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ABSTRACT

Proper function of the heart depends on the function of voltage-gated ion channels. These channels
open and close in a tightly regulated way. The resulting ion currents change the membrane potential
and shape the action potential, which initiates cardiac muscle contraction. The sodium channel Na, .5
is especially important as it generates the initial upstroke of the action potential. In cardiomyocytes, it
is expressed in different membrane domains, including the intercalated disc, where two
cardiomyocytes are mechanically and electrically coupled; the lateral membrane; and possibly at the
T-tubules, which are invaginations of the lateral membrane. Many different proteins and molecules
bind Na, .5, together forming a macromolecular complex, and modulate Na,|.5 expression and/or
function. Mutations in the Na,|.5-encoding gene SCN5A can confer a loss or gain of channel function,
and are associated with several heart rhythm disorders, including Brugada syndrome, long-QT
syndrome type 3 (LQTS3), and sick-sinus syndrome. The mechanisms that lead to this phenotypic
variability remain unknown. Since Na,|.5 occurs at different cardiomyocyte membrane domains and
several interacting proteins are specific to a domain, we hypothesize that the effects of a mutation

depend on the subcellular location of Na,I.5 and the composition of the macromolecular complex.

This thesis aims to (|) determine Na,|.5 cluster organization in cardiomyocyte membrane domains
from mice with different genetic backgrounds using single-molecule localization techniques; (2)
contribute to the fundamental understanding of cardiomyocyte excitability by assessing voltage-gated
ion channel expression with next-generation RNA sequencing; and (3) assess passive electrical
properties of T-tubules and the effects of a large T-tubular sodium current with an in silico model. In
addition, this thesis contains two thorough literature reviews on the cardiac intercalated disc and T-

tubules.

Firstly, we show that Na,|.5 is expressed in T-tubules of wild-type cells using single-molecule
localization microscopy and computational modeling techniques. We observed that Na,l.5 cluster
organization and density partly depend on the presence of the large scaffolding protein dystrophin and
on the three C-terminal amino acids of Na,l.5, Ser-lle-Val. Cardiomyocytes expressing C-terminally
truncated Na, 1.5 (ASIV) display a loss of Na,|.5 expression at the lateral membrane and particularly
at the lateral membrane groove compared to wild-type cells. Dystrophin-deficient cardiomyocytes
also display a reduction of Na,l.5 expression at the lateral membrane, but no groove-specific
reduction, and most notably an increase of T-tubular Na,|.5 expression. Na,|.5 cluster shapes are less
complex in dystrophin-deficient cells at the lateral membrane and inside the cell compared to wild

type. ASIV cells show this effect only inside the cells, not at the lateral membrane.

Secondly, we show in murine cardiomyocytes of Black/6] mice that of the voltage-gated sodium

channels, mMRNAs are expressed encoding mainly Na,l.5 and Na,l.4, and a small amount of Na,2.1-



encoding mRNA. No other isoforms were detected. Of the B-subunits, only Bi- and Bs-encoding

mRNA are found.

Thirdly, we assessed electrical properties of T-tubules. We compared the depolarization delay of a
deep T-tubular segment to the mouth of a T-tubule upon a large depolarizing voltage step reminiscent
of the upstroke of the cardiac action potential. We chose to compare the time to reach the activation
threshold of voltage-gated calcium channels as these channels are highly expressed in T-tubules and
crucial for initiating cardiomyocyte contraction. Deep inside the T-tubule, the activation threshold of
voltage-gated calcium channels was reached only 10 microseconds later than at the mouth of the T-
tubule. This delay increased 10-20 times when we introduced constrictions. Then, we introduced a
large sodium current to the model. We show that the sodium current is smaller deep inside the T-
tubule than at the mouth due to the positive extracellular potential, which decreases the driving force
of the channels. In the constricted tubules, we observed a stronger sodium current self-attenuation,
but an increase of peak sodium current in the first constriction due to an increase in open probability

and driving force.

In conclusion, these studies contribute to the fundamental understanding of voltage-gated sodium
channel composition, organization, and function in cardiomyocytes, with a focus on Na,|.5. Exciting
subjects of further study include the functional implications of the changes in Na,l.5 cluster
organization in ASIV and dystrophin-deficient mice, the functional contributions of Na,|.4, and B- and
B4-subunits to murine cardiomyocyte function, and the composition of voltage-gated ion channels in

human cardiomyocytes.
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|. INTRODUCTION

This chapter provides a broad introduction to the cardiac field. After discussing the basic anatomy and
function of the heart, | will describe the history of our understanding of the heart from the ancient
Egyptians to the beginning of the twentieth century. Then, current understanding of cardiac function
will be discussed concisely with a special focus on the cardiac sodium channel Na,|.5. Lastly, three
domains of the cardiomyocyte will be discussed in detail: the lateral membrane, the intercalated disc,
and the T-tubules. Two already published review articles make up the chapters on the intercalated

disc and the T-tubules.

|.1 Basic anatomy and function of the heart

The heart is a muscular organ that pumps blood to the lungs and the rest of the body to supply organs
with oxygen and remove metabolites. Deoxygenated blood enters the right atrium via the venae cavae
and flows into the right ventricle, which pumps the blood into the truncus pulmonalis towards the
lungs. Oxygenated blood in turn enters the left atrium via the pulmonary veins, and flows into the left
ventricle, which pumps the blood into the aorta. Valves prevent the backflow of blood from the
ventricle into the atria and from the main arteries into the ventricles. The cardiac muscle itself draws
oxygen and nutrients from coronary arteries, the main coronary arteries sprouting from the aorta

(Figure 1).422

This thesis aims to contribute to the understanding of the etiology and pathophysiology of cardiac
arrhythmias. Arrhythmias are defined as improper beating of the heart, whether irregular, too fast, or
too slow, and can arise when the electrical processes in cardiomyocytes are disturbed. To contribute
to the fundamental understanding of the mechanisms leading to cardiac arrhythmias, this thesis focuses
on the passive electrical behavior of cardiomyocytes, their ion channels, and especially the voltage-
gated sodium channel Na,|.5. Before introducing these concepts, however, this introduction first lays

out the historical context of the cardiac field.

[.2 From poetry to science: A short history of the heart

The history of cardiac physiology and anatomy as it told by science history books and articles is a story
about men with — from our modern Western perspective — creative or downright silly ideas of cardiac
anatomy and function, which developed into the concepts we are familiar with today in all but a straight
line. It is worthwhile to be aware of this history, because science as we know it today is a “man-made
construct that answers to certain needs, ideals, and goals”2. Our paradigms, epistemological or

otherwise, are therefore neither absolute nor timeless.
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Figure |. Structure of the human heart. Left and right atria and ventricles, veins and arteries, and valves
are clearly indicated. Note the papillary muscles attached to the atrioventricular valves, the origin of the
coronary arteries in the aorta ascendens, the epicardial adipose tissue, and the differences in wall thickness
between right and left ventricles. Reprinted from Netter 2014*°,

Important to note is that we cannot speak of “science” or “scientists” before the 17t century. During
the 16th and |7th century, some very influential thinkers — Copernicus, Descartes, Galilei, Newton —
published their seminal works that would vastly change the general philosophical presumptions about
nature and how nature functioned, a process named the Scientific Revolution23. Before that, the men
| cite in this overview may be called philosophers, natural historians (historia: the study of nature), and
before the first philosopher Pythagoras saw the light of day, those who wrote or transmitted anything

in ancient Greece and Egypt might be rightfully called poets. To all of them, religion played a large role.

Only since the Scientific Revolution, the theories put forward are recognizable to us, whereas before
that time the questions we ask now did not even exist. Since then, more and more conditions for

science to thrive have been met: measuring techniques, money, scientific journals and societies23.



The following chapters give an overview of cardiac anatomy, physiology, and arrhythmias from the first
written sources from the Near East and Europe until the start of the twentieth century, with special
attention to the historical context where relevant. For the sake of brevity, history of the heart in other

parts of the world is not included.

This history starts with the ancient Egyptian Ebers papyrus, the oldest known anatomical manuscript
from 3500 BC. It describes the human heart as the center of the vascular system and the origin of all
body channels transporting blood, urine, air, and feces'. Although cardiac anatomical structures are
not described, the pulse was related to the contractility of the heart, and the heart was thought to
house human intelligence!. The Egyptian Books of the Dead state that the heart recorded the good
and the bad actions of a human’s life. The god Anubis would weigh the heart of the deceased against
the feather of truth on the scale of Ma’at. If the heart was lighter than the feather, the deceased could
continue her journey towards immortality, but if not, the goddess Ammit, a lion-hippopotamus-

crocodile tribrid, would eat it, and the soul of the deceased would become restless forever.2425

About 800 BC, Homer was the first ancient Greek to mention the role of the heart in his epic poems
lliad and Odyssey. He attributed the source of human courage and bravery to the heart!, and showed
that the battlefield was a source of anatomical knowledge. In lliad: “The spear was fixed in his heart,
which had not yet stopped beating and shook it to the very butt till at last the god of battle stilled it
with his heavy hand.”2¢ Moreover, he might have published the first case report of pericarditis as he
wrote “the hairy hearts of hoary heroes”. If this sentence is to be taken literal, it may relate to the
“hairy” appearance of a heart due to pericarditis, a common complication of tuberculosis, which was
prevalent in those days. Greek soldiers may have observed this as they were accustomed to opening

the chest of their slain enemies with an axe26.

The Greeks believed that nature did not depend on the wishes of the gods, or in other words, that it
could be understood. They defined nature as the forces that shape reality23. In the fifth century BC,
during the pre-Hippocratic area, two theories about the heart coexisted. Firstly, Alcmaeon might have
been one of the first to perform a detailed anatomical study (on animals), and vaguely distinguished
arteries from veins. He attributed the center of the being, soul, mind, and consciousness to the brain.
Secondly, Empedocles accorded with the Egyptians as he stated that the heart was the origin of soul
and mind, pumping air through the body'-23. Diogenes, in turn, mentioned that air and blood coexisted,

and again denied the heart the position as the center of the vascular system!.

Around 460 BC, the Hippocratic era commenced. On the heart (Mept Kapding) is one of the
Hippocratic writings — but it’s impossible to tell whether Hippocrates wrote it himself'-23. The writings

stated that diseases were not only caused by gods or sorcery but could also have natural causes?3.



Using scientific-like evidence from animal dissections and analytical thinking, they described the heart
as a strong muscle surrounded by the lungs. Hippocrates described two ventricles connected by
openings through the septum. Following their theoretical preconceptions — the idea that the four
humors blood, phlegm, black bile, and yellow bile had to be balanced — the heart was thought to
contain only bile and not blood. The left ventricular wall was found thicker than the right, which was
explained by the notion that heat and pneuma originated here!. Pneuma was a godly airy substance
which was “invented” by the Stoa, who proposed that the world was steeped in it. It would remain a
central term in medicine for centuries?327. The pericardium was described as a fluid-filled membrane
sustaining the heat of the heart and the heartbeat. The atria were thought to capture air, which would
be transmitted by the vessels currently known as the pulmonary vein and artery, while the latter also

transmitted blood to the lungs. Even cardiac valves were identified'28.

Aristotle, who lived in the fourth century BC, would become the most important philosopher for the
history of science?3. Up until the |8t century, his philosophies — although adapted — would be taught
at European universities, including his geocentrical model of the universe based on Ptolemy. Central
to his philosophies was teleology: all things want to unfold their inner possibilities2. Considering the
heart, he agreed that the pneuma was contained there, and believed the heart was the origin of
sensations, emotions, nerves, veins, and arteries, also identifying the aorta and the “great vein”, a
combination of the pulmonary artery and venae cavae. However, he thought the heart had only three
cavities', possibly because he attributed the right atrium to the great vein. He also proposed that the
heart was the source of heat, and the surrounding organs existed to cool the heart. In chick embryos

he discovered that the heart was the first organ to be formed?°.

In the Alexandrian era (around 300 BC), Alexandria became the center of “scientific’ advancement.
The Museion functioned as an academy where Greek texts were collected, studied, and taught23. Even
human dissection was allowed for a while. Here, Herophilus found that the nervous system did not
originate in the heart, and was the first to identify four heart chambers. He also studied the pulse
(sphygmology), and was said to use a water clock to measure high pulses of feverish patients!4.
Erasistratus was the first to anatomically distinguish between veins and arteries, he precisely described
the valves, and coined the concept of the heart as a double pump — although he still stated that the
right side of the heart pumped pneuma. He even proposed that arteries and veins would terminate in

small vessels and join in “synastomoses”, a concept analogous to capillaries!'.

In the Roman era (around 130 AD), Galen wrote his manuscripts that would dominate medicine and
the cardiac field for centuries. His teachings would largely replace Aristotle’s in the field of medicine.
He was greatly influenced by the Greeks, and thus was convinced of the four humors theory23, that
the thick-walled left chamber contained air and pneuma, and that the thin-walled right chamber

contained blood. He believed that man has a tripartite soul: the rational soul resided in the brain, the



spiritual soul in the heart, and the appetitive soul in the liver. He also stuck with the notion that the
intraventricular septum contained openings. He disagreed with Aristotle as he wrote that nerves did
not originate in the heart, and contradicted Erasistratus stating that veins originated in the liver, but
agreed with him on the valves. He even noticed that the cardiac inlet valves closed when the outlet
valves opened, and vice versa. He stated that all muscle movements are voluntary; therefore the heart
cannot be a muscle. He did however recognize that the fibers in the cardiac wall had different
orientations and were crucial for the heart’s continuous movement!-23. He also had a complicated
theory to explain pulses: different organs and diseases all have their own pulse, but he did not prescribe

to count the pulses within a certain time interval'4.

From the fifth century, the Greek scriptures almost got lost in the times of the European mass
migrations. Philosophers’ schools were closed, and the Museion attracted less and less people who
could read ancient Greek. Much knowledge got lost, but rich Muslims searched for the ancient texts
again, and tried to translate them to Arabic. Europeans on the other hand were steeped in Roman

Catholicism and did not care for philosophy and mathematics as much'4.

In the eleventh century, the Muslim medical school started to advance. Ibn Sina (also known as
Avicenna), Haly Abbas, and Ibn al-Nafis were the most notable figures of the cardiac field. Ibn Sina was
the first to describe that the pulse comprises two movements and two pauses. Haly Abbas described
cardiac anatomy based on Greek texts, and identified two vessels that most probably correspond to
the coronary arteries branching from the aorta. Ibn al-Nafis rejected Galen’s notion of interventricular
pores and Aristotle’s three-chamber model, and is most famous for his description of pulmonary

circulation: the right side of the heart pumped blood to the lungs, the left side to the body!'.

In medieval Europe, the first universities were founded in the |1% century and educated lawyers,
philosophers and, later, physicians. Understanding ancient Greek texts was central — that is, Latin
translations of the Arabic translations23. Aristotle came back in fashion and would dominate European
thought until the [7®-18t centuries, partly because his teachings aligned so well with Christian
teachings, if interpreted freely. Whenever ancient texts would conflict, differences were smoothed
out to fit into one big system and with the Christian worldview. For physicians, Galen’s texts
dominated. Medical treatments were based on the humor theory of Galen and on astrology, which
was a free interpretation of Aristotle’s ideas23. Despite the strictly theoretical nature of university
education, physicians were confronted with the reality of their patients. Contrary to philosophers and
lawyers, they had to resort to the direct study of nature — mainly of stars for astrological purposes,

and of plants as sources of medicine. The nature of the disease itself was not investigated23.

As the Renaissance came about, the human body was not anymore considered a pool of sin or too

holy to be investigated, but a source of beauty3. Consequently, dissection of executed criminals was

15
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Figure 2. Drawing of the heart with coronary vessels by Leonardo da Vinci. Reprinted from Loukas
etal 1996'.
allowed, but mainly to demonstrate already known principles to students2. For the cardiac field, this
meant some improvements in anatomical knowledge. Leonardo da Vinci around 1400 AD described
the four chambers of the heart accurately, with muscular walls supplied by arteries and veins, although
he believed Galen’s account of cardiac function, and assumed pores existed in the septum. He

understood that atria contracted when ventricles relaxed and vice versa — but thought blood was

pushed from the ventricles into the atria! (Figure 2).

The sixteenth century was an interesting time for science. Unsatisfied by medieval knowledge, new
questions were asked, but no alternative for the Aristotelian framework existed yet!. Firstly, the
humanists — who, contrary to medieval scholars, could read Greek — discovered that Aristotle’s
teachings had been deformed during the Middle Ages. Some ancient Greek philosophers even
contradicted Aristotle, which conflicted with the humanist notion that Greek philosophers
represented one “pure” science, so the Aristotelian worldview started to crack. Moreover, the newly
developed art of book printing allowed ideas to spread fast. As a result, physicians started to read
Galen and Aristotle more closely and critically than before!. Another important factor was the
discovery of the New World. Europeans were very curious how that looked like, but without any
ancient texts to turn to, they had to investigate it themselves. This mindset came in handy in their own
old world, too — although texts from these times still inseparably mix new “facts” with old stories!'.
These processes all occurred outside universities, where Aristotle continued to be taught as it was

considered solid basic knowledge!.



1543 was a crucial year. Firstly, the Polish lawyer and physician Nicolaus Copernicus presented his
heliocentric theory in De revolutionibus orbium coelestium, challenging the Ptolemaic geocentric system
that had been widely accepted for more than a millennium!. Secondly, Andreas Vesalius published De
humani corporis fabrica, in which he carefully described anatomical structures exactly how he observed
them, not how traditional doctrine said they should look303!. This book revolutionized anatomy and
meant a huge reputation loss for classical medicine?? — although the text had a greater impact than the
complicated images, which the contemporary physicians found difficult to interpret3'. In the early
stages of his career, Vesalius would steal bodies from graveyards and gallow fields, keep them in his
bedroom for a couple of weeks if he had to, and perform dissections on them3. Once he had
established a good name, judges would appoint him bodies of criminals with a death sentence. Vesalius
described cardiac valves in great detail, and named the left atrioventricular valve the mitralis after the
bishop’s miter, which also has two “valves”!. He confidently broke with Galen’s ideas of
interventricular pores! (Figure 3). Vesalius’s student Matteo Realdo Colombo in turn was the first in
1561 to show that the pulmonary artery transports blood to the lungs where it is mixed with air

before it flows back to the left ventricle through the pulmonary vein!'.

The advances in anatomy led to the question what the functions of these structures were. William
Harvey published his seminal book De motu cordis et sanguinis (1628), in which he states that the heart
pumps blood around the body — not back and forth as the Aristotelian-Galenic tradition had dictated?3.
He also wrote that characteristics of blood in the veins and atria are basically the same, and that the
right ventricle did not just provide nourishment to the lungs'. He also reversed the common belief
that the heart was at work in diastole when it was big and relaxed in systole, when it was small32. Like
Vesalius, he rejected Galen’s notion of pores in the septum. While research slowly became more
quantitative, Harvey used the pulse as a natural measure, an idea that had surfaced in the 16t century'4.
Interestingly, in light of the humanists’ idea that a perfect science had existed in the past, the findings

of Copernicus and Harvey were framed as a rediscovery of ancient truths?3.

In the seventeenth century, the Aristotelian framework was finally replaced with a new one. René
Descartes proposed his mechanical philosophy in his Principia philosophiae of 1644, which prescribed
the use of ratio, common sense, and experience instead of ancient texts23. Teleology was replaced by
causality, and by the idea that life as well as the earth, moon, and planets followed the same “laws of
nature” —a term coined by Descartes. This meant that the Aristotelian question why blood circulates,
as Harvey had proposed, did not need an answer23. Rather, the human body is a machine that just
needs to be understood. Thanks to mechanic philosophy, researchers realized that they were
deciphering the secrets of nature together. As a result, the British Royal Society was founded in 1660,

followed by the French Académie Royale des Sciences in 16662.



Figure 3. Two figures with exposed thoracic cavities and illustrations of heart and lungs. Engraving
from 1568 from Vesalius’s De humani corporis fabrica. Reprinted from Loukas et al. 2016'.
Although Descartes’ philosophy was solid, some of his scientific theories were not, with insecurities
and debates as a result. The Scientific Revolution is therefore only considered complete with Newton’s
publication of Philosophiae naturalis principia mathematica in 1687, in which he formulated three very

sustainable theories, laws even, that definitely established the basis for the natural sciences?3.

Seeing nature in a mechanistic way opened the door for the experimental tradition, as the Aristotelian
tradition had prescribed that nature would behave unnaturally in an experiment. The invention of
lenses moreover propelled astronomy (telescopes) and physiology (microscopes) forward: Marcello

Malpighi identified capillaries in frog lungs in 1661, just as Harvey had predicted?3.

Physicians in the meantime, who used to refer to old texts as the basis for their expertise, now turned

to science2. Richard Lower for instance published Tractatus de corde in 1669, in which he described



the heart as a muscular organ, while contraction of the muscle fibers results in blood flow through the
body!. He assumed some principles of our modern basic cardiac anatomy — blood flows from the two
atria to the two ventricles, and then into the aorta and pulmonary artery — yet he did not recognize
pulmonary circulation and he believed blood passed from the right to the left ventricle before

distribution to the body. He became the first physician to perform a blood transfusion!'.

Considering cardiac arrhythmias, the pulse slowly became subject of research to understand
physiology. Recordings of deviant pulse rates in literature from that time were however measured
over half an hour or an hour'4, which did not contribute much to the understanding or identification

of cardiac arrhythmias.

Niels Stensen then confirmed the pump function of the heart 1663 — pumping only blood, not heat —,
and rejected the belief that the heart is the origin of blood3. Lastly, Olaus Rudbeck described cardiac

lymphatics in 165334,

During the eighteenth century, the scientific effort became increasingly specialized, professional, and
organized?33336, |n the cardiac field, major anatomical structures and pathways were discovered!, and
the invention of reliable clocks that indicated seconds allowed researchers to quantify pulses more

precisely3.

Raymond Vieussens aimed to relate anatomy to function. In his book Traité nouveau de la structure et
des causes du mouvement naturel du ceeur (1715), he described coronary vessels in great detail, including
an atrial ring that secured collateral blood flow to the left side of the heart when the left anterior
descending artery would become occluded. This structure is now known as the Vieussens arterial ring.

He also described the ducti carnosi, connecting the ventricles to the coronary arteries, in 1706'.

Thanks to the clock and the dawn of the experimental tradition, clinical symptoms and cardiac
arrhythmias started to be associated?3. Arrhythmias were even recorded in musical notation (Figure
4). Joannis Maria Lancisi published De subitaneis mortibu, on sudden death, in 1707, and associated
sudden death with vegetations on the heart valves, cardiac dilatation and hypertrophy3’. Marcus
Gerbezius described complete atrioventricular block in 1717, and although already in 1580 Geronimo
Mercuriale had associated a weak pulse with syncope, Giovanni Battista Morgagni described circulatory
syncope in greater detail in his classic 1761 work De sedibus et causis morborum per anatomen
indagates'*. He also described bradycardia, vasomotoric reactions, and changes in facial color that

occur during syncope.
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Figure 4. Musical notation of pulse and cardiac arrhythmias. Translations: Overview of pulses. Even
pulses: old men, adults, boys. Uneven pulses: capering (goat-like [caprizans]), trembling (dicrotus). Values of the
notes: squares, 4 counts; semi-circles, 2 counts; circle with a stick, one count. From Medicina nov-antiqua by
Michael Bernhard Valentini (Frankfurt 1713). Reprinted from Liideritz 1996".

