SAP97 at ID. ZSAP97,Zpeak Ina 130 | ID.ZSAP97, 2 131
Interacts through dystrophin 113, N-terminal of Na v1.5 binds to 42,130
at lateral membrane. Co- 120, al syntrophin t
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2.3.3. Mechanosensing by lon Channels

Mechanosensitive ion channels are ubiquitous in all cell types. These channels

are known

-act g adt et cbh asrMay knewn voltage -gated C

channels are mechanosensitive. SAC is defined to be a channel that changes shape or

configuration betwe e n

uopenu

avimen the'memboageestle’ss is applied. These

channels can activate (increase current) or inactivate(decrease current) under membrane

stress via a change in theprobability of channel opening. Classic mechanosensitivity

assayd3¢ for measuring the effects of stretch on ion channels are shown inFigure 2.9.
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Cells are patch-clamped while applying pipett e suction, cell stretch, shear stress or
laminar flow, hypo -osmotic shock, or direct mechanical indentation. Although specific
pharmacological blockers of SACs do not exist, gadolinium may block SAC by
decreasing the opening rate and unitary conductance of these channels. GsMTx4 is a
tarantula venom peptide that can more specifically block cationic SAC, but not 2-pore

channels. The antibiotic streptomycin also can have inhibitory effects on SACs.

7
< —>
Stretch Suction Stretch
N Control Cell
=
Shear Stress Mechanical

Indentation

Hypo-osmotic
Shock

Figure 2.9: Traditional methods for measuring mechanosensitivity of ion channels.

Unlike many potassium channels, Ki2.1 is not a stretchgated channel, as shown

by its insensitivity to gadolinium and the lack of immediate response to 10 -30 minutes of
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hypo-osmotic shock!?”. However, Kir2.1channel can elicit a current that is specific to this

protein isoform under the onset of shear stress, suggestingindirect mechanosensitivity 92,
In this thesis, we will explore possibility for indirect mechanosensitivity in K 2.1

channels and alternative integrin -mediated mechanisms for mechanically regulating ion

channel localization in engineered and native excitable cells.
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3. Roles of Cell Geometry 1in

Assdéadmy and Subsequedwubel€Chiatnges

3.1 Rationale and Experimental Plan

To the best of our knowledge, there are no reports in literature that explain the
underlying mechanisms of K #2.1 recruitment to specific locations in the cardiomyocyte
membrane. Before understanding mechanisms of localization of ion channels in
electromechanically coupled tissue, it is important to understand how channels localize
in the membrane of individual cardiomyocytes. As previously mentioned,
cardiomyocytes change cell size and shape throughout development and diseasé? 3,
Thesechanges are accompanied by changes ind densitys 6 8.138.139 a5 well as changesn
focal adhesion proteins including vinculin and in tegrinss® 140.141 Previous work 142 by our
group has shown a dependence of ki density on cell size in both HEK293 cells
expressing Kir2.1 and neonatal rat ventricular myocytes (NRVMs). H owever, this
phenomenon was not further investigated. It has also been established that controlling
the cell size and geometry is the most common means to alter FA assemblys.

The goal of this aim is to create a robust and reproducible systemto study how
cell size and shape, and ultimately FA assembly, affect the expression and distribution of
Kir2.1 channels in excitable cells, and specifically monoclonally engineered HEK293 cells
and NRVMs. The questions to be addressed are (1) Where do Kir2.1 channels localize in
cells of different shapes and size® and (2) How does cell shape and sizeaffect

expression levels and membrane distribution of Kir2.17?
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In the following experiments, cell geometry was controlled using microcontact
printing methods. Ex293 ells were micropatterned on fibronectin islands of different
shapes and sizes Figure 3.1A). Standard whole-cell voltage clamp protocol was applied
to record whole-cell (global) Ix: in individual micropatterned cells (Figure 3.1B), while
cell-attached patch clamp was used to record local currents from specific membrane
locations (Figure 3.1C). In parallel experiments, HEK293 cells stably expressing Kr2.1-
tdTomato (Ki2.1-tdT) were patterned and then imaged with live cell confocal
microscopy to visualize channel localization (Figure 3.1D). FA localization and coverage
were assessed by immunostaining for vinculin and other FApr ot eins (active 1
integrins, paxillin, and talin) using custom image analysis software. The findings from
these experiments were then validated using micropatterned NRVMs, which were

isolated using our previously established protocols?!. 22, 142, 143
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Figure 3.1: Schematics of Experimental Workflow.
(A) Cells are seeded on fibronectin micropatterns for 6 hours. (B) Ik1 density is measured by
whole-cell patch clamp. (C) Local I1 is measured by cell-attached patch clamp. (D) FAs and
Kir2.1-tdT are imaged using confocal microscopy.

3.2 Methods
3.2.1 Soft Photolithography

Soft photolithography is a technique used to replicate micro-structures using
elastomeric materials, most notably, polydimethylsiloxane (PDMS). We us ed this
technique to reproducibly confine cell shapes into specific geometries (Figure 3.2) as
previously described 142 143 Briefly, a silicon wafer (WaferWorld, West Palm Beach, FL)
was coated with a 5 um layer of photoresist (Figure 3.2A; SU8-5; Microchem, Newton,
MA) , covered with a photomask (Figure 3.2B, C), illuminated with UV light (Figure

3.2D), and chemically washed to remove un-crosslinked photoresist to generate
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microfabricated patterns of islands (Figure 3.2E). Poly-dimethylsiloxane (PDMS, Sylgard
184; Dow Corning, Midland, MI) stamps were cast against the microfabricated wafers at
8(rC for 2 h, cleaned in 70% ethanol Figure 3.2F). These stamps were therused
multiple times to microcontact print ECM protein islands onto PDMS coated glass

coverslips (Figure 3.2H-I) followed by seeding of cells that adopted the shape of the

island.
@é‘a ~_Photomask
- O
I’/A\I e Spin-coat & + + +
= bake
+++
: =

Dehydrated &
UV-decontaminated UV Exposure

@\ Zoom out
o®
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develop,
silanize

L

Photomask
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Cc PDMS ]
ur:'lold Flip Sonicate in G_'U Coat with Fibroniectin coverslip
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{_\- @ ethanol, Fibronectin )

= N, dry N, dry

30 min Gently trace
protein with forceps

transfer

Entire fibronectin
micropattern

CJ%_:* e
Schematics of the procedure used for production of fibronectin islands.
Micropatterns for the photomasks were drawn using both Postscript and

AutoCAD (Autodesk, San Rafael, CA). Three island shapes were selected to maximize
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the differences in cell tension distributions: the square, circle, and 4arm star. These
shapes were area matched and fair different spread areas were created: 225 un®, 529

pm2, 961 pun?, and 1600 pnt (Figure 3.3A).
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Figure 3.3 Island shapes and sizes for micropatterning.
(A) Dimensions of each island selected. (B) Examples of the island arrays crated within each 1
cm x 1 cm square.

The patterns with islands are grouped in 1 cm x 1 cm squares such that each
square centimeter had the same number ofislands regardless of size and shape ofthe
island (Figure 3.3B, Figure 3.4A). This layout was then printed as high -resolution
photomasks as shown in Figure 3.4B (chrome on sodalime; Advance Reproductions,

North Andover, MA).
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Figure 3.4: Layout of the photomask.
(A) AutoCAD or Postscript output of all island shapes and sizes for micropatterning. (B) The

resulting chrome -on-glass photomask.

Hiet

Each of the steps described inFigure 3.2 had to be optimized for the part icular
patterns we used. First, clean wafers, straight from the packaging, were placed on a hot
plate at 95 C for 10 mins. These wafers were then keptin clean 100 mm petri dishes.
SU8-5 was chosen as the negative photeesist after trying SU8-10 and SU 82000.5. SU&
was the only photoresist to result in clear features. The photoresist was spun at 3000 rpm
for 30 seconds to yield ~5 pum layer. Soft bake andUV exposure were performed
according to recommended times and wavelength. The postexposure bake and the
PGMEA development times were the most critical in getting the shapes with defined
features. Severaltime combinations were attempted before selecting optimal protocol
(Figure 3.5A) —the 7.5 s postexposure bake and 1 min 15 sec developrent. The
structure of the resulting photoresist pattern on the wafer was assessed qualitatively

using a zygometer (Figure 3.5B). PDMS stamps were casted on the wafers by mixing it in
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a 6:1 ratio (30 g of PDMS, 5 g of curing agent is sufficient to fill one 100 mm petri dish
containing a wafer). This mixture is thinner tha n the 10:1 recommended ratio and allows
for generation of sharper features, seen in patterned fibronectin immunostai nings in
Figure 3.5D compared to Figure 3.5C. For cell micropatterning, stamps we re coated with
fibronectin (30 pg/mL in PBS) or laminin (30 pg/mL in PBS) for 1 h at 37 C. and blow -
dried with N 2. The fibronectin micropattern was microcontact -printed from the PDMS
stamps onto UV-ozone treated, PDMS-coated 12 mm glass coverslips for 1 hr to allow
protein transfer. For live cell imaging, cells were patterned on plasma -treated PDMS-
coated glass bottan dishes (Fluoro 35 mm, ibidi, Madison, WI). We selected the largest
two pattern sizes to perform our subsequent experiments. HEK cells and NRVMs were

unable to be confined to the two smaller patterns.

36



A

4.6 s
5S5s
65s
75s

Figure 3.5: Optimization of microstructures on silicon wafers.

(A) Combinations of post bake exposure and development times that were tested. Green
represents near optimal structures. Yellow, orange, and red represent declining quality in
structures. (B) Outputs from the zygometer showing top -view and side -view of the patterns in
the SU-8. (C) Fibronectin patterns that show rounded edges (arrows). (D) Fibronectin patterns
with sharp features from the stamps that were selected for the experiments in this thesis.

3.2.2 Cell Culture

Engineered Cell Line&or the patch clamp experiments and focal adhesion
guantification, we utilized the previously described and characterized Ex293 cell line?, a
monoclonally -derived HEK-293 cell line engineered to stably expresKi2.1, Na/1.5 and

Cx43. For live imaging analysis, we used amonoclonal HEK -293 line expressig Kir2.1

fused to tdTomato(tdT-Ki2 . 1) at t he channel’”s N ter mi
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maintained in low -glucose DMEM with L -glutamine and sodium pyruvate (11885-092,
Gibco, Waltham, MA) supplemented with 10% fetal bovine serum (HyClone, Logan,
UT) and 1% Penicillin-Streptomyocin (15140122, Gibco, Waltham, MA). For each
experiment, cells were plated onto micropatterned glass coverslips at an optimized
density of 10,000 cells per craand studied at 6-10 hours after plating . This optimized
density of cells was critical for the ability to efficiently pattern single cell per island.
Neonatal Rat Ventricular Myocytes (NRVMSsAIl studies conformed to the Guide
for the Care and Use of Laboratory Animals, published by the United States National
Institutes of H ealth (Publication No. 85-23, revised 1996) and approved by Duke
University Protocol A214 -09-07.NRVMs were isolated from 2 -day-old Sprague Dawley
rats, as previously described 142 144.143sing overnight digesti on in 0.1% trypsin and four
serial dissociations with 0.1% collagenase. The obtainedcell suspension was pre-plated
on a tissue culture flask for 45 minutes to enrich the fraction of cardiomyocytes. Non -
adherent cells were collected, centrifuged, re-suspended, counted, and plated onto
micropatterned fibronectin substrates at density of 40,000 cells per crdiin DMEM/F -12
(113306057, Gibcg supplemented with 10% fetal bovine serum, 10% horse serum,
penicillin (5 U/mL), and Vitamin B12 (2pg/mL). After 24 hours, cell culture medium was
changed to DMEM/F12 supplemented with 2% fetal bovine serum, penicillin, and

Vitamin B12. All experiments were performed after 3 -4 days of culture.
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Native Adult Ventricular Myocardium Adult rat left ventricles were excised from 3 -
month old female Sprague-Dawley rat and rinsed three times, twice in ice cold 30%
sucrose solution and once inice cold PBS. All washes combined were rapidly performed
(<1 min combined) to preserve tissue viability while removing as much blood as
possible. Ventricles were then trimmed and embedded in Tissue-Tek O.C.T. Compound
(Sakura Finetek), snapfrozen in liquid nitrogen ,and placedin-8 0 ° C over ni ght . S
were then cryo-sectioned at 5 um thickness For optimal results, samples should be

immunostained immediately after sectioning.

3.2.3 Patch Clamp

Glass coverslips with micropatterned cells were transferred to a patch-clamp
chamber perfused with Tyrode’'s sol L C,1.8®&n cont ai
CaClz, 1 MgClz, 0.33 NaH:POQ4, 5 HEPES and 5 glucose. Patch pipettes were fabricated
with tip resistancesof 1-2 MQ when fill ed with pipette sol ut
140 KCI, 10 NaCl, 1 CaC4, 2 MgClz, 10 EGTA, 10 HEPES and 5 MgATP.

Whole-cdll voltage -clamp recordings were performed at room temperature
(25 °C), wusing the Multiclamp 700B amkHzi fier (
Bessel filter, digitized at 40 kHz and analyze
University of Strat hclyde). Steady-state Iki—V curve was constructed using the current
responses tol-s voltage clampsteps ( -130 to 50 mV, apphed froemment s o f
a hol ding pot &itAPsawere mdasuredi®cumelt-clamp mode, with no
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holding current. Voltage responses to tms depolarizing current steps (from 0.5 nA to
2 nAin 0.1-nA increments) were measured. APs that was elicited at 1.1 xthreshold
amplitude were used.

For cell-attached voltage-clamp recordings, patch electrodes were fabricated with
tip resistances of 5.6-10.0 MQ (for HEK -293 cells) and 1.53.0M Q (for NRVMSs) when
filled with pipette solution containing (in mM): 140 KCI, 1 CaCk, and 5 HEPES. Bath
solution consisted of (in mM): 140 KCI, 1.8 CaCk, 5 HEPES, and 0.33 Nat#PO.u. lx1
currents were recorded using the same voltage step protocol as the whole cell
recordings, filtered with a 2 -kHz Bessel filter, digitized at 40 kHz and analyzed using

WInWCP software, as previously described 13,

3.2.4 Immunofluorescent Staining and Imaging

Coverslips with p atterned cells were placed in a 30% sucrose and 0.1% v/v
Triton -X solution for 30 seconds,fixed in 4% paraformaldehyde (PFA) for 5 mins, and
permeabilized with 0.1% v/v Triton -X (10 mins for HEK-293 cells, 30 mins for NRVMSs)
at room temperature. Primary antibodies were diluted in blocking solution (5:1 solution
of 1% BSA and chicken serum) and applied overnight at 4°C and included: Anti -
Vinculin (1:800, mouse monoclonal, Sigma), Anti-Paxillin (1:300, rabbit monoclonal,
Abcam), Anti -Talin (1:300, mouse monoclonal, Sigma), and Antiactive B1 integrin
(1:300, mouse monoclonal, Abcam). The secondary atibodies included Alexa Fluor 488
(1:300, chicken antirabbit, Life Technologies) and Alexa Fluor 594 (1:300, chicken anti
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mouse, Life Technologies) and were applied for 1 h at room temperature. Nuclei were
counterstained with DAPI (1:250, Sigma). Alexa Fluor 488 Phalloidin (1:150,
ThermoFischer) was used to visualize actin fibers in cardiomyocytes.

Cryo-sectioned adult ventricular samples were brought to room temperature,
briefly rehydrated, then fixed in 4% PFA for 10 mins and permeabilized overnight at 4°C
in a solution containing 0.5% v/v Triton -X, 1% w/v BSA and 10% v/v chicken serum.
Primary antibodies were diluted in blocking solution (0.5% v/v Triton -X, 1% w/v BSA
and 3% v/v chicken serum) and applied overnight at 4°C and included: Anti -Kir2.1(1:100,
rabbit monoclonal, Alomone) andAnti -1 D i ntegrin (1:200, mouse m
Millipore). The secondary antibodies included Alexa Fluor 488 (1:300, chicken anti-
rabbit, Life Technologies) and Alexa Fluor 594 (1:300, chicken antimouse, Life
Technologies) and were applied for 1 h at room temperature.

All samples were imaged at 40x magnification (HCX PL APO 40X/NA1.25 QOil
Objective; LeicaMicrosystemsBuffalo Grovell), 4x opticakoom, and a pinhole size of 1
Airy Unit (~1.2 um slice thickness) using an inverted confocal microscope (Leica,
DMIB000CS) and Leica LAS AF 2.6 imaging software. Thefull width at half maximum of
the point spread function was ~290nm for the 488nm excitation wavelength and ~310nm
for the 561nm excitation wavelength. Live cells were imaged using the same system,

while maintained at 37 C.