In 1708, Adam Christian Thebesius described the cardiac veins that emptied into the cardiac chambers,
now known as Thebessian veins, and the coronary sinus valve — the Thebesian valve!. Then, in 1749,
Jean-Baptiste de Senac published the first textbook on heart disease. He described the mitral
subvalvular apparatus and the chordae!. He also recommended chinchona bark for heart fluttering'4.
Cinchona bark and its derivatives quinine, chinchonidine, and quinidin were all developed and applied
in the 18t and |9t century, especially in atrial fibrillations, and are important predecessors of modern
antiarrhythmic medicine'4. As a last major |8t-century achievement, Antonio Scarpa discovered the

innervation of the heart in 1794!.

Functionally, great advances were made by Reverend Stephan Hales, describing in Haemastaticks blood
pressure and volume, and heart work measurements in a mare, in 177338, Also, Luigi Galvani laid the
groundwork for the discovery of muscle — and, by extension, cardiac — excitability as he discovered

that an electric spark can cause the leg muscles of a dead frog to contract3’.

In the nineteenth century, the advancements that proved most valuable for cardiac physiology were
made in muscle and nerve physiology. The most notable progress specifically in the cardiac field was
the discovery of the conduction system. Johann Evangelista Purkinje discovered fibers connecting the
atria and ventricles in 1839, and Wilhelm His d.)J. described in 1893 fibers in the interventricular
septum. The relationship between anatomy and function of these fibers was identified by Sunao Tawara
and Ludwig Aschoff in 1906, who also discovered the atrioventricular (AV) node, followed by the
discovery of the sinus node in 1907 by Arthur Keith and Martin William Flack: the conduction system

was established!!4,

Since the |9t-century advancements in the neuro-muscular field are so vast and relatively well-known
by scientists today, it will suffice to mention the key findings. In 1842, Carlo Matteucci extended

Galvani’s work by showing that the contraction of one frog leg excited the sciatic nerve of another
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Figure 5. Einthoven’s electrocardiogram. (A) Einthoven and his string galvanometer. (B) String
galvanometer, from left to right: arc lamp, water-cooled electromagnet, timer, lenses, and falling-glass-plate
camera. (C, E) Recording leads | and Il by immersing extremities in saline. (D) An ECG recorded by Einthoven.
Reprinted from Fisch 2000'2,

frog that was in contact with the muscle®. In 1856, Rudolf Albert von Kolliker and Heinrich Miiller
repeated this experiment on a beating heart, and observed twitches of the frog’s muscle with each

ventricular contraction#!.

In 1850, Hermann von Helmholz determined that the conduction speed of excitation in a nerve-muscle
preparation was about 30 m/s%2. In 1852, Emil du Bois-Reymond coined the term “injury current”,
which was based on Matteucci’s observation of the same phenomenon and described the potential
difference between the outer and inner surface of the muscle. Eventually, this led to the discovery of

the resting membrane potential42.

Julius Bernstein, in turn, followed up with Helmholz’s findings and showed in 1868 that the propagation
of the “negative variation” (now called action potential) was as fast as the conduction velocity of a

nerve impulse. He also recorded this negative variation in a frog nerve#2.

Then, in 1872 Ludimar Herrmann proposed a model to explain the conduction of the negative
variation: at the junction of active and resting regions of a nerve, the differences in electrical potential
resulted in local electrical currents that excited adjacent resting areas of the nerve. Hodgkin confirmed

this hypothesis in 1939 in giant squid axon*.
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In a series of publications from the 1880s, Sidney Ringer showed that a frog heart keeps beating if the
solution with which it is perfused contains sodium, potassium, and calcium ions in given

concentrations#4.

Crucial for advancing the understanding of cardiac arrhythmias was the development of the
electrocardiogram (ECG). In 1887, the first human ECG was recorded by Augustus Waller with a
mercury capillary electrometer, although he recognized no clinical consequences. Willem Einthoven
then optimized this technique and identified the P, Q, R, S, and T waves in 1895. In 1903 and 1906, he
published a further improved ECG technique using the string galvanometer and introduced the first

three ECG leads (Figure 5)!2.1445,

Concerning the membrane potential, Wilhelm Ostwald proposed in 1890 that a potential difference
arises across semipermeable membranes if the concentration of permeable ions between the two
opposing fluid compartments differt6. This was further developed by Bernstein, who published his
membrane theory in 1902, the first plausible physico-chemical explanation of bioelectric events. He
elegantly combined Oswald’s hypothesis with the Nernst equation to predict electrical potentials from
jonic concentration gradients. He proposed that excitable cells are surrounded by a membrane
selectively permeable to potassium ions at rest, and the negative potential arises from the tendency of
potassium ions diffusing down their electrochemical gradient from the intracellular to the extracellular
compartment. Bernstein’s theory could be considered the foundation of ion channel research as we

know it today+247.

For a history of cardiac electrophysiology covering the twentieth century, | refer to two excellent and
entertaining reviews by Professor Edward Carmeliet%248, and for an overview of twentieth-century

work on cardiac arrhythmias, to a thorough review by Professor Liideritz'4.

This thesis will proceed with a discussion of cardiac physiology as we understand it today.

|.3 Cell types in the heart

The adult mammalian heart contains several cell types, mainly cardiomyocytes, fibroblasts, endothelial
cells, and perivascular cells*?. Cardiomyocytes make up ~70-85% of the cardiac volume, but constitute
~30-40% of the cell number in mice*’. A recent study found that endothelial cells make up more than
60% of non-myocytes, hematopoietic-derived cells 5-10%, and fibroblasts less than 20%5°. These non-
myocytes are essential for the extracellular matrix, intercellular communication, and maintaining the
cardiac vasculature. Other notable non-myocytes involved in cardiac function include macrophages
that assist electrical conduction in the AV nodes!, neurons for (para)sympathetic modulation of
cardiomyocyte function?, and epicardial adipocytes involved in paracrine regulation of cardiomyocytes

and vascular endothelium52.
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Figure 6. Main membrane structures of ventricular cardiomyoyctes. Inset top left: schematic outline
of a cardiomyocyte (typically 60-140 um long) with neighboring cell in grey. Red box indicates area that is shown
in detail (schematic and not to scale) in the large image with intercalated disc (intercalated disc of the neighboring
cell in grey)’, lateral membrane with crest and groove (detail of groove of neighboring cell in grey), and T-
tubules (blue) opening to the groove'®. Mitochondria (green) reside under the groove’ as well as deeper in the
cell where they aggregate into columns'’. Caveolae (in dotted box) are found throughout the sarcolemma'®'?,
here depicted on the crest. The endoplasmic reticulum (ER, orange) is mainly found around the nucleus

(blue)®?*', and the sarcoplasmic reticulum (SR, purple) forms a network between T-tubules®'.

Cardiomyocytes are rod-shaped cells of about 60-140 um long and and 17-25 pm wide in humans53.
Dimensions of rodent cardiomyocytes fall within the same rangest. Cardiomyocytes differ from a
skeletal muscle cells: they are shorter, have branches, do not form fibers surrounded by connective
tissue, and lack a motor end plate, yet resemble skeletal myocytes in the high degree of sarcomeric
organization?? (Figure 6). Sarcomeres are the functional unit of all muscle cells as they enable the
contraction of the myocyte when their long protein filaments slide over each other?2. Cardiac and
skeletal myocytes both have multiple nuclei, but due to different mechanisms: individual skeletal
myocytes fuse to form a syncytium, but cardiac myocytes reach their mature state when they exit the
cell cycle after karyokinesis without cytokinesis, with two nuclei as a result3s. Murine cardiomyocytes
can count up to four nuclei, and a higher number of nuclei correlates with a higher cell volumess. In
binucleate cardiomyocytes, one nucleus appears to be dormant>, but the functions of individual nuclei

in polynucleated cells remains to be elucidated.

Cardiac muscle is unique as its cells form a functional syncytium due to a high degree of electrical
coupling at the intercalated disc3, which means that the propagation of action potentials through a

strand of cardiomyocytes can be described by cable theory?2585% (see Sections 1.4 and 1.7.3). The
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organization and morphology of cardiomyocytes differs slightly between atria, ventricles, and the

conduction system22606!_ This thesis focuses entirely on ventricular cardiomyocytes of the mouse.

The cardiomyocyte sarcolemma can be subdivided in multiple domains (Figure 6), which will be
discussed extensively in different sections of this thesis. Firstly, the intercalated disc is the primary site
of contact between two cardiomyocytes and is specialized in mechanical and electrical coupling (see
Section 1.7.2). Secondly, the lateral membrane runs along the long axis of the cell and can be further
subdivided in a hilly crest and a valley-like groove; the latter coinciding with the sarcomeric Z-disc (see
Section 1.7.1). Thirdly, the T-tubules are narrow invaginations of the lateral membrane, opening to
the groove, and mainly running along Z-discs, although many T-tubular branches run along the long

axis of the cell (see Section 1.7.3).

In the sarcolemma, many caveolae reside (Figure 6), defined as cholesterol- and sphingolipid-rich
flask-shaped membrane invaginations of about 50-100 nm in diameter and coated in caveolin and cavin
proteins'8. Caveolae belong to the class of lipid rafts, which are ordered domains of phospholipids
with long acyl chains and cholesterol'862. They host many signaling molecules and ion channels'8 —

indeed, the ion channel central to this thesis, Na,|.5, has been shown to interact with caveolin-363.64,

Mitochondria (Figure 6, green) in the cardiomyocyte form two populations: those residing under the
crest’ (see Section 1.7.1.1) and those deeper in the cell forming columns’. Loss of mitochondria
under the crest has been associated with heart failure (see Section 1.7.1.1)$5. The deeper
mitochondria are functionally and electrically coupled through intermitochondrial junctions!7¢6. They
exchange metabolites, proteins, and even DNA, and enable rapid distribution of ATP throughout the
cell'7¢6, The outer mitochondrial membrane also connects with the endoplasmic reticulum (ER),

sarcoplasmic reticulum (SR), and T-tubulié’.

The SR (Figure 6, purple) functions as a calcium store and is crucial for excitation-contraction
couplingé8. Ryanodine receptors (RyR2) in the SR membrane form dyads with L-type voltage-gated
calcium channels (Ca,1.2) in the T-tubular membrane. Once the cell is excited, calcium ions that enter
through Ca,l.2 activate Ryr2 in the SR, which leads to massive calcium release from the SR and
concomitant sarcomere shortening. SERCA (sarcoplasmic/endoplasmic reticulum calcium ATPase 2)

in turn is responsible for calcium re-uptake into the SR22:8,

Besides excitation-contraction coupling, the SR also hosts proteins involved in store-operated calcium
entry. This process is relatively well described in smooth muscle and some non-excitable cells2269,
while its relevance for the heart has only recently started to emerge. It mainly occurs in neonatal
cardiomyocytes and seems to re-activate in chronic cardiac disease$’. Store-operated calcium entry is
voltage independent and occurs when the SR is depleted of calcium, which induces multimerization of

Stim (stromal interaction molecule) in the SR membrane. This multimer then activates Orai and
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Figure 7. The cardiac conduction system and respective action potentials. Note the ECG on the
bottom right. Reprinted from Conti 2014"'.

transient receptor potential C (TRPC) channels in the plasma membrane, which in turn conduct

calcium from the extracellular compartment into the cellé°.

The rough ER (Figure 6, orange) is classically thought to be confined to the perinuclear region and is
functionally distinct from the SR as it is the primary site for protein synthesis, among other canonical
functions?'. In cardiomyocytes, however, at least some of the ER seems to be continuous with the SR,

and protein synthesis in the SR has been reported?.

|.4 Cardiac conduction

Proper cardiac function relies on the orchestrated contraction of the atria and ventricles enabling
blood flow into and out of the heart. The conduction system is crucial in this process (Figure 7).
Firstly, cells in the sinoatrial (SA) node in the right atrial roof between the two venae cavae generate
spontaneous electrical signals called action potentials. Action potentials excite the cell and trigger
muscle contraction, and are conducted first through the atrial muscle. Once they reach the AV node,
conduction is slightly delayed allowing the blood to move from the atria to the ventricles before the
ventricles contract. Then, action potentials propagate through the bundle of His, into the right and left
bundle branches in the interventricular septum, and into the Purkinje fibers, spreading the signal

through the two ventricles2270,
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The heart rate is dictated by the firing rate of the sinoatrial (SA) node, which is about 100 beats per

minute if it’s not tuned up or down by the sympathetic or parasympathetic nerves, respectively?2.

Conduction from cell to cell relies on electrotonic coupling through gap junctions?'72, and, possibly,
on a process called ephaptic coupling (see Section 1.4.2)73. A gap junction consists of two connexin
43 hexamers from opposing cells that together form a channel, and allows the passage of ions and
small molecules (<1.2 kD) to pass from one cell to the next#. Gap junctions are highly prevalent at
the intercalated disc, where two cardiomyocytes are tightly joined together. This thesis includes a
detailed discussion of the intercalated disc in Section 1.7.2, and a description of current flow from

one cell to its neighbor in Section 1.7.3 (figure 2 in the respective publication).

Conduction velocity through cardiac tissue varies greatly: it is slowest in the SA and AV nodes, slow
through the atrial and ventricular muscle, and fastest in the Purkinje fibers. Conduction is moreover
anisotropic: it is slower in the transversal direction than in the longitudinal direction. This can be
explained by the anisotropic structure of the cell and by the intercalated discs facilitating longitudinal

conductions.

The action potential is the hallmark of cardiac excitability, and originates from the tightly orchestrated
opening and closing (inactivation) of voltage-gated ion channels that selectively conduct sodium,
potassium, or calcium ions. When these channels open, ions pass through down their electrochemical
gradient, thereby depolarizing or repolarizing (or hyperpolarizing) the membrane’. Action potentials
have different shapes in different regions of the heart (Figure 7), and in different species, depending

on the voltage-gated ion channels that are expressed’® (Figure 8).

The action potential of human ventricular cardiomyocytes can be subdivided in five phases!375 (Figure
8). Phase 0 starts as soon as the membrane potential depolarizes through electrotonic and/or ephaptic
coupling and reaches the activation threshold of voltage-gated sodium channels (Sections 1.4 and
1.4.2). Once activated, voltage-gated sodium channels conduct a large inward sodium current,
depolarizing the membrane from ~-85 to +20 mV within | ms, and quickly inactivate after that. The
potassium-calcium exchanger NCX works in reverse mode during this phase, extruding sodium ions
from the cytoplasm and exchanging them for calcium ions in a 3:| ratio, resulting in a net efflux of

positive charge’0.75,

Phase | is the initial repolarization phase where the sodium channels have closed, transient outward
potassium current (lro,1) is activated, and Ca, 1.2 channels have started to activate. The “notch” arises

from a short period where I, is stronger than the calcium current (Ic;). Cardiomyocytes in the
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Figure 8. Shapes and currents of the action potential. Human (left) and murine (right) ventricular action
potentials are shown. Reprinted from Nerbonne 2001 ",

epicardial layer show a more pronounced nudge than those in the endocardial layer due to a larger

I1,70.75,

Phase 2 forms the plateau of the action potential at around +10-20 mV, as the depolarizing calcium
current through Ca,l.2 and the repolarizing rapid and slow potassium currents (Ik- and Iks) balance
out. NCX works in forward mode at this time, removing calcium from the cytoplasm while generating

a net depolarizing sodium current?0.75,

Phase 3 is the rapid repolarization phase as calcium channels are inactivated and the potassium currents

are maximally activated, bringing back the membrane potential to its resting value?07s.

During phase 4, the resting membrane potential stabilizes while the sodium-potassium ATPase and

NCX restore the original electrochemical gradients of sodium, potassium, and calcium70.75.

The voltage-gated sodium, potassium, and calcium channels that shape the action potential differ in
composition and expression level between species and cardiac regions. Of the 350 known genes
encoding ion channels, 152 encode pore-forming a-subunits of voltage-gated ion channels, and of

those, 41 are significantly expressed in murine Blacké/] cardiomyocytes’¢ (see Section 3.2).

Measurements of macroscopic conduction velocity and the discovery of electrotonic coupling through

gap junctions have led to the assumption that cardiac muscle forms a functional syncytium385°.



However, theoretically, ephaptic coupling is also expected, not in the least because avian ventricular
myocardium only expresses very little connexins, and connexins are entirely absent in invertebrate
hearts””. In connexin-deficient hearts, propagation of the action potential should rely on electric field
interactions between neighboring cells that are very close (<30 nm?8) together. Such close opposition
occurs at the intercalated disc’°. In mammalian connexin-rich hearts, ephaptic coupling has been

proposed as a back-up mechanism when gap junctions are uncoupled?’.

Ephaptic coupling works as follows. When one cell is depolarized, sodium channels open. At the
intercalated disc, where the concentration of sodium channels is very high and the intercellular cleft
very narrow, this leads to depletion of sodium ions from the cleft. This depletion reduces the potential
difference of the neighboring cell to an extent that the opening threshold of sodium channels is
reached. A substantial sodium current can also lead to depletion of sodium from the cleft and sodium

current self-attenuation as the driving force decreases’3.

Experimentally, electric field interactions have been demonstrated by bringing axons and cylindrical
preparations of heart muscle very close together (reviewed in“8); however, ephaptic coupling in vivo is
very hard to prove. In the heart, the perinexus is the most likely stage for ephaptic coupling’7.7%8. The
perinexus surrounds the gap junction plaque in the intercalated disc, and is rich in connexin 43
hemichannels, sodium channel B-, and pore-forming a-subunits. In silico, ephaptic coupling has been
modeled in different ways and with increasing complexity’3788!-83, Hichri et al. showed that when a
human embryonic kidney (HEK) cell stably expressing Na, 1.5 is brought very close to a non-conducting
obstacle, sodium current increased when a voltage step close to threshold was applied, indicating that
a small intercellular cleft can increase sodium current. On the other hand, sodium current decreased
when voltage steps far above threshold were applied, indicating that the sodium current self-attenuates

as sodium efflux from the cleft reduces the driving force of the channels?.

Taken together, it is increasingly likely that electrotonic and ephaptic conduction both facilitate the

propagation of the action potential in mammalian myocardium, also called mixed-mode conduction?’.

[.5 Cardiac arrhythmias
A cardiac arrhythmia is defined as improper beating of the heart, whether irregular, too fast, or too
slow, and are typically diagnosed based on an ECG. Arrhythmias can be caused by drugs, aging, and

heart disease, among others, and many are of genetic origin (see www.omim.org).

Of the congenital cardiac arrhythmias, hundreds of mutations in approximately 27 genes encoding ion
channels have been described (see www.omim.org). The most prevalent cardiac channelopathy is
congenital long-QT syndrome (LQTS), which is associated with loss-of-function mutations in

potassium channels or gain-of-function mutations in sodium channels, among other mechanisms? (see
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Section 1.6.5). lon channel mutations can also affect multiple organs, such as in Timothy syndrome,
where a mutation in CACNA | C encoding Ca, .2 affects the heart, the brain, and fingers and toes, among

other organss8+.

.6 Na,l.5

Nay1.5 is the pore-forming or a-subunit of the cardiac voltage-gated sodium channel. It is highly
expressed in myocardium and the conductive system, and less in SA and AV nodes8. Within a
cardiomyocyte, Na,l.5 is found at the intercalated disc38687, at the lateral membrane®’-89, and, as this
thesis will show, in the T-tubules (see Section 3.1). Several central nervous system regions®,

intestinal smooth muscle, certain cancer cells, astrocytes, endothelial cells, microglia, T-lymphocytes,
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Figure 9. Structure of voltage-gated sodium (Na,) channels. (A) Eukaryotic Na, channels consist of four
transmembrane domains with six transmembrane segments. Voltage-sensing (red) and pore-forming (green)
domains are indicated. Key amino acids are shown in bright red: the DEKA motif forms the sensitivity filter and
the IFM motif is responsible for fast inactivation. (B) Cross-section of the pore of an Arcobacter butzleri Na,
(Na,Ab) channel with a closed activation gate. A vestibule opening to the extracellular side, the selectivity filter,
a water-filled inner chamber, and the activation gate can be recognized. (C) Pore of human Na,|.4. Note that
the shape of the pore is similar to that of Na,Ab. Permeation path is shown in purple. Adapted from Catterall
& Zheng 2015’ (A, B) and Pan 2018'° (C).
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and macrophages also express Na,|.5?':92. The gene SCN5A encodes Na,l.5, and many SCN5A
mutations have been associated with cardiac arrhythmias (see Section 1.6.5). Na,|.5 has a molecular
weight of about 220 kD8, and the most prevalent splice variants count 2016 or 2015 amino acids?-%.
The 2016-amino-acid variant has an extra glutamine residue in the DII-lll linker?-%. Other less

prevalent splice variants and different amino acid composition are reviewed by Rook?3.

Nay, 1.5 consists of four transmembrane domains (DI-DIV) of six transmembrane segments (S1-S6)
each (Figure 9A). Once properly folded, segments S5 and S6 form a pore, in which the selectivity
filter is formed by the DEKA (Asp-Glu-Lys-Ala) motif+7.% (Figure 9A). This filter allows a 50-fold
selectivity over calcium ions and a tenfold selectivity over potassium ions?#7. The activation gate is
formed by the inner ends of the S6 segments, which physically close the pore®” (Figure 9B). The S4
segments contain positively charged amino acids (mainly arginine and lysine) and serve as a voltage
sensor¥. When the membrane depolarizes, the S4 segments move outward and induce a
conformational change in the activation gate, allowing the channel to open?®#”. The DIII-IV linker in
turn contains the IFM (Iso-Phe-Met) motif that enables fast inactivation of the channel by acting as a

“hinged lid"98.%%.

A high-resolution three-dimensional structure of Na,|.5 has not yet been resolved, but much insight
has been gained from the structures of related proteins. Although prokaryotic sodium channels only
have one transmembrane domain of six segments, the tetramer closely resembles the pseudo-tetramer
from more complex organisms. The first crystal structure of the prokaryotic voltage-gated sodium
channel Na,Ab (or NaChBac) from Arcobacter butzleri was published in 201197, and described the
closed pore structure in detail’? (Figure 9B). Recently, the high-resolution crystal structure of a
prokaryotic sodium channel in the open state was resolved, which revealed a heretofore unknown
interaction motif between S3 (W77), the S4-5 linker, and the C-terminus'®. This sodium channel was
isolated from the prokaryote Magnetococcus marinus and resembles eukaryotic orthologs!'®. Also in
2017, the cryo-electron microscopy (cryo-EM) structure of the putative sodium channel Na,PaS from
the American cockroach has been resolved!?!, which reveals disulfide bonds between extracellular
loops and between one of the pore helices and S6. The first human voltage-gated sodium channel was
resolved in 2018 by cryo-EM, and showed Nay 1.4 in complex with its i-subunit!®. The pore structure
resembles that of NaChBac (Figure 9C). Moreover, the authors revealed the mechanism of fast

inactivation as the IFM motif inserts into a cavity enclosed by S4-5 and Sé in Dlll and DIV'.

Nay|.5 — like other voltage-gated channels — has three main operating states: closed, when the channel
can be opened by an appropriate stimulus; opened, when ions pass through the channel; and
inactivated, when the channel is closed and cannot be opened#’. The inactivated state is characterized

by the IFM motif closing the pore from the outside, whereas the closed state is characterized by the
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inner ends of the S6 segments physically sealing the pore?”. Kinetic states and the gating between those
states — which not necessarily correspond to the structural states — can be schematically represented
in a Markov model (Figure 10). For voltage-gated sodium channels, several elaborate Markov models
have been proposed by Hodgkin & Huxley, Clancy & Rudy, and others's. All of these models include
multiple closed, inactivated, and/or open states. Asfaw & Bondarenko recently proposed a |0-state
model for human Na,l.5 that best fits the experimental evidence collected to date and would
overcome shortcomings of the aforementioned models'é. It includes three closed states, three closed
inactivated states, and a slow, fast, and intermediate inactivated state (Figure 10B). Transitions

between these states can be voltage dependent or independent!®.

Na, 1.5 is a member of a macromolecular complex that includes proteins, lipids, and carbohydrates,
some of which are covalently linked to Na,|.5. They are involved in the “transcription, translation,
trafficking, membrane retention, glycosylation, post-translational modification, turnover, function, and
degradation® of Na,l.5, and, by extension, of all cardiac ion channels. Many of these regulators are
confined to a specific cardiomyocyte domain, such as the intercalated disc or the lateral membranes.

This implies that Na, 1.5 is regulated differently at different locations.

The following sections discuss the major regulators of Na,l.5: post-translational modifications, -

subunits, and interacting proteins.
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Figure 10. Markov models of Na,1.5. (A) A simple three-state model showing closed, open, and inactivated
states with corresponding transitions. Adapted from Hinard et al. 20162 (B) According to a recent study, this
ten-state model best explains for human Na, 1.5 the experimental values of peak current-voltage relationships,
voltage dependence of sodium conductance, steady-state activation, inactivation, and de-activation, fast and
slow inactivation, and recovery from inactivation. Closed (C)), closed inactivated (IC;), open (O), fast inactivated
(IF), slow inactivated (IS), and intermediate inactivated (IM). Adapted from Asfaw & Bondarenko 2018,
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Post-translational regulation of Na,|.5 occurs through covalent binding of several different molecules
to amino acids, including but not limited to phosphorylation, N-glycosylation, sumoylation,
ubiquitination, and N-nitrosylation. This section concisely addresses phosphorylation, glycosylation,

and ubiquitination.

Many kinases have been shown to phosphorylate Na,l.5 at many different amino acids, including
protein kinase A and C (PKA and PKC), calcium/calmodulin-dependent protein kinase Il (CaMKII),
protein tyrosine phosphatase (PTPHI), phosphatidylinositol 3-kinase (PI3K), Fyn, serum- and
glucocorticoid-inducible kinases (SGK), and adenosine monophosphate-activated protein kinase
(AMPK) (reviewed by'92). The effects of phosphorylation on Na,|.5 function depend on the kinase and
phosphorylation sites, and include changes in biophysical properties (voltage-dependence of
inactivation, speed of fast inactivation, recovery from inactivation), Na, 1.5 trafficking and sarcolemma
expression, whole-cell sodium current, and late sodium current, among others. Consequently,
mutations in kinases have been associated with many cardiomyopathies, including LQTS3, Brugada

syndrome, sudden infant death syndrome (SIDS), and heart failure (reviewed by!02).

N-glycosylation is the covalent binding of oligosaccharides, or glycans, to a nitrogen atom of an
asparagine?3. The glycosylated state in Na,|.5 appears to affect activation and inactivation properties
of the sodium current!03.104 Two states have been identified: the fully glycosylated state and the core-
glycosylated state. In HEK293T cells, core-glycosylated Na,|.5 seems to be transported to the

membrane through a Golgi-independent mechanism!%.

Ubiquitination of Na,l.5 is executed by the ubiquitin ligase Nedd4-2 (neuronal precursor cell
expressed developmentally downregulated 4-like), which has been demonstrated in HEK-293 cells!s,
The WW domain of Nedd4-2 interacts with the C-terminal PY-motif of Na,l.5. Ubiquitination leads
to internalization of Na,|.5 and degradation by the proteasome!%. As a result, Na,|.5 expression at
the sarcolemma decreases. Interestingly, an increase in intracellular calcium as seen in heart failure
increases Nedd4-2 activity though its C2 domain, which increases Na, 1.5 internalization!?’. Mice in
which the C2 domain of Nedd4-2 was deleted showed increased QRS and QT intervals and shorter
PR intervals compared to wild types, suggesting that inhibition of ubiquitination leads to a de facto gain

of function of the sodium current!8,

Figure 11 gives an overview of Na,|.5 regulatory proteins, of which a selection is discussed below.
a-syntrophin, dystrophin, synapse-associated protein 97 (SAP97), and calcium/calmodulin-dependent

serine protein kinase (CASK) are especially relevant for this thesis. Note that several proteins interact
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with the same motif, e.g., a-syntrophin, SAP97, and PTPH | with the SIV motif. This indicates that the

composition of Na,|.5 protein complexes depends on time and/or location.

Na, 1.5 can interact with four auxiliary B-subunits (Bi- B4), while B, has two splice variants, B, and BB.
Except for BiB, which is a secreted protein!®®, B-subunits are 30-40 kD proteins with a single
transmembrane segment, a short extracellular N-terminal domain, and a long intracellular C-terminal
domain that contains immunoglobulin-like domains!!%. In murine cardiomyocytes, we found only B-
and B4-encoding mRNA7é (see Section 3.2). Functionally, B-subunits modulate the biophysical
properties and/or surface expression of Na,l.5, although findings greatly vary depending on

experimental conditions and model systems (reviewed by 93.109.111.112),

The immunoglobulin loop in the B-subunit extracellular domain allows cell-cell adhesion!!3. This is
especially interesting in light of the findings that $; seems to be mainly expressed at the intercalated
disc® and possibly at the T-tubules (reviewed in'%%). At the intercalated disc, B, is specifically expressed
at the perinexus, where ephaptic coupling might occur?7.7980, B,-subunits from opposing cells might
therefore regulate the width of the intercellular cleft8o.10%,
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Figure | 1. Na,l.5 and interacting proteins. Interaction sites are indicated if known. Purple box represents
the three C-terminal amino acids of Na,|.5, SIV (Ser-Iso-Val). BI, Bi-subunit. Red column: B-subunit. GPDI-L,
glycerol-3-phosphate dehydrogenase |-like. ZASP, zona occludens 2-associated speckle protein. CAR, coxsackie
and adenovirus receptor. Desmogl-2, desmoglein 2. CaMKIl6,, calmodulin-dependent protein kinase Il 6-c.
MOGI, multicopy suppressor of gspl. FGFs, fibroblast growth factor-like. Nedd4-like, neural precursor cell
expressed developmentally downregulated 4-2-like ubiquitin ligases. PTPHI, protein tyrosine phosphatase HI.
SAP97, synapse-associated protein 97. CASK, calcium/calmodulin-dependent serine protein kinase. Adapted from
Abriel 20158,
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aj-syntrophin binds with the C-terminal SIV and around the N-terminal Ser20 of Na,|.5 via its PDZ
(PSD95, Dlgl, and ZO-1) domain®”.!'14. Its C-terminal domain interacts with dystrophin, dystrobrevin,
and utrophin''s. In cardiomyocytes, it is exclusively expressed at the lateral membrane?”.!16. By bridging
Nay 1.5 to the actin cytoskeleton via dystrophin, it is crucial for sodium channel stability at the lateral
membrane!'6!17. Some of these mutations increased late sodium current, which was associated with
an increase in Na,|.5 nitrosylation, while another mutation increased peak sodium current and slowed

fast inactivation (reviewed in8).

While five syntrophin isoforms have been described (a,, Bi, B2, vi, and y2), we identified only a;-, Bi-,
and Bz-encoding mMRNA in mouse cardiomyocytes, while the expression levels of ;- and B2-syntrophin

are much lower than that of a,-syntrophin’é (see Section 3.2).

SAP97, like a-syntrophin, interacts with the SIV motif of Na, .5 via its PDZ domain. It is involved in
trafficking and anchoring Na,l.5 and several potassium channels to the plasma membrane; however,
SAP97 knock-out cardiomyocytes exhibit reduced I, Ik, and inward-rectifier potassium current (Ik),
but normal sodium current!'8. SAP97 is involved in clustering of K,I.5 and K,4.2/3 in cardiomyocytes

19-121 byt its functional effect on Na,l.5 is less well understood.

SAP97 belongs to the MAGUK (membrane-associated guanylate kinase) protein family characterized
by multiple protein-binding domains: three PDZ domains, one GUK, one SH3 (scr homology 3), and
the SAP97-specific L27 (Lin-2 and Lin-7) domain. The GUK domain can interact with SH3 domain of
other MAGUK proteins, forming dimers. This may support ion channel cluster forming at the
membrane'22. Immunofluorescence data regarding SAP97 localization have shown conflicting results

about its localization within a cardiomyocyte!!é.!18,

Dystrophin is a 427-kD protein encoded by DMD, the largest gene in the human genome. It is a crucial
protein for the costamere, which links the cytoskeleton to the extracellular matrix at the
cardiomyocyte lateral membrane, and interacts directly with many costameric proteins and indirectly
with many ion channels'23. Its main domains are (l) the N-terminal actin-binding domain, (2) a large
rod-shaped domain, (3) a WW-domain interacting with dystroglycan and other PY-motif-containing
proteins, (4) a cysteine-rich region that can interact with calmodulin, and (4) the C-terminal domain

that interacts with two syntrophins and dystrobrevin!24.

DMD mutations can cause Duchenne muscular dystrophy, an X-linked progressive neuromuscular

disease characterized by long-term muscle deterioration and pulmonary and cardiac dysfunction!2s.
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Mice with dystrophin deletion (mdx) show a reduction in Na,|.5 protein expression, both overall and
specifically at the lateral membrane, and a reduction in whole-cell sodium current 16126, Moreover,
the cardiomyocyte lateral membrane is markedly flattened!?’, costameres are disintegrated, and the
sarcolemma is fragile and leaky?’. This leads to an increase in intracellular calcium levels, proteolysis,
and apoptosis and necrosis'28129. These processes compromise both skeletal and cardiac muscle
function. Mice without dystrophin show a much milder phenotype than human Duchenne patients due
to compensatory utrophin expression!'30. Research efforts have aimed to re-introduce utrophin
expression in human tissue, although utrophin expression alone cannot fully rescue a wildtype-like

phenotype!3!.

CASK is a MAGUK protein like SAP97, and can interact with SAP97. In cardiomyocytes, it is expressed
exclusively at the lateral membrane!32. CASK appears to play a role in the trafficking of Na,l.5, and
knock-out or silencing of CASK leads to an upregulation of the sodium current!32, which appears to
be mediated by the CASK-binding protein calcineurin!33.134. CASK silencing may also lead to an increase
in the sodium current as it translocates to the nucleus and regulates transcription of genes with T- or
E-box elements!3513¢. The promotor of SCN5A contains an E-box sequence!37, which seems to be a
transcriptional repressor for SCN5A, since deletion of the E-box increases the sodium current!3’.
Interestingly, CASK silencing also leads to increase in the calcium current in a calcineurin-dependent

manner|33,|34.

Mutations in the CASK gene have been associated with X-linked mental retardation. No cardiac
phenotype has yet been described!'38, although a combination of a CASK and MYBPC3 (myosin-binding

protein C, cardiac) mutation has been described in a patient with dilated cardiomyopathy!3°.

Mutations in SCN5A have been associated with a wide range of cardiac arrhythmias, including LQTS
type 3, Brugada syndrome, sick-sinus syndrome, atrial fibrillation, progressive cardiac conduction
defect (PCCD), sudden infant death syndrome, and dilated cardiomyopathy!4. For cases in which
phenotypes overlap, the term SCN5A overlap syndrome has been coined!4!.142. PCCD, LQTS, and

Brugada syndrome will be concisely elucidated below.

A SCN5A mutation can lead to a gain or loss of function of the channel. Loss-of-function mutations
typically reduce the upstroke velocity of the action potential, which slows conduction. In PCCD, also
known as Lenegre-Lev disease, SCN5A loss-of-function mutations or haploinsufficiency cause slow
conduction in Purkinje fibers, which can lead to bundle branch block, heart failure, and sudden
death!40.143, Brugada syndrome is also associated with loss-of-function mutations in SCN5A that lead to

a decrease of Na,|.5 sarcolemma expression and changes in biophysical properties!4.144-146, Brugada
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syndrome patients typically show an ST-segment elevation at the ECG and a T-wave inversion in the

right precordial leads and have a high risk of sudden cardiac death!44146,

Gain-of-function mutations often increase the late sodium current (Inaae) and concomitantly increase
action potential duration and QT interval on the ECG!'!.147. These effects may increase the risk of
torsades de pointes and sudden cardiac death!4’. Alternatively, INajae can induce early or delayed
afterdepolarizations (EAD and DAD, respectively) during or after the action potential, respectively!47-
149. EADs lead to Cayl.2 reactivation, which extends the duration of the action potential plateau, and
are associated with LQTS. DADs occur when the INaae-mediated increase in sodium loading reduces
the gradient for calcium efflux through NCX!4%. This in turn causes intracellular calcium overload.
DADs underlie arrhythmias in catecholaminergic polymorphic ventricular tachycardia (CPVT), among

other diseases!48.149,

Interestingly, neuronal sodium channel isoforms have been implicated in the generation of the
arrhythmogenic late sodium current in cardiomyocytes, including Na,l.l, Na,l.6 and Na,|.8!50-153,
Mutations in SCN/0A, encoding Na, 1.8, have been associated with conduction defects in humans!4,
and SCN/A mutations have been shown to contribute to arrhythmias in dogs's3. Radwanski et al. have
implicated a pro-arrhythmic role for Na,l.6 in the T-tubules's5. However, our next-generation RNA
sequencing (RNA-seq) data show that expression of the corresponding murine genes Scn/a, Scn8a and
Scnl0a is negligible in our Blacké/) mice’é, which is confirmed by a proteomics approach in mice with
unspecified genetic background'sé. Taken together, sodium channel isoform expression seems to differ

greatly between models.

Of note, the aforementioned diseases are also associated with mutations in other genes. In Brugada
syndrome patients for instance variants in CACNAC encoding Ca, 1.2 and GDPIL (glycerol phosphate
dehydrogenase |-like) have been identified, and for LQTS, variants in the Na, B4-subunit, caveolin 3,
calmodulin, and a;-syntrophin are known!40.157-160. Moreover, more than 20 mutations in all four -
subunit genes have been associated with sudden cardiac death, LQTS, Brugada syndrome, SIDS, cardiac
conduction disease, atrial fibrillation, and idiopathic VF, among others. Most of these mutations

decreased sodium current, some however conferred a gain of function (reviewed by 8!11.112),

The relationship between a mutation and arrhythmia is not straightforward in many cases. Mutations
in SCN5A have a limited penetrance, and family members carrying the same mutation can show
different clinical manifestations, indicating that environmental or other genetic factors are at play's'.
Moreover, gain- or loss-of-function mutations in SCN5A can cause many different phenotypes, as
mentioned in Section 1.6.5, and mutations in some Na,|.5-interacting proteins are associated with
the same syndromes as SCN5A mutations are'. This phenotypic variability remains largely

unexplained.
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Mutations may have different effects in different pathophysiological environments. For instance, the
effect of mutations that affect the calcium sensitivity of Na,|.5 may depend on calcium homeostasis,
which is disturbed in heart failure'é2. Conversely, an increase in late sodium current due to a gain-of-

function mutation in SCN5A can disrupt calcium homeostasis (reviewed by!47).

Secondly, mutations may have location-specific effects, although no experimental data support this
hypothesis yet. Biophysical properties differ between sodium channels at the lateral membrane and
intercalated disc8. Affecting the intercalated disc pool of Na,I.5 may not only reduce conduction
velocity in general, but also disturb ephaptic coupling. Also, the whole-cell biophysical properties of
the total Na,l.5 population shifts in the direction of the properties of the lateral membrane pool,

which may increase the threshold for cardiac excitation®s.

Interestingly, the perinexus may prevent arrhythmias in a specific SCN5A gain-of-function mutation
associated with LQTS type 3 (Y1975C). This mutation leads to EADs in single cells, but only rarely in
tissue. A computer model showed that sodium current self-attenuation in the intercellular cleft
quenched the late sodium current in tissue, showing that ephaptic effects can mask the arrhythmogenic

effects of the mutated channel'63,

The Nayl.5 macromolecular complex may also underlie location-specific effects of mutations. Firstly,
some Na,|.5 interacting proteins are specific to the intercalated disc (ankyrin G, 3i-subunit) or the
lateral membrane (o -syntrophin, CASK (see Section 1.6.4)); therefore, mutations in those proteins
or in the respective interaction sites of Na,l.5 may affect Na,l.5 function differently at different
locations. Secondly, a mutation may specifically affect Na,|.5 in caveolae when it occurs in caveolin 3

or in the Na,|.5 motif that interacts with caveolin.

Mutations may also have cell-type-specific effects as cardiomyocyte morphology, ion channel
expression, and interacting protein composition differ between ventricular, atrial, nodal, and

Purkinje/conducting system cardiomyocytes'é4.

Taken together, many factors affect the function of mutated Na,l.5, and linking a phenotype to a

mutation requires a deep understanding of cardiac function, on a molecular, cellular and tissue level.

|.7 A closer look at cardiomyocyte membrane domains

This section takes a close look at the three main membrane domains of the cardiomyocytes: the lateral

membrane (Section 1.7.1), the intercalated disc (Section 1.7.2), and the T-tubules (Section 1.7.3).

Although this thesis has briefly addressed the lateral membrane in Section 1.3.1 and Figure 6, this

section discusses the lateral membrane in more detail, including some salient new insights.

37



Firstly, it must be noted that the groove of the lateral membrane does not only host the openings of
T-tubules, but also costameres. Costameres are multiprotein complexes that connect the cytoskeleton
to the extracellular matrix'23 (see Figure 1A,B in Section 3.1). Dystrophin is a major component
of the costamere, and the disintegration of the costamere in dystrophin deficiency may be partially

responsible for the loss of Na, .5 at the lateral membrane!26.130,

The crest moreover contains the tight-junction protein claudin. Very recently, tight-junction-like
structures joining lateral membranes of two neighboring cells have been identified” (Figure 12 A,B).
These structures could further support tissue cohesion. We may even hypothesize that these
structures may enable ephaptic coupling if enough sodium channels are present. This finding also
challenges the textbook paradigm that only the intercalated disc contains cell-cell junctions2275,
Guilbeau-Frugier et al. note that lateral membrane structures are very easily lost when preparing
samples for microscopy, which might explain the delayed discovery of lateral membrane tight

junctions?.

Interestingly, like costameres, claudin also partly depends on dystrophin expression'ss.
Correspondingly, dystrophin is found over the entire lateral membrane!'é. Claudin expression is also
reduced in human end-stage cardiomyopathy!éé. The functional implications are still unknown, but

lateral membrane instability and reduced conduction velocity in hearts from dystrophin-deficient mdx

Mouse LV Human RAp
I:

Mouse LV

Figure 12. Crest structures. (A-B) Neighboring murine left ventricular (LV) cardiomyocytes show close
proximity of lateral membranes. (A) cryo-scanning EM (SEM); (B) transmission EM (TEM) images. (C) TEM
image of human right appendage showing tight junction-like structures at the lateral membrane. Note that
mitochondria have disappeared due to suboptimal tissue preparation. (D) 3D-reconstruction of dual-beam SEM
images showing sausage-like shapes of mitochondria in mouse tissue. (E) TEM image showing mitochondria
anchored to Z-lines of sarcomeres in 2 murine cardiomyocyte. (F) Crest relief of human LV sample, showing a

large number of mitochondria. Scale bars: (A) 10 pum, (B) 0.5 pum, (C) | pum, (E-F) | pm. Adapted from
Guilbeau-Frugier et al., 20197,
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mice and Duchenne patients may not only be caused by a loss of costameres, but also by a loss of

these tight-junction-like structures”.125.126,130,

Mitochondria under the crest are arranged end to end and have an elongated shape, but are highly
prone to shrinking as soon as cardiomyocytes are isolated from tissue’. In mice, the crest usually hosts
only one mitochondrion, and is about | pm high relative to the groove (for a sense of scale, sarcomeres
are typically 2 pm wide). Humans have higher crests and more mitochondria than mice: most crests

contain a stack of two or three mitochondria’. (Figure 12 C,D)

Crest mitochondria tend to disappear or cluster into heaps under the lateral membrane during heart
failures>127. In cardiomyocytes from mdx mice, functional communication between Ca,l.2 and
mitochondria is lost, but this interaction is more likely to occur at the T-tubules'¢’. The flattening of
the lateral membrane in mdx mice is likely a consequence of the loss of mitochondria at the crest!s’.
Whether the loss of crest mitochondria contributes to the phenotypes of failing and dystrophin-

deficient hearts remains unknown.

Most voltage-gated ion channels that are expressed in a cardiomyocyte are at least present at the
lateral membrane (reviewed by!¢8). The distribution of some of these channels over the crest and the
groove of lateral membrane has been investigated with scanning ion conductance microscopy. Firstly,
calcium currents were recorded in the mouth of T-tubules and very little in other regions of the
groove®!6? or on the crest!$%!70. Sodium currents were recorded at the crest, groove, and T-tubule
mouth, but the sodium current amplitude differed: small currents were found in the T-tubular mouth
(median: 1-5 channels; no current in ~25% of recordings), slightly larger in the groove (median 6-10
channels; no current in ~40% of recordings), and largest on the crest (more than 20 channels; no
current in ~55% of recordings)!70. Lastly, chloride (likely CIC) channels were found in the T-tubular
mouth and in the groove, but not on the crest'¢®. These channels are voltage sensitive and may
modulate the action potential'¢?. However, little is known about their function in cardiomyocytes!7!.
Scanning ion conductance microscopy data on potassium channels are to my best knowledge not yet

available.

Interestingly, channel distribution over the crest and groove can change in disease conditions. Rivaud
et al. showed that sodium current decreases on the crest, not in the groove, in a mouse model for
cardiac pressure overload by transient aortic constriction®®. Biophysical properties between crest and

groove sodium current were the same®?.

Considering calcium channels, partial mechanical unloading has been shown to reduce functional

calcium channel expression at T-tubule mouth!72. Partial mechanical unloading is achieved by left-
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ventricular assist devices, which are implanted in end-stage heart failure patients, in which T-tubules
and the lateral membrane are already expected to be highly remodeled¢58%127.172. Therapies in these

patients may be fine-tuned to limit the negative effects of partial mechanical unloading!72.

Lastly, although gap junctions are not voltage gated, it deserves mentioning that gap junction
remodeling in ischemic heart disease and heart failure leads to the expression of connexons (connexin
43 hemichannels, constituting gap junctions at the intercalated disc3) at the lateral membrane. These
hemichannels are implicated in cell swelling, loss of membrane potential, and ATP release (reviewed

by 173).

As mentioned previously (Section 1.6.4), some interacting proteins of Na,l.5 are specific to the
lateral membrane, including syntrophin, dystrophin, and CASK. However, whether the composition
of the Na,|.5 macromolecular complex differs between the crest and at the groove has not yet been

investigated.
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This publication reconstructs the molecular composition of the cardiac intercalated disc.

| wrote the first draft of this manuscript during my master’s degree under the supervision of Dr Toon

van Veen (Utrecht University), and edited it for publication during my PhD.