3.2.5 Image Analysis
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Mi cropatterned cells stained for vinculin,
well as live cells containing tdT -Kir2.1, were imaged by confocal microscopy in the plane
of the cell-substrate interface and analyzed using custom Image J macrosMasks were
created for each single cell by increasing contrast andapplying user input. To focus on
the periphery of the cells, cell masks were created at 80% of the actual border of the cell
and then overlayed and deleted to remove the interior of the cells. Images were then
cropped to a tightest square image and pixel values from different cells of same shape
and size were summed into a stack image and pseudocolored to create heatmaps.
Total FA coverage in micropatterned cells was quantified in square microns by
thresholding the FA -immunostained images using Image J at 3 standad deviations
above the mean pixel intensity of the original cropped image. The positive pixel area
denoting FA plagqgues was measured in I mage J us
denoted as “t ot aoverageoFor all FAlintapgea ih rhicrdpatterned Ex293
cells, pixel size was 0.189 microns.
Local FA coverage in micropatterned cells was quantified (in square microns) by
thresholding FA -immunostained images at 3 standard deviations above the mean
intensity of the original cropped image followed by divi ding each cell into a 5x5 grid
resulting in 25 regions (Figure36) . Four of these regions were d
other 4 regions wer e de n otheshhpeafdhe ted. Thg positive de pe nd

FA area in the “corner” and “edf(etodeimgi ons was
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Appendix) usi ng the “Measure” function. The mean FA
4 edges was termed “ 1| oc al mhearFmensityoftdl-Kayland Si mi |l

CellMask Green was measured from these areas andaveraged.
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Figure 3.6: Quantification of local focal adhesion coverage in micropatterned cells.

(A-C) Immunostained cell image for an FA protein (e.g. vinculin) is divided into 25 regions.

C 7\
€ > ‘.

Four of these regions (red) are | abeled as “edges”’
“corners”, depending on the shape of tdie cell (ci
vinculin *) area of FAs found in all 4 edge or 4 corner regions of a cell is quantified in um2 using
Image J, divided by 4,andreported as “l ocal” FA coverage
Immunostained sections of adult rat ventricl es were used to quantify spatial
relationships betweenKi2 . 1 channel s (stained in green) and
red). Each analyzed cardiomyocyte was divided into multiple “ Hubuleregions” i n t he

cell interior and“ ¢ o s teaegiens’ at the lateral cell boundaries. Custom Image J
macro (see ©de in Appendix) allow ed the user to select lineswithin these regions along
which fluorescence intensity profiles were measured in the green and red channels.
These lineswere selectedto encompassthe two fluorophores and to be orthogonal to
either the registered T-tubul e pattern (along the longitudinal cell axis) or lateral

membrane (along the transverse cell axis) From the obtained intensity profiles, a custom
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MATLAB script (see code in Appendix) then calculated the closestdistance between the

green and red fluorescence peaks

3.3 Results

3.3.1 Whole-cell Ik1 Density Depends on Cell Spread Area, but Not
Cell Shape

Ex293 cells were plated on patterned fibronectin islands of two defined sizes
(961um2 or 1600 pme), and each of 3 shapes (circular, square, or star) for 6 hours to allow
spreading acrossthe entire micropatterned islands. We expected that spreading area of
cell will impact its mechanotransduction. In order to confirm that the cells are sensing
differe nt mechanical cues, we stained forYes-associated protein (YAP), a co
transcriptional regulator of hippo signaling pathway shown to localize to nucleus when
the cytoskeleton is experiencing high tension, and to the cytoplasm when relaxed!4. The
nuclear-to-cytoplasmic YAP expression ratio was thus quantified as an indicator of the
relative tension experienced by cell. YAP staining (Figure 3.7) in micropatterned cells
confirmed the expectation that larger cells experienced more cytoskeletal tension than

smaller cells. Interestingly, YAP localization was independent of cell shape.
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(A-C) Representative immunostaining images showing Yap expression both in nucleus and
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cytoplasm of smaller cells. (D-F) Larger cells express more Yap in the nucleus than in the

cytoplasm. (G) Image quantification of nuclear -to-cytoplasmic YAP ratio. N=20 per group. Data
are Mean £ SEM. *p<0.05, **p<0.01 in 1600 vs. 96In2 cells of the same shape. Scale bars, 3vm

found them to be increased in larger cells regardless of the cellshape (Figure 3.8).

A

Iy (PA/PF) W

lc1 (PA/PF)

-100

We then measured whole-cell Ik: current densities at -90 mV and at-60 mV and

(]
~N
- | | | C
= 2
© = —= E >
o £
1) o
© w o))
. '
—
— o ©
X o ™
© g o
— . ® 2
Circle Square Star  foms S
N
—
=X
N 951c m2 B 1600s m?2 D
0 0
.25 -25
-50 -50 E
-75 75 Py
mV -100 -100 ©
100 95 -90 -85 -80 -100 -95 -90 -85 -80 -100 95 90 -85 B0
25 25 —~
204 20 Lé_
154 15 <
/\\ 104/\\ 10 &
59 5
mv ; : E
-70 -60 -50 -40 -70 -60 -50 -40 -70 -60 -50 -40

Square

45

Star

AN
S o o
1 1 1

I 961 m2 I 1600 m?2

L,

[o2]
o

*

Circle Square Star

T

x

Circle Square Star
Figure 3.8: Ix1 densities in micro patterned Ex293cells.



(A) Representative Ixi traces of cells cultured on the six micropatterns. (B) |-V curves zoomed in
around -90 mV and -60 mV for cells of different shapes and sizes. (C)Whole-cell Ix1 densities
quantified at -90mV. (D) Peak outward I«: densities quantified at -60 mV (n=1830 cdls per group;

Mean+SEM).*p<0.05; **p<0.01.

3.3.2 Total FA Coverage, Like Ik1 Density, Increases with Cell Spread
Area

As FAs are complex structures, we probed a variety of proteins to ensure the
generalizability of our results including integrins, paxillin, talin, and vinculin, all shown
to be key players in FA assembly and dynamics®’. Specifically, active integrins physically
link FAs to the ECM 7. Paxillin plays an important role as a scaffold for the formation of
FAs%. Talin, a well-studied mechanosensitive protein that links integrins to actin stress
fibers at FAs is upregulated with FAK activation and participates in integrin clustering
and FA stabilization 57- 148 Vinculin is another FA mechanosensitive protein which
regulates the growth of FA s under tension through its interactions with talin and
paxillin 149, Vinculin is recruited to FAs when the actin cytoskeleton is under mechanical
stress and/or integrins are engaged. Quantification of areas positive for immunostained
act i anegrip (Figure 3.9A,B), paxillin ( Figure 3.9C,D), talin (Figure 3.9E,F), and
vinculin ( Figure 3.9G,H) revealed increased FA coverage in larger cells, as previously
reported®s. Since all FA proteins showed similar distributions and cell shape and size
dependences vinculin and in later studies B lintegrin were displayed as the FA markers

in the remaining studies.
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Figure 3.9: Effects of cell shape and size on focal adhesion (FA) coverage and | k1 density in
micropatterned Ex293 cells.

(A, B) Micropatterned Ex293 cells stained with active B1 integrin (yellow) and corresponding FA
coverage quantification (n=10 cells per group; MeantSEM). (C, D) Micropatterned Ex23 cells
stained with paxillin (red) and corresponding FA coverage quantification (n=18 -29 cells per
group; Mean+SEM). (E,F) Representative micropatterned Ex293 cells stained with talin (magenta)
and corresponding FA coverage quantification (n=6-11 cellsper group; Mean+SEM). (G, H)
Representative micropatterned Ex293 cells stained with vinculin (green) and corresponding FA
coverage quantification (n=6-11 cells per group; MeanSEM). *p<0.05; **p<0.01; ***p<0.001 in 1600

vs. 961' m2 cells of the same shape Scale bars, 3%um.

3.3.3 Quantification of FA Shapes and Sizes in Shows Differences in
Micropatterned Ex293 Cells
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Immunostaining of micropatterned cells revealed heterogeneous distribution of
vinculin in cell membrane, with circular cells showing small, round FAs evenly
distributed along the entire cell periphery; whereas, star-shaped cellsshowing large,
elongated FAs in the corners and small, round FA along the edgesof the cells (Figure
3.10A). We sought to quantify these FA distributions at the cell periphery for eachcell
shape and size using heat mapsgenerated by stacking images of individual cells and
averaging them to visualiz e the representative FA distribution s of the entire population .
SinceFAs are known to enlarge and elongate in the direction of actin fibers under
mechanical stres$%, we quantified the size and circularity of each FA plaque. Vinculin
images were thresholded and plaque sizes (in sg. microns) and circularities (defined to
be 41 x ar &waherp kis a parkedt @rele and~0 is an extremely elongated
rectangle) were quantifie d. Obtained histograms revealed that circular cells have
predominantly small FA sizesfor both 961 and 1600 unispread areas. The starshaped
cells havea wider FA distribution with the largest FA areas amounting to 7 um2and 15
pm2at 961 and 1600 umspread areas, respectively(Figure 3.10B, C). Quantifying FA
circularity revealed that circular cells contain more circular FA s, (the distribution
skewed towards 1), while star-shaped cells containmore elongated FAs (the distribution
skewed towards 1, Figure 3.10D, E). These results were consistent with the expectation
that larger cells experience larger mechanical stress on their FAs, and this is shape

dependent.
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Figure 3.10: Visualization and quantification of FAs around the periphery of micropatterned

Ex293 cells.

(A) Heat maps of pseudocolored average vinculin intensities in stacked images of
micropatterned Ex293 cells. Scale bar, 35 um. (B, C) Histograms of the FA plague areas in
small (961 nm2, B) and large (1600mm2, C) cells. (D, E) Histograms of the circularity of all

FA plaques in small (D) and large (E) cells.

Next, we assigned FAs toa corner

o r in‘the ckljamd reahatyzed t i 0 n

the histogram distributions for FA plaque areas ( Figure 3.11). We found that FAs in the

corners of the star and square-shaped cellsare larger than those located atthe edges of

all three shapesconsistent with the expectation that the FAs in cell corners experience

mechanical load than FAs in cell edges. The sums of all FA plaque areas in cell corners
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andedgesr ef erred t o a®vVvthaFRgdark 8ld®@) deménstrated the

highly heterogeneous FA distrib ution at periphery of non -circular micropatterned cells .
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Figure 3.11:Quantification of local FA coverage in micropatterned Ex293 cells .
(A-F) Histograms of FA plaque area distributions at corners and edges of cells of different shape
and size. (G) Quantification of local FA coverage at corners and edges of vinculin-immunostained
cells (n=829 cells per group; Mean+£SEM). ***p<0.001 in corner vs. edge.
3.3.4 K;;2.1-tdT Distribute Heterogeneously in Non-circular Cells
Next, we imaged Kir2.1-tdT expressing micropatterned HEK cells to visualize the
membrane distribution of K ¥2.1as a function of cell shape and size To facilitate the

visualization of the Kir2.1-tdT pool corresponding to FAs at the cell periphery, we
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masked the large internal pools of Kir2.1. The distribution of tdTomato fluorescence at
the periphery of indivi dual cells (Figure 3.12A) and in corresponding heat maps (Figure
3.12B) suggested that Kir2.1 channels were uniformly distributed in membranes of
circular cells but more abundant at corners than edges in square and star-shaped cells,
concordant with the spatial distribution of FAs. This observation was further
corroborated by quantifying membrane distribution of Kir2.1(tdTomato intensity, Figure
3.12C), which showed similar dependence oncell shape and sizeas the FA distribution
(Figure 3.11G). We then labeled the membrane of starshaped Kir2.1-tdT HEK293 cells
with CellMask Green (Figure 3.12D) and quantified corner vs. edge fluorescent intensity
ratio for tdTomato and membrane staining. Compared to a 2.9-fold increase in tdTomato
intensity at corner vs. edge, the membrane staining intensity was increased only 1.3fold,
demonstrating that increased presence ofKi2.1 channelsat cell corners is a consequence

of increased membrane localization of the channel and not increased membrane folding.
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Figure 3.12 Kir2.1 localization in Kir2.1-tdT HEK cells.

(A) Representative images of micropatterned Kir2.1-tdTomato HEK293 cells and (B)
corresponding heat maps of averaged tdTomato intensity in stacked images (n=21-29 cells per
group). Scale bars, 35um. (C) Mean tdTomato intensity at corners and edges of live
micropatterned cells (n=21-29 cells per group; MeantSEM). *p<0.05; **p<0.01; ***@<001 in corner
vs. edge. (D) Representative image of K2.1-tdT HEK293 cell with stained membrane (top), and
corresponding heat map (n=10 cells). Scale bars, 3m. Quantification of the ratio of corner -to-
edge fluorescence intensity for tdTomato and membrane stain (n=1021 cells per group;
Mean+SEM). ***p< 0.001 vs. tdTomato group.

3.3.5Kj;2.1 Localizes Near, Not within FAs

We then co-expressed EGFPfused paxillin (EGFP-paxillin , EGFP fused to N
terminus of paxillin ) and Kir2.1-tdT in HEK cells to directly visualize the co -localization
of FAs and Kir2.1 Confocal imaging of live EGFP-paxillin and Kir2.1-tdT showed that
channels accumulate in proximity to FAs in the x -y plane, but not within FAs ( Figure
3.13A). Y-projection of the FA region onto the x-z plane also revealed an accumulation of
Kir2.1-tdT near EGFRpaxillin ( Figure 3.13B), better appreciated in zoomed-in images

(Figure 3.13C). Images show a column like structure for the Kir2.1 accumulation,
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showing that even though FAs are localized at the cell-substrate interface, Kir2.1

accumulates with in and above the cellsubstrate plane.

Figure 3.13 Kir2.1 localizes near but not within FAs.

(A) Live cell image of representative HEK cell co-expressing Kir2.1-tdT and Paxillin -EGFP. Scale
bar, 35um. (B) Maximal y projection of the denoted region in dashed box onto the x -z- plane.
This cell is also a representative HEK cell ceexpressing Kir2.1-tdT and Paxillin -EGFP. Scale bar,
10um. (C) Zoomed in images of B. Scale bar, 3am.

3.3.6 FA Coverage, Local Iki, and K;2.1-tdT Intensity Have Concordant
Changes

We assessed the functional consequences of .1 recruitment proximal to FAs
by performing cell-attached patch clamp at corners and edges of microgatterned Ex293
cells (Figure 3.14A, B). The recorded local I« strongly correlated with mean K 2.1-tdT
intensity, wi t h a P edfficientoohr=0963 ¢igure 3.14C), suggesting that the
guantified tdTomato labeled active Ki2.1 channels that reside on the membrane Plotting
the local k1 amplitude vs. the corresponding local FA coverage showed a strong linear

correlation (r=0.927,Figure 3.14D), confirming that active K ¥2.1 channels are enriched
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near FAs and that a locally-regulated process mediates the functional relationship

between FA assembly and ka.
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Figure 3.14: Measurement of local | «1 in patterned cells.
(A) Schematics of “corner” and “edge” regions of

quantification and cell -attached patch clamp recordings. (B) Local corner ard edge Ik amplitudes
measured at-90 mV in micropatterned Ex293 cells (n=520 cells per group; MeantSEM).*p<0.05;
**n<0.01; *H<0.001 for corner vs. edge in cells of the same shape and siz¢C) Correlation
between local Ik amplitude and local mean tdTomato intensity in micropatterned Kir2.1 -tdT cells
of different shapes and sizes. (D) Correlation between local Ix: amplitude and local FA coverage
in micropatterned Ex293 cells with different shapes and sizes.

3.3.7 NRVMs also Exhibit Concordant Changes in FA Coverage and
lk1 Density, both Globally and Locally

Next, we explored if the cell size dependent regulation of I k1 density observed in
engineered HEK293 cells is also found in native excitable cells—neonatal rat ventricular
myocytes (NRVMs). Compared to HEK293 cells,the NRVMs micropatterned on
circular -, square-, and star-shaped fibronectin islands displayed similarly distributed but

more abundant FAs (Figure 3.15A), with larger NRVMs exhibiting both larger total FA
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coverage (Figure 3.15B) and endogenous ki density (Figure 3.15C). Averaged over all
shapes, a 1.66old larger micropatterned NRVM area yielded a 1.16 -fold increase in FA
coverage marked by vinculin and a 1.59-fold higher | k» density. Moreover, when 1600
pmz2 star-shaped NRVMs were transduced with Kir2.1-tdTomato, the channels localized
at higher density in cell corners than edges (Figure 3.15D), consistent with the high er
local FA coverage Figure 3.15E, left). As in HEK293 cells, the local ki amplitude in these

NRVMs was found to be higher in cell corners than edges (Figure 3.15E, right).
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Figure 3.15: Concordant changes in | k1 density and FA coverage in NRVMs.