This manuscript was published in Cardiovascular Research in 20173.
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Abstract

This review presents an extensively integrated model of the cardiac intercalated disc (ID), a highly orchestrated
structure that connects adjacent cardiomyocytes. Classically, three main structures are distinguished: gap junctions
(GJs) metabolically and electrically connect cytoplasm of adjacent cardiomyocytes; adherens junctions (As) connect
the actin cytoskeleton of adjacent cells; and desmosomes function as cell anchors and connect intermediate
filaments. Furthermore, ion channels reside in the ID. Mutations in ID proteins have been associated with cardiac
arrhythmias such as Brugada syndrome and arrhythmogenic cardiomyopathy. However, rather than being independ-
ent, all ID components work together intensively by multifunctional proteins such as ZO-1, Ankyrin G, and B-cate-
nin, integrating mechanical and electrical functions. GJs form a plaque surrounded by the perinexus in which free
connexons reside; the connexome integrates Nay channels, the desmosome and GJs; and the area composita
hosts AJs and desmosomes, also integrated as adhering junctions. Furthermore, the transitional junction connects
sarcomeres to the plasma membrane. Lastly, this review integrates all these findings in comprehensible figures,
illustrating the interdependencies of ID proteins.

REVIEW

Keywords
signaling

1. Introduction

The cardiac intercalated disc (ID) is a tightly regulated and complex
structure joining together adjacent cardiomyocytes in the heart (Figure
7). It ensures fast propagation of the electrical signal that initiates con-
traction throughout the heart, and allows the cardiomyocytes to with-
stand the strong mechanical forces imposed by the beating of the heart
(reviewed in eg.). It is because of the ID that cardiomyocytes collect-
ively act as a functional syncytium, both electrically and mechanically.
This makes the ID indispensable for the normal functioning of the heart.
Moreover, the ID is closely connected to the cytoskeleton and plays a
role in signaling cascades.

As opposed to the ID, the lateral membrane (LM) of cardiomyocytes
has a different makeup. It hosts, among others, costamers and focal adhe-
sions, linking sarcomeres to the extracellular matrix (ECM).? Although
the ID and LM have several proteins in common, such as vinculin and o-
actinin, and ion channels,** discussing the LM exceeds the scope of this
review.

The classic definition of the ID includes three main structures: the
desmosome, which functions as a cell anchor, the adherens junction (A]),
which provides cell strength, and the gap junction (GJ), which couples
cells electrically and metabolically. AJs and desmosomes are tightly

Intercalated disc e Cardiac arrhythmia e Brugada syndrome e Arrhythmogenic cardiomyopathy e Wnt

connected to the cytoskeleton (Figure 7). Furthermore, several proteins
that are not involved in direct cell-cell contact reside in the ID, such as
ion channels,” while some membrane areas do not carry proteins, mostly
at the apex of a plasma membrane fold, where the transitional junction is
located.®

Due to the major role of the ID, it is no surprise that mutations in ID
proteins cause a range of diseases, including arrhythmogenic cardiomy-
opathy (AC; until recently known as arrhythmogenic right ventricular
cardiomyopathy/dysplasia (ARVC/D)), Carvajal disease, Naxos disease
and Brugada syndrome.”

The notion that the ID is one functional unit rather than a collection
of individual structures has increasingly found its way into the common
knowledge of ID researchers. Interacting ID components have been
collectively renamed into adhering junction, area composita® or connex-
ome,9 which integrate electrical and mechanical functions.'® Moreover,
mutations in ID proteins and cardiac disease often lead to severe ID
remodelling. Still, research articles have focused mainly on one compo-
nent of the ID. An integrated approach concerning the interplay
between all ID components was still lacking. This review aims to fill this
gap.

Firstly, this review will discuss in detail the molecular composition of
the ID and the interactions between its components. This includes both

* Corresponding author. Tel: +31 30 2538908; fax: +31 30 2539039, E-mail: a.a.b.vanveen@umcutrecht.nl
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Figure I Old model of the cardiac intercalated disc, in which adherens junctions, desmosomes, and gap junctions are independent structures. Please
note that these structures do not anchor the sarcomeres to the ID, although the steps of the ID correspond to the length of a sarcomere. At the lateral
membrane, costameres ensure the anchoring of sarcomeric Z-discs to the extracellular matrix. Gap junctions bring the adjacent sarcolemmas close to-
gether, whereas desmosomes are visible at electron micrographs as relatively large electron-dense structures compared to adherens junctions.

its structural and its accessory proteins. Furthermore, mechanical and
electrical insights will be integrated. Research in this field mainly con-
cerns either mechanical or electrical changes caused by mutations in ID
proteins as if these changes were independent; however, mutations in
certain ID proteins can result in both mechanical and electrical changes.
This indicates a cross-talk between mechanical and electrical players,
possibly by common accessory proteins. Where possible, the relation-
ship between mutations, the development of arrhythmias and ID
remodelling will be made as well. Signaling pathways in which ID compo-
nents are involved will be addressed. Finally, a comprehensive picture is
given of the new insights in ID organization.

2. Adherens junction

Figure 2 illustrates the composition of the adherens junction (A)), alterna-
tively named fascia adherens. The AJ is the primary anchor for myofibrils
and connects actin filaments from adjacent cells, which allows the cell to
retain shape upon mechanical stress.* Furthermore, it transduces signals

concerning the actin cytoskeleton and it senses mechanical forces on the
cell. (reviewed in Ref. 3).

The transmembrane protein N-cadherin (N-Cad) is the main con-
stituent of AJs. It homodimerizes with N-Cads from adjacent cells in the
extracellular space, as an intercellular zipper. This provides tissue specifi-
city during development, allowing cells to interact only with cells
expressing the same cadherin. Calcium ions ensure the rod shape of
N-Cad. The intracellular domain of N-Cad primarily binds p-cat." N-Cad
also possesses regulatory functions: see its role in mechanosensing later
in this review.

B-catenin directly interacts with the C-terminal cytoplasmic domain
of N-Cad. By associating with a-cat and Vcl, it connects AJs to the actin
cytoskeleton. Also, B-cat plays a central role in cadherin-mediated signal-
ing. (reviewed in Ref. 3) Moreover, B-cat can activate the canonical Wnt
signaling pathway. It translocates to the nucleus when Whnt binds its
Frizzled receptor, to initiate transcription of transcription factors of
the TCF/LEF family. The canonical Wnt pathway is crucial in cardiac
development but also has been proposed as the key mechanism in
certain cardiomyopathies: activation induces cardiac hypertrophy.
Therefore, N-Cad has been thought to sequester B-cat to prevent Wnt
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Figure 2 Structural and associated proteins of the adherens junction. Pathways are depicted with arrows. Connections to other ID components are
shown in dotted lines and between brackets. Please note that exact interaction sites are not specified to prevent unnecessary complexity.

activation."” Interestingly, activation of the Wnt pathway increases
expression of the GJ protein Cx43, and the C-terminus of Cx43 can
interact with B-cat. Although increased Cx43 expression seems to
contradict conduction slowing in cardiac disease, defective trafficking
and the remodelling of GJs to the LM may explain this.'> When Wnt is
not present, cytoplasmic B-cat is targeted for degradation by the prote-
asome.>"*™ Moreover, instead of B-cat, a-actinin and plakoglobin
(PKG)—alternatively named y-catenin—can bridge N-Cad to actin.'
Note that desmosomes also contain PKG, indicating interplay between
AJ and desmosomes."® Interestingly, Garcia-Gras et al. proposed a model
in which PKG, as a functional and structural B-cat homologue, can com-
pete with B-cat at the APC/Axin/GST complex, which facilitates the deg-
radation of cytoplasmic B-cat. The observation that DSP deficiency
increases nuclear PKG concentration and the transcription of adipogenic
genes underlines this notion.!”'8

p120-catenin (p120-cat) binds the cytoplasmic domain of N-Cad close
to the membrane. There, it regulates adhesion and cell shape by binding
to the guanine nucleotide exchange factor Vav2, which activates the Rho
family GTPases Rac1 and Cdc42.% Also, p120-cat binds to PLEKHA7 and
Nezha, two proteins that mediate the binding of the minus end of micro-
tubules, thereby ensuring the connection of AJ to microtubules.'®

2.1 Associated proteins

Vinculin is spread evenly over the ID membrane and resides at the edge
of the ID plaque proteins, in contrast to B-catenin that is found at the
membrane.® Vcl links B-cat to actin via o-act, while p-cat primarily binds
N-Cad. At the LM, Vcl links costameres to actin via integrins. Its crystal
structure reveals a globular head, hinge region and a C-terminal flexible
tail.”” Vel may however also insert into the plasma membrane in acidic
phospholipid-rich areas where its tail associates with the acidic phospho-
lipid PIP, (phosphatidylinositol-4,5-biphosphate), which recruits actin
regulatory proteins. The tight interaction between Vcl and PIP, discloses
arole of Vclin pathways that are initiated by PI3Ks (class | phosphoinosi-
tide 3-kinases), a scaffolding adapter protein that phosphorylates PIP,
and generates PIP;, which traditionally leads to Akt phosphorylation.
This pathway plays many roles, for instance in apoptosis and mechano-
sensing. Indeed, a small reduction in Vclinduces rapid cell death, although
the pathway by which Vcl affects PI3K is unclear.”

Other important accessory AJ proteins are PTEN, spectrin and
cortactin. PTEN (phosphatase and tensin homologue deleted on
chromosome ten) associates with AJ-associated B-cat and with the
sodium-proton exchanger regulatory factor NHERF. Hereby, PTEN
contributes to the polarized distribution of lipids in the inner leaflet of
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Figure 3 Structural and associated proteins of the desmosome. Interestingly, PKP2, B-cat, and PKG also play a role in the nucleus.

the plasma membrane.”® Spectrin however binds N-Cad,”" and its heter-
odimers form tetramers to bind actin filaments at their distal ends. At
the ID, spectrin probably occurs in the most stable tetramer form
(al1BI),, whereas all spectrin is found at the distal Z-discs of myofibrils,
closest to the ID. Moreover, spectrin is predominantly found at the axial
extremes of the ID, the transitional junction (see later chapter), whereas
Vcl and B-catenin are spread more evenly over the ID surface.’ Lastly,
cortactin is an actin-binding protein that cooperates with N-Cad to regu-
late actin reorganization and adhesion strength. Its binding protein Arp2
(actin-related protein 2) ensures proper function, which, in turn, forms a
complex with Arp3 and thereby regulates actin polymerization and the
formation of actin branches.”? hXino. and hXin are Xin proteins named
after the Chinese word for heart, alternatively named cardiomyopathy-
associated 1 resp. 3 (CMYA1 and -3). Their respective mouse ortho-
logues mXina and mXinf3 have been studied extensively. They associate
with AJs: the Xin repeats characteristically bind actin and they contain a
f3-cat binding domain, whereas mXina. also contains a p120-cat binding
domain. Therefore, mXina. and mXinf have been thought to form pre-
dominantly a stable link between AJs and actin. Also, mXino interacts
with filamin, the crosslinker protein of actin, and recruits p0071, a mem-
ber of the p120-cat subfamily of armadillo proteins. Interactions be-
tween mXina and p120-cat and p0071 might influence Vav2 and Ect2,
regulators of the Rho family small GTPases Rac1 and Rho that play an

important role in cardiac development. Lastly, GJ remodelling seen in
mXina deficient hearts might be explained by direct interactions of
mXinorand ZO-1 and/or Cx43.2* Interestingly, mXinp is predominantly
found in the left ventricle, interventricular septum and apex. Expression
is especially strong at the base of the aorta and pulmonary artery, where
the tissue undergoes relatively high stress. The distribution of mXina is
not known. Moreover, mXinf deficient hearts lack mature IDs, suggest-
ing that Xin proteins are involved in N-Cad-mediated signaling. Also,
mXinf is thought to function downstream of angiotensin Il (Angll) signal-
ing, modulating hypertrophic responses in disease (reviewed in Ref. 3).

Several proteins that are associated with AJs in other tissues, such as
epithelia, are not yet investigated in the context of the heart. This might
be an interesting venue for future research. For instance, Bitesize, a
synaptotagmin-like protein, is involved in the stabilization of epithelial
Als via E-Cadherin.?* Furthermore, the intercellular adhesion molecule
ICAM-1 regulates N-Cad localization in endothelium through ERM
(ezrin-radixin-moesin) proteins. Although ICAM-1 is expressed in the
heart, its ID involvement is unclear.”®

3. Desmosome

The desmosome, also known as macula adherens, is a robust, dense
and symmetrical cell anchor that provides structural support to
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cardiomyocytes and other tissues that are subjected to strong mechan-
ical forces, such as epithelia. Its composition is illustrated in Figure 3.
While AJs also transduce forces to the cytoskeleton, desmosomes are
more robust, thanks to their connection to mechanically resilient IFs.'®
The intercellular part of the cardiac desmosome is built up by the cad-
herins desmoglein-2 (DSG2) and desmocollin-2 (DSC2), that bind in a
heterologous way. DSG2 and DSC2 are, like other cadherins, single-pass
transmembrane proteins. The armadillo proteins PKG and plakophilin-2
(PKP2), and desmoplakin (DSP), member of the plakin superfamily,
connect desmin to the desmosome. The hyperadhesive state of
the desmosome, when DSC2 and DSG2 are bound, depends on the
presence of calcium ions. During wound healing and embryogenesis,
desmosomes can adopt a lower-affinity state.” Also, desmosomal
proteins can participate in signaling pathways, influencing the expression
of genes involved in proliferation and differentiation, tissue morphogen-
esis and wound healing.”

Considering the major desmosomal proteins, firstly, plakophilin-2 is
associated with GJs, (reviewed in Ref. 3) and is required for the organiza-
tion of ID and desmosomal function (reviewed in Ref. 1). Together
with PKG, PKP2 mediates attachment to IFs. PKP2 knockdown causes a
decrease in conduction velocity and an increased propensity to develop
re-entry arrhythmias,” while PKP2 mutations are most common in
hereditary AC. Moreover, like B-cat is a PKG homologue, p120-cat is a
PKP2 homologue, indicating that PKP2 may also play a role in signaling.*
Moreover, PKP2 has been associated with RNA polymerase I, suggest-
ing a role in transcriptional regulation.>® Secondly, plakoglobin is pre-
sent in both desmosomes and AJs. As described in the AJ chapter, PKG
plays an important role in Wnt signaling, indicating desmosome-to-
nucleus crosstalk. Furthermore, nuclear PKG was shown to bind p53
and upregulate expression of the tumor suppressor 14-3-3c by interact-
ing with its promotor.'® Thirdly, desmoplakin is characterized by its
plakin domain: a globular head with many a-helices and multiple spectrin
repeats that are separated by a Src-homology-3 domain. DSP connects
the desmosomes to the type Il IF protein desmin. It’s a large protein: its
N- and C-terminal domains and the a-helical domain in between are
each almost 1000 amino acids long. Interaction with PKP2 occurs at their
N-terminal domains.™ Lastly, DSG2 mutations are, like all other cardiac
desmosomal proteins, associated with AC. In other tissues, knockout of
DSG2 is often compensated by higher expression of DSG1. Although
desmosomal integrity is thus restored, cellular signaling is significantly
altered since different subtypes of DSG are involved in different path-
ways. However, since DSG2 is the only cardiac DSG, the lack of com-
pensatory options may explain the AC phenotype.'®

3.1 Associated proteins

Protein kinase Ca (PKCa) can bind PKP2. PKCa is thought to hereby
regulate desmosome adhesion when dynamic cell-cell adhesion is
required.’®?” Moreover, PKCa. recruits and phosphorylates DSP during
desmosome genesis.> oT-catenin (o(T-cat) is a member of the o-cat fam-
ily that interacts with PKP2 and B-cat, thereby linking the desmosome
and AJ. aT-catenin plays therefore an important role in the area compo-
sita, which is the junction in which desmosomes and As are tightly linked
by sharing structural proteins (see later chapter).2?® Possibly, 120-cate-
nin is involved in cardiac desmosomes as well, because it is an interaction
partner of DSG1 and DSGS3, linking AJs to desmosomes.**’ However,
DSG1 and DSGS3 are not present in cardiac desmosomes, and this inter-
action only occurs in high calcium concentrations. It is therefore ques-
tionable if p120-cat can also bind the cardiac variant DSG2.

3.2 Intermediate filaments

Several IF proteins reside in the heart, although desmin is the most
prevalent, as a constituent of the sarcomeric Z line. Impairment of the
PKG-desmin interaction in transgenic mice impairs delivery of Cx43,
DSP, DSC, N-Cad and PKG to the ID, followed by conduction slowing.1
Furthermore, synemin is clearly located at the ID and binds to protein
kinase A (PKA), thereby regulating myofibrillogenesis and myocyte
remodelling, although synemin is predominantly expressed during heart
disease®® It is suspected to interact with desmin.>' Please note that
desmosome-associated desmin is not directly associated to Z-discs,
since mature Z-discs are absent at the ID. Immature Z-discs, in turn, are
connected to the transitional junction region of the ID (see chapter 6.3).

3.3 Adhesion junction-bringing the
desmosome and adherens junction
together

The classical definition of the desmosome is based on electron micros-
copy images that reveal the inner dense plaque (IDP), outer dense pla-
que (ODP) and electron dense midline (EDM) or membrane core. The
EDM comprises of the interacting domains of DSG and DSC. The ODP
contains the transmembrane proteins DSG, DSC and intracellular PKG
and PKP. Furthermore, to the ODP, the intermediate filaments (IFs) are
connected.'® However, this a rather old-fashioned model. Rather, the A
and desmosomes together are named ‘adhesion junctions’ or ‘adhering
junctions’ because cadherins make up the intercellular contact proteins
of both junctions, and AJs and desmosomes both connect cells to
the cytoskeleton of adjacent cells, albeit through different cytoskeletal
|:>roteins.13'32 PKG is thought to be the most important factor in the ad-
hesion junction, since it is a structural element of both AJs and desmo-
somes."® Also, p120-cat is a common constituent,® and PKP2 interacts
with multiple AJ proteins.®®

Observations in PKG-deficient mice give another clear example of A
and desmosome interdependency: they lack desmosomes and instead
have extended AJs with desmosomal proteins. Their hearts have
increased right ventricular volume and spontaneous right ventricular
ectopic activity.' Furthermore, DSP-deficient mice have normal GJs and
AJs but lack desmosomes, indicating that DSP is essential for desmosome
function and development, proposedly because DSP is essential for
desmin binding. DSP also regulates actin assembly and organization via
RhoA signaling."® However, the concept of adhesion junction can be
extended to include GJs and ion channels, in which case it is called area
composita, which will be discussed in detail later.

4. Gap junction

The gap junction (GJ) is an agglomeration of multiple individual gap junc-
tion channels with associated proteins (Figure 4). The GJ enables electro-
metabolic coupling, allowing propagation of action potentials and
passage of small solutes between cells.” In general, GJs are composed of
twelve connexin molecules: six molecules form a connexon in the mem-
brane and connect with a connexon of the opposing membrane.” In ven-
tricular myocytes, connexin43 (Cx43) is the most prevalent. GJ
development, regulation and degradation seems to be a highly orches-
trated process with a fast turnover' the half-life of Cx43 is as short as
1-3h>*

Cx43 also has noncanonical roles, independent of connexons and GJs.
It is necessary for sodium channel function for instance (see later
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chapter), and loss of the GJ-independent functions of Cx43 causes se-
vere arrhythmias and death. (reviewed in Ref. 9) Interestingly, Cx43 is
also found in mitochondria, while ischaemic preconditioning increases
mitochondrial Cx43 localization.>® Moreover, GJs can have direct phys-
ical contact with mitochondria.>® However, the functional consequences
of these phenomena are still unknown. Moreover, GJs between
myocyctes and fibroblasts also exist, although they are very hard to find.
A fibroblast-specific small GJ subtype that is normally found between
fibroblasts may also occur in IDs. This field is however still in its infancy
(reviewed in Ref. 37).

4.1 Associated proteins

Mena (mammalian Enabled) is a member of the Ena/VASP (Enabled/vaso-
dilator-stimulated phosphoprotein) family, which interacts with Cx43
and Vcl via its EVH1 domain. It regulates the actin cytoskeleton and
microfilaments, both at the ID as well as at focal adhesions. Mena and
VASP also exert actin polymerase and anti-capping activities and thereby
increase actin filament assembly.>® Mena is proposedly an important
cardioprotective protein: by binding Rac1, it prevents the activation of
Rac1-associated pathways. In fact, Mena knockout cardiomyocytes show
an increase in Rac1 activity, leading to GJ remodelling, cardiomyocyte

apoptosis, cardiac dysfunction and ID destabilization, while Cx43 expres-
sion is increased.®”

Caveolin-1 (Cav-1) colocalizes and co-immunoprecipitates with
Cx43. Caveolins are cholesterol-binding integral membrane proteins
that do not span the membrane. Together with cholesterol and sphingo-
lipids, they are important constituents of caveolae. Caveolae are the best
characterized type of lipid rafts and recognizable as flask-shaped invagin-
ations of the plasma membrane of 60-80 nm with a 10-50 nm neck.’
Furthermore, caveolae are involved in endocytosis, transcytosis and
outside-in signaling.***' The Cx43-Cav-1 interaction implies a relation
between GJs and caveolae.*® The experimental evidence for Cav local-
ization at the ID is however thin. Undoubtedly, caveolins and caveolae
play a role at the ID, but the exact role remains to be determined.

4.2 Linking adhering/adhesion junctions to

gap junctions

In development, GJs only appear at the ID when the adhering junctions
are already formed, or in other words, mechanical coupling precedes
electrical coupling.2'13‘42 GJ stability depends on the ‘strong state’ of
AJs.w'20 This shows that mechanical and electrical coupling of cardio-
myocytes are tightly linked. Cx43 connexons are transported in vesicles

Figure 4 Structural and associated proteins of the gap junction. Please note that connexin43 binds different partners at the gap junction plaque, peri-

nexus and perinexus edge.
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from the Golgi system to the ID via microtubules that are tethered to
AJs via N-Cad, B-cat and the dynein/dynactin complex. Hereby, Cx43
interacts with the +TIP EB1 and p150(Glued). Although EB1-capped
microtubuli can also bind mature GJ plaques,® N-Cad-knockout mice
are not able to form GJs, and blocking the intercellular binding of N-Cad
inhibits GJ formation. Interestingly, this connexon delivery system as-
sures that GJs only form between homologous cells, since cadherins
only connect to the homologous cadherins.** When adhesion junctions
function improperly, for instance due to PKP2 deficiency, GJs remodel:
Cx43 lateralizes and its signal at the ID decreases. This may be an
arrhythmogenic substrate.”"® Furthermore, G remodelling due to Xin
deficiency is thought to occur through interaction with ZO-1 and/or
Cx43. (reviewed in Ref. 3).