(A) Representative images of micropatterned NRVMs stained for vinculin (red), actin (green),
and nuclei (DAPI, blue). Scale bar, 33um. (B, C) Corresponding quantifications of total FA
coverage marked by vinculin (B, n=18-26 cells per group; MeantSEM)and whole-cell Ik1 density
measured at-90 mV (C, n=714 cells per group; Mean+£SEM). *p<0.05; **p<0.01; ***p<0.001 for

1600vs. 961' m2 cells of the same shape(D, E) Corresponding quantifications of local FA
coverage (D, n=10 cells per group;Mean+SEM) and local Ik amplitude measured at -90mV (J,
n=3-5 cells per group; Mean+SEM). Scale bar, 3pm. *p<0.05; ***p<0.001 for corner vs. edge.

3.3.8 Ki;2.1 and Integrins in Adult Rat Ventricle Consistently Localize
Proximal to Each Other

55



Finally, we explored spatial relationships between K 2.1 channels andb1D
i nt egr i ns orfnfobnd in Gaddiad tissoe) in adult rat ventricles using
immunostaining and image analysis. Specifically, we assessed how thetwo proteins
localize in both T-tubule 119 15853 gnd costamere!54 155regions of cardiomyocyte
membrane (Figure 3.16A,B). In agreement with the finding in HEK293 cells ( Figure 3.13),
theKi2 . 1 and p Hlivrescenoelalmels did not overlap, but were consistently
localized proximal to each other throughout the cardiomyocyte at an average distance of
0.494 0.021mm (Figure 3.16C,D). This result supported the possibility that integrin

engagement may also regulate membrane localization of Ki2.1 in adult cardiomyocytes.
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Figure 3.16: Kir2.1 is proximal to integrins in native myocardium.

(A) Representative adult rat ventricular section immunostained for 1D integrin (red) and K r2.1
(green) with examples of t-tubule and costameric (shown with white arrows) regions denoted
with white squares. Scale bar, 2Qum. Note the lack of overlap between red and green
fluorophore. ( B) Zoomed-in images of the T-tubule (left) and costamere (right) regions from K,

56



left. Scale bar, um. (C) Representative greenand red fluorescence intensity profiles along one of
the white lines shown in B used to quantify peak-to-peak distances between k2 . 1 and 1D

labels. (D) Quantification of the distance between Kir2.1 and 31D Integrin punctae in T -tubule and

costamere regons (n=49 fluorophore pairs per group; Mean+SEM). 1<0.0001 vs. Qum distance.

3.4 Discussion

The goal of this chapter was to createand utilize a robust and reproducible cell
micropatternng system to study how cell size and shape, and ultimately FA assembly,
affect the expression and distribution of K 2.1 channels in a monoclonally engineered
HEK293 cells and NRVMs. This system allowed us to visualize the localization of K 2.1
channels and FAs in micropatterned cells, quantify the effects of cells shapeand spread
area on global FA coverage and whole-cell k1 density, and draw correlations between
global and local FA coverage and Iku.

In this work, we have shown that K 2.1 channels are heterogeneously distributed
in the membrane of both micropatterned H EK cells and NRVMs. Previous studies have
speculated that heterogeneous localization of Ki2.1 in adult cardiomyocytes may be due
to the presence of Ftubules®>4or shared structural proteins with Na v1.5 at the [[D20.130, 131
Our studies show that Kir2.1 can localize norruniformly in the membrane of non -circular
cells without the presence of cell-to-cell junctions, T-tubules, or Nav1.5. Rather, enhanced
Ki2. 1 | ocalization to “corner” regicorrelatedof t he
with be the proximity of robust FAs.

While, Kir2.1 is more abundant in corners where there are large, stable FAs and

less abundant where there are small FAs, K-2.1 does not localize within FAs. Our images
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of fluorescently tagged Ki2.1 and fluorescently tagged Paxillin within a single micro
patterned cell show that Kir2.1 accumulates near FAs but likely does not directly interact
with FA proteins. Interestingly, there is a similar spatial proximity of Ki2.1 channels and
b1D integrins in adult rat ventricles further indicating the potential relevance of these
findings for adult cardiomyocytes in vivo.

The ability to generate large numbers of cells with the same shape and size
allowed us to quantify and average local FA and Kir2.1 -Td-Tomato distributions across
multiple cells. Local FA coverage was found to strongly correlate with both local Td -
Tomato expression and ki, indicating that K 2.1 localization at cell membrane is locally
regulated by the FA assembly, with global consequences on whole-cell k1 density.

Our YAP immunostaining studies confirmed that the two spread area sizes used
for cell micropatterning resulted in different levels of mechanical stress, independent of
cell shape. ki density increased with cell spread area as well and also independent of cell
shape. FA coverage also increased with spread area, but also changed with cell shape.
This suggested that further perturbation of FA localization and distribution using
soluble molecules or extracellular matrix ques are needed to further investigate

robustness of the correlative relationship between FAs and Ixi.

3.5 Summary and Implications

Together, these results have been the first to suggest a possible functional link

between FA assembly and Kr2.1 channel localization in membrane. Local variations in
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FA coverage strongly correlated with local membrane abundance of Kir2.1, such as at

corners VSs. edges of micropatterned
recruitment leading to ch anges in local and global Ix1. Because the channels do not
localize within FAs, the interaction is most likely indirect. Our studies showed that
larger Ex293 cells and NRVMs exhibited a larger density of active channels on the
membrane. Interestingly these findings remind of changes found in normal heart
development, where a 20-40 fold increase in cardiomyocyte volume 156 and membrane
ared is associated with not only a large increase in total Ik, but also a 2.5fold increase in
Ix1 densitys. With postnatal growth of the heart, cardiomyocytes elongate, widen, and
alter their morphology, from a spindle -like to a distinct brick -like shape™. These
structural changes coincide with changes in the distribution and expression of cell
junction proteins and ion channels. In particular, while not studied for K 2.1 channels,
postnatal heart development alters membrane localization of Nav1.5 channels and
connexin-43 from uniform to polarized (concentrated at cell ends).

4, Rol ed nafegrin Signaling in
i

a
Local i zat2i.0ln padé ks i t vy

4.1 Rationale and Experimental Plan

Our findings from Chapter 3 indicate that FA formation may correlate with the
recruitment of functional K #2.1 channels atthe membrane. There are many regulators of
FA assembly?s7, all ultimately resulting in integrin engagement. While there are no

studies linking integrin signaling to K 2.1 to date, previous studies have demonstrated
59
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the ability of integrins to regul ate other ion channelg*#%, The goal of this Chapter has
beento perturb the FA assembly and integrin engagement of micropatterned cells
through various interventions and subsequently assessKi2.1 membrane localization and
Ix1 density .

For theseexperiments, cells were plated on starshaped micropatterns on
different ECM substrates. If a soluble molecule intervention was performed, cells were
treated by a molecule 2 hours after plating and then assessed by whole-cell patch clamp

recordings and immunostaining at different time points 6-10 hrs post plating (Figure

4.1).
hrs 0 1 2 3 4 5 6 7 8 9 10
Cell plated on T T T

Drug or vehicle
added

Cells fixed

Drug added Drug added . .
forimmunostaining

protein micropatterns

4hrtime point  2hrtime point  6hrtime point
patch clamp patch clamp patch clamp

Figure 4.1: Schematics of experimental flow for modulating  FA assembly by drug treatment .
Ex293 cells were plated on fibronectin or laminin micropatterns of various shapes and sizes,
exposed to a modulating drug or a vehicle at 2-6h hours post-plating (at time points indicated by
red text and arrows), and assessed 26 hours post drug or vehicle treatment (at time points
indicated by green and blue text and arrows).

4.2 Methods
4.2.1 Cell Culture

In addition to HEK cells expressing Kir2.1-tdT, Ex293 cells, and NRVMs, mouse
embryonic fibroblasts (MEFs) were used in some experiments. Homozygous vinculin
knockout (Vinc KO) MEFs and littermate control wild -type (WT) MEFs were generously

provided by Drs. Ben Fabry, Wolfgang Goldmann, and Wolfgang Ziegler 158,
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MEFs were maintained in high-gl ucose Dul becco’s Modi fi

(D6429; Sigma Aldrich, St. Louis, MO) supplemented with 10% fetal bovine serum
(HyClone, Logan, UT), non-essentialamino acids (Gibco, Waltham, MA), and antibiotic -
antimycotic solution (Sigma Aldrich) . Both Vinc KO and WT MEFs were lentivirally
transduced to express Kr2.1-tdT and generate polyclonal lines. Monaoclonal selection

was performed to select lines with simila r td-Tomato intensities.

4.2.2 Substrate Coating for Culturing Cells

Cells were cultured on either 0.1% (w/v) Poly-L-Lysine, 30 pg/mL Fibronectin, 30
pg/mL Laminin, 60 pg/mL Collagen IV, or 100 ug/mL Collagen |. PDMS coated glass
coverslips (12 mm diameter) were inverted on droplets of substrate for 1 hr at 37 C.
Coverslips were rinsed afterwards in PBS. Cells were plated onto coverslips as described

in Chapter 3.

4.2.3 Total Internal Reflection Fluorescence (TIRF) Microscopy

Glass bottom 35 mm IBIDI dishes were air plasma treated for 5 mins and coated
with either poly -L-lysine or FN. HEK-293 cells expressingKi2.1-tdT were then plated for
4 hours and imaged using a Leica DMI600 B TIRF microscope and 100x/1.46 oil TIRF
objective. Saturated pixels were removed and the mean fluorescence intensity of each

cell was quantified.

4.2.4 Biochemical interventions to modulate integrin signaling
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Mn(IDCI 2(1 mM, Sigma), FAK-Inhibitor PF-573228 (100 uM, Tocris), and
Blebbistatin (10 uM, Stem Cell Technologies) were used to modulate FA assembly. For
all experiments, cells were exposed to drugs for 2, 4, and 6 hours prior to patch clamp
recordings and immunos taining. Vehicles for the drugs were water for Mn(I1)Cl zand

DMSO for PF-573228 and Blebbistatin.

4.2.5 Changing osmolarity of culture media

Cells were plated and allowed to pattern for two hours. Medium was removed
and replaced with Tyeremdsmolasities(®1lb mQ@sin,256snOsnf, di f f
and 280 mOsm (isotonic),Figure 42) . Speci fically, applied Tyrod
(in mM): 135 NaCl, 5.4 KCI, 1.8 Cad, 1 MgClz, 0.33 NaH:PO4, 5 HEPES and 5 glucose
for the isotonic solution. For 215 mOsm and 255 mOsm, NaCl concentration was 90 mM
and 115 mM, respectively. pH was corrected to 7.4 using NaOH. After 4 hours in the
Tyrode solution, whole -cell recordings were performed and cells were immunostained

and imaged for FAs.

Plate cells  Add solutions of different Immunostain for FAs
osmolarities Patch clamp

Figure 4.2: Schematics of experimental flow for changes in media osmolarity.
Ex293 cells were plated on starshaped fibronectin micropatterns 2 hours before the placement in
Tyrode's solutions with different opamgl arities a
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4.2.6 Microsphere Assay

Ten-micron diameter polystyrene microsphere beads (Polysciences, Inc.,
Warrington, PA) were washed three times in PBS and incubated in 0.1% (w/v) Poly-L-
Lysine (Sigma), or 500 pg/mL Fibronectin for 1 hr at 37 C. Microspheres were then
washed in PBS and added (1x10 beads per cn?) onto Kir2.1-tdT expressing HEK293 cells
already spread on a fibronectin-coated plate. After 4 hours, cell membranes were stained
with CellMask Green, and imaged at the bead plane within the next hour using a
confocal microscope (Figure 4.3). The mean intensities of CellMask Green and Ki2.1-tdT
around a bead were quantified and their ratio was reported as a measure of the channel

density at the membrane.

~10 gm Add beads to K;2.1-tdTomato HEK293
O O spread on FN and wait for 4 hrs
polystyrene O PLL FN Incubate at 37°C Stain membrane and take
/ confocal images

beads for 1 hr
é P é %é /f P p—— in the plane of the bead
] ’ *ii%ﬂ o

¥ ¥
Figure 4.3: Schematic of expenmental workflow for microsphere assay.
Polystyrene microbeads were coated with poly -L-lysine (PLL) or fibronectin (FN), then added to
Kir2.1-tdT HEK293 cells plated on FN substrates. The beads are allowed to attach to cells for 4hr,
cell membrane was live-stained using CellMask Green, and imaged in the plane of the beads by a
confocal microscope.

4.3 Results

4.3.1 Vinculin Knockout Inhibits Cell Size-Dependent Ik1 Density
Change.

Vinculin has been shown to affectthe FA size by regulating recruitment and
release of FA proteins in cells in a forcedependent manner through its interactions with

the talin-integrin complex and F-actin®®. Vinculin promotes talin engagement, which in
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turn directly stimulates integrin clustering and engagement 1%, As we have shown,
increasing cell spread area, increases vinculin, talin, paxillin, and integrin recruitment,
and lk: density. Therefore, we examined the effects of vinculin knockout (Vinc KO) on
Ix1 density in micropatterned cells of different size.

Vinc KO and litter -matched wild -type (WT) mouse embryonic fibroblasts (MEFS)
lentivirally were transduced to stably express K ir2.1-tdT. The two polyclonal lines
expressed similar average intensities of td-Tomato. Whole-cell recordings in these lines
showed a significant decrease in ki density in Vinc KO -Ki2.1 vs. WT-Ki2.1 MEFs
(Figure 4.4A). Quantification of | k1densities at-90 mV and -60mV showed a 27% and
93% decrease in Vinc KOKir2.1 compared to WT-Kir2.1 MEFs, respectively Figure 4.4B).
We further derived monoclonal K 2.1 lines that had matching td-Tomato intensities.
These linesreflected similar changes incurrent densities as the polyclonal lines (Figure
4.4C, D), with Ikadensity in Vinc KO-Kir2.1 MEFs beingsignificantly reduced.

Next, we patterned both Vinc KO and WT MEFs expressing Kir2.1-tdT on 961
pm2and 1600 pne fibronectin islands. Vinc KO cells took longer to pattern but were able
to spread fully, indicating integrin engagement . With the increase in cell spread area
from 961 to 1600mmz2, WT MEFs showed a 2.8 times increase indi density, while,
interestingly, Vinc KO MEFs showed no I« density increase(Figure 4.4E, F). These
results suggeded that without the mechanical feedback of vinculin to FAs, | k1 density

failed to be modulated. From these studies we conclude that although the presence of
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vinculin aids in Ki¥2.1 membrane localization, it is not necessary; however, the size
dependent increase we observed in kiin Chapter 3 disappears with the knockout of
vinculin. This prompted us to further explore interventions that would alter integrin

engagement and FA assembly for their effects on Kir2.1 localization and Ik density.
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Figure 4.4: Effects of vinculin knock out on | k1 density in MEF cells.

(A) I-V curves for polyclonal WT -Kir2.1 and Vinc KO-Kir2.1 MEFcells (B) and quantification of | k:
density at -90 mV and peak. (n=4 per group; MeanzSEM) (C)}V curves for monoclonal WT -Kir2.1
and Vinc KO-Kir2.1 MEF cells (D) and quantification of l«: density at -90 mV and peak (n=3 per
group; MeantSEM). *p<0.05 vs. WFKir2.1 group. (E) |-V curves recorded in micopatterned
polyclonal WT -Kir2.1 and Vinc KO-Kir2.1 MEF cells with specified areas. (F) Quantification of Ik
density at -90 mV (n=3-4 per group; Mean+SEM). ***p<0.001 for 1600 vs. 961m?2 cells.
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4.3.2 Integrin Engagement Increases lk:1 Density in HEK Cells and
Kir2.1 Recruitment to Membrane.

To further examine roles of integrin engangement on Ki2.1 channels, K2.1-tdT
expressing cells were plated on fibronectin- or poly -L-lysine coated dishes (Figure 4.5A).
With expressed Kir2.1 being the only Kir2.x isoform present in these cells, the amplitude
of the Ix1 current was a direct measure of the active Kr2.1 channels on the membrane. A
significantly larger | k1 density was recorded on fibronectin than poly -L-lysine (Figure

4.5B, C), suggesting that integrin engagement affects K-2.1 channels.
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Figure 4.5: Effects of integrin engagement on | «1 density.
HEK cells expressing Ki2.1 were plated on poly-L-lysine or fibronectin coated glass for 1 hour
and lk1 was assessed by wholecell patch clamp. ***p<0.001 vs. polyL-lysine group.

TIRF microscopy was used tovisualize the cell membrane attached to coverglass
and up to 100 nm above the cellglass interface HEK cells expressing Kir2.1-tdT plated
on fibronectin yielded a significantly higher mean intensity of td -Tomato than cells
plated on poly -L-lysine, indicating an increased channel recruitment to the cell

membrane upon integrin engagement (Figure 4.6).
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Figure 4.6: Membrane localization of Kir2.1-tdT imaged by TIRF.
(A) Representative images of cells plated on poly-L-lysine versus fibronectin. (B) Quantification
of mean intensity of td -Tomato on the imaged surface of the cell. Scale Bar, 20um. **, p<0.01 for
FN compared to Poly-L-Lysine.

4.3.3 Manipulation of Integrin Activation, FA Signaling, and Cell
Contractility Concordantly Regulate FA Coverage and Ik
Density

Since FA assemblyand integrin engagement are regulated by a variety of cell
signaling pathways 161, we sought to probe the effects of integrin activation, FAK
signaling, and cell contractility on the correlation between FA coverage and | k1 density
(Figure 4.7). Hence, cells were plated onto 961 une star-shaped protein islands,
pharmacological agents were applied 3-6 h post plating, and FA coverage and Ik: density

were quantified at 0, 2, 4, and 6 h post drug application (Figure 4.1).
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INTERVENTIONS
Extracellular

ECM <—— FN vs Laminin

<—— MnCl,
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Focal Adhesion PF 573228

Complex

A
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Intracellular

v
Contractility —— Blebbistatin

Figure 4.7: Interventions and Their Actions on FA assembly.

ECM engages integrins, which phosphorylates FAK through Src, which intern maintai ns and
stabilizes FAs, increasing cell contractility. Blebbistatin inhibits contractility. PF -228 inhibits the
auto-phosphorylation site on FAK. MnCL 2 engages integrins. FN and Laminin are both ECM
components that will engage integrins. Hypo -osmolarity wil | increase membrane tension.

First, we activated integrins using manganese chloride (MnCl 2, 1 mM), which
increases integrin affinity for the ECM and causes an increase in both FA area and cell
traction forces?62 163 The MnCl2 treatment increased both FA assembly (to 165+22% of
initial coverage, Figure 4.8A, C) and I« density (to 166+23% of initial value, Figure 4.8B,

D, E).
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Figure 4.8: Integrin activation concordantly changes FA coverage and | «1 density in

micropatterned Ex293 cells.

(A) Representativeimages of micropatterned Ex293 cells exposed to 1mM MnCkfor C, 2, 4,
or 6 h and stained for vinculin (green). Scale bar, 20um. (B) Representative ki traces
corresponding to cells from the same column. (C) Quantification of FA coverage as a

function of MnCI 2 exposure time (n=6-21 cells per group; Mean+SEM). D, E) Iki-V curves
(D) and Ix1 density at -90 mV (E) shown for different MnCl 2 exposure times (n=7-23 cells
per group; MeantSEM). *p<0.05; **p<0.01; ***p<0.001 vs. ctmol group with O hr
exposure.

Further, we disrupted FA assembly using a FAK inhibitor (FAKi) PF-573228
(100uM), which specifically blocks the ATP-binding site at Tyr 397 and alters the FA
dynamics by blocking FAK -Src interactions?®4 A relatively high concentra tion of FAKIi
was selected toinduce various degrees of FA disassembly over 6 hours (Figure 4.9A, B).

FA disassembly was indicated by a loss of vinculin immunostaining (to 38+5.3% of
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initial coverage after 6 h, Figure 4.9C, E), and was accompanied by the progressive loss
of lk1 current density (to 49+7.2% of initial value after 6 h, Figure 4.9D, F, G).
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Figure 4.9: FAK inhibition concordantly = changes FA coverage and k: density in
micropatterned Ex293 cells.
(A) Representative images of micropatterned Ex293 cells exposed to varying concentrations of
FAK inhibitor (FAKI) for 6 hours. (B) Quantification of FA coverage for each of the concentratio ns
of FAK inhibitor. (C) Representative images of micropatterned Ex293 cells exposed to 100 pM
(FAKI) for C, 2, 4, or 6 h and stained for vinculin (green). Scale bar, 20um. (D) Representative k1
traces corresponding to cells from the same column. (E) Quantification of FA coverage as a
function of FAKi exposure time (n=10-13 cells per group; Mean+SEM). (F, G) d1-V curves (F) and
Ika density at -90 mV (G) shown for different FAKi exposure times (n =9-16 cells per group;
MeanzSEM). *p<0.05; **p<0.01; ***p<0.001 vs. control group with O hr exposure.
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Finally, we decreased contractility in the patterned cells using a myosin |l
inhibitor blebbistatin (10 uM), which has previously been shown to cause a re duction in
FA size and loss of vinculin at FAs 15 Exposure to blebbistatin yielded FA disassembly
(to 20+1.9% of initial coverage Figure 4.10A, C) and reduction in | k1 density (to 40+£5.1%
of initial value , Figure 4.10B, D, E).
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Figure 4.10: Decreasing contractility by blebbistatin concordantly changes FA coverage and |  «1
density in micropatterned Ex293 cells.

(A) Representative images of micropatterned Ex293 cells exposed to 10 uM Blebbistatin (Bleb) for
C, 2, 4, or 6 h and stained for vinculin (green). Scale bar, 2Qum. (B) Representative ki traces
corresponding to cells from the same column. (C) Quantification of FA coverage as a function of
Blebbistatin exposure time (n=10-22 cells per group; Mean+SEM) (D, E) ki-V curves (D) and I«
density at -90 mV (E) shown for different Blebbistatin exposure times (n=6-11 cells per group;
Mean+SEM). ***p<0.001 vs. control group with O hr exposure.

The FA disassembly and loss of ki were fully reversible as shown when 4 h

blebbistatin treatment was followed by a 4 h drug washout ( Figure 4.11A-D). Moreover,
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the effect of blebbistatin on Ix: density was found to be dose dependent (Figure 4.11E, F).
Collectively, these results suggest that enhanced FA assembly increasesd membrane

density, while FA disassembly lowers | k1 density, in a reversible and dose dependent

manner.
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Figure 4.11: Changes in FA coverage and I« density by blebbistatin are reversible and dose -
dependent.
(A) Schematicsof experimental flow whereby Ex293 cells were plated for 2 hous prior to adding
10 pM Blebbistatin for 4 hours followed by assessment, drug washout, and another assessment 4
hours post-washout. (B) Representative stainings for vinculin in Ex293 cells exposed to DMSO
(Control), Blebbistatin for 4 hrs, or 4 hr washout after 4hr Blebbistatin exposure. (C)
Quantification of FA coverage marked by vinculin (n=6 -11 cells per group). (D) Quantification of
Ika density at -90 mV (n=5-10 cells per group). (E) Quantification of I«1 density at -90 mV for dose-
response experiments with 4 hrs exposure to 0, 5,
concentrations of 20 pM anVdcunes fgrthe doseregperjse Cor r espor
experiment. MeantSEM; *p<0.05; **p<0.001vs. Conr ol group. Scale bar, 2
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4.3.4 FA coverage and Ik:1 density are concordantly altered by
changes in ECM type and membrane tension.

Since different ECM proteins can engage specific types of integrins to distinctly
regulate FA assembly¢ 167 we sought to determine if the observed correlation between
FA coverage and ki density is dependent on specific ECM-integrin interactions. We thus
compared star-shaped cells cultured on micropatterned islands of 30 pug/mL fibronectin
or 30 pg/mL laminin and found that cells on laminin exhibited a 1.81+0.16 fold increase
in FA coverage (Figure 4.12A, C) and consequently had a 1.76+0.20 fold higher k:
density (Figure 4.12B, D, E).

We also patterned cellson Collagen IV which is an important ECM proteins in
cardiac development and disease. Col IV and laminin have similar increase in FA
coverage from FN substrates (Figure 4.12F). Cells patterned on Col IV increased k:

density to similar levels as laminin (Figure 4.12G).
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Figure 4.12: ECM substrates engaging different integrins concordantly modulate FA coverage
and | k1 density of micropatterned Ex293 cells.

(A, B) Representative images of micropatterned star-shaped Ex293s stained for vinculin (green,
A) and corresponding representative | x1 traces(B). Scale bar, 2Qum. (C) Quantification of FA
coverage in cells cultured on fibronectin (FN) vs. laminin (Lam; n=6 -9 cells per group;
Mean+SEM). (D, E) ki-V curves (D) and Ix: density at -90 mV (E) shown for each protein (n=1221
cells per group; MeanSEM).**p<0.01; ***p<0.001 for Lam vs. FN. (F) Quantification of FA
coverage marked by paxillin in cells cultured on fibronectin (FN), collagen IV, and laminin (n=8 -
17 cells per goup; MeantSEM). (G) ki density at -90 mV shown for each protein (n=5-12 cells per
group; MeantSEM). *p<0.05; ***p<0.001 compared to FN.

Tension in the plasma membrane has also been shown to control integrin
signaling %8 as well as vesicle trafficking®®.We thus utilized hypotonic swelling to
increase membrane tensiorti? by placing micropatterned cells in solutions of decreasing
osmolarity for 4 hours, followed by immunostaining and whole-cell patch clamp
recording. Consistent with previous studies 7%, reduction of extracellular osmolarity

resulted in increased FA coverage up to 1.46+0.15 fold Figure 4.13A, C), which was
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assocaiatedwith an increase in k1 membrane density up to 1.51+0.19 fold Figure 4.13B,

D, E).

A 280 mOsm 255 mOsm 215 mOsm

=
>
o
=
s
[ R
()
Q e —
@ D ——
= ————
g - I
S |
C D E 400 ms
-~ v 100-
E 50 *kk - 0
@w —
;’ 40 ** -150 - -50.100 4 £ -20
g 30 o] < -40
g 20 23004 &
310 = 460
o) T g *
O o0 —-80
< 280 255 215 -5004 280 255 215
(mOsm) (mOsm)

Figure 4.13: Altering membrane tension by hypoosmosis concordantly modulate FA coverage
and | k1 density of micropatterned Ex293 cells.
(A,B) Representative images ofmicropatterned Ex293 cells exposed to solutions with different
osmolarities stained for vinculin (green, A) and corresponding representative | i1 traces (B). Scale
bar, 20pm. (C) Quantification of FA coverage as afunctonof osmol al ity of Tyrode’
(n=20 cells per group; Mean+SEM). (D, E) 4:-V curves (D) and Ik density at -90 mV shown at
each osmolarity (E, n=57 cells per group; Mean+SEM). *p<0.05; **p<0.01; ***p<0.001 vs. control
group (280 msOsm).

Collectively, these results demonstratethat various extracellular and intracellular
inputs to manipulate FA assembly result in concordant changes in theabundance of
Kir2.1 channels at the membrane and, consequently,d: density. Quantitatively, when | «:
density was plotted against FA coverage for all studied conditions, we found strong

positive |linear correlation, fguteHdldaThBear son’ s
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conserved correlation across a diverse set of treatments further suggested that a
common process may control both FA coverage and Kr2.1 channels at the membrane.
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Figure 4.14: Correlation between whole -cell I 1 density and total FA coverage in
micropatterned Ex293 cells across various cell shapes, sizes, and interventions .

4.3.5 Manipulation of FA signaling concordantly regulates FA
coverage and Ik: at the local level.

Next, we sought to manipulate FA assembly to probe the correlation between
local FA coverage and k: at the cell edges and cornersWe applied 100puM FAKi for 2
hours, which shifted the FA distribution in star -shaped cells from being enriched at the
corners to being relatively uniform along the cell boundary (Figure 4.15A, top). This
change in FA distribution coincided with the loss of the K 2.1 enrichment at corners and
the emergence of an apparently homogenous chanrel distribution (Figure 4.15A,
bottom). Quantitative image analysis and cell-attached patch clamp recordings revealed

that the uniform FA redistribution along the cell bound ary (Figure 4.15B) resulted in the
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decrease of ki amplitude at the corners and increase at the edges Figure 4.15C). Plotting
the local Ik1 amplitude vs. the corresponding local FA coverage across different
conditions showed a strong linear correlation (r=0.929, Figure 4.15D), confirming that
active Kir2.1 channels are enriched near FAs and that a locallyregulated process

mediates the functional relationship between FA assembly and I«a.
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Figure 4.15: Effects of FAKi on FA and K 2.1 localization.

(A) Heat maps of averaged vinculin (left) and td -Tomato (right) intensities in stacked images of
1600° m2 star-shaped Ex293 cells treated for 2h with FAK inhibitor (n=15 cells per group). Scale
bars, 35upm. Control heat ma CsComesporalingquaatisioations efd
local FA coverage (E, n=1823 cells per group; Mean+SEM) and local k: amplitude measured at -
90mV (D, n=5-12 cells per group; Mean+SEM). (G) Correlation between local ki amplitude and
local FA coverage in micropatterned Ex293 cells with different shapes, sizes, and FAK inhibition.

*p<0.05; ***p<0.001 for corner vs. edge in cells of the same shape and size.

4.3.6 De novo integrin engagement leads to the recruitment of K;2.1-
tdT

Focal adhesions are potent regulators of diverse cellular processes, including the
activation of signaling pathways as well as cell contractility 57. Thus, the observed
correlation between global FA coverage and Ix: density could be due to a cell-wide
phenomenon, such as increased activity of a mobile kinase. Alternatively, the

relationship could also be due to a phenomenon within or proximal to FAs, potentially
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affecting the local recruitment of the channels. To begin to distinguish between these
possibilities, we tested if ECM-coated microspheres, which locally engage integrins, can
recruit Kir2.1to the cell membrane (as visualized by fused td-Tomato). Polystyrene
microspheres (~10um diameter) were coated with either poly -L-lysine, to enable
electrostatic, integrin-independent adhesion to cells, or fibronectin, to enable integrin -
dependent adhesion. Microspheres were then added to cellscultured on fibronectin
(Figure 4.16A) and live confocal images of the membrane stained with CellMask (green)
and Ki2.1-tdT (red) were taken at the plane of the microspheres (ig. 4.1@8). At the sites
where microspheres adhered to cells (appearing as circles in the confocal images), we
observed enhanced clustering of Kir2.1-tdT for the fibronectin compared to poly -L-lysine
coating (Figure 4.16B). As a measure of K2.1 membrane recruitment, we quantified the
ratio of the fluorescence intensity of Kir2.1-tdT to the membrane staining and found a
significant increase for fibrone ctin-coated microspheres (igure 4.16C). These results
clearly demonstrate that engaged integrins lead to the local accumulation of Kir2.1at the

plasma membrane.
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Figure 4.16: Kir2.1-tdT is recruited to FN coated microspheres.
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(A, B) Representative images in the plane of the bead for poly-L-lysine(A) and FN (B) coating.
Bottom row, zoom -in images of the beads outlined in the top row by squares. Scale bars, 1Qum.
(C) Quantification of ratio of td -Tomato intensity per membrane stain intensity around the beads

(n=11-16 beads per group; Mean+SEM). ***p<0.001 vs. PolyL-Lysine group.

4.3.7 FA coverage correlates with Iki1 density in NRVMs.

To further validate findings from engineered excitable Ex293 cells in native
excitable cells we applied selected perturbations of FA assembly in NRVMs and
recorded the resulting changes in endogenous ki density (Figure 4.17A-C). Application
of 10 puM Blebbistatin for 6 h resulted in a breakdown of actin stress fibers as well as
decrease in FA coverage and t: density to 75% and 47% of original values, respectively.
Similarly, 100 pM FAKi yielded a loss of actin stress fibers, accompanied by a decrease
in FA coverage and Ix: density to 75% and 57% of original values. NRVMs were then
plated on star-shaped islands of laminin, and found to have increased FA coverage by
76% and ki density by 71%. Similar to engineered Ex293 cells, plotting the endogenous
Ik1 density against the total FA coverage for all studied conditions in NRVMs yielded a

strong positive correlation (r=0.887, Figure 4.17D).
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Figure 4.17: Concordant changes in FA coverage and | «1 density in NRVMs.
(A) Representative images of micropatterned NRVMs stained for vinculin (red) and actin (green)
after O hours (Control, C) or 6 hours of exposure
(F), or plating on Il aminin (L). Scal e bar, 20 pPm.
coverage marked by vinculin (B, n=7-15 cells per group; Mean+SEM) and whole-cell Ix1 density
measured at-90 mV (C, n=617 cells per group; Mean+SEM). *p<0.6; **p<0.01; ***p<0.001 vs.
Control). (D) Correlation between whole -cell Ix: density and total FA coverage in micropatterned
NRVMs across various cell shapes, sizes, and interventions.