Since GJs are sensitive to mechanical stress, they locate in the vicinity
of AJs and desmosomes. (reviewed in Ref. 2), while PKP2 and Cx43 also
co-immunoprecipitate.’® Desmosomal mutations that cause AC are
associated with loss of GJ plaques at the ID, which illustrates the import-
ance of this organization. However, a complete loss of PKP2 only causes
a 50% reduction in functional GJs, which surprisingly does not affect con-
duction velocity.”** Also in Carvajal and Naxos disease, the decrease of
Cx43 at the ID is obvious. Conversely, it is disputed whether Cx43 is
essential for AJ or desmosome functioning. In cell lines, loss of Cx43
expression preceded a loss of intercellular adhesion strength,” whereas
other reports show the opposite." Importantly, Cx43 expression is ab-
errant in several cardiac diseases: relocalization of dephosphorylated,
unfunctional Cx43 to the LM is seen in atrial fibrillation (AF), overloaded
human atria, and in CMC of a rat myocardial infarction (MI) model. This
notably impairs ID coupling and may lead to conduction block.** In an
aged mouse model, Cx43 expression was decreased, many IDs were
disrupted, and the intercellular space was widened at AJ regions.*® The
phenomenon of ID remodelling is however, although interesting, too
complex to be covered in this review as well; therefore, we refer to
other reviews."*” Interestingly, delocalized connexons are not phos-
phorylated, contrary to their ID counterparts, indicating that phosphor-
ylation is important for the regulation of GJ function.” Lateralized
connexons may however still be functional in action potential propaga-
tion.*® However, it is clear that GJs are a vulnerable structure, which is
illustrated by the observation that during cardiac disease, GJs are the first
structures to delocalize from the ID. A cardiac specific N-Cad knockout
mouse model showed for instance reduced levels of Cx43, which lead to
a reduced conduction velocity and ventricular arrhythmias, although also
o, B- and p120-cat were reduced. This indicates that N-Cad and Cx43
are tightly related, probably via ZO-1." CamKll-mediated signaling is
probably involved in this Cx43 lateralization, illustrated by the observa-
tion that CaMKIl inhibition enhances conduction and Cx43 localization
at the ID at baseline, and preserves this localization under conditions of
heart failure.*

The MAGUK ZO-1 is thought to connect AJs to GJs by means of its
scaffolding properties. ZO-1 consist of three domains, the non-
functional GUK domain, the SH3 domain that interacts with proline-rich
PXXP sequences, and the PDZ domain. This PDZ domain interacts with
N-Cad, which stabilizes both AJs and GJs, and with Cx43. Also, ZO-1
anchors actin to the cytoskeleton. Generally, MAGUKs localize close to
the plasma membrane to regulate surface expression of certain special-
ized domains in a variety of tissues.'”?® ZO-1 can also connect AJs to
GJs by interacting with a-cat via its N-terminal fragment, and with actin
via its C terminus (reviewed in Ref. 3). Furthermore, afadin might link
actin and N-Cad in this interaction chain, since afadin bridges actin to

E-cad in epithelia.*® However, although afadin is present in cardiomyo-
cy‘ces,51 we do not know its cardiac function.

In cardiomyocytes and cell lines without ZO-1, normal organization
of Cx43 and N-Cad was lost, and GJs lateralized. This lateralization is
thought to occur through microtubule-dependent mechanisms.*® The
effect of ZO-1 on GJ localization occurs however via the interaction be-
tween ZO-1 and AJ. This interaction ensures the strong state of the A,
on which the GJ depends.52 In cardiac disease, the function of ZO-1 in
relation to AJs and GJs can change. In healthy hearts, ZO-1 colocalizes to
a greater extent with N-Cad than with Cx43. In ventricles from patients
with heart failure however, ZO-1 expression is increased, and Cx43 and
Z0O-1 colocalize stronger, which could imply that ZO-1 prevents the
increase in functional GJs.>* (reviewed in Ref. 3) Lastly, ZO-1 also links
AJs to K,1.5 ion channels, and interacts with PKG, APC (adenomatous
polyposis coli), an important player in the Wnt pathway, and claudin, a
protein generally associated with tight junctions, while its role at the ID
is unknown,'*20>4

As described before, vinculin anchors actin filaments to the AJ via f-
cat. Its head domain also interacts with the third PDZ domain of ZO-1,
thereby stabilizing GJs, either directly or via a-cat. The notion that Cx43,
Z0O-1,and Vcl form a complex implies that Vcl is an important anchoring
point between AJs and GJs. Indeed, GJs were destabilized when the
interaction between Vcl and ZO-1 was impaired, and GJ function and
even cardiomyocyte integrity was lost. Loss of GJ function was demon-
strated in a Vcl-deficient cell line. Moreover, in a Vcl-deficient mouse
model, Cx43 and ZO-1 signals were decreased at the ID. The hearts
showed excessive replacement fibrosis and cardiomyocyte loss, which
could be attributed to PI3K signaling. Additionally, Vcl plays an important
role in the assembly and alignment of myofibrils and in regulation of cell
shape."”

Muscle LIM protein (MLP) may also play a role at the intersection of
GJ and AJ, while MLP mutations are a suggested cause of dilated cardio-
myopathy (DCM). MLP is thought to form a ternary complex with the
nebulin-related anchoring protein (NRAP) and a-actinin,®® and also
interacts with actin and spectrin. In DCM patients, MLP mutations inhibit
the interactions with NRAP and ai-actinin, and compromise its zinc finger
domain. In MLP knockout mice, the expression of N-Cad, B-cat, PKG,
a-catenin, Vcland NRAP is upregulated, while Cx43 was downregulated.
Furthermore, Vcl distribution at the ID was disturbed,”® which might
point to a structural disruption of the transitional junction, where sarco-
meres are attached to the sarcolemma.>®

4.3 Perinexus

The perinexus is a newly identified functional region in the ID (Figure 5),
in which ZO-1 plays a crucial role***” The perinexus is defined as
the area around the plaque of functional GJs, in which free connexons
interact with ZO-1 via its PDZ-2 domain. Here, ZO-1 regulates size,
number and localization of GJs: (reviewed in Ref. 3) first, new connexons
appear at the periphery of the GJ aggregate, after which ZO-1 binds.
Connexons are unable to associate with connexons of neighboring cells
as long as ZO-1 is bound. Two ZO-1-free connexons are able to form a
GJ, thereby increasing intercellular communication.>* Indeed, in a ZO-1
knockout model, GJ plaques were larger.>? Lastly, ZO-1 is thought to
mediate Cx43 delivery from lipid raft domains to GJs in the ID."” Ankyrin
G (AnkG) is also found at the perinexus; it binds the outer connexons
and thereby probably determines the perinexus size, and the traffic
between perinexus and GJ plaque (see Figure 5).” Concomitantly, the
Cx43 plaque size and Cx43-mediated electrical coupling are inversely
related.”® Also, in super-resolution fluorescence microscopy, PKP2 is
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Figure 5 Model of the perinexus, in which ZO-1 binds connexons around the gap junction plaque. AnkG binding determines the perinexus edge.

seen at the edge of the perinexus.” AnkG is thought to scaffold the
interaction between PKP2 and Cx43. When AnkG was silenced by
means of siRNA interference, the GJ-PKP2 interacting areas increased in
size, as did the GJ plaques, in accordance with the perinexus model as
described before” Other AnkG silencing effects include decreased
reduced electrical coupling and intercellular adhesion strength in
cardiomyocytes.

5. lon channels

lon channels in the sarcolemma are critical for the creation and propaga-
tion of action potentials throughout the heart and for excitation-
contraction coupling. They are found at three main membrane areas of
the cardiomyocyte: at the ID, in the LM, and in t-tubuli. The composition
of ion channels is different in each area.>*° lon channels at the ID (Figure
6) can be classified in three main categories: Ky channels (Ky1.4, 1.5,
—4.2, -7.1, and 11.1), Kir channels (Kir2.1, -2.2, —2.3, —6.2, and SUR2a)
and Nay channels (Na,1.5 and —1.3). Moreover, the stretch-activated
channels TRPV2 and TREK-1 are expressed at the ID, which will be dis-
cussed in the mechanosensing section. Lastly, Na*/K™-ATPase is present
atthe ID.>*

5.1 Potassium channels
Potassium channels control the resting membrane potential and the
repolarization phase of the action potential. Although these channels are
known to reside in the well-studied ID for a long time, their interaction
partners remain underexposed.éo

Kv channels are voltage-gated. Its ai-subunits make up the actual chan-
nel, whereas accessory B-subunits ensure proper Ky function. Ky1.x chan-
nels, members of the shaker family, are essential for the repolarizing
currents. Ky1.4 for instance underlies the rapidly activating, slowly inacti-
vating ‘slow transient’ current, whereas Ky1.5 is responsible for a rapidly
activating, very slowly inactivating current.**¢° On the other hand, the Kir
(inward rectifying) channels in the heart are ATP-dependent and generally
regulate the action potential duration when heart rates rise. Furthermore,
they have a stress-protective role. Kir2.x channels facilitate the primary
inward-rectifying currents, also regulating the resting membrane poten-
tial. **€° Lastly, Kir6.2 ion channels are supported by SUR2A subunits, and
the Na™/K* pump interacts with Katp channels in the heart.®’

5.1.1 Associated proteins
The actin cytoskeleton appears to associate with o- and B-subunits of Ky
channels. The actin cytoskeleton probably determines ion channel
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Figure 6 This model sums up the large variety of ion channels found at the ID, of which Nav1.5 is the most important, and their interaction partners

for as far these are known.

stability and surface distribution, and has been associated with Ky1.5
channel endocytosis. Cortactin thereby links between actin to Ky1.5.2°
Moreover, PSD-95—post-synaptic density protein 95, alternatively
named SAP90—is a member of the MAGUK family and associates with
Kv1.4, Ky1.5, and Kir2.x, supposedly to ensure localization to lipid rafts.
SAP97 is also present in lipid rafts to scaffold the interaction between
Kv1.5 and its cytosolic subunit Kyf. Furthermore, SAP97 interacts with
PDCC-interacting protein (ZIP) to recruit PKC, which is involved in a var-
iety of pathways, including the regulation of cardiac contractility,
Ca”" handling and hypertrophic response.*®®? K,1.5 and Nay1.5 are
also regulated by type-Il Ca®"activated calmodulin kinase (CAMKII),
when it is bound to SAP97 and PSD95.*° mXina,, the mouse homologue
of hXina that has been discussed in the AJ chapter, also regulates ion
channels. mXina-deficient mice presented with a prolonged AP due to
delayed inward-rectifier K* currents. This, together with changes
Ca®* metabolism, increased the risk for arrhythmias. mXino was shown
to regulate the transient outward potassium (lr,) current by interacting

with the Ky4.2 auxiliary subunit KChIP2 (Ky channel interacting protein
2) and the actin-crosslinking protein filamin.®> However, the conclusions
regarding conduction slowing and arrhythmias may be confounded since
expression of Cx43 and N-Cad is also reduced in mXina deficient mice
(reviewed in Ref. 3). Because mXino: and mXinf can interact with ion
channels, actin, B-cat and p120-cat, these proteins may scaffold N-Cad-
mediated adhesion and surface expression of ion channels, of which a
recent study reported.®® In fact, the role of mXina. in regulating function
and expression of ion channels has been thought to be analogous to that
of AnkG (reviewed in Ref. 3).

5.2 Sodium channels

Whereas both Nay1.3 as Nay1.5 localize at the ID,2 most is known
about Nay1.5, while interaction partners of Nay1.3 are still unknown.
Furthermore, it is noteworthy that the B-subunits of Nay channels are
of unknown composition and function—although they participate in
cell—cell adhesion in other cell systems than the heart.” The functional
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complex of a- and B-subunits is called VGSC (voltage-gated sodium
channel complex).

The cardiac voltage-gated sodium channel Nay1.5 is responsible for
the rapid upstroke of the cardiac action potential. It consists of one
a-subunit of 220 kDa that forms the functional channel and B-subunits of
30kDa each. Its essential function is illustrated by many pathologies asso-
ciated with mutations in its gene SCN5A, such as Brugada syndrome,
long-QT syndrome and familial ventricular fibrillation.** However, inter-
estingly, the channel can function differently at different locations in the
cells. At the ID, Nay1.5 is more dependent on voltage to reach its
steady-state inactivation than at the LM.®>¢¢

Interestingly, Nay1.5 is suggested to be enriched in the perinexus.
AnkG might be a mediator between Na,1.5 and Cx43.>” The idea has
emerged that GJs are not the only mediators of intercellular action
potential propagation. At the perinexus, Nay1.5 is potentially involved in
ephaptic coupling. This term is derived from the neuronal synapse and is
defined as cell-to-cell transfer of electrical activation via ion accumula-
tion/depletion or transient extracellular electric fields within a confined
interstitial space between closely apposed cells.®’ Interstitial oedema,
which widens the cleft, would reduce conduction velocity, contrary to
more common belief that interstitial oedema would increase conduction
velocity due to a reduction in resistance. Indeed, inhibiting sodium chan-
nels with flecainide slowed conduction, but even more in an interstitial
oedema model, which findings moreover follow the outcomes of a
mathematical model.®’” Therefore, the interstitial volume could be an
important determinant in arrhythmogenesis.”” However, this mathemat-
ical model assumed all Nav1.5 at the perinexus, which is contrary to
more recent findings which also describe Nav1.5 associated with N-Cad
at excitation-excitability nodes.®® A mathematical model considering
these two pools of Nav1.5 is still awaited.

5.2.1 Associated proteins

Nay1.5 has many cytoplasmic interacting proteins. Via its PDZ-domain-
binding motif consisting of its three distal amino acids SIV, for instance, it
binds the syntrophin-dystrophin complex. However, this interaction
only occurs at the lateral sarcolemma. At the 1D, SAP97 can bind the SIV
motif of Nay 1.5, which implies a regulatory relation between the two.**
SAP97 interacts also with Kir2.x, Ky4.x, and Ky1.5. Silencing of SAP97
has elucidated its essential role as an enhancer of the number of func-
tional ion channels and potassium currents.®” The underlying mechanism
is however not yet understood. It is thought that SAP97 stabilizes the
ion channel. Furthermore, SAP97 has the propensity to multimerize, and
this SAP97 network may function as a scaffold for ion channels and ac-
cessory proteins. Regulation of multimerization is exerted by changing
from its open to its closed state, the latter exposing protein binding
sites.Regulation of multimerization is exerted by changing from its open
to its closed state, the latter exposing protein binding sites (reviewed in
Ref. 2).

In addition, MOGT1 increases Nay1.5 transport and thereby sodium-
current density in ventricular myocy‘ces,70 and it interacts with Nav1.5 at
the linker sequence between intramembrane region Il and Il
Immunostainings show that MOG1 mainly localizes at the ID71; however,
these results require cautious interpretation, since a proper control for
these stainings are missing. Thirdly, the o-subunit of the stimulatory het-
erotrimeric G-protein Go,, promotes the localization of Nay1.5 at the
sarcolemma. Hereby, B-adrenergic pathways indirectly control the num-
ber of Nay1.5 channels and its current densityfm’72 Furthermore,
Nedd4-2 (neural precursor cell expressed, developmentally down-

regulated 4-2) is an E3 ubiquitin-protein ligase that binds Nay1.5. This
interaction promotes internalization of the channel, effectively decreas-
ing the sodium current. Nedd4-2 is therefore an important player in the
life cycle of Nay1.5.°* CAR (coxsackie and adenovirus receptor) is a
single-pass transmembrane protein that interacts with Nav1.5 at the ID.
CAR heterozygous myocytes showed reduced sodium current magni-
tude at the ID, which is associated with ventricular conduction slowing
and earlier onset of ventricular arrhythmias during myocardial
infarction.”?

The most notable interaction partner for Nav1.5 however is Ankyrin
G, whose members predominantly anchor ion transporters. AnkG res-
ides at the ID as well as in at the LM (reviewed in Ref. 2). At the ID,
AnkG primarily binds and regulates Nay1.5.”*”> Interaction partners of
AnkG are the +TIPs EB1 and EB3, which link AnkG to microtubules.
Knockdown of these proteins leads to a decrease of AnkG and Nay1.5
channels.”® AnkG also plays a role in the regulation of the Na*/K*-
ATPase and the Na**/Ca®" exchanger NCX1.”® Furthermore, AnkG
forms a ‘signaling platform’, linking CaMKIIS to Nay1.5.”

Interestingly, the spectrin network at the ID resembles the spectrin
network in erythrocytes. Firstly, while AnkG anchors spectrin-actin
complexes to the lipid bilayer and controls localization of ion channels,
the cytoskeletal adaptor protein 4.1R does the same in the erythrocytes.
However, not 4.1R but its family member 4.1N is present at the ID.
Interestingly, Bennet et al. also found the anion exchanger Band 3 at the
ID, which stabilizes the interaction between actin and spectrin in
erythrocytes. However, no other source confirms the presence of this

pro'cein.{"74

6. Integrating ID components

Over the last years, the idea that the ID components AJs, GJs, desmo-
somes and ion channels are individual structures has been challenged.
Components appear to work together and share many accessory pro-
teins. This section aims to give a complete overview of the associations
and interdependencies of the ID components AJ, GJ, desmosome and
ion channels, and their related proteins. Furthermore, this chapter cov-
ers the transitional junction, junction-free stretches of the ID membrane
as an anchor point of sarcomeres.

6.1 Area composita

6.1.1 Linking A) to desmosome

The AJ and desmosome together are also named area composita, which
definition has been expanded to include ion channels and GJs as well, to
distinct the term from adhesion junction. Less common names for the
area composita include hybrid adherens junction and composite junc-
tion.”” The term area composita initially arose on the notion that in elec-
tron microscopy, AJs and desmosomes were detected as one electron-
dense structure.’ AJs contain desmosomal cadherins and cytoplasmic
plaque proteins, whereas desmosomes also contain N-Cad, B-cat, and
a-cat. An early analysis of the composition of the area composita listed
the following cardiac proteins: cadherins, DSP, a- and B-cat, Vcl, p120-cat
and ZO-1, and afadin, of which cardiac localization is still speculative.51
Interestingly, mice hearts lose their regenerative capacity at 1 week of
gestation, which exactly corresponds to the development of the area
composita.3 Moreover, in a ewe heart failure model, N-Cad/catenin com-
plexes, desmin, and Cx43 were all upregulated, which suggests that HF
affects the entire area composita. A 3D-reconstruction of the HF IDs
revealed that both plicate and interplicate domains are more extended in
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HF than in controls, more intercellular vacuoles are seen, and GJs are
reduced in plicate regions.”®

The important role of catenins in the area composita is illustrated by
mutations in CTNNA3 encoding o T-cat: these perturb the assembly and
function of AJs and desmosomes. Interestingly, aT-cat is only found in
desmosomes that are part of areae compositae.8 Furthermore, the re-
cently described protein myozap (myocardium-enriched zona
occludens-1-associated protein) binds and colocalizes with B-cat, N-
Cad, PKP2, DSP, and ZO-1."" It is involved in Rho-dependent SRF
(serum response factor) signaling, which is antagonized by MRIP (myosin
phosphatase-RhoA interacting protein), a binding partner of myozap.
SRF-dependent genes include natriuretic peptides and c-fos.”? Dysbindin
is a binding partner of myozap that can also interact with RhoA." The
notion that myozap also influences the A| is strengthened by the fact that
myozap contains an ezrin, radixin, and moesin (ERM)-like domain, since
ERM proteins are known to influence the function of AJs via binding and
regulating the actin cytoskeleton.”” In certain other tissues, ezrin, radixin,
and moesin connect the actin cytoskeleton to the plasma membrane and
regulate actin-related cell-cell junctions such as AJs.** However, ERM
proteins have not yet been studied specifically in cardiomyocytes.

6.1.2 Linking GJ to ion channels

Later, the GJ and ion channels were included in the area composita
model as well, although GJs are not continuous with the AJ and desmo-
some plaque.®* Multifunctional proteins like AnkG, ZO-1 and SAP97,
however, connect all four components, directly or indirectly (reviewed
in Ref. 9). This implies that the ID is actually one functional unit in which
all components depend on each other to ensure intercellular mechanical
strength and communication. Furthermore, cell—cell junctions, such the
ID, are proposed to form a ‘protein-binding hotspot’ to which modula-
tors of gene transcription are sequestered, while also regulating contact
inhibition. The observation that ZO-1 is found in the nucleus of non-
contacted cells, but at the ID of contacted cells, and the notion that N-
Cad sequesters B-cat, illustrate this.*

Considering the major multifunctional proteins, firstly, AnkG interacts
with GJs, AJs and the VGSC complex. However, mutations in ANK3
encoding AnkG seem to play a minor role in cardiac disease, although
Brugada syndrome may be caused by mutations in the Nay1.5 domain
that interacts with AnkG (reviewed in Ref. 2). Brugada syndrome is a fa-
milial channelopathy characterized by life-threatening ventricular ar-
rhythmias and a high risk on sudden cardiac death, but without structural
cardiomyopathy.?® Secondly, the PKG homologue B-cat is an important
linker between AJs, GJs, and desmosomes. Its role in AJs and signaling
pathways and interaction with Cx43 have been discussed previously. -
cat is however not essential for mechanical junction integrity, probably
because PKG can compensate for -cat deficiency. Conversely, PKG de-
ficiency cannot be compensated by P-cat despite B-cat upregulation,
leading to abnormal desmosome structure. Cardiac-specific double
knockout mouse models for B-cat and PKG show disassembly of the ID
structure, reduction of Cx43 phosphorylation and of functional GJs, and
lethal arrhythmias. This phenotype is remarkably similar to N-Cad defi-
cient mice, although replacement fibrosis was missing.”