4.3.8 Integrin-Dependent K;2.1 Membrane Localization has
Electrophysiological Consequences

In excitable cells, ki plays important roles in regulating resting membrane
potential (RMP) and cell excitability by influencing both sodium current (I ~a) availability
and action potential (AP) threshold 172173 Additionally, the outward portion of | «1
influences the terminal phase of action potential repolarization and AP duration (APD).

The use of monoclonal excitable Ex293 cells enabledis to further assess potential roles
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of FA-mediated K#2.1 regulation in AP shape and excitability. By performing current -
clamp recordings in star-shaped Ex293 cells of different size we found that , compared to
smaller cells, larger cells had shorter APD (Figure 4.18A, B) and similar RMP (Figure
4.18A, C). The maximum upstroke velocity of t he AP significantly increased in larger
cells (Figure 4.18D). Furthermore, compared to the same size and shape cells cultured on
fibronectin islands, Ex293 cells cultured on laminin exhibited reduced APD ( Figure
4.18E, F),hyperpolarized RMP ( Figure 4.18E, G),and higher maximum upstroke

velocity (Figure 4.18H). Overall, these results suggested that intracellular and
extracellular signals regulating integrin engagement and FA assembly may also have

important roles in controlling electrophysiological properties of excitable cells and

tissues.
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Figure 4.18: Electrophysiological consequences of changes in FA coverage in patterned Ex29 3
cells.

(A) Representative action potential traces in 961 and 1600 m2 cells and (B) corresponding
guantification of APDs (n=6 -9 cells per group; Mean+SEM) and (C) RMPs (n=2230 cells per
group; Mean+SEM). *p<0.05; **p<0.01 for 1600 vs. 961m2 cells of the same shape. (D)
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Representative AP traces in 961 m2 star-shaped Ex293 cells cultured on fibronectin (FN) or
laminin (Lam) micropatterns and (E) corresponding quantification of action potential duration at
80% repolarization (APD; n=7-17 cells per group; Mean+SEM) and (F) resting membrane potential

(RMP; n=1012 cells per group; MeantSEM).*p<0.05; *H<0.01 for Lam vs. FN group.
As with Ex293 cells, APD of larger star-shaped NRVMs was 54% of that recorded

in smaller size NRVMs (Figure 4.19A, B), while RMP and maximum upstroke velocity

did not depend on NRVM size (Figure 4.19C, D).
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Figure 4.19: Electrophysiological consequences of changes in FA coverage in patterned
NRVMs.

(A) Representative action potential traces in 961 and 1600 m2 cells recorded at room temperature
and (B) corresponding quantification of APDs (n=6 -14 cells per group; Mean+SEM) and (C) RMPs
(n=7-16 cells per group; MeantSEM). *p<0.05 for 1600 vs. 961m2 cells.

4.3.9 Ina Density is Also Affected by Integrin Engagement in
Micropatterned Ex293 Cells

Based on the finding of higher AP upstroke in Ex293 cells with increased integrin
engagement (Figure 4.18), we next recorded Ina density in Ex293 cells using whole-cell
voltage clamp recordings with the holding potential of -80mV?2%174 The peak ka density

at-20 mV, like I«1 density, was increasedin larger Ex293 cells Figure 4.20A, B).
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Figure 4.20: Ina density in micropatterned Ex293 cells.
(A, B) Quantified peak Ina densities from Ina-V curves (B) shown for micropatterned star -shaped
Ex293 cells of twosizes (n=715 cells per group; MeantSEM). *p<0.05C) Representative images
of micropatterned star -shaped Ex293 cells immunostained for Nav1.5 (left), corresponding heat
map of stacked immunostained cells (middle, n=23 cells), and masked heat map (right). Scale bar,
35 um (D) Quantified mean Nav1.5 imunostaining fluorescence intensity at the corners vs. edges
of star-shaped Ex293 cells (n=23; Mean+SEM).

We next assessed localization of Nal.5 in the membrane in star shaped cells
(Figure 4.20C, D). We found that, unlike K 2.1, Na,1.5 exhibited no preferential
localization in the corners vs. edges of sar-shaped Ex293 cellsThis data combined with
the current density data suggest that that while Ina may be related to the numbers of
active Kir2.1 channels, membrane distribution of Nav1.5 does not appear to be regulated

by either local integrin engagement or Kir2.1 distribution.
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4.4 Discussion

Vinculin is a mechanosensitive protein that regulates force transmission in the
cell by controlling FA assembly and disassembly in response to force on FAS!7s 178
Studies have shown that cardiac specific vinculin knockout (Vinc KO) leads to sudden
cardiac death or dilated cardiomyopathy 14, Vinc KO MEFs have 4050% fewer focal
adhesions and significant decrease in traction forces compared to their wild -type (WT)
counterparts”. Since vinculin coverage loosely correlated with k1 density in our first set
of studies, we recorded Ixi density in Vinc KO MEFs. I« density was significantly
decreased in Vinc KO-Ki2.1 MEFs compared to WT-Kir2.1 MEFs but not fully absent,
indicating that while vinculin expression affects K 2.1 regulation it is not necessary for
the Kir2.1 localization at membrane. Interestingly, both Vinc KO MEFs and WT MEFs
were able to fully spread on fibronectin islands of both sizes; however, | «1 density did
not increase in larger Vinc KO MEFs. This result suggests that cell sizedependent
changes in ki density were vinculin mediated since cell size-dependent changes in FA
are triggered by vinculin ®. This result could also be due to the effects of vinculin on
other FA proteins that are dependent on vinculin, such as talin. When talin is under
tension, vinculin binds to talin 17#allowing for actin anchoring and FA stabilization, and
the ultimate increase in integrin clustering and stabilization 175179 Therefore, I density
as a function of cell size may be dependent on talin or integrin clustering and activation

that was further investigated.

84



We alsoplated cells on poly-I-lysine for integrin independent, charge dependent
cell attachment in serum free media. We found that Kir2.1-expressing HEK cells had Ik
density reduced by ~50%. This result implies that while integrin engagement to ECM is
not necesary for Kir2.1 localization to the membrane, at least half the channel current
arises from integrin engagement with ECM.

With the focus on the apparent role of integrin -mediated cell attachment in Kir2.1
membrane localization, we next performed several in terventions to alter FA assembly
and integrin engagement, including biochemical agents, different ECM substrates, and
media osmolarity. All interventions led to the concordant changes in FA coverage and
Ix1 density, in both Ex293 cells and NRVMs, which fur ther corroborated the conclusion
that integrin activity and FA assembly play fundamental role in K 2.1 localization at cell
membrane.

Next, we found that for interventions that induced increased FA coverage in
cells, micropatterned Ex293s exhibited significantly decreased APD and increased AP
upstroke. Both these factors alter conduction velocity and wavelength of electrical
propagation in tissues, and therefore alter th
form rotors 130 Our studies suggest that the microenvironment of cells containing Kir2.1
willdi rectly pl ay dectrcal furction. in a 20iG&studydy Herson et 4,
iPSC-derived cardiomyocytes (iPSC-CM) were cultured on substrates of different ECM

composition 18, The study compares FN on glassvs. Matrigel (a propriety heterogeneous
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mixture of laminin , nidogen, collagen and heparan sulfate proteoglycans) on PDMS.
Cells cultured on matrigel showed higher | k1 and Ina density, decreased APDs, and
increased AP upstroke velocities. The differences they show are comparable to the FA
mediated differences we show. Although they do show ECM effects on the electrical
maturation of iPSC-CMs, our studies are the first to show specific ECM proteins effects
on single excitable cell electrical properties.

Finally, we studied the membrane localization of Na v1.5 channels since pevious
studies have shown that Nav1.5 and Kr2.1 have a parallelism in expressiori3o. 181, 182
Although | na density increased with | k2 density, the localization of Nav1.5 channels did
not follow K 2.1. Previous gudies have shown Nav1.5 and other voltage-gated ion
channels to be directly mechanosensitive!83185 ynlike Kir2.1. In these studies, activation
and inactivation kinetics of | na were accderated and Ina density was increased in
proportion to the suction pressure applied to the cell surface 184 Therefore, there is a
possibility that the changes in Ina density observed in our studies resulted from the
directly altered Na v1.5 channel function in response to different mechanical load in cells
with differe nt spread areas or ECMs, rather than Na /1.5 channel recruitment to
membrane due to integrin activation. The mechanisms behind the localization of Nav1.5

in relation to K 2.1 need to be further studied.
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45 Summary and Implications

Our studies in this chapter establish a fundamental link between FA assembly
and membrane localization of Ki2.1 channels. By employing cell micropatterning
techniques and targeted pharmacological interventions, we show that enhanced integrin
engagement (and FA coverage) in cells results in proportional increase in the abundance
of functional K 2.1 channels at the cell membrane Figure 4.14). The microsphere
experiments confirmed that t he de noveengagement of integrins recruits Kir2.1 channels
to accumulate at the sites of newly formed FAs (Figure 4.16). Local variations in FA
coverage strongly correlated with local membrane abundance of Ki2.1, such as at

corners” vs. " edges "Figord 4.18),iindicaiing alocal mecmapisin
for channel recruitment leadi ng to changes in local and global Iki.

Our findings show that k1 density in excitable cells can be regulated by
mechanical signals and micro-environment. It is important to note that Kir2.1 is not a
stretch-gated channel, aspreviously shown by its lack of sensitivity to gadolinium or no
immediate response to 10-30 minutes of hypo-osmotic shock!¥”. However, the
application of fluid flow to endothelial cells has been shown to increase k2.1 channel
current in a tyrosine kinase-dependent manner®, suggesting indirect mechanosensitivity
of the channel to shear stress. Noably, the application of shear stress also induces

integrin engagement and FA assembly!4?, thus suggesting potential roles of integrin

engagement in the observed changes in k1. Althou gh our studies were performed in
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static conditions, Ik amplitude and K 2.1 localization and distribution in membrane
were responsive to a variety of intra- and extracellular modifications of the cytoskeletal
mechanics and membrane tension that altered FAcoverage and distribution.
Specifically, in contrast to the lack of immediate response to hypoosmotic shock!?, 4
hours exposure to hypoosmotic conditions in micropatterned cells resulted in enhanced
FA assembly and concordant lk: increase.Thus, our results establish Kr2.1 as an
indirectly mechano -responsive channel via known links between mechanical forces and
FA dynamics coupled with apparent roles of integrin engagement and FA assembly in

Kir2.1 expression.

5. Roles of I ntegrin2Ehghrgaefmfeind Kk ii
5.1 Rationale and experimental plan

Previous studies have shown that integrins and integrin -associated signalng can
regulate the function of several voltage-gated ion channels through interactions with
their regulatory subunits, phosphorylation, oxidative state, gene expression, and
trafficking °4%. In particular, trafficking has been identified as a mechanism to regulate
the number of ion channels in the cardiomyocyte membrane2 93.18¢ FA proteins could
play a role in trafficking of K 2.1 since both integrinst®” and Ki2.1 channel$® are
trafficked from the Golgi to sub -membrane regions along microtubules, which are
locally stabilized at FAs via phosphorylation of focal adhesion kinase (FAK) 4. Removal
of both integrins 187 and Kir2.1 channels from the membrane occurs via dynamirn-
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dependent endocytosis®, a process that is known to be regulated by FA-associated
proteins, including FAK and Src, as well as dynamin 46,

In this aim we sought to understand the effects of integrin engagement on Kir2.1
trafficking.

5.2 Methods

5.2.1 Biochemical interventions affecting trafficking

Chloroquine (CQ, 10uM, Sigma) was used to block lysosome degradation.
Cycloheximide (100 pg/ml, Sigma) was used to block new protein synthesis.
Nocodazole (12 uM, Sigma) and Dynasore (25 uM, Sigma) were usedto inhibit forward
and reverse trafficking of K r2.1. For Dynasore experiments, FBS in the culture media
was substituted with NuSerum (Fischer Scientific, Pittsburgh, PA). Previous
characterization of Dynasore showed that serum interferes with Dynasore action and
therefore, serum was substituted by a synthetic serum, NuSerum?8s, For all experiments,
cells were exposed to drugs for 2, 4, and 6 hours prior to patchclamp recordings and
immunostaining.

5.2.2 Fluorescence Recovery after Photobleaching (FRAP)

HEK-293 cells expressingKir2.1-tdTomato were patterned on star-shaped
fibronectin islands. Cells were imaged as previously described!® at 60x magnification
(UPlanSApo 60X/NA1.35 Objective; Olympus, Tokyo, Japan) on an inverted fluorescent
microscope (Olympus 1X83) illuminated by a xenon arc lamp (Lambda LS) equipped
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with a 300W ozone-free xenon bulb (Sutter Instrument, Novato, CA). The images were
captured using a sSCMOS ORCA-Flash4.0 V2 camera (Hamamatsu Photonics,
Hamamatsu, Japan). Userdefined regions of interest (ROI) were photobleached using a
515 nm laser (FRAPPA; Andor Technology, Belfast, Northern Ireland). Fixed cells were
used to create a bleaching protocol (10 laser pulses with a dwell time of 1000 us per
pixel) that resulted in 80% reduction in fluorescence intensity in control cells. This
threshold was chosen to allow for significant fluorescent recovery, b ut minimize the
chances of photo-damage.

As shown in the Figure 5.1, in untreated fixed cells (solid white bars), this
protocol initially bleached fluorescence intensity to a 20+2% of the prebleach levels,
similar to the initial post-bleaching levels measured in the live unfixed cells (solid
red/black bars). These similar post-bleach levels in live and fixed untreated cells
suggested the absence of fast dynamics in the systm.

We also applied the same bleaching protocol in fixed cells treated with Dyn for 4
hours (Figure 5.1, hatched bars) and compared the resulting postbleaching levels to
those measured in Dyn-treated live cells (Figure 5.1, red/black hatched bars). As in
untreated cells, there were no statistically significant differe ncesbetween fixed and live
Dyn -treated cells, confirming no fast dynamics in the system. Interestingly, the Dyn
treatment resulted in reduced initial bleaching, which has beenpreviously reported for

other membrane proteins® 191 and remains to be explained.
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Figure 5.1: FRAP calibration.
Initial post -bleach relative to pre-bleach fluorescence levels for control and Dynasore (Dyn)-
treated groups (n=11-21 cells per group; Meants.e.m). Statistical significance was analyzed by
ANOVA foll owed by Tukey’'s multiple comparison test.
are significantly different. There is no significant d ifference between live and fixed cells under the
same condition. The addition of Dyn creates an increase in postbleach %.

Pre- and post-photobleaching images of patterned live cells were acquired every
10 seconds until 5 minutes after photobleaching using custom filter set comprised of
TRITC excitation filter ( FF01:560/25;Semrock, Rochester, NY), RFP emission filter (FFOL
607/36; Semrock, Rochester, NY), and dichroic mirror EF410/504/582/669Di01; Semrock,
Rochester, NY). The motorized filter wheels (Lambda 10-3; Sutter Instrument) and
automated stage (H117EIX3; Prior Scientific, Rockland, MA), as well as photobleaching
and image acquisition were controlled through MetaMorph Advanced software
(Olympus).

5.2.3 FRAP Analysis
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User-defined polygons were used to outline a non-cellular background region
outside of the micropatterned cells, the bleached region of a corner, the bleached region
of an edge, and an unbleached region of the cell. To calculate the normalizedFRAP
values, the intensity of the background region was first subtracted from pixel intensities
within cell. To account for global bleaching, the mean intensity of the background -
subtracted bleached membrane regions was divided by the mean intensity of the
background-subtracted unbleached region from the same cell. Finally, to normalize the
pre-bleach intensity to one, the curves were divided by the average value of the
background-subtracted and bleaching-corrected recovery curve from the pre-bleaching
time points. Each normalized FRAP curve was fit to a single exponential recovery
equation:

01 aOa@MIBAIY Y Y p Q°

where’Yi s t he final r ec ov¥isyheifittamecdveryyand f r act i o
is the time constant of recovery.’Y and 1 values were averaged over different cells and
reported. For eachbleached cell, mobile fraction, M 1, was calculatedto account for the

variations in the initial bleaching intensity as follows 9%

M+ values were averaged over different cells and reported.