Regarding less pivotal proteins, the transmembrane protein CAR that
associates with Nay 1.5 seems also to be involved in GJ regulation, since
cardiomyocytes of CAR knockout mice show reduced Cx43 expression
and, surprisingly, increased dye coupling®' ZO-1 might modulate this,
since it binds both Cx43 and CAR, although the ZO-1-CAR interaction
only has been shown in vitro. 8% Moreover, the gene Pitx2 (paired-like

homeodomain 2) has been identified to play a role at the ID. Micro-array
analysis revealed that many target genes of Pitx2 are involved in cell junc-
tion assembly, ion channels and transcriptional regulation. Target genes
include genes encoding B-cat, DSP, Cx43, and Kiré.2. This diversity
implies a role for Pitx2 on area composita level. Its precise function is un-
known, but its chromosomal location is close to the 4g25 familial atrial
fibrillation locus. Indeed, Pitx2 haploinsufficiency in mice show pacing-
induced arrhythmias. Furthermore, the atrial IDs of mice that were con-
ditionally deficient for atrial Pitx2 were remodelled, and spaces between
cardiomyocytes were increased. Interestingly, mitochondria were swol-
len and dysfunctional. Identifying the function of the Pitx protein would
therefore be very interesting®*

6.1.3 Linking ion channels to other ID components

Recently, super-resolution microscopy data revealed that Nav1.5 occurs
in two distinct pools at the ID: one at the perinexus, which is described in
a previous section, and one at AJs.%> A connection between Nay1.5 and
the AJ at the ID is indicated by co-immunoprecipitation of N-Cad and
Nay1.5.3*> Moreover, a recent paper showed that clusters of Nay1.5
and N-Cad preferentially localize in each other’s close vicinity, illustrating
that both proteins depend on each other, suggesting the presence of ad-
hesion/excitability nodes rather than independent structures.®® N-Cad is
also related to potassium channels, since decreased N-Cad affected Ky 1.5
channels.® Presumably, N-Cad is associated with Ky1.5 via cortactin,
which specifically regulates the interactions between N-Cad and Ky1.5
and is required for proper Ky1.5 activity. However, N-Cad does not
coprecipitate with Ky1.5. N-Cad knockout mice show a decrease in cor-
tactin levels, actin skeleton disruption, and decreased expression of
Ky1.5. This means that N-Cad deficiency leads to prolonged action po-
tentials, conduction slowing, and an increase in arrhythmia incidence.®

Katp channel subunits Kir6.2 and SUR2A co-localize with PKP2 and
PKG at the ID. Moreover, super-resolution microscopy shows that Katp
channels are at interacting distance from the junctional proteins N-Cad,
AnkG and DSP. Colocalization with Cx43 was weak, so a tight relation-
ship with GJs is not expected.®’

Desmosomal integrity is important to ensure sodium current, in
which espec ially PKP2 plays a crucial role. Cardiomyocytes without
PKP2 showed a decreased sodium current and reduced abundance of
Nay1.5 at the ID. This led to reentry activity and decreased conduction
velocity. In a PKP2-haploinsufficient mouse model, desmosomal integrity
was lost, sodium current amplitude decreased and conduction velocity
reduced.”'®®° Nay1.5 was remodelled, but unlike Cx43 remodelling,
this process was not mediated by microtubules.”® AnkG has been pro-
posed to be an important modulator of the interactions between PKP2
and Nay 1.5, (reviewed in Ref. 9) also regarding the notion that PKP2 and
Nay1.5 occur in the same protein complex with [4-spectrin and
CAMKIIS. The desmosome is thought to anchor AnkG to the mem-
brane, which stabilizes the spectrin-AnkG complex,s’33 and desmosomal
proteins might be involved in the targeting of Na channels to the ID.
Indeed, in vivo AnkG loss results in PKP2 remodelling,75 and PKP2 hap-
loinsufficiency in mice reduced potassium current, but the mechanisms
behind this reduction remain unclear.®’

6.1.4 Noncanonical roles for Cx43

Classically, sodium channels are thought to be responsible for cell excit-
ability, while GJs gate the transduction of charge between cells.
However, noncanonical roles of Cx43 have emerged: Cx43 maintains
the complex that generates the action potential, which means that Cx43
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is needed for both charge transduction and cell excitability. (reviewed in
Ref. 9) It is therefore noteworthy that Cx43 and Nay 1.5 co-immunopre-
cipitate®® and Cx43 deficiency leads to a reduced Nay 1.5 expression and
conduction delay. Cx43 insufficiency is deleterious in two ways: the ac-
tual GJ between cells is compromised, but also the charge generated by
cells is diminished. Cx43 deficiency reduced the expression of Nay1.5,
leading to a reduced sodium current and increased vulnerability for ar-
rhythmias.” Furthermore, truncating Cx43 by its five C-terminal amino
acid residues confirms its noncanonical roles. Truncated Cx43 cannot
bind ZO-1, while GJs remain functional. Mice expressing this truncated
form die from ventricular arrhythmias, which were explained by
decreased sodium and potassium current densities. The arrhythmias are
therefore independent of GJ function. The changes in current density
might however be not the only cause. Cx43 truncation may also affect
the function of mitochondrial Cx43. Still, ZO-1 appears essential in link-
ing GJ to ion channel function.® Depletion of AnkG also leads to a de-
crease in Cx43 abundance, GJ plaques, and intercellular conductance.”*?
These effects are probably caused by a disruption of microtubule-
mediated delivery of Cx43.%>

6.2 Connexome

The VGSC, Cx43 and desmosomes—interestingly, without AJ-are
together distinguished as one functional unit, named the connexome,
regulating excitability, cell-cell adhesion, and intercellular contact.®’
Interestingly, the connexome is thought to include the outer connexons
and Nav15 of the perinexus, and the adjacent PKP2°>® How the
perinexus, connexome and area composita relate to each other, is
not described yet. However, it is probable that the connexome is a bor-
der zone between perinexus and area composita. According to the
connexome hypothesis, Cx43 exerts GJ-independent functions in
the connexome, ensuring normal sodium current density. Specifically,
the C-terminus of Cx43 ensures functional surface expression of Nay1.5
at the ID, probably by regulating microtubule-mediated vesicle

%33 and

delivery.®® The VGSC is essential for proper cell-cell adhesion,
desmosomal integrity is a requirement for proper VGSC function. In a
mouse model with an AC-related mutation in PKP2, Nay1.5 abundance
was not affected, but sodium current amplitude was decreased, compar-
able to the results of PKP2 deficiency. PKP2 might be required to
ensure proper microtubule capping that is needed for Nay1.5 delivery at
the ID. Brugada syndrome has been mentioned as a disease of the con-
nexome, in which mutations in PKP2 and the subsequent deficit in
Nay1.5 at the ID cause the arrhythmogenic phenotype and fibrosis, even
in the absence of structural cardiomyopathy.80

AnkG is also thought to be crucial in the connexome, linking the
VGSC complex, GJs, and desmosomes. It ensures for instance mechan-
ical continuity and electrical coupling between cardiomyocytes, which
makes it indispensable for action potential propagation. Moreover,
AnkG integrates G) and desmosome function. Also, it influences the sub-
cellular localization of PKP2, but this association might be indirect. AnkG
deficiency did not influence PKG or N-Cad distribution, which implies
that the A] and AnkG do not interact, although it might be a false-
negative result.*>

Recently, the ultrastructure of the connexome has been investigated.
Lateral edges of GJs and desmosomes are shown to form a triad, with
rough budding vesicles in between. Budding vesicles were also seen at
the edge of the GJ plaque and in the intercellular space. The mechanisms

behind these vesicles and its contents remain unclear.>®

6.3 Transitional junction

The ID membrane is not completely studded with transmembrane pro-
teins. The apex of membrane interdigitations appears to be junction-
free, and there, sarcomeres are connected to the membrane. This region
is called the transitional junction (Tr]).% Although typical Z-disc struc-
tures are not recognizable and actin filaments apparently seamlessly inte-
grate into the membrane, typical Z-disc proteins such as a-actinin, titin,
ZASP, non-muscle myosin [IB and NRAP (nebulin-related anchoring pro-
tein) are identified. Furthermore, the terminal thin filaments at the ID are
composed of B-actin instead of the ID-specific a-actin (reviewed in Ref.
3). It has been proposed that a-actinin crosslinks sarcomeric o-actin,
whereby Z-disc-associated protein ZASP supports a-act. Titin then
binds to actin and o-actinin, linking the sarcomere to the ID.® The Tr] is
the proposed site for sarcomerogenesis, where myofibrils are elongated
and the cardiomyocyte grows longitudinally. In this respect, the Tr] is
thought to function as a proto-Z-disc for sarcomeric addition.
Interestingly, during cardiac growth, the membrane fold amplitude varies
between 0.2 and 2 pm. The largest amplitude is equivalent to sarcomere
length and at that stage, the Tr] hosts the development of the Z-disc.
The Tr] is then an anchor for new filaments, incorporating titin and sub-
sequently maturing into a Z-disc.”’

Also, all-Spectrin and Mena/VASP are crucial elements of the TrJ: in
fact, their complexes protect the terminal sarcomeric filaments and con-
nect them to the sarcolemma, thereby forming the Tr). At the ID, the
SH3i splice variant of all-Spectrin is found, with an extra C-terminal 20
amino acid insertion in the SH3 domain.*® Other spectrin-binding pro-
teins at the Tr] include MLP and filamins.>® The SH3 domain of spectrin is
crucial for the direct interaction with Mena/VASP. This direct interaction
ensures B-actin filament assembly and stabilization of intercellular con-
tact. PKA-mediated VASP phosphorylation inhibits this binding. Also,
Mena complexes with B-actin, sarcomeric a-actinin and Cx43. Although
Mena and VASP both bind B-actin, it is unknown how they distinguish be-
tween different actin isoforms.*® Mice deficient in all-spectrin, and Mena/
VASP double-knockout mice all suffer from severe cardiac abnormalities.
These similarities indicate that both proteins are essential for connecting
the sarcomeres to the ID, or in other words, for the transitional
junc‘cions.38

Furthermore, AnkG contains an obscurin/titin-binding-related domain
(OTBD), which means that AnkG could also be involved in the transi-
tional junction, since obscurin is a Z-disc-associated protein. The OTBD
can also bind plectin and filamin C, factors that organize the cytoskeleton
and regulate myogenesis.”® The enormous protein plectin has not been
reported in association with the ID before. It might be interesting to
search for the role of plectin at the ID, since it anchors IFs to desmo-
somes in other tissues than the heart.?” And as a last Trj-related protein,
filamin C is the cardiac-specific variant of filamin, which has been men-
tioned before in this review as an interaction partner of AnkG, spectrin,
and mXino.. Mutations in FLNC encoding filamin C cause myopathy with
cardiac involvement in humans. In medaka fish, the filamin C mutant zac
caused similar symptoms. In the heart, this mutant protein localized at
IDs, where myofibrils failed to attach to the sarcolemma, which made
the hearts more vulnerable to mechanical stress. However, it remains to

be seen if these results can be extrapolated to mice or humans.”®

7. Role of focal adhesions

Although focal adhesions function primarily as cell-matrix junctions in
the LM of cardiomyocytes, they also fulfill a role in mechanically
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stabilizing IDs in development and disease. They stabilize cells in which
IDs are assembled and which undergo myofibrillogenesis. When the ID
is mature, the focal adhesions disassemble due to intercellular mechan-
ical force transduction. In cardiac disease, fibrosis challenges cell-cell
junctions because of increased mechanical forces. Then, focal adhesions
are found around the ID again to ensure mechanical stability. Since GJs
form relatively late in development when focal adhesions have already
dissociated from the ID, it is interesting to note that remodelling of GJs
during disease correlates with the renewed presence of focal adhesions
of GJs. Unraveling the mechanism behind this observation might be cru-

cial in understanding GJ remodelling during disease.”

8. ID mutations and disease

Mutations in desmosomal proteins, such as DSP and the cutaneous
variant PKP1, have been associated with diverse diseases, including the
blistering skin disease pemphigus, palmoplantar keratoderma, and in-
herited hypotrichosis. Desmosomal mutations may perturb cell-cell ad-
hesion, IF adhesion, or both. These diseases illustrate the importance of
desmosomes in other tissues than the heart, and are caused by muta-
tions in or autoimmune reactions to non-cardiac homologues of desmo-
somal proteins. However, how DSP mutations can specifically cause a
cutaneous phenotype while leaving the heart unaffected remains
unclear.

Cardiac desmosomal mutations are strongly associated with arrhyth-
mogenic cardiomyopathy (AC), characterized by syncope and sudden
death in young athletes or sustained ventricular tachycardia. PKP2 muta-
tions are most prevalent in AC patients, but mutations affecting the des-
mosomal cadherins, DSP, and PKG also have been associated with this
disease." These mutations distort proper desmosome structure, which
might cause dissociation of PKG from the desmosome. PKG is then able
to compete with B-cat at the A, which suppresses the Wnt pathway.
This might lead to the fibrofatty replacement and apoptosis of the myo-
cardium, characteristic of AC. Surprisingly, mutations affecting the AJ
proteins N-Cad, a-cat, mXina, and B-cat lead to dilated cardiomyopathy
without myocyte loss and inflammation, unlike the AC phenotype.
Therefore, desmosomes are thought to be involved in different signaling
pathways than AJs Overall, a decrease in desmosomal protein expres-
sion has an effect on multiple levels. Firstly, it causes GJ remodelling.
Secondly, nuclear PKG levels increase, the expression of Wnt/B-cat sig-
naling genes c-Myc and Cyclin D1 decreases, and expression of several
adipogenic genes increases. This might lead to a transdifferentiation of
cardiomyocytes into adipocytes.”

Interestingly, cardiocutaneous diseases in which cardiac and skin
abnormalities are combined are often caused by desmosomal mutations.
Naxos disease is a type of AC combined with woolly hear and palmo-
plantar keratoderma, which is associated with mutations in JUP encoding
PKG. Carvajal disease, symptomatically very similar to Naxos disease, is
associated with DSP mutations. In AC, Naxos and Carvajal disease pa-
tients, GJs are also remodelled."”

Brugada syndrome, Carvajal disease and AC are also associated with
mutations affecting the proteins desmin, titin, lamins A and C, transmem-
brane protein (TMEM) 43, striatin, and transforming growth factor 3.
Desmin and titin play a role at the ID, but this is not the case for the
other proteins listed here. Lamins for instance are a class of intermediate
filaments at the nuclear membrane. Striatins have a caveolin-binding do-
main, implying a role at the ID.”*”* Lastly, muations in CTNNA3 are asso-
ciated with AC. Although the mutated protein impairs the association

with B-cat, this does not completely explain the perturbation of AJ and
desmosome assembly.8

9. The ID as mechanosensor

Beyond mechanical and electrical coupling, the ID also exerts mechano-
sensing roles, which are realized via N-Cad, Cx43, and the ion channels
TRPV2 and TREK-1. The roles of these elements only have been described
individually, so a very interesting question is whether and how these
mechanosensors influence each other. Considering the known connec-
tions between mechanics and electrics, this crosstalk very likely occurs.

9.1 Area composita

AJs don't just glue cells together. By means of mechanosensing cadherins,
they affect the stiffness of neighboring CMCs. This is of great importance
for the structural integrity of the heart: after all, a chain is as strong as its
weakest link. Mechanical force on cadherins leads to changes in sarco-
meric organization, cell shape, and stiffness. The force is transduced to
ai-actinin, which changes its conformation, thereby recruiting Vcl from
costameric areas.’* Another study showed that mechanical force on
cadherins leads to activation of Abelson tyrosine kinase, which phos-
phorylates Vcl. This correlates with the finding that Vcl phosphorylation
at position Y822 leads to higher Vcl concentrations at the AJ than at the
costameres.* Further downstream, common global cytoskeleton regula-
tors such as RhoA are probably responsible for the observed effects at
the cytoskeleton level: changes in sarcomeric organization, cell shape,
and stiffness.”*” Furthermore, mechanical stretch increases N-Cad
protein expression.”® Please note that integrins at the LM are also
mechanosensitive, but they have different effects on the cytoskeleton.95
Interestingly, stretch on ECM-integrin complexes induce upregulation of
N-Cad, PKG, DSP, and Cx43 expression (reviewed in Ref. 99).

9.2 Gap junctions

GJs seem to be mechanodependent as well. Cyclic mechanical stress
(CMS), representing the forces arising from cardiomyocyte contractions,
increases GJ number and size,”® as well as Cx43 protein and mRNA lev-
els, which is similar to the effect of a- or B-adrenergic stimulation.
Moreover, Cx43 phosphorylation is increased under CMS conditions.'®
These processes are probably mediated by vascular endothelial growth

factor (reviewed in Ref. 99).

9.3 lon channels

Mechanically gated channels (MGCs) are sensors and effectors in
mechano-electric feedback (MEF), an excellent example of the integra-
tion of mechanical and electrical properties. The concept of MEF was
coined after the discovery of the Bainbridge effect, which entails that
stretch of the right atrium increases the spontaneous beating rate of the
SA node. At the ID, two MGCs are described: transient receptor poten-
tial cation subfamily V member 2 (TRPV2) and the two-pore K™ channel
TREK-1. Firstly, TRPV2 is cell volume-activated, allowing K™ efflux when
cell volume increases. However, TRPV2 only translocates to the ID
upon osmotic shock or insulin-like growth factor 1 (IGF-1) stimulation.
TRPV2 also seems pivotal for ID integrity: cardiomyocytes of neonatal
TRPV2 KO mice show impaired excitation-contraction coupling, and no
ID formation. Concomitantly, induced cardiac-specific TRPV2 KO mice
show disorganized ID structures, and impaired cardiac pump function.
IGF-1 administration partly prevented chamber dilation and improved
cardiac pump function.'"™"% Secondly, TREK-1 is a stretch-activated
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Figure 7 Spatial distribution of ID components. Large GJ plaques occur at the interplicate region, whereas smaller GJs are found in the apex of plicae of
the plicate region. These GJs are surrounded by the perinexus and connexome. The connexome seems to be continuous with the area composita. lon chan-

nels reside in the perinexus and area composita.

channel (SAC) that aids normal repolarization of the AP, while increased
current shortens the AP. In mouse heart, TREK-1 interacts with BIV-
spectrin, which ensures its membrane targeting and activity. However, it
hasn't been found (yet) in human heart."**'%* Lastly, it must be noted
that Kir channels and Nav1.5 are, although mainly activated by other
stimuli, also mechanically affected—at least in human embryonic kidney
cells (reviewed in Ref. 103).

10. An integrated model of the ID

The data presented in this review together result in the detailed molecu-
lar models as expressed in the Figures 3—6, which summarize protein

interaction data for all ‘separate’ ID structures. Figure 7, in turn, enhances
our understanding by linking the molecular models of individual struc-
tures into a refined, spatially integrated model of the ID.

The ID can be viewed as a stair-like structure with several steps, with
the ‘tread’ perpendicular to the longitudinal axis of the myocytes and the
‘riser” in parallel. The membrane area in the longitudinal axis of the cell is
called the interplicate region and is one or more sarcomere units long.
Only GJs, and no other structures, have been reported in this part of the
membrane.®®'%1% The plicate region, perpendicular to the long axis of
the cell, is heavily folded. Tr]s are located at the transition between pli-
cate and interplicate regions, gluing the sarcomere to the sarcolemma.
Nesting on the innermost ends of these plicate folds are GJs’®~but the
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plaques are smaller than those in the interplicate region.'® Although no
report on the perinexus mentions whether it’s located in either the pli-
cate or interplicate region,”’ it resides most likely in the plicate regions.
We deduce this from the findings that perinexi host sodium channels,'”’
and are neighbored by desmosomes>*-both structures are not found in
interplicate regions.ég'm5 This raises the question how GJs at interplicate
regions look like, and if these also have perinexus-like structures. The
outer connexons and sodium channels of the perinexus and the neigh-
boring desmosomes together form the connexome, linked by
AnkG.>¢*8 These desmosomal proteins most probably continue into the
area composita, which spans a large part of the plicate region.”® In this
relatively large area composita area, sodium channels—and likely potas-
sium channels too—form adhesion/excitability nodes with N-Cad.*®
Whether there is a relationship between the area composita and Tr re-
mains however unknown.

11. Conclusion

AJs, desmosomes, GJs, and ion channels are not individually operating
structures, but form one functional unit as the area composita; they
work together in many different ways, for instance via scaffolding pro-
teins such as ZO-1 and AnkG. Some structural components of cell-cell
junctions can also interact with other ID proteins or function in signaling
pathways, such as Cx43 and B-cat. GJs and ion channels together com-
prise the perinexus; VGSC complexes, GJs and desmosomes are to-
gether named the connexome; whereas AJs, desmosomes, GJs and ion
channels together form the area composita. Moreover, not every stretch
of ID membrane is covered with junctional proteins: certain parts of the
membrane are involved in the connection of myofibrils to the mem-
brane, which is called the transitional junction. Furthermore, GJs and ion
channels likely create and propagate action potentials together. The
model in which GJs solely transport charge and small solutes whereas
jon channels only produce and propagate action potentials, appears to
be outdated. Protein deficiencies may lastly lead to mechanical dysfunc-
tion of for instance the A, but also to arrhythmias, often via GJ remodel-
ling. This illustrates the interdependency of the ID components and the
coupling of mechanical and electrical elements.

11.1 Future perspectives

The introduction of the term area composita is an important step for-
ward in ID research. However, the definition of the area composita is still
unclear: do all AJs and desmosomes fuse into an adhering junction? To
what extent are GJs involved? And does the area composita include ion
channels? Furthermore, the relationship between the perinexus, the
connexome, and the area composita remains to be determined, as well
as the regulation, development and specific properties of these struc-
tures. Advances in mathematical modelling, and novel techniques, such
as super-resolution microscopy, and scanning ion-conductance micros-
copy (SICM), should help to address these open questions in the near
future.

To summarize, the ID is a very complex structure, which we are only
starting to understand. New proteins and processes are continuously
discovered, and they deserve to be investigated since their apparent
roles in cardiac disease. The role of the ID far exceeds the ensuring of
mechanical strength and electrical coupling; many components are
involved in intracellular signaling pathways. The observation that muta-
tions in one ID protein may have a wide range of effects in cardiac

diseases like AC and Brugada syndrome illustrate that ID components
strongly rely on each other for their proper function.
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ARTICLE INFO ABSTRACT

Keywords: This work discusses active and passive electrical properties of transverse (T-)tubules in ventricular cardio-
Myocytes myocytes to understand the physiological roles of T-tubules. T-tubules are invaginations of the lateral membrane
Cardiac

that provide a large surface for calcium-handling proteins to facilitate sarcomere shortening. Higher heart rates
correlate with higher T-tubular densities in mammalian ventricular cardiomyocytes. We assess ion dynamics in
T-tubules and the effects of sodium current in T-tubules on the extracellular potential, which leads to a partial
reduction of the sodium current in deep segments of a T-tubule. We moreover reflect on the impact of T-tubules
on macroscopic conduction velocity, integrating fundamental principles of action potential propagation and
conduction. We also theoretically assess how the conduction velocity is affected by different T-tubular sodium
current densities. Lastly, we critically assess literature on ion channel expression to determine whether action

Transverse tubules

Cardiac conduction

Action potential

Voltage-gated sodium channels

potentials can be initiated in T-tubules.
This article is part of a Special Issue entitled: Cardiomyocyte biology: new pathways of differentiation and
regeneration edited by Marijke Brinkm, Marcus C. Schaub, and Christian Zuppinger.

1. Introduction

Transverse tubules are deep membrane invaginations of the lateral
sarcolemma found in all striated muscle cells. In cardiomyocytes from
mammalian cardiac ventricles, T-tubules form a particularly complex
network throughout the cell [3,4] (see Fig. 1), and are rich in ion
channels and many regulatory proteins (reviewed in [5-7]). In atrial
cells, the T-tubular network is dense, half-dense, or absent [8]. From
the classic dictum “form follows function”, it is easy to formulate hy-
potheses about the function of T-tubules without becoming teleologic.
Given that the T-tubular network protrudes deep into the cell, the in-
crease in sarcolemmal surface functions as a platform for signaling and
calcium handling [5]. Through T-tubules, signals from extra- to in-
tracellular domains — both electrical and biochemical — can be con-
ducted relatively fast. Indeed, T-tubules are the stage for many different
processes (reviewed in [6]).

This work is dedicated to the question what the functional roles of
T-tubules are. We discuss the depolarization delay of T-tubular mem-
brane, and the effects of sodium current on membrane potential and
electrical potentials in T-tubules. We also discuss principles of

physiology in the context of T-tubules, and experimental data in the
context of these physiological principles. Since the remodeling of T-
tubules is observed in many cardiac diseases [9,10], it is crucial to
understand the roles of T-tubules in healthy cells before we can address
the consequences of T-tubular remodeling.

We will only concisely discuss T-tubular structure (Section 2.2),
signaling (Section 2.3), and remodeling in disease (Section 3.6), since
excellent reviews have already been published on these topics
[5-7,9-11]. Rather, our work will focus on the electrical properties of
T-tubules. Firstly, we will discuss the passive properties of T-tubules
(Section 3.1), that is, the process by which initial depolarization of the
cell membrane propagates into T-tubules without considering voltage-
gated ion channels. This includes the discussion of relevant aspects of
cable theory [12-16]. Special attention will go out to the capacitive
current, which charges the membrane during cell excitation, whereby a
larger membrane surface requires more time to charge. To this end, we
discuss the delay of T-tubular membrane depolarization. We then assess
extracellular potential along the T-tubules and its effect on sodium
current amplitude (Section 3.2).

Section 3.3 is dedicated to conduction, since conduction velocity is
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Fig. 1. T-tubular structure. (A) Two-photon image of T-tubular network in rat
ventricular cardiomyocyte. Scale bar: 5pm. Reprinted from Soeller & Cannell
[1] with authorization of the publisher. (B) Transverse and axial elements of the
T-tubular network in murine ventricular cardiomyocyte stained with the
membrane dye di-8-ANEPPS imaged by stimulated emission depletion (STED)
microscopy. Dotted rectangle indicates location of magnified region on the
right. White arrowhead indicates a cross-section of a T-tubule. Scale bar: 1 pum;
fluorescence intensity given by look-up table on the left. Reprinted from
Wagner et al. 2012 [2] with authorization of the publisher.

an important parameter in arrhythmogenesis [17] and is affected by the
presence of T-tubular membrane and ion channels. Over the course of
the upstroke of an action potential, we describe the capacitive current,
transmembrane current, and membrane potential changes for a cell. We
will then assess theoretically how conduction velocity may differ be-
tween tissues with three different densities of T-tubular voltage-gated
sodium channels: (1) no or few channels in T-tubules; (2) same channel
density in T-tubules as in surface membrane; and (3) higher channel
density in T-tubules than in surface sarcolemma.

In Section 3.4, we critically review published data on the expression
of voltage-gated ion channels and ion pumps, because the data quality
is at times unsatisfactory, yet often cited without critical connotations.
This will elucidate whether T-tubules contain the necessary collection
of ion handling proteins to generate an action potential. Although
Section 3.1 and 3.2 will illustrate that theoretically passive conduction
suffices to depolarize the T-tubular membrane quickly enough, action
potentials may still be evoked.

Ion dynamics in the T-tubular lumen will be concisely discussed in
Section 3.5. The small and tortuous T-tubular lumen restricts diffusion
and affects driving force of voltage-gated ion channels [18,19]. Lastly,
we will discuss T-tubule heterogeneity in atrial cardiomyocytes in
Section 4. Atrial cells contract as often as ventricular cells, yet have less
T-tubules than ventricular cells or none at all [20].

Taken together, this work will thoroughly assess the electrical
properties and roles of T-tubules and a better fundamental

BBA - Molecular Cell Research xxx (XxXX) XXX—XXX

understanding of T-tubules will contribute to a better understanding of
the implications of T-tubular remodeling in disease.

2. T-tubules - the basics
2.1. T-tubules in cardiac excitability

The benchmark role of T-tubules is to facilitate excitation-contrac-
tion coupling [7], the process that couples the action potential with
muscle contraction. The cardiac action potential is triggered when gap
junctions at the intercalated disc, where two cardiomyocytes are con-
nected [21], conduct a depolarizing current from an excited to a resting
cell. Once the membrane potential reaches the activation threshold of
voltage-gated sodium channels, these channels open quickly and con-
duct a large inward sodium current, further depolarizing the membrane
(see Fig. 2). Sodium channels at the intercalated disc may also be ac-
tivated by ephaptic interactions [22-24], a process relying on interac-
tions between sodium current and extracellular potential. Besides the
intercalated disc, sodium channels are also expressed in the lateral
membrane [25]. Whether sodium channels are present in the T-tubules
will be discussed in a later chapter. As soon as the membrane has de-
polarized further, the L-type voltage-gated calcium channels, which are
mainly located in the T-tubules [26], also open and conduct an inward
calcium current. Voltage-gated calcium channels are close to (~15nm)
ryanodine receptors (isoform RyR2 in the heart) in the sarcoplasmic
reticulum (SR) [7], together forming dyads. Calcium influx through T-
tubular channels therefore quickly leads to calcium efflux from the SR
conducted by RyR2, a process called calcium-induced calcium release
[7]1. The increased intracellular calcium concentration then induces
sarcomere shortening [7]. By bringing voltage-gated calcium channels
close to sarcomeres at the periphery as well as in the core of the cell, T-
tubules provide a large stage for calcium handling proteins, promoting
synchronous contraction of the whole depth of the cell [27]. Later
during the action potential, voltage-gated potassium channels also
open. The opposing potassium and calcium currents create the plateau
of the action potential, where the membrane stays depolarized for a
while, after which calcium channels close and the potassium current
repolarizes the sarcolemma. Then, the sodium-potassium ATPase and
the sodium-calcium exchanger among others restore ion concentrations
at both sides of the membrane, while SERCA (sarco/endoplasmic re-
ticulum Ca®™ ATPase) takes up calcium from the myoplasm back into
the SR.

T-tubules also serve as hubs for signaling molecules.
Catecholamines for instance bind to B-adrenergic receptors in the T-
tubules, modifying cardiac contraction and relaxation [6].

2.2. Structure

T-tubules can be subdivided in transversal tubules, perpendicular to
the lateral sarcolemma and running along the z-discs of sarcomeres, and
longitudinal or axial tubules that link transversal tubules to each other
(Fig. 1B). T-tubules however do not form a continuous network
throughout the cell. The mean length for a T-tubular segment in rats is
about 6.8 um [1]. Of note, T-tubular structure differs considerably be-
tween species. For instance, in sheep, axial segments make up 9% of
total T-tubular volume, but 60% in rat [1]. Described T-tubular luminal
diameters range from 20 to 450 nm, with an average of 200-300 nm in
rat [1] (reviewed in [5]). For the sake of comparison, T-tubules of
skeletal muscle are only 30 nm in diameter [28]. When considering
cardiac T-tubular openings, those in rabbit are wider than in mouse
[29]. As a rule, mammals with a high heart rate, such as mice, have a
much denser T-tubular network with smaller diameters than low-heart
rate species, such as human [3,27]. Possibly, the higher the heart rate,
the faster and more efficient excitation-contraction coupling must
occur, and the more membrane surface is required to accommodate
more calcium-handling structures such as dyads.
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As for membrane area, the measurements differ depending on the
applied method, even within one species. For rats, T-tubular membrane
area estimations range from 21 to 64% of total sarcolemma [30].
Causes and implications of these differences will be discussed ex-
tensively in Section 3.3.

On a nanoscale, T-tubules connect with the flat ends of SR, known as
terminal cisternae, where dyads are located. Connections of T-tubules
with the nuclear envelope, endoplasmic reticulum (ER), and mi-
tochondria have also been described [5,31]. Nuclear envelope-T-tubule

(caption on next page)

connections are likely to facilitate a process called excitation-transla-
tion coupling [32]. Moreover, the T-tubular membrane forms micro-
folds. Their folding is mediated by the BAR-domain protein Binl [33].
T-tubules also contain caveolae, 50-100 nm-wide flask-shaped in-
vaginations of the membrane. Their coating of caveolin and cavin sets
them apart from other lipid rafts. The density of caveolae seems to be
equally high in the T-tubular and other sarcolemma [34,35].
Considering that T-tubules associate with many proteins and have
tortuous membrane folds, T-tubules are complex structures that still can
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Fig. 2. Principles of conduction and current flow during the upstroke of the action potential. Panel (A) depicts a strand of cardiac cells. During action potential
propagation, current will enter a given cell through gap junctions at one end of the cell (I;,) and leave through gap junctions at the other end (I,). The cell membrane
is represented by a capacitance connected in parallel to all ion currents. The membrane current is thus the sum of the capacitive and ionic currents (I.,p and Iion,
respectively). Panel (B) describes currents in the middle cell at different stages (1-6) of the action potential upstroke, corresponding to numbers 1-6 in panels (C) and
(D). Stage 1: at the foot of the upstroke, a part of I;, will charge the membrane (I.,p,, green), while a very small outward current (Ix; and Iicqx, red) will leak through the
membrane. Ix; and Iy are very small and are not depicted in stages 2-5. Stage 2: a fraction of I, is transferred to the membrane as I.., while the first sodium
channels open (red) and contribute to I, and I ,p. Stage 3: at the time of dV/dtmay, fin equals I, Therefore, at this time point, the large inward sodium current serves
to depolarize the membrane. Stage 4: now, I, is larger than I;;. The sodium current contributes to I, as well as to I..p,. Stage 5: I;; further decreases. Iy, is also
smaller, yet still contributes to I, and . Stage 6: end of the upstroke. Most sodium channels are inactivated, very little current is flowing. Panel (C) and (D) depict
the relationship between action potential upstroke and ion currents. (C) The blue curve represents the upstroke of the action potential. (D) The green curve depicts
dV/dt, which reflects the capacitive current. The red curve represents the sodium current normalized to cell capacitance, which is at its maximum just after the dV/
dtmax. Note that during the upstroke, the sodium current prevails largely over the other ion currents. The difference between current entering and exiting the cell (I;, -
Iou), also normalized to cell capacitance, is given by the black curve. This curve is directly following the sum of capacitive and transmembrane ion currents (in this

case, only the sodium current is relevant).

be dynamic under certain circumstances, for instance in disease [9,36].

2.3. Regulation and signaling

Many factors regulate T-tubules biochemically or biophysically, a
few of which will be mentioned in this section (reviewed in [5,6,27]).
Caveolae for instance compartmentalize specific signaling proteins,
such as the Py-adrenergic receptor ($»-AR), which forms signaling
clusters with the G protein G and G;. G; activates the adenylyl cyclases
AC5 and AC6 and PKA. AC5 and AC6 in turn produce cAMP, which has
a wide range of downstream effects. Targets of PKA include calcium-
handling proteins such as the voltage-gated calcium channel and RyR2,
and the sarcomeric proteins troponin I and C. 3;-AR on the other hand
is not confined to caveolae and couples exclusively to the stimulatory G
pathway (reviewed in [6]). The L-type voltage-gated calcium channel is
expressed both inside and outside of caveolae. The caveolar channels
appear to be cAMP-activated and affect hypertrophy instead of excita-
tion-contraction coupling [37]. Other noteworthy regulators of T-tu-
bules are: (1) Tcap, which regulates the formation of T-tubules under
influence of load and stretch of the cell [38]; (2) junctophilin-2, which
stabilizes dyads [39,40]; and (3) Binl, which folds the T-tubular
membrane and recruits calcium channels [41,42].

3. Electrical properties of T-tubules
3.1. Passive properties

In this section, we will address the electrical properties of T-tubules,
and how they affect cardiomyocyte excitability.

During the propagation of the depolarizing wavefront, the voltage
difference between neighboring cells is the driving force for inter-
cellular current. This current is conducted by gap junctions and depo-
larizes the membrane of the neighboring cell. Once a membrane de-
polarizes at the surface of a myocyte, the change in voltage induces
passive electrotonic responses of the T-tubular membrane for which ion
channel openings are not required. To assess whether passive conduc-
tion suffices to depolarize the entire T-tubular system, cable theory
comes into play [43,44]. If we consider a passive T-tubular membrane,
when the cell is excited by an action potential, the T-tubular trans-
membrane voltage drops due to current leaking across the membrane
resistance (r,) and flowing outwards down the T-tubules through their
longitudinal resistance (rrr). These effects limit the extent of electro-
tonic responses. To assess the decay of action potential propagation, the
length constant for guinea pig T-tubules was theoretically estimated at
A = 240 um [10,45]. Kong et al. also calculated the length constant
based on optical measurements in mouse cardiomyocytes at
A = 240 um [46].

To assess passive electrical properties experimentally, Scardigli
et al. [47] were inspired by an experimental geology study, in which
conductivity of a porous rock was determined to assess the diffusive
properties. In isolated cardiomyocytes, the apparent diffusion

coefficient D' of fluorescent dextran was determined by fluorescence
recovery after photobleaching (FRAP) microscopy. The cardiomyocytes
were modeled as porous cylinders and Fick's second law of diffusion
was applied to calculate D' from the time to recovery after photo-
bleaching and the cellular radius (D' = 1.4 pmz-s’l). Based on the
analogies between Fick's first law of diffusion and the electrical current
density law, the electrical conductivity of T-tubules was determined at
K'=(53 + 0.5) 10°4Q tem~ L. Lastly, the length constant was
calculated from the diffusion rate and the previously measured T-tub-
ular surface area per unit cell volume: . = 290 + 90 um. This is very
similar to the aforementioned values.

Scardigli et al. however did not properly consider that the analogy
between conductivity and diffusion depends on the detailed porous
structure, which in geology is described by the so-called “formation
factor”. This factor describes the ratio of the resistivity of a porous rock
filled with water to the resistivity of water and must be empirically
measured or defined for different rock types. For cardiac myocytes, the
actual factor is unknown. Scardigli et al.'s estimate of the diffusion
coefficient may therefore be subject to uncertainty and thus differ from
values reported by for instance Kong et al. (D' = 23 um2~s_1) [29]. The
obtained length constant however resembled that found by Kong et al.
because the formation factor offsets diffusion [29].

For a rat T-tubule with a mean length of 6.84 um [1], Scardigli et al.
calculated a voltage drop from the surface sarcolemma to the cell core
of ~ —4mV assuming an infinite cable, and thus an exponential decay
of potential along the T-tubule. The voltage drop in an infinite cable can
be described by [48,49].
AV (x) = AV, (e‘%) W
where AV, = 100 mV and A is the length constant, which can be de-
scribed by the following cable-theory-derived equation [49].

1= |L
\/ 28mPe &)

where r is the T-tubular lumen radius, g, the conductance of resting
membrane per unit area, and p, the resistivity of extracellular space. A
sealed-end cable however approaches a T-tubule more closely than an
infinite cable does. Voltage drop in a sealed-end cable at depth x can be
described by [48,49].

L—
cosh(Tx)

AVED =A% S D 3)

where L is the T-tubule length [48]. Eq. (3) decreases less steeply with x
than Eq. 1, and if L <A, AV(x) hardly decays at all as described by Eq.
(3). For the T-tubular properties described by Scardigli, Eq. (3) yields a
much smaller voltage drop of —0.028 mV [50].

Uchida and Lopatin [51] recently showed that a length constant of
~290 um is probably a significant overestimation, because the pre-
viously discussed publications [45,47] did not take the dilations and
constrictions of T-tubules into account. In addition, T-tubules form
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branching networks, and can also form loops. In neuroscience, much
effort was invested in deriving simplifying formulas to describe the
decay of the electrotonic potential in neuritic trees with changing
neurite diameters (e.g., flaring, tapering) and branches [49,52-55]. For
example, Rall has shown that a branching dendritic tree can be col-
lapsed to a cylinder model under certain stringent constraints such as
defined relationships between the diameters of parent and daughter
branches [54-56]. While certain neurons may exhibit parent and
daughter branch diameters compatible with such constraints, these
constraints certainly do not pertain to T-tubules. The morphological
heterogeneity of T-tubules disqualifies the straightforward application
of classic cable theory.

Uchida and Lopatin determined the diffusion coefficient
D'ty = 4um?s~ ! in murine cardiomyocytes. This is comparable to the
findings of Scardigli et al. (D'rr = 1.4 um*s ! as mentioned previously)
[47], but not to the findings from Kong et al. who calculate a much
higher diffusion coefficient in murine T-tubules of ~ 23 um*s~' for
1 kDa solutes [29]. The diffusion coefficient found by Kong et al. cor-
responds to a ~ 12 times reduction of free diffusion rate, which is
comparable to the ~ 8 times reduction of calcium ion diffusion esti-
mated based on electrophysiological experiments [57]. This finding
from Kong et al. likely approximates the in vivo diffusion coefficient
better since their model is not confounded by cell and illumination
beam geometries, which might have affected the results from Scardigli
and Uchida [47,51]. Interestingly, the diffusion coefficient in rabbit T-
tubules is only ~ 5 times slower than free diffusion rate compared to
the ~ 12 times reduction in mice [29]. This difference can be explained
by the structural differences between murine and rabbit T-tubules:
murine T-tubules are more tortuous close to the surface than rabbit T-
tubules, and the luminal “ground substance” identified by electron
microscopy — potentially representing the glycocalyx — forms a stronger
diffusion barrier in murine T-tubules [29].

Uchida and Lopatin furthermore illustrate the importance of T-
tubular structure in determining the diffusion time [51]. The in vivo
diffusion time constant of 3.9 s could only be approached in an in silico
3D cell model of murine T-tubules by introducing 20-nm-wide con-
strictions and 600-nm-wide dilations in the model (values represent
luminal diameters; tgijations = 2.2 and Teonstrictions = 2.58) [51]. Ex-
trapolating this to electrical properties under standard conditions for
specific membrane capacitance, extracellular and membrane resistivity,
the time constant for cylindrical T-tubules would be ty,;, = 10.1 ps and
for T-tubules with dilations or constrictions 7y, = 102pus [51]. The
latter time constant approaches the experimental finding 7y, = 200 us
in murine T-tubules [58]. Uchida and Lopatin however do not consider
microfolds [33]. This membrane tortuosity could be corrected for by
increasing the specific capacitance from 1 to 2 uF/cm? which would
double the time constant 7y, from ~ 100 ps to ~ 200 ps, which is even
closer to the experimental finding [58].

Constrictions and dilations considerably affect the length constant.
For a 200-nm-wide T-tubule with short 20-nm-wide constrictions every
2um, Apr=68um [51]. This is considerably smaller than the
Arr = 240-290 um reported before [45,47]. To transition from the
steady state to the non-steady state, the length constant needs to be
corrected for the characteristic frequencies (f) of the action potential
(during the upstroke, f = 150 Hz) [46], and Axp will be ~ 34 um [51].
Since the length constant also depends on membrane resistance Ry,, the
length constant will decrease further when voltage-channels are open.

This implies that, in an average murine T-tubule of 9 ym long [42],
the voltage drop will be ~ —13 mV from the surface to the end of the T-
tubule when assuming an infinite cable as described by Eq. (1). When
assuming a sealed-end cable, the applicable equation is Eq. (3), which
gives a voltage drop of only 0.87 mV. In any case, this voltage drop is
small enough to allow voltage-gated calcium channels to open, as-
suming that the surface sarcolemma depolarizes to +20mV and the
threshold of calcium channels lies near —40 mV. The question whether
the entire T-tubular membrane depolarizes quickly enough to open
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calcium channels once a cell is excited is discussed in Section 3.2. To
conclude, we have to keep in mind that passive electrical parameters
will differ significantly between species. Whereas rabbit T-tubules
openings are relatively accessible and easy to follow, openings of
murine T-tubules are relatively tortuous and filled with glycocalyx,
which considerably limits diffusion [29].

3.2. Delay of T-tubular membrane depolarization

T-tubules greatly increase membrane surface, so charging the ca-
pacitance of the membrane of a tubulated cell will take longer. The time
it takes to charge the membrane as a capacitor and depolarize T-tubules
was assumed to be negligible [45,59], but recent results indicate this is
incorrect [50,60]. Quantifying the capacitance charging time of T-tu-
bules would give important insight into the delay between the opening
of voltage-gated channels at the sarcolemma and those deep in the T-
tubules. This section addresses this depolarization delay and the effect
of voltage-gated sodium channels on tubular depolarization.

We developed a simple computational model of a murine T-tubule,
represented as a 9-um-long cylinder with a diameter of 98.5nm and a
specific capacitance of 2 pF/cm? to simulate microfolds (normal specific
capacitance is considered 1 uF/cm?), subdivided in 100 segments. This
model revealed a depolarization delay of 10 us in the innermost seg-
ment in the absence of inward currents in the T-tubules [50]. This value
is expected to greatly increase in the presence of T-tubular branches and
frequent 20-nm-diameter constrictions. Conversely, sodium currents
may facilitate T-tubular depolarization. Although Uchida and Lopatin
determined that these structural changes increase the time constant of
depolarization from ~10 to ~100 us for this model (see Section 3.1)
[51], they did not determine the delay of membrane depolarization of a
deep T-tubular segment. Of note, linear cable theory assuming a passive
linear membrane has limited applicability to a T-tubule given their non-
linear current-voltage relationships. It is expected that the depolariza-
tion delay of a deep segment of a T-tubule with constrictions and di-
latation is considerably greater because each dilatation poses a large
capacitive load, in addition to the depolarization delay due to the
higher resistance in each constriction. To quantitatively assess the delay
of depolarization deep in a T-tubule, we incorporated constrictions into
our model of an unbranched cylindrical T-tubule [50]. We used the
parameters for the healthy mouse T-tubule (9 pm long, 197 nm in dia-
meter) [50], as these parameters lead to the longest depolarization
delay (10 ps to depolarize the innermost T-tubule segment to —40 mV).
We introduced five 450-nm-long constrictions with a tenfold diameter
reduction to 19.7 nm, its centers spaced 1.8 um apart. This is similar to
the model of Uchida and Lopatin [51], which included 20-nm-wide
constrictions every 2um. With the constrictions in our model, the
threshold for Ca, channels (—40mV) in the deepest tubular segment
was reached 200 ps later than at the surface. This is 20 times later than
in the simpler model without constrictions, where the threshold was
reached after 10 us [50]. This delay of 200 ps is not expected to affect
excitation-contraction coupling too much considering the relatively
slow kinetics of the calcium current. Regarding the sodium current, the
delay is still within the range of the upstroke of the action potential.
Also considering that the conduction time for a 100 pm-long cell with a
macroscopic conduction velocity of 50 cm/s is 0.2 ms, the T-tubular
delay represents no major latency for the sodium current. However, the
delay is also expected to be modulated by the exact location of the
constrictions and by branching of the T-tubules. A detailed investiga-
tion would require a full-scale modeling study. Taken together, the
question remains open how much later voltage-gated calcium channels
open deep inside the T-tubules when the surface sarcolemma is excited.

The effect of a voltage-gated sodium current on the depolarization
of T-tubules and the effects of intratubular potentials on the sodium
current have been simulated by Hatano et al. [60] in an elaborate 3D
model with structurally simple T-tubules without branches, constric-
tions and dilations. The T-tubular sodium current density was set at
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30 mS/pF according to experimental results from [45] (see Section
3.4.2 for a critical evaluation of these results). In the deepest segments
of the modeled T-tubule (5 um from the surface), the extracellular po-
tential was slightly negative (—1 mV) because of the flow of current
along the narrow tubule. Due to this negative potential, the sodium
current was ~8% smaller in the deep segment than the segment at the
cell surface [60]. A similar result was obtained with our simpler model
[50] with a slightly smaller T-tubular sodium current density of 23 mS/
uF.

The mechanism underlying this sodium current reduction in the
deep portions of the T-tubules resides in the notion that an ion current
Ix carried by ion species X can be described by Ix = gx - Po - (Vi, — Ex),
where gx is the maximal conductance of that current, Pq is the open
probability of the corresponding channels, V,, is membrane potential,
and Ex is the reversal potential of Ix. The term V;, — Ex is called the
driving force. For the case of the sodium current, the driving force
becomes smaller (in absolute value) when the extracellular potential
becomes negative, thus decreasing the current (in absolute value). A
comparable mechanism, called “self-attenuation”, has been proposed to
occur in intercalated discs due to ephaptic interactions [22-24]. Thus,
we postulate that the sodium current is slightly self-attenuating deep
inside the T-tubules. Additionally, the tubular lumen can be transiently
depleted from sodium if the T-tubular sodium current is substantial.
Sodium depletion decreases Ey,, the Nernst potential of sodium and
thus the driving force, representing an additional mechanism reducing
the sodium current. This was specifically addressed in a modeling study
by Mori et al. who showed that sodium depletion in the intercalated
disc contributes to self-attenuation of the sodium current [61]. In ad-
dition, a recent study by Greer-Short et al. indicates that sodium de-
pletion in intercalated discs and the resulting decreased driving force
for sodium ions are also important in shaping repolarization as they
attenuate the late sodium current. Interestingly, this phenomenon can
mask the phenotype of long-QT syndrome type 3 [62].