5.3 Results
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5.3.1 FA regulation of Ik density is dependent on dynamin-mediated
endocytosis.

Since Ki2.1 channels are trafficked toand from membrane*- 42 we evaluated the
possibility that integrin engagement at FAs regulates Kir2.1 localization and distribution
by modulating channel trafficking. Using various pharmacological agents, we
systematically explored potential roles of individual parts of trafficking pathway  (Figure

5.2) in FA-dependent regulation of | k1 density.

Proteosome = {

Lysosome

Figure 5.2: Schematic depicting the inhibition of parts of the = Kir2.1 trafficking pathway by
specified drugs .

To induce the disassmbly of FAs, we applied FAKi which reduced | 1 density by
50% (igure 5.3 and Chapter 4). Treatment with Cyclo to block new protein synthesis
decreased the ki density but did not alter the FAKIi effect. This demonstrated that
halting de novgorotein synthesis does not change FA-dependent effects on ki denisty, but

has impact on overall membrane current.

93



Ap plication of Noco to inhibit forward trafficking of K 2.1 showed no significant
effect on FAKIi induced | k1 density decrease, thus indicating that microtubular transport
is not a contributor to the FA dependent effects on I«i.

Application of Dyn to inhi bit channel endocytosis significantly increased
membrane current and also prevented the Ik: density decrease induced by FAKI. This
result implied potenital roles of FA in regulation of K 2.1 membrane localization via
effects on channel endocytosis.

Lastly, treatment with CQ to block lysosome degradation had no significant
effect on membrane current but prevented the decrease in ki density induced by FAKI.
Studies have shown that CQ may inhibit | k1193 but other studies have shown that CQ
causes lysosomal build up of Kir2.1 and no significant change in Ik: density%4 Taken
together, these experiments suggested involvement of endocytosis and the lysomal
degradation pathway in FA -dependent Ixi density modulation. The dynamin dependent

endocytosis was further investigated in the remainder of this chapter.
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Figure 5.3: Effects of trafficking inhibitors on FAKi  -induced decrease inlk: density .

Quantification of | k1 density in the presence of cyclohexamide (Cyclo), nocodazole (Noco),
dynasore (Dyn), and chloroquine (CQ) with and without FAK i. *p<0.05; **p<0.01; for without
FAKi vs. with FAKI. #p<0.05; ###p<0.001 for treatments compared to FAKi only group.
$$$p<0.001 for treatments compared to DMSO only group.

5.3.2 Integrin engagement provides inhibitory signals to K;2.1
endocytosis.

We found th at no apparent involvement of microtubule (MT) transportin  FA
dependent lk1 changes was surprising. Previous work has shown that microtubule -
dependent trafficking is required for the initial delivery of K 2.1 to the membrane and
recycling of Kir2.11%5, We thus decided to further investigate the relationship between
Kir2.1 and FAs by applying 12 uM Noco to disrupt MT over varying periods of time.

Noco treatment for 2, 4, or 6hled to no change in FA coverage (as determined by
active [3 lintegrin labeling, Figure 5.4A, B) or I«1 density (Figure 5.4C). To
simultaneously disrupt MTs and induce FA disassembly, cells were treated with 12 uM

Noco and 100uM FAKi (Noco+FAKIi), which resulted in the gradual disassembly of FAs
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(Figure 5.4A, B) and reduction of | k1 density (Figure 5.4C). Theseresults further confirm

that the membrane localization of the channel is locally regulated by FAs.

A 0 hrs 2 hrs 4 hrs 6 hrs
,‘,\' ,

Noco only

b iintegrin ’

I Noco only B Noco + FAKI
B C
ns ns
40- 60 | L
< ns KR kkk kkk — ns ns 5
S 330+ s40d z 3
@ ~
£ % 20- g = WT
c ®©
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Figure 5.4: Effects of microtubular trafficking on FAKi induced | k1 reduction in micropatterned
Ex293 cells.
(A) Representativei mages of micropatterned Ex293integenl | s i mmu

after exposure to 12 uM Nocodazole (Noco, top) or 100 pM FAK-inhibitor (FAKi) + 12 pM
Nocodazole (Noco + FAKI, bottom) for 0, 2, 4, or 6 hours. (B, C) Corresponding quantifications of
act i uneegriff doverage (B, n=10 cells per group; Mean+SEM) and IK1 density measured at90
mV (C, n=5-14 cells per group; Mean+SEM). *, p<0.05; **, p<0.01; *** p<0.001 for without FAKIi vs.
with FAKi. $3$, p<0.001 for Noco+FAKi treatment comparedto0 hr s. Scal e bar, 20

Thus, we next examined potential roles of FAs in the insertion and retention of

channels at the membraneas means to govern the local accumulation of Kr2.1.
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Specifically, based on our results from Figure 5.3 we further investigated if dynamin -

dependent endocytosis mediates the relationship between FAs and Kir2.1over time. Six

hour treatment of Ex293 cells witheinbhdth pM Dyn vy
acti v e-intBgtin coverage (Figure 5.5A, B p<0.001) and k: density (Figure 5.5C

p<0.001), an expected result since dynamin mediags internalization of integrins %) and

Kir2.1%5. To probe the role of dynamin in FAKi -induced removal of integrin and K 2.1

from the membrane, FAKI - treated Ex293 cells were cetreated with Dyn, which

prevented the FAKi -induced loss of active 3 dintegrin ( Figure 5.5A, B) and I« (Figure

5.5C).
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Figure 5.5: Effects of endocytosis on FAKi induced | «: reduction in micropatterned Ex293 cells.
(A) Representative images of Ex293 cellsst i n
Dynasore (Dyn, top) or 100 uM FAK -inhibitor (FAKi) + 25 uM Dynasore (Dyn + FAKIi, bottom)

-idtegrinrcevergge Bd i ng quar

n=10 cells cellsper group; Mean+SEM) and Ix: density measured at -90 mV (C, n=620 cells per
group; MeantSEM). *p<0.05; **p<0.01; ***p<0.001 for without FAKIi vs. with FAKi. #p<0.01;
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Both Noco and Dyn treatments maintained the strong correlation between FA

coverage and ki density (Figure 5.6A). Given that adding D yn to FAKi was the first

intervention to prevent decrease in lki, we immunostained cells for vinculin . We found

that the correlation between vinculin and | «1 was not maintained with the Dyn+FAKi
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treatment (Figure 5.6B) since Dyn+FAKi treatment yielded progressive loss of vinculin
coverage (Figure 5.6C, D), indicating that FA d isassembly was still occurring under

these conditions wiirtelgrmooveragecoslee. of acti ve (1
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Figure 5.6: Ik1 density better correlates with b1 coverage than vinculin coverage.
(A) Correlation betweenlkid e nsi t y a nidteganacoverage for@lifferent trafficking
interventions. (B) Correlation between | k1 density and vinculin coverage for different trafficing
interventions. (C) Representative images of Ex293 cells stained for vinculinafter exposure to 25
MM Dynasore (Dyn, top) or 100 uM FAK -inhibitor (FAKi) + 25 pM Dynasore (Dyn + FAKI,
bottom) for 0, 2, 4, or 6 hours.(D) Corresponding quantifications of total FA coverage in Ex293
cell (n=6-13 cells per group; Mean+SEM). *p<0.05; **p&.01; ***p<0.001 for without FAKIi vs. with
FAKI. #p<0.01; ##p<0.001 for Dyn treatment compared to 0 hrs. $p<0.01; $$p<0.001 for Dyn+FAKi
treat ment compared to O hrs. Scale bar,

These results suggested that dynamin-dependent stabilization of active i ntegrins
on the membrane results in Kir2.1 localization near FAs leading to a local increase in ka.

Stable FAs and engaged integrins prevent endocytosis of k2.1 channels, while loss of
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active integrins from the membrane permits internalization of K 2.1 channels leading to

k1 decrease.

5.3.3 Rate of Kir2.1 delivery to membrane is spatially uniform, while
rate of Ki;2.1 endocytosis is FA-dependent.

Next, we sought to determine the turnover rate of K 2.1 channels at cell corners,
where FAs are large, and edges, where FAs are small using fluorescence recovery after
photobleaching (FRAP) (Figure 5.7A). After local bleaching of K ¥2.1-tdT in star-shaped
HEK?293 cells, fluorescencer ecovered at a sl ower rate at the
t han edges Hgure57B,0)+Cell0corers also exhibited a smaller mobile
fraction, Mf, of K +2.1 channels compared to cell edges Figure 5.7B, C), indicating the
stabilization of K 2.1 in the membrane at the FArich sites. To test the role of dynamin
activity in K 2.1 turnover dynamics, we performed FRAP experiments in Kir2.1-tdT
expressing cells that had been treated with 25 uM Dynasore for 4h (Figure 5.7D). Since
inhibition of endocytosis by Dyn leads to the membrane accumulation of K 2.1 (Figure
5.5), as reflected in increased k: density, this experiment preferentially probed the rate
of channel’s forward transport to the membrane
revealed that channel forward transport rates are the same at cell corners and edges
(Figure 5.7E, F). The mobile channel fractionremained smaller at corners and edges
(Figure 5.7E, F), likely due to the preserved spatial distribution of FAs ( Figure 5.5A).

Differences in the initial data points in the FRAP curves were due to variable levels of
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bleaching. Together, these data are consistent with the model where K:2.1 channels are
spatially uniformly delivered to the cell membrane, then non -uniformly endo cytosed in
an FA-dependent and dynamin -dependent manner. This spatially non -uniform

endocytosis causes a heterogeneous distribution of K-2.1 channels along the membrane

with more channels localizing near larger FA complexes with increased integrin

engagement.
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Figure 5.7: Insertion and internalization of K 2.1 into the membrane of micropatterned
HEK293 cells.
(A) Representative snapshots of bleach corrected K2.1-tdTomato live fluorescence in
micropatter ned HEK293 cells shown pre-bleaching and at various times post-bleaching. White
boxes indicate edge and corner regions used for fluorescence recovery after photobleaching
(FRAP) analysis. (B) Experimental data and single-exponential fits of K r2.1-tdTomato
fluorescence recovery in corner vs. edge region. (C) Corresponding quantifications of time
constant of recovery (Tau, top) and mobile fraction (M , bottom n=19 cells per group;
MeanzSEM). (D) Representative snapshots of bleach corrected K2.1-tdTomato li ve fluorescence
in micropatterned HEK293 cells treated with 25 uM dynasore for 4 h shown pre -bleaching and at
various times post-bleaching. Boxes indicate edge and corner regions used for FRAP analysis. (E)
Experimental data and single-exponential fits of Ki2.1-tdTomato fluorescence recovery in corner
vs. edge region. (F) Corresponding quantifications of time constant of recovery (Tau, top) and
mobile fraction (M 1, bottom n=17 cells per group; Mean+SEM). *p<0.05 for corner vs. edge. Scale
bars, 35 um.
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5.3.4 Mathematical representation of FA dependent K;;2.1 Channel
Trafficking

Overall, our results are consistent with a model that FAs can locally regulate the
number of channels on the membrane by inhibiting the ir endocytosis, thus regulating
the overall membrane density of Ki2.1. These differential local rates of endocytosis allow
for the differential distribution of K 2.1 channels, with Kir2.1 enriched at sites of large,

stable FAs.Figure 5.8 shows a schematic representation of this concept.
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Figure 5.8: Proposed mechanism for FA -mediated regulation of K 2.1 localization in cell
membrane.

Schematicshowing a star-shaped cell where the same rate of insertion of Kr2.1 to the membrane
at corners and edges in conjunction with a faster rate of endocytosis at edges containing less FAs
and slower rate of endocytosis at corners containing more FAs result in a heterogeneous
membrane distribution of K 2.1 and ka.

To summarize our findings , we decided to represent this processmathematically
using a compartment model . This is a pedagogical model for understanding how

different rates of trafficking and localization of channels near FAs contribute to the
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number of channels in different locations. This model is not quantitative or predictive,
just a “ mat he mofghe Ki@.4 dhanpel dgnamigs at'the membrane.

Figure 5.9 and Figure 5.10 shows the state variables G, S, M, and Ma, and the
time constants ki-ks used in the model. A set of linear differential equations was used to

describe the movement of Kir2.1 channels through the trafficking pathway.

Coated vesicle /
Sub-membrane (S)
'& Late endosome

Figure 5.9: Schematic for Identifying State Variables and Time Constants.
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Figure 5.10: Compartment Model with State Variables and Time Constants.

6

The trafficking was described as aset of rate dependent reactions with G being
the number of channels in the Golgi compartment, S being the number of channels in the
sub-membrane compartment, M being the local number of channels in a FA-poor region,
and Mra being the local number of channels in a FA-rich region all within a single cell . T
(number of channels per unit of time) is the constant rate of channels being translated
and moved into G; is the rate of microtubule dependent forward trafficking from the G
to the S region; ks the rate of degradation from the S to the lysosome (L); ksis the rate
of insertion of the channels into the membrane near stable FAs (Mra), while k 4is the rate
of insertion of the channels into the membrane (M) with little FAs. k sis the rate of
removal of the channels from the Mea into the S region, while ksrepresents the rate of
removal of the channels from the M into the S region. All ks are in units of time -*. The M

and Mea are the output variable of interest (see all code in Appendix).
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5.3.4.1Equations

o _
.4
m
L

5.3.4.2Assumptions

There are a few assumptions that were drawn from experimental results and literature.
Both our live imaging and literature 197. 1% have shown that Kir2.1 accumulates in the
Golgi compartment. Based on these results, weassumed that: (1) the number of channels
in the Golgi compartment is constant, and there is a constant rate of channel translation

(T) into the Golgi.

Our FRAP experiments showed that the rate of channel insertion in membrane at
the corners and edges were virtually identical. Therefore, we will assume that (2) ks and

ksare identical.
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Our FRAP experiments also showed that the rate of removal of the channels from
FA-poor membrane sites is much higher than the rate of removal from FA -rich

membrane sites. We will assume that (3) k is much greater than ks.

5.3.4.3Constants

The following values were used in our model and arbitrarily chosen based on

desired steady state outcomes:

8 channels/hr

5.3.4.4Model Outputs

Using the ode45 solver in MATLAB, we solved this set of differential equations.
Fig. 5.11A showsthe number of channels in S, Mea, and M compartment as a function of
time. The steady-state values can be calculated as follows:

0= —(kz +k3 + k4)5 + k1G + kSMFA + kﬁM

0=kyS—ksMpy, 0 =kyS— kgM
0=—(k2+k3+k4)S+T+k3S+k4S K K

3 4

Mg, =28 M="s
0=—k,S+T FA" ks ke
k k

1 -3 — 4

S, = k_zT Mrac kzksT Mo Kok

Assuming that each channel has a constant unitary conductance of 2 pA, we can
calculate Ikx contributed by the corner (M ra) or the edge (M) of a large star Figure 5.11B).
The steady states for this model for corner and edge currents are very similar to the

experimental values recorded through cell-attached patch clamp (Figure 5.11C).
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Figure 5.11: Initial outputs from mathematical model.
(A) Plot of the number of channels in ead compartment of the model with time. (B) Calculated
Ik1 by assuming a unitary conductance of 2 pA per channel. (C) Model output vs measured
experimental l«1values for FA rich membrane (M ra, corner) vs. FA poor membrane (M, edge).

Next, we were interested in combining M ra and M results to approximate the
whole -cell current, and current density. Since local Ix1 strongly correlated with local FA
coverage (Figure 3.14), we approximated whole-cell 1«1 based on the area of the cell that
was attached. Figure 5.12A shows how the cell was divided into 25 regions, as before.
We weighted the “"edge” boxes as 1. The weights
an approximation of how much of the cell was attached in that box. The interior of the
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cell was weighted with the edge |1 since most likely there will be a minimum amount of

Ix1 in this area due to the lack of FAs. We approximated that the corners of the star filled

about 1.5 times as much as the ®“edgectllikboxes.

current was approximated to be 14 ti mes
ti mes the “corner” area. The current eashas
membrane compartment, Mra and M, multiplied by 2 pA. The density was calculated by
using the experimentally measured average membrane capacitance of the large star
shaped cells, 31.72 pF, yielding a steadystate value of 42.92 pA/pF Figure 5.12B). This is

similar to the experimentally measured whole -cell Ik: density of 43.77 pA/pF.
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Figure 5.12: Approximating whole cell current density.
(A) Method used to approximate whole cell membrane current density. (B) Model output for I «1
density.
5.3.4.5Sensitivity Analysis for Rate Constants

Next we examined the sensitivity of | k1 density to variations in each individual
parameter (Figure 5.13). Increase in T proportionally increased membrane density,

indicating the that rate of translation increases the membrane density. Changes in ki did
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not affect k1 which is consistent with the results that FA -dependent changes in Kir2.1
localization at the membrane are independent on microtubular transport. Increase in k 2
decreased membrane current since faster degradation will decrease channel numbers at
membrane. Increasing ks and ksincreased membrane density, as expected with the
increase in insertion rate of channels into the membrane.Increasing ks and kedecreased

membrane density of channels. This mechanism is also necessary for a maintenance of

steady-state given that kske=0 gives rise to an ever increasing membrane current over

time.
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Figure 5.13: Effects of changes in individual rate constants on | «i1 density in the model.

5.3.4.6Incorporating Effects of FAs and Dynamin

Given our hypothesis that FAs regulate Kir2.1 through the inhibition of endocytosis, we

divided the rates representing endocytosis ks and keby a new constant kea. The kra was
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assigned value greater than 1 if FAs are overall enriched and between 0 and 1 if FAs are
partially disassembled. FA enhancement at a level of ka=2.2 showed similar dynamics
as experimental Mn2* conditions (Figure 5.14A,B). FA disassembly at a level of kea=0.6
showed similar dynamics as experimental FAKi conditions ( Figure 5.14A,C).
Furthermore, the inhibitory effect of Dynasore on endocytosis was modeled by
multiplying endocytic rates, k s and ke by a constant d with a range between 0 and 1
(Figure 5.14D). The d=05 resulted in dynamic changes in I« similar to those measured in

the experiment with the Dyn treatment ( Figure 5.14E). When combining the effects Dyn

111



and FAKi (d=0.6, ka=0.7), there is no significant difference between experimental and

theoretical data.
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Figure 5.14: Simulation of FA and dynamin -mediated endocytosis modulation.
(A) Effects of FA on Ixidensity. (B, C) Comparison of theoretical and experimental data for effects
of FA modulation on | «1 density. (D) Effects of dynamin on | «1 density. (E, F) Comparison of
theoretical and experimental data for effects of dynamin and FA modulation on | 1 density.

Overall this simple model can be adjusted to capture the dynamics of Kir2.1 at the
membrane in the presence and absence of FA assembly modulators.

5.4 Discussion

In this chapter, we explored potential mechanisms of how integrin engagement
may regulate Kir2.1 localization on the membrane. After visually confirming that

integrin engagement recruits Kir2.1-tdT to the surface using TIRF, we investigated the
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trafficking mechanisms of K 2.1 and identified endocytosis as a mgor process in FA-
dependent Ik regulation by applying trafficking targeting inhibitors. We found that
integrin regulates Kir2.1 through the inhibition of dynamin dependent endocytosis. This
particular regulation is independent of microtubular transport, i mplying that this
process involves the fast recycling of Ki2.1 in the membrane.FRAP analysis of Ki2.1
turnover suggested that the channel is uniformly transported to the membrane, but is
less readily endocytosed from the membrane near sites of strong integrin engagement
(large FA complexes). Through this mechanism, a spatially heterogeneous distribution
of FAs in a cell directly contributes to a spatially heterogeneous distribution of K 2.1
channels at the cell membrane Lastly, we developed a computati onal model to describe
the localization of Kir2.1at regions of membrane, which, although simplistic, can be
tuned to capture the dynamics of changes in Ik: in response to pharmacological
modulation .

Our studies show that there is an intimate relationship between FA assembly,
dynamin, and Ki2.1. In previous studies, FAK and dynamin 2 have been shown to be
necessary for FA disassembly with FAK recruiting dynamin to FAs during
disassembly*6. Ezratty et al. has also shownthat clathrin and dynamin are required for
a5pB1 integrin internalizati on® Ounsutiesfugcherur s dur i
confirm a relationsh ip between Kir2.1, integrins, dynamin and FA assembly when the

relationship between vinculin as a marker for FAs and | «1 density breaks when dynamin
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and FAK are inhibited. With this intervention, v inculin disassembles; however,
trafficked FA proteinssuch as act i v e dd3nbt disasseneblg and Ik density
remains unchanged, establishing that Ki2.1localization at membrane is dependent on
the proximity of actve 1 i nd. egri n
Although not fully understood, integrins have been shown to interact with
certain ion channels®, such asKv1.3 in T-cell lymphocytes°. On the other hand, no
known direct interactions of integrins and K #2.1 channelshave been reported. In our
studies, Ix1 density has beensensitive to both ECM proteins fibronectin and laminin.
I ntegrins ab5B1, a8 1-GlaAsd(RGDH) fdiif fdundindibrandcten ,Ar ¢
whilei ntegrins a3pB1, oa6prORAMdI mt7@ dusihe 1 dat eami ni n
commonality between all of t hese heterodimeric structures. Due to the exclusion of Kir2.1
from FAs in our studies, a diffusible signal resulting from B 1 i n engagemniem,
rather than direct integrin binding, may be regulati ng Kir2.1.
The relationship between endocytosis and focal adhesion assembly remains
unclear. Several studies have implied a potential role of FAs in endocytosis 20+207, For
example, dathrin coated vesicles (CCVs) have been shown to have longer lifetimes near
sites of adhesion to extracellular matrix2°%. Moreover, manipulation of ECM has been
shown to change CCV lifetimes near adhesiong?°® 207 further implying a relationship
between endocytosis and FA assembly. Studies have also showrthe preferential uptake

of transferrin and growth factors by endocytosis at sites of celladhesion to matrix 201, 202
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Micropatterning studies have shown that cells with larger spreading area have higher
formation rates of clathrin coated pits (CCPs)but these pits are more short lived20s,
which is contradictory to other studies that show longer lifetimes. Ou r studies are the
first to show the differential rates of endocytosis of ion channels proximal to sites with
different FA abundance.

Mechanistically, our results suggest that Kir2.1 membrane localization is
regulated by a local diffusible signal generated by integrin engagement, as the absence
of co-localization of K r2.1 with paxillin (Figure 3.13) ar gues against direct interactions of
the channel with FA proteins. In principle, this diffusible signal could affect either
dynamin activity, K #2.1 recruitment, or the potential interaction of dynamin and K #2.1.
The direct regulation of dynamin seems unli kely, as dynamin plays a crucial role in the
endocytosis of integrins8” and other membrane receptors?®within and proximal to FAs .
Previous studies have demonstrated that phosphorylation of K 2.1 can inhibit current?20°.
210, However, the strong correlation between |1 and intensity of K r2.1-tdTomato is most
consistent with the channel being constitutively active at the membrane and inconsistent
with a significant role of post -translational regulation. Therefore, we postulate that
integrin -mediated diffusible signals interfere with the interaction between K 2.1 and
dynamin to prevent removal of cha nnel from the membrane. Filamin A and
dystroglycan have been reported to interact with K 2.1 as well as dynamint2t.211, 212

These proteins, which are likely proximal to FAs due to their localization to the actin
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cortex, could act as Kr2.1 regulating scaffolding proteins and their roles in the
endocytosis of Kir2.1 channels remain to be studied.

Finally, we developed a simple compartmental model of K 2.1 trafficking using
set of linear differential equations to describe the movement of Ki2.1 channel through
the trafficking pathway to and from membrane. In this model, we introduced a sub -
membrane compartment that is crucial to the recycling of ion channels at the membrane,
as it acts as a buffer from the microtubule dependent trafficking. Although strong
experimental evidence for the existence of such a submembrane compartment does not
currently exist, some studies indicate a sub-membrane pool that allows for the rapid
recycling dynamics of transmembrane proteins 213214 Qur model suggests that to
observe the Kr2.1 membrane dynamics and localization discussed in this dissertation,
the microtubule -independent recycling of ion channels from a sub-membrane pool
would be necessary.

5.5 Summary and Implications

In summary, dynamin -mediated endocytosis of Kir2.1 channels is inhibited by
the presence of large FA complexes and activated integrins. This inhibition gives rise to
a spatial heterogeneity of channels in the membrane that mirrors the distribution of FAs.
Although we do not have an understanding of binding partners or diffusible signals that

allow for integrins to inhibit the endocytosis of K 2.1, these findings provide novel
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insight on how microenvironment of excitable cells including ¢ ardiomyocytes can have
direct impact on Kir2.1 membrane localization and function.

The recruitment of Kir2.1 to cell membrane in response to local biomechanical
cues affecting FA assembly allows cardiomyocytes to remodel their ion channel
expression and distribution including electrical excitability and action potential shape at
the temporal scale of minutes to hours. Recent studies on L-type calcium channel show
channel recycling at the membrane on the same time scale as our studieZ3. Both studies
show that this channel remodeling can happen in microtubule -independent manner.

The question remains why cardiomyocytes and potentially other excitable cells
would need such a recycling of Kir2.1 as a part of their posttranslational
mechanosensitive repertoire. Physiological reasons for this kind of ion channel control
are not currently clear, but this indirect FA -mediated mechanosensitivity allows
electrical modulations to be made independent of stretch-sensitive channels. This
mechanism may serve to allow the passive biomechanical properties of the heart to

regul ate cardiomyocytes el ectristudiedacivd enot ypes

electro-mechanical feedback that acts thraigh stretch-sensitive channels.

117



6.Fuur e Directions

6.1 Interactions between K;;2.1, integrins, and dynamin

Our studies indicate functional relationships between Kir2.1channel localization,
engagement of B1 integrins, and dynamin -2 activity. These relationships may be indirect
or direct. The direct binding of K 2.1 to integrins is highly unlikely due to the exclusion
of Kir2.1 from b1 integrin staining (Figure 3.13) One possibility for interaction is that
Kir2.1 maydirectly interact with a binding partner of dynamin -2 or integrin. Another
possibility is that a diffusible factor due to the engagement of integrins and dynamin -2
activity m ay change phosphorylation state of Kir2.1, thus changing channel gating on the
membrane. Finding the exact mechanism for the increase in ki due to engagement o
integrins is a challenging, but necessary future direction. We have performed some

preliminary studies to lay the foundation for this potential future work.

6.1.1 Potential binding partners

Using prePPlI, a database of predicted and experimentally determined protein-
protein interactions 217- 218 we performed a search for potential binding partners of K 2.1,
integrin, and dynamin. The results of the search are shown inFigure 6.1. Kir2.1 has very
few predicted and known binding partners compared to that of dynamin 2 and b1
integrin. From these results, we decided to perform immunostaining for SAP97 and

Filamin A.
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b1 Integrin

Dynamin 2
Figure 6.1: Results from prePPI database search.

SAP97 is a cytoskeletal scaffolding protein that is known to anchor both Kir2,1131
and b1 integrin?°to the membrane. SAP97 is a member of the MAGUK family of
proteins that contain PDZ, SH3, and GUK domains. This PDZ domain is known to
interact with the PDZ domains of multiple transmembrane proteins, in cluding K 2.1,
Nav1.5 andbl integrins?. Representative SAP97 immunostaining in micropatterned
Ex293 cells and corresponding heat map slightly higher localization to the corners of the
star-shaped cells Figure 6.2, second column). However, there is also a significant
amount of SAP97 in the edges as well, suggesting that SAP97 is localized along the
entire membrane, but may loosely cluster near Kir2.1 clusters.

According to the PrePPI results, the actin binding protein, Filamin A interacts
with K ir2.1,31 integrin, and dynamin -2. Immunostaining of Filamin A (FLNA) revealed
the lack of localizati on to the corners of the cells(Figure 6.2, third column). Studies show

that increased Filamin A expression increases dynamin-dependent endocytosis,
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resulting in the internalization of ion channels 211, Although the knockout of Filamin A
reduces the number of Kir2.1 in the membrane, it does not prevent the Kir2.1 trafficking
to the membrane??t. Filamin A has also been shown to maintain integrins in their
inactive state??L, These studies combined with our immunostaining data may suggest
that Filamin A can potentially regulate the localization o f Ki2.1 through regulating

integrin and dynamin activity.

SAP97

Figure 6.2: Immunostaining of potential binding partners of K i2.1.
(Top Row) Representative images of live Kir2.1-t d T, SAP9 7, Fi | aSwitrophid ( FLNA) ,
(SYNAL), and active 1 integrin (B1INT). (Bottom Row) Corresponding heat maps. Scale bar, 35
pm.

Lastly, we i mmusyotreghin (SWNAd, Fijuoer6.2, bodrth panel), a
component of the dystrophin associated protein complex. Recent studies have shown
t h a tsynmophin can regulate Ki2.1 trafficking at the membrane“2 222 Immunostaining
showed a similar distribut ion to that of active 31 integrin with possible increased

staining at corners where Kir2.1 accumulates, suggesting that SYNA1 may be another
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potential candidate for regulating membrane localization of K #2.1 through its PDZ
domains and possible associationwith FA complex.

Further investigation will be required to understand the roles of these three
proteins in Kir2.1 localization at the membrane. Knockdown by siRNAs or CRISPR/Cas9
technologies combined with assessment of K:2.1 distribution and turnover ¢ ould
elucidate their roles. Additionally, techniques like proximity ligation assay 22and

BiolD 224 can help identify potential novel binding partners of K #2.1.

6.1.2 Novel phosphorylation sites on Kir2.1

Another potential mechanism for the observed changes in ki density could be
altered phosphorylation of K ¥2.1due to its indire ct interactions with dynamin and 1
integrin . Previous studies have shown that phosphorylation of Tyr -242 and Tyr-366 on
the C terminus of Kir2.1 inhibits K r2.192 209 Another study have shown that

phosphorylation on Ser-425 of Kr2.1 can lead to lossof-function of K #2.1210,

121



A FAKi 2.07
Lam Citrl 6hrs B —
o 1.54
Kir2.1 i. - va o
T 10 I
*%*
IPKir2.1 | P-Ser | s s | ‘g 0.5- -
P-Tyr C 00 ammin P FAKi
2.0
—
Kirz.1 |- n15y T T
Y
< T
Input _FAK 5 — = 1.0
P |_'>‘ 0.5
& 0.
B-tubulin [ wome . . .
Laminin FN FAKi

Figure 6.3 Immunoblots for serine and tyrosine phosphorylation in K ¥2.1.
(A) Representative immunoblots. (B) Quantified K 2.1 with phosphorylated serine
relative to total Kir2.1. (C) Quantified Kir2.1 with phosphorylated tyrosine relative to total K 2.1.
(n=3 Hots per group; DatatMean) **p<0.01
We performed immunoblots for phosphorylated serines and tyrosines in lysates
that immuno -precipitated with K 2.1 antibody. Lysates were isolated from cells that
were plated on FN and treated with FAKIi, plated on FN (Ctrl) or laminin with no
treatment. Increase in ki density on laminin and decrease with FAKi treatment
correlated with concordant changes in serine phosphorylation, while tyrosine
phosphorylation leve Is remained unchanged (Figure 6.3B,C). These results indicate that
there may be novel serine sites that can be phosphorylated to upregulate ki density. A
thorough investig ation through site directed mutagenesis on serine residues on Ki2.1

could elucidate the potential role of Kir2.1 phosphorylation in its localization and

distribution at the membrane.
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6.1.3 Reciprocal relationship of K;i;2.1 and FAs

In this dissertation, we have established that integrin engagement increases ki
density. On the other hand, studies by Leo-Macias et al. show that converse may be also
true and that ion channels can affect adhesion molecules and adhesion strengtiz,
Likewise, we were interested to see if the presence of k2.1 affected the formation of
FAs. We immunostained for FAs in WT HEK cells, HEK cells expressing Ki2.1 (the
precursor to Ex293 cells), and Ex293 cellsRigure 6.4). The presence of k2.1 alone
significantly increased FA coverage. Adding Na v1.5 (to create Ex293 cells) had no further
impact on FA coverage. These preliminary results show that there may be a feedback
relationship between integrin activity and K 2.1 and that the channel presence on the

membrane may reinforce the cell adhesion to the substrate.
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Figure 6.4: FA Coverage in WT HEK cells, K ir2.1-only expressing HEK cells, and Ex293 cells.
(A) Representative immunostaining of vinculin. Scale bar, 35 um. (B) Quantification of vinculin
coverage for each group (n=10 per group). *p<0.05; *p<0.01; **p<0.001
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The future studies could include staining for active bl integrin in the same three
cell groups and screening of for trafficking and phosphorylation mutations in Ki2.1 for
their potential to affect the ability of integrins to engage. The results of these studies may
have implicatio ns for the development and disease progression in native tissues.

6.2 Potential roles of FAs in modulating conduction in 2D and
3D heart tissues

Our studies show that integrin engagement has significant impact on AP
characteristics. An important part of the f uture work would be to determine whether
integrin engagement can change conduction properties in 2D and 3D. While FAs are
well established in 2D cultured cells, focal adhesion assembly in 3D tissues is vastly
different from that 2D monolayers 225. Specifically, unlike in 2D culture, in 3D tissue
environment, there is little phosphorylation of FAK on Y397 225 Integrin activation can
also come from interstitial fluid stresses??’. Viscoelastic properties of the 3D tissue also
contribute to focal adhesion mechanosensing. Due to these differences, potential effects
of FA assembly on tissue electrophysiology will need to be studied both in 2D and 3D

settings.

6.2.1 Effects of ECM substrate and FAK inhibition on 2D electrical
conduction.

We plated 800,000 NRVMs on 21 mmdiameter Aclar coverslips coated with
either FN or Laminin. NRVMs were cultured in isotropic monolayers for 6 days and

optically mapped as previously described 52 53.228 AP propagation was triggered at the
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center of the coverslip by 10 ms, 1.2xthreshold voltage pulses at multiple frequencies.
Conduction v elocity (CV) and APD80 were calculated using our custom MATLAB
software 44,

At 2 Hz pacing, we found a trend for CV being higher in monolayers on laminin
vs. FN coated substrate Figure 6.5A); this trend did not persist at higher pacing
rates(Figure 6.5C). Furthermore, APD80 at 2 Hz pacing was lower in monolayers
cultured on laminin ( Figure 6.5B) and this difference was maintained at higher pacing
rates (Figure 6.5D). Gross assessment of tissue structure did not reveal any major

differences between monolayers cultured on laminin and FN ( Figure 6.5E,F).
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Figure 6.5: Effects of ECM on electrical conduction in 2D NRVM monolayers.
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(A-D) Quantified CVs (A) and APDs (B) at 2 Hz pacing rate and CV (C) and APD (D)
restitutions for NRVM monolayers cultured on FN vs. Laminin coated coverslips (n=15 -16
coverslips per group). (E,F) Representative images of NRVMs cultured on FN (E) and Laminin

(F).Scale bars, 100 um.

Next, we seeded NRVMs on FN-coated coverslips and treated them with either
DMSO (vehicle) or FAKi for 6 hours. Optical mapping during 2 Hz pacing showed no
difference in CV and APD80 between the two groups (Figure 6.6A, B). We then seeded
NRVMs on micro -grooved coverslips (1 um microgrooves), creating anisotropic
monolayers. As expected, control cultures supported anisotropic conduction with
longitudinal -to-transverse CV ratio of 1.4 (Figure 6.6C). Interestingly, the CV anisotropy
ratio was significantly decreased with FAKIi treatment. Similar to the findings in
isotropic cultures, FAKIi treatment did not alter APD in longitudinal or transverse
direction (Figure 6.6D). As for different ECM coatings, gross assessment of tissue
structure did not reveal any major differences between control and FAKIi group ( Figure

6.6E,F).
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Figure 6.6: Effects of FAKIi treatment on electrical conduction in 2D NRVM
monolayers.
(A) Quantified CVs and (B) APDs in Control (DMSO) and FAKIi -treated (6 hrs) isotropic
monolayers. (n=3 per group). (C) Longitudinal and transverse CVs and (D) APDs in Control

(DMSO) and FAK:i -treated (6 hrs) anisotropic monolayers (n=11 per group). (E,F) Reprasentative

images of control (DMSO, E) and FAKIi treated (F) anisotropic NRVM monolayers. Scale bars, 50
pm. *p<0.05.

Collectively, these preliminary studies warrant future investigations of the roles

of integrin engagement in AP propagation.

6.2.2 Effects of FAK inhibition on AP conduction in 3D.

I n a preliminary study, we constructed NRVN

described#s and treated them with FAKi or DMSO (control) between cultu re days 10
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and 14. Optical mapping revealed that both control and FAKIi treated bundles exhibited
uniform conduction ( Figure 6.7A). At 2Hz pacing, FAKIi treated bundles exhib ited
significantly slower CV ( Figure 6.7B) and this difference persisted at higher pacing rates
(Figure 6.7C). FAKi treatment resulted in APD80 prolongation at 2 Hz pacing ( Figure
6.7D,E), shallower APD restitution ( Figure 6.7F), and much lower maximum capture rate

(MCR, Figure 6.7G), warranting future inv estigation in roles of FAs in 3D conduction.
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Figure 6.7: Effects of FAKi treatment on electrical function of 3D NRVM cardiobundles.
(A) Representative isochrone maps of AP propagation in response to 2 Hz point pacing
(pulse sign) in cardiobundles cultured for 2 weeks and treated with DMSO or FAKi after culture
day 10. (B) Quantified CVs at a pacing rate of 2 Hz. (C) Dependence of CV on pacing period
(cycle length) from 500 ms (2 Hz) to 91 ms (13 Hz). (D) Repesentative optical action potentials
recorded in cardiobundles during 2 Hz pacing. (E) Quantified APD80 at 2 Hz pacing. (F)
Dependenc of APD on pacing period (cycle length). (G) Maximum capture rate (MCR) in
cardiobundles. (n=6 bundles per group) *, p <0.05; ***, p<0.001 vs. control.

Collectively, the results of this dissertation suggest that I«: in the heart tissueis

affected by environmental cues that alter integrin engagement in cardiomyocytes . Our
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studies indicate a potentially controllable relationship between mechanical environment
and cardiomyocyte electrical properties at a cellular and tissue level. As such, these
findings may have important implications for the fields of heart tissue engineering and
cardiac arrhythmias . One of the important hurdles in using human iPSC-derived
cardiomyocytes for the predictive investigation of disease mechanisms andfor
therapeutic strategies is the downregulation of Ik:compared to the adult counterpart 22,
Our studies suggest that Ik: in iPSC-CMs may be increased via enhancement ofintegrin
activation. Similarly, pharmacological interventions targeting integrin engagement in
ischemic myocardium may increase cardiomyocyte excitability and have antiarrhythmic

effects.
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7.Concl usi on

The function and trafficking of the cardiac inward rectifier potassium channel,
Ki2.1, have been studied extensively since the 19905 However, how these channels
localize in cell membrane to give rise to the hallmark heterogeneous distribution
observed in healthy adult cardiac tissue remains unknown. In this dissertation, we have
explored how cell size, shape, and extracellular environment affect the membrane
localization of K2.1, and to some degree Nal.5. Our goal was to systematically assess
the potential effects and underlying mechanisms of the cell adhesion dependent
regulation of Kr2.1 distribution at the membr ane. Our hypothesis that Kir2.1 membrane
localization would be integrin engagement dependent, thus having profound effects on
cellular electrophysiology, was validated by this dissertation work.

Previously 142 we showed that when micropatterned HEK cells exp ressing Kir2.1
and NRVMs exhibited | k1 densities that increased with cell spreading area. Building on
these results, we created a platform for measuring and visualizing K 2.1 in
micropatterned cells. Combining microfabrication techniques, patch clamp, and confocal
microscopy, we showed that Ki2.1 localizes in membrane near areas that are enriched
with FAs. This local effect was also seen on the wholecell level, when we showed that
total FA coverage in cells correlated with the whole -cell Ik density.

We further showed that FA coverage and |« density in micropatterned cells are

strongly correlated regardless of the intervention used to affect integrin engagement.
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This result provides strong evidence that there is a fundamental link between integrin
engagement and Ki2.1 regulation. Furthermore, we coated microspheres with ECM and
allowed them to make contact with the cell surface. The newly engaged integrins at the
cell surface actively recruited new Ki2.1 to these sites, providing more evidence that
integrins play a major role in membrane localization of K 2.1 channels.

Using the engineered excitable HEK293 cells (Ex293}, we recorded Ex293 action
potentials under varying levels of integrin engagement and demonstrated that AP
characteristics, including APD and maximum depolarization upstroke, can be
profoundly affected by extracellular and intracellular signals that affect mechanical and
adhesive state of the cell. Since previous studies have shown a parallelism between
Kir2.1 and Na/1.5'30.21¢ we also looked at whole-cell Ina density in micropatterned cells of
varying size. We found that while the numbers of active Na v1.5 channels on cell
membrane may be related to numbers of active Kir2.1 channels, the spatial membrane
distribution of Na v1.5 does not appear to be regulated locally by integrin engagemert or
Kir2.1 distribution.

Finally, we investigated mechanisms behind the integrin -mediated regulation of
Kir2.1. We showed that dynamin-mediated endocytosis plays an integral role in
regulating Kir2.1 membrane localization in a FA-dependent manner, and this process is
independent of microtubules. By applying local photobleaching and FRAP analysis with

and without dynamin inhibition, we quantified mobile fractions and turnover rates of

131



Kir2.1 at FArich and FA-poor sites and showed that the delivery rate of channels to the
membrane is uniform, but their rate of endocytosis is dependent on the proximity to
stable FAs. Large FA complexes inhibit or slow down the endocytosis of Kir2.1 channels
from surrounding membrane, while small FAs permit rapid local intern alization of
Kir2.1. The integrin-mediated variations in local rate of K 2.1 endocytosis give rise to the
spatially heterogeneous distribution of K 2.1 at the membrane that follows distribution
of FAs and active integrins. Moreover, our results suggest that Ki2.1 membrane
localization is regulated by a local diffusible signal generated by integrin engagement, as
the absence of celocalization of Kir2.1 with paxillin argued against direct interactions of
the channel with FA proteins.

We finally concluded this work by providing a simple mathematical model of the
experimentally suggested Kir2.1 trafficking mechanism. This compartment model,
consisting of three linear differential equations, was able to recapitulate the dynamics of
Kir2.1 trafficking to FA -rich and FA-poor regions at the membrane and to account for the
experimental effects on Ik: density recorded during addition of various trafficking -
modulating drugs.

Overall, this dissertation for the first time shows that engaged integrins are an
importan t regulator of the membrane localization of K 2.1 channels via the local inhibition
of ¢ hann e l-dependdnt endonyiosis. This mechanism renders the ki and cellular

electrophysiology indirectly mechanosensitive to various intra - and extracellular signals
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affecting FA dynamics. Together these results postulate a novel mechanism of how
passive cardiomyocyte mechanics and may modulate electrical excitation and conduction
in development and disease. Our findings also warrant future in -depth studies of how
cell-matrix interactions modulate the function of various ion channels across diverse cell

types and pathophysiological conditions.
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B.Appendi x

Selected Image J and MATLAB scripts have been included in this Appendix.

8.1 Image J Macros and Post Processing

Most of the images were processed using FIJI, and then post processed using MATLAB
and Microsoft Excel. The most interesting and rigorous codes have been included.

8.1.1 Macro for Measuring FA Coverages

The following Image J macro take single images of starshaped cellsfrom a given folder
and divided into “corner V'S
each FA plaque.

print("Start ing automated corner vs edge area calculator macro for star");
dataDir = getDirectory("Choose a Directory ");

for(j=0;j<8;j++){
print("Processing in: "+dataDir);
fileList=getFileList(dataDir);

for(i=0; i < fileList.length; i++){
print("Processing file " + fileList[i]);

if(endsWith(fileList[i],".tif")){

fileName=fileList[i];

open(dataDir+fileName);

selectWindow(fileName);
getDimensions(w,dummy,dummy,dummy,dummy);

/lcornerl
if ==0){
makeRectangle(0, 0, w, floor(0.2*w));}

llcorner2
if (j==1)}
makeRectangle(floor(0.80*w), 0, floor(0.20*w), w);}

llcorner3
if (j==2X
makeRectangle(0, floor(0.80*w), w, floor(0.20*w));}

/lcorner4
if (==3){
makeRectangle(0, 0, floor(0.20*w), w);}

dw=0;

/ledgel

if (==4){

makeRectangle(floor(0.2*w), floor(0.2*w), floor(0.2*w), floor(0.2*w));}

/ledge2
if (j==5)X
makeRectangle(floor(0.6*w), floor(0.2*w), floor(0.2*w), floor(0.2*w));}

/ledge3
if (==6){
makeRectangle(floor(0.6*w), floor(0.6*w), floor(0.2*w), floor(0.2*w));}

/ledge4
if ==71{
makeRectangle(floor(0.2*w), floor(0.6*w), floor(0.2*w), floor(0.2*w));}

run("Crop");
run("Set Measurements...", "area shape redirect=None decimal=3");
run("Make Binary");
run("Analyze Particles...", "size=3 - Infinity pixel circularity=0.00 - 1.00 show=Nothin g clear");
run("Summarize");
if (j<4){

saveAs("Results", dataDir+" \\ Corners \\ "+fileName+"_corner"+j+".csv");}
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if (>3){
saveAs("Results", dataDir+" \\ Edges\ \ "+fileName+"_edge"+j+".csv");
close();
close("*.tif");}}}

8.1.2 Macro for Selecting Fluorophore Pairs in ARVM Images

The following Image J macro allows the user to open any composite image and then
select up to 100 pairs of fluorophores by drawing a single line that intersects both points.
The output is a csv file that has the mean intensity profiles of each channel of each pair
selected.

print("Starting automated saving pair macro”);
outDir = getDirectory("Choose an output Directory");

imageTitle=getTitle();
j=100;
m=1;

setTool("line");
for(i=0; i <j; i++){
waitForUser("Please make selection, and then click ok");

run("Add to Manager");
Dialog.create("Continue Selections?");
Dialog.addCheckbox("Continue." true);
Dialog.show;
status=Dialog.getCheckbox();
if(status==false){

m=i;

i=j+1}}
run("Split Channels");

/I Green Channel
selectWindow(imageTitle+" (green)");
for(i=0; i < m+1; i++){
roiManager("Select", i);

run("Clear Results");
profile = getProfile();
for (k=0; k<profile.length; k++){
setResult("GreenChannel", k, profile[k]);
updateResults();
saveAs("Measurements”, outDir+"/"+imageTitle+"_g_"+i+".csv");}

}

/I Red Channel
selectWindow(imageTitle+" (red)");
for(i=0; i < m+1; i++){
roiManager("Select", i);

run("Clear Results");
profile = getProfile();
for (k=0; k<profile.length; k++){
setResult("RedChannel”, k, profile[k]);
updateResults();
saveAs("Measureme nts", outDir+"/"+imageTitle+"_r_"+i+".csv");}

}

close();

The following MATLAB script was then used to find the difference between the peaks of
the intensity profiles.

folder_main = 'C: \ Users \ Swarnali \ Downloads \ ARVM_111318 B1D- Pax\ Costamere \ ARVM_121718_gPax_rB1D_011" ;

Files_O = dir(fullfile(folder_main, *esv'));
Names_O = {Files_O.name};

numFiles=length(Names_O);
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ptloc=zeros(1,numFiles);

for i=l:l:numFiles
M=zeros();

M = xIsread(strcat(folder_main, "\ " ,char(Names_O(i))));
smoothM=movmean(M(:,2),5);
[m, 1] = max(smoothM);
ptloc(i)=1;

end

numpairs=numFiles./2;
distance=zeros(1,numpairs);
for i=l:1:numpairs

distance(i)=abs(ptloc(i) - ptloc(i+numpairs));
end

distan ce % outputs the distance (in pixels) between the fluorophore pairs.

8.2 MATLAB Code for Mathematical Modeling

MATLAB was used to mass process the outputs of Image J macros. MATLAB was also
used for the mathematical modeling performed in Chapter 5. The following is the set of
equations to model our system in Section 5.3.4.

function dxdt=kir(t,x)

global T;

gl obal ki1,
global  k2;
global  k3;
global k4,
global  k5;
global  k6;

dxdt=[ - (k2+k3+k4)*x(1)+T+k5*x(2)+k6*x(3);
k3*x(1) - k5*x(2);
ka*x(1) - k6*x(3)];

The following is the code used to make plots for Section 5.3.4.

n=.65; %scale factor
d=0.5; %effects of dynasore
FA=0.6; %effects of FA assembly

global T;

global k1,

global  k2;

global  k3;

global k4,

global  k5;

global  k6;

T=400./n; %rate of translation

k1=0.833333./n; %rate of movement on microtubules
k2=0.8./(n) %d*.8./(n*FA); %rate of degr adation
k3=0.5./n; %rate of insertion at FA rich

k4=k3; %rate of insertion at FA poor

k5=d*3.2./(n*FA); %rate of endocytosis in FA rich
k6=d*16.5./(n*FA); %rate of endocytosis in FA poor

[t,x]=0de45(@kir,[0 1],[500;78.1;15.14]);

cap=31.72;  %pF
we=((1 2/2)*2*x(:,2)+14*2*x(:,3))./cap;
plot(t,wc, r -', 'LineWidth' ,3);
xlim([0 6]);

ylim([0 100]);

hold on
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