3.3. Influence of T-tubules on macroscopic conduction velocity

In this chapter, we will assess theoretically how macroscopic con-
duction velocity (i.e., conduction along the surface membrane and
throughout cardiac tissue) is influenced by T-tubular ion channels and
membrane. To do so, one has to take a closer look at the propagation of
action potentials through cardiac tissue. Much insight has been gained
from the ground-breaking work of Hodgkin and Huxley and others
[12-16,63].

Firstly, one has to understand the dynamics of current flow into, out
of, and within a cell during the propagation of the depolarizing wave-
front as detailed and illustrated in Fig. 2. The dynamics of various
currents during the upstroke of the action potential are crucial de-
terminants of conduction.

During the passage of a wavefront, electrotonic current enters the
cell from upstream (I;,,) and exits the cell downstream (I,,,) (Fig. 2B,D,
in black). According to Kirchhof's current law [64], the difference
Ly, — Iy must be transferred to the membrane in the form of capacitive
current (I.ap; Fig. 2B,D, in green) or flow through membrane ion
channels and transporters (Iion; Fig. 2B,D, in red).

The capacitive current I.,, directly follows the upstroke velocity of
the action potential (Fig. 2C), i.e., the rate of change of membrane
potential V, expressed as dV/ot. Assuming that cell capacitance C is
constant, I, is indeed defined as:

v
Teap = gy @
thus
v
Ly — It = C—— + Loy
T T (5)

Assuming that the cell is much smaller than the length constant of
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the tissue and the spatial extent of the upstroke (which is the case for
well-coupled cardiac tissue), then the tissue can be considered as a
continuous syncytium [17,64]. In one dimension, Egs. (4) and (5) can
be written in a spatially continuous form as:
aaz—V = ca—V + i

axr o " 6)
where x is position, o is the lumped conductivity (normalized by sur-
face-to-volume ratio) of the gap junctions, the intracellular space, and
the extracellular space; ¢ is the membrane capacitance per unit area;
and i;,, is the total ion current per unit area. This equation is known as
the cable equation [12,13], or in the cardiac community as the mono-
domain equation, which is valid for cardiac tissue when assuming that
the anisotropy ratios of intra- and extracellular resistivities are equal
[64].

When conductivity (0) changes, conduction velocity (6) follows a

square-root relationship [13,49,64]:

0 x /2 (7)

Now, we will consider three possible scenarios to assess the influ-
ence of T-tubular membrane and channels on conduction (Fig. 3). In the
first (Fig. 3A), T-tubules contain a low density of channels, especially of
voltage-gated sodium (Na,) channels (or an absence of Na, channels in
the extreme case). In the second scenario (Fig. 3B), we will consider
that the composition of Na, channels in the T-tubular membrane is the
same as in the surface sarcolemma. In the third (Fig. 3C), we will
consider that the density of Na, channels is higher in the T-tubular
membrane than in surface sarcolemma. We initially assume that the
axial resistance of the T-tubules and the intratubular potential gradient
are negligible. This is equivalent to assuming a homogeneous mem-
brane potential throughout the cell surface and T-tubular membranes.
Thus, we assume that the T-tubular membrane potential quickly follows
the lateral membrane potential, and that extracellular potentials in the
T-tubular lumen are small [50,60]. These three scenarios therefore
correspond to changing the total capacitance and/or the number of
channels in the membrane.

The first scenario (few or no Na, channels in the T-tubules, Fig. 3A)
corresponds to scaling the specific membrane capacitance c in the cable
equation (Eq. (6)). Intuitively, adding capacitance would increase the
load to excite the tissue and slow conduction. This scenario is however
difficult to assess theoretically in a quantitative manner. It is re-
miniscent of myofibroblasts connected to myocytes with a high level of
gap junctional coupling, although myofibroblasts will render the resting
membrane potential of the myocytes less negative. The effects of such
an additional capacitive load have been studied by Jacquemet and
Henriquez [65].

Huxley [66] as well as Jack, Noble and Tsien [49] have addressed
our first scenario theoretically in detail, and showed that the kinetic
properties of the voltage-gated ion currents also determine the exact
relationship between conduction velocity (6) and capacitance (c).
Nevertheless, 0 is expected to decrease when c increases. The re-
lationship between 6 and c lies between

B x c71/2 ®
and
8 xc! (C)]

These relationships are illustrated in Fig. 3D. Thus, in the extreme
case of this first scenario and assuming that T-tubules contribute 50% to
cell capacitance, 6 may be decreased by an amount between 29% (Eq.
(8)) and 50% (Eq. (9)).

The second scenario (same ion channel composition of the T-tubular
membrane as the surface sarcolemma; Fig. 3B) corresponds to changing
Iion and I, by the same factor. If the two summands of the right hand
side of the cable equation (Eq. (6)) are scaled by a factor n, we can
observe that the cable equation remains the same if ¢ is also scaled by n.
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Fig. 3. Scenarios in assessing the influence of T-tubule composition on macroscopic conduction velocity (along the surface membrane and throughout cardiac tissue).
(A) First scenario: T-tubules contain no (or very few) voltage-gated sodium channels. (B) Second scenario: density of voltage-gated sodium channels is similar inside
and outside of T-tubules. (C) Third scenario: T-tubules contain a higher voltage-gated sodium channel density than surface sarcolemma. (D) Relationship (pertaining
to the first scenario, A) between normalized conduction velocity (6) and normalized capacitance (c) as defined by inverse square root (red) and inverse (blue)
functions, corresponding to Egs. (8) and (9), respectively. (E) Relationship (pertaining to the second scenario, B) between normalized 6 and the scaling factor n,
described by the inverse square root function corresponding to Eq. (10). (F) Relationship (pertaining to the third scenario, C) between normalized 6 and the
normalized gy, max as described by the logarithmic dependence given in Eq. (11), with k = 0.308. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

Thus, in terms of effects on 6, scaling I, and I, by n is equivalent to
scaling o by 1/n and we can expect that 0 will behave as

0 o n71/2 (10)

Therefore, if T-tubules contribute 50% to cell capacitance, 6 may be
decreased by up to 29% (Fig. 3E).

Finally, the third scenario corresponds to adding relatively more
Na, channels than membrane (Fig. 3C). In the extreme situation of
adding Na, channels only, 6 is expected to increase [63]. In a computer
model of conduction, King and Fraser [44] have shown empirically that
6 is linearly related to the logarithm of guamax, i-€.,

@& =1+k log(gNa’maX )

ref gNa,max,ref

(€8]

where 6, is the reference control velocity, gvamax iS the maximal
conductance of Na, channels, gxa maxrer iS the reference control gna maxs
and k is a model-dependent constant that must be determined empiri-
cally. For conduction in the Luo-Rudy dynamic model as investigated
by Shaw and Rudy [63], we estimated k to be 0.308. The function given
by Eq. (11) is illustrated in Fig. 3F. Thus, 6 may increase due to the
larger Na, channel density, but this effect may be opposed by the in-
crease of c. The net effect will depend on the exact change of gna max and
c. This scenario however appears unlikely in the light of recent ex-
perimental data, since studies addressing Na, expression in the T-tu-
bules have suggested that at most 29% of Na, channels are present in
the T-tubules [67], which may be an overestimation (see Section 3.4.2
for a detailed discussion).

Next, we conjecture about the additional effects of T-tubular exit
resistance and associated large T-tubular potential gradients on mac-
roscopic conduction velocity (along the surface membrane and
throughout cardiac tissue). On the one hand, a substantial exit re-
sistance would tend to decouple the capacitive load of the T-tubules,
thereby accelerating macroscopic conduction. In the limit of a very
large resistance, the load of the T-tubules would be fully decoupled,

corresponding to a detubulated situation. However, the experimentally
observed time constants in the range of 100-200 us [51,58] and the
small potential gradients reported in modeling studies [50,60] suggest
that the exit resistance is small. The reported time constants of
100-200 ps are moreover much shorter than the typical timescale of the
upstroke of the action potential (~1 ms), suggesting that the capacitive
load only has small effects on the action potential upstroke. These
considerations are in line with those of Jacquemet and Henriquez [65],
who studied the effects of the capacitive load of fibroblasts in various
myocyte-fibroblast coupling regimes. Of note, a large exit resistance
would slow conduction along the T-tubules.

On the other hand, we note that the exit resistance of the T-tubules
will directly influence the level of self-attenuation. If the exit resistance
is small, self-attenuation will be negligible, and we expect no influence
on conduction velocity. If the exit resistance is sufficiently large, self-
attenuation of the sodium current will appear because of the large ne-
gative tubular potential, which would tend to slow conduction. Current
results of computer simulations suggest that self-attenuation is in the
range of a few percent [50,60], and the resulting conduction slowing
would also be in the percent range. An increase in the tubular resistance
would however also decrease the capacitive load (see above), which
may compensate the conduction slowing. In the extreme case of a very
large exit resistance, we would retrieve once more the detubulated si-
tuation. Since there is no experimental proof of sodium current self-
attenuation in the T-tubules for the moment, we must limit ourselves to
speculation.

In summary, the reality most likely lies somewhere between the first
two scenarios, so the presence of T-tubules will decrease 6. Conversely,
loss of T-tubules may accelerate conduction. To explicitly investigate all
these factors, including T-tubule resistance, intratubular potential gra-
dients, and self-attenuation of the sodium current, specific modeling
approaches need to be developed.
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3.4. Action potentials in T-tubules?

A logical follow-up question to the passive conductive properties of
T-tubules is: are action potentials generated in T-tubules? To generate
an action potential, the right collection of depolarizing currents (con-
ducted by voltage-gated sodium and calcium channels) and repolarizing
current (conducted by potassium channels) must be present. This sec-
tion discusses evidence regarding the presence or absence of ion
channels in the T-tubules.

Firstly, it must be noted that data regarding T-tubular action po-
tentials and ion channel expression require careful interpretation. In
functional experiments, the cell capacitance is used to calculate mem-
brane surface area, often assuming that 1pF corresponds to 1cm?
membrane area [35]; thus, dividing whole-cell current by capacitance
gives current density. Any difference in current density between normal
and detubulated cells should indicate that the density of ion channels
differs between T-tubular and non-T-tubular sarcolemma [26,67]. A
caveat of this assumption is that measuring the capacitance under-
estimates the T-tubular membrane surface, since optical measurements
give much higher fractions of T-tubular membrane (65% versus 32%
from capacitance-based measurements [30]). One partial explanation
for this discrepancy is the fact that capacitance is often determined too
straightforwardly when the current transient evoked by a voltage-clamp
step is simply integrated and divided by the commanded voltage step
[68]. This method underestimates the capacitance if the opening of the
cell at the pipette is imperfect, yielding a higher access resistance and a
concomitant increase in capacitance charging time, and if the cell
cannot be approximated as a single resistance in parallel with a single
capacitor, which is the case for structurally complex cells such as car-
diomyocytes. As a result, the apparent time constant of the current
transient charging the capacitor increases, and from a certain time
constant value, the “tail” of the current transient is usually excluded
from the integration. The resistance that certain structural obstacles
pose to the capacitive current may moreover be so high that the
membrane depolarizes too late for the ion channels in this region to be
activated. The ability to depolarize the entire cell membrane on a sa-
tisfactorily short time scale is called space clamp. In other words, in a
voltage-clamped cell, the transmembrane potentials will differ between
different portions of the membrane due to electric field interactions
with geometric barriers.

Taken together, these pitfalls lead to an underestimation of mem-
brane area of normal (non-detubulated) cells and an overestimation of
current density. Therefore, the fraction of T-tubular current density
must be lower than the capacitance-based measurements implicate, and
ion channel density in T-tubules will be overestimated.

Indeed, when ion channel densities are determined from functional
experiments, only rarely the results are corrected for cell surface [30].
Pések et al. [30] reconcile the discrepancy between membrane area
estimations by assuming a lower specific capacitance of T-tubules due
to the relatively high cholesterol concentration in T-tubular mem-
branes, and correcting for incomplete detubulation, setting T-tubular
membrane surface at 49% instead of 32%. This reconciliation should
lead to a decrease in current attributed to the T-tubules, even after
correcting for the fact that formamide treatment leaves about 7% of T-
tubules unaffected. A recent study however invalidated the hypothesis
that cholesterol reduces the specific capacitance [69]. The discrepancy
between electrophysiological and optical surface measurements may
also be sought in difficulties in obtaining a complete space clamp in
cardiomyocytes.

Comparing currents between whole-cell and detubulated cells may
be complicated by more factors. Firstly, applying an osmotic shock to a
cell may elicit unwanted effects which have not yet been investigated.
The sudden internalization of membrane proteins may result in other
acute membrane remodeling responses; the remodeling of structural
proteins may affect protein expression at the membrane. Secondly, the
sodium current in deep T-tubular segments may self-attenuate (see
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Section 3.2) [50,60], so whole-cell peak sodium current may not reflect
the full available sodium current. Taken together, it is crucial to keep in
mind that ion current densities between normal and detubulated car-
diomyocytes should not be compared without taking into account the
limitations mentioned above.

Immunohistochemistry data also require careful interpretation.
Ideally, any staining for T-tubular proteins should be combined with a
fiducial T-tubular marker and a knock-out model to assess the specifi-
city of the antibody. Most publications addressing ion channel expres-
sion in T-tubules miss one or both of these quality controls. As a good
example, Eichel et al. [70] show that the staining for the ion channel
regulator CASK follows a regular striated pattern in cardiomyocytes,
which may indicate T-tubular localization. The signal however did not
colocalize with RyR2 and Ca,1.2, so the authors concluded that CASK
was not expressed at the T-tubules [70]. We will therefore interpret
published data on ion channel expression in T-tubules carefully.

3.4.1. Calcium-handling proteins

The voltage-gated calcium channel consists of an a-subunit with
multiple auxiliary B-, a»8- and y-subunits [71]. The predominant car-
diac splice variant of the a-subunit is Ca,1.2 (reviewed in [5]). Elec-
trophysiological studies in detubulated and normal rat cardiomyocytes
have determined that 60-75% of calcium current is conducted by cal-
cium channels in the T-tubules [26,72]. The authors did not normalize
the calcium influx [26] or whole-cell calcium peak current [72] to the
cell capacitance; the difference in calcium influx or peak current be-
tween control and detubulated cardiomyocytes already indicated which
fraction of calcium channels was localized in the T-tubules. The pre-
viously stated problems with normalizing whole-cell currents by capa-
citance (Section 3.4) do therefore not apply to these studies.

Most calcium channels in the T-tubular membrane are close (~
15nm) to RyR2 in the SR, forming dyads [73]. This close proximity
allows calcium ions entering the cell through Ca,1.2 to quickly and
efficiently bind RyR2, followed by calcium-induced calcium release
from the SR and subsequent sarcomere shortening. RyR2 and Ca,1.2
stay so close together because junctophilin-2 bridges the membranes of
the SR and T-tubule to stabilize the dyad [39]. RyR2 and Ca,1.2 both
bind Binl, a banana-shaped protein that assists in trafficking and
clustering of calcium channels [41].

The sodium-calcium exchanger NCX is predominantly expressed in
the T-tubules. With detubulation experiments in rat cardiomyocytes,
60% of total NCX current — both outward an inward — was determined
to originate from the T-tubules, corresponding to a ratio NCX current
carried by the T-tubules/surface membrane of 1.5 [74]. Another study
stated on the basis of similar detubulation experiments that the ratio of
NCX-carried current in T-tubular to that carried in surface membrane
varies from 1.7 to 25 [75]. Both aforementioned publications determine
T-tubular NCX currents by comparing current densities, which metho-
dological problems have been outlined extensively in Section 3.4. It is
therefore likely that T-tubular NCX currents make up less than 60% of
total. When we assume that T-tubules account for 50% of membrane
surface [30], while the T-tubular membrane surface measured in [74]
only was 32% of total, the T-tubular NCX current may be overestimated
twofold. In other words, T-tubular NCX current may make up 30% ra-
ther than 60% of total current. Still, this does not necessarily conflict
with the generally accepted idea that NCX plays an important role in
calcium handling in T-tubules.

T-tubular NCX expression correlates with the function of T-tubules
as the main stage for calcium handling: a relatively high concentration
of Ca,1.2 and RyR2 at the T-tubules facilitates a higher calcium con-
duction at the T-tubules than at the surface sarcolemma. This also re-
quires more NCX activity to remove cytoplasmic calcium again. Indeed,
NCX seems to be close to dyads, as well as SERCA, which pumps cal-
cium ions back into the SR (reviewed in [27]), facilitating fast con-
traction as well as fast relaxation of the sarcomeres. Ca, 1.2 and the NCX
isoform NCX1 are both reported inside and outside of caveolae [37,76].
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Dyadic Ca,1.2 and NCX1 however most likely occur outside of ca-
veolae, since caveolar Ca,1.2 seems to play a role in the hypertrophy
pathway and not to participate in contraction [37].

Ca®* ATPase also extrudes calcium ions from the cytoplasm. Its
activity is reported to be confined to the T-tubules in rat cardiomyo-
cytes based on recordings in cardiomyocytes with the Ca>* ATPase
blocker carboxyeosin [77].

3.4.2. Sodium-handling proteins

The cardiac voltage-gated sodium channel Na,1.5 is crucial for
generating the rapid upstroke of the action potential in cardiac cells. It
is the first channel to open when the membrane depolarizes. It is un-
clear whether voltage-gated sodium channels are required in T-tubules,
since the T-tubular membrane will depolarize quickly due to passive
conduction alone, yet T-tubular Na, channels would support conduc-
tion (see Section 3.3). Data regarding T-tubular sodium channel ex-
pression are multi-interpretable or inconclusive. Brette et al. concluded
that 29% of sodium current is present in T-tubules because sodium
current density in detubulated cardiomyocytes and normal cells were
similar while cell capacitance decreased by 29% after detubulation
[67]. After correcting for the larger T-tubular membrane area in un-
treated cells, however, current density would decrease. As a result, the
calculated T-tubular sodium current fraction would be lower. We may
also conclude that T-tubules do not contain Na, channels because the
same study showed that whole-cell sodium current did not differ be-
tween normal and detubulated cells [67].

When we consider immunohistochemistry data for Na,1.5, we have
to conclude that a reliable co-staining of Na, 1.5 and a T-tubular marker
is still missing. Only a striated pattern of Na,1.5 has supported the in
our view premature conclusion that Na,1.5 would be expressed in T-
tubules [78-80].

Although Na,1.5 is the main cardiac isoform of the voltage-gated
sodium channel family, other isoforms have been reported in the heart
[81]. It is important to keep in mind however that the expression of
neuronal isoforms remains controversial. A recent report reported only
Na,1.5 and Na,1.4 expression using next-generation RNA sequencing
data from murine cardiomyocytes [82], yet other reports suggest that
the neuronal isoforms Na,1.1, Na,1.3 and Na, 1.6 may be enriched in T-
tubules [83-85] and even contribute to arrhythmias [86]. These neu-
ronal channels have a lower activation threshold and inactivate more
rapidly, which may facilitate action potential propagation into the T-
tubules [5] - yet the fast passive propagation of depolarization renders
T-tubular sodium channels relatively wunessential. The im-
munohistochemistry data showing Na,1.1, —1.3, and —1.6 in T-tu-
bules of murine cardiomyocytes need careful interpretation because no
knock-out control is presented for the antibodies [84,86]. Another
publication presents striated patterns of neuronal isoforms in im-
munohistochemistry data [85], whereas pre-absorbing the antibodies
with peptides inhibits any staining, suggesting specificity of the anti-
bodies [85]. Westenbroek et al. quantified the relative expression of
Na,1.1-6 in murine cardiomyocytes [87]. Na,1.5 was only found at the
intercalated disc and lateral membrane. Na,1.1 and —1.3 showed a
striated pattern, but compared to Na,1.5, the signal intensity was re-
latively low, as was expected from protein expression data [88]. A T-
tubular marker was however missing [87].

On a functional level, current conducted by neuronal channels was
recorded in murine ventricular cardiomyocytes treated with -scorpion
toxin, a specific activator of neuronal sodium channels [85]. Na,1.6-
deficient mice moreover showed prolonged calcium transients in car-
diomyocytes, suggesting a functional link between Na,1.6 and excita-
tion-contraction coupling [89]. In wild type mice, Na,l1.6 staining
showed a striated pattern that weakly colocalized with a-actinin, but
we have to consider that a-actinin is not an ideal T-tubular marker.
Na,1.6-deficient mice did not show any striated pattern, which suggests
the anti-Na,1.6 antibody binds specifically. In a model for CPVT (ca-
techolaminergic polymorphic ventricular tachycardia), an arrhythmic
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persistent sodium current seemed to be conducted by neuronal Na,
isoforms [90]. The immunofluorescence data from this paper however
show too high background signals to allow any conclusions on Na,
isoform expression.

Taken together, despite many reports on the expression of sodium
channels in T-tubules, T-tubular Na, expression remains debatable. A
de facto inward sodium current by NCX should be expected in any case
because of the high electrochemical gradient.

Lastly, NKA is expressed in T-tubules [91]. Especially the as-subunit
is enriched in T-tubules, whereas the a;-subunit is more uniformly
expressed over the sarcolemma [91].

3.4.3. Potassium-handling proteins

Although the subcellular localization of potassium channels is less
studied, several potassium currents seem to be conducted in the T-
tubular systems of mice and rats. These include the inward rectifier
current Ix; [58] (conducted by K;;2.1, 2.2, and/or 2.3), the steady-state
current I (K,1.2 and/or —2.1), the transient outward current I, (K,4.2
and/or —4.3), the slow delayed rectifier current Ixs (K,7.1), and the
rapid delayed rectifier current Ik, (K,11.1/hERG) [30]. Based on de-
tubulation experiments, Ix1, o, Ix,r, and Ix s seem to be divided equally
over T-tubular and surface sarcolemma [92]. The inward-rectifying
current Iy; is especially high in T-tubules because potassium accumu-
lates in the small extracellular space during the repolarization phase of
the action potential, increasing its driving force [58]. Other currents
were found to be enriched in rat T-tubules, including I [92]. Inter-
estingly, only K,2.1-encoding mRNAs were detected in isolated murine
cardiomyocytes [82], suggesting K, 1.2 may not contribute to I in these
cells.

The T-tubular fraction of Ixatp has, to our knowledge, not yet been
determined. It is however likely that at least one of the Ixarp-conducting
channels K;;6.1 and —6.2 is expressed in T-tubules, since Ixatp, as well
as Ix1, decreases along with the loss of T-tubules in cardiomyocytes that
have been taken in culture (reviewed in [5]). K;.6.2 has been associated
with the T-tubular protein ankyrin-B, although these im-
munohistochemistry data lack a fiducial T-tubular marker [93].

Considering immunohistochemistry data, T-tubular expression has
been shown relatively convincingly for K,11.1 by co-staining with
myosin-binding protein C [94]. A thorough live-cell imaging study for
K,2.1 and K,1.4 in rat cardiomyocytes shows a T-tubular-like pattern,
including axial elements, but unfortunately lacks a T-tubular marker
[95]. Ki:2.1, —2.3, —4.2 and TASK-1 show clear co-localization with
the membrane marker wheat germ agglutinin in murine (K;,2.1), canine
(K;;2.1 and —2.3) and rat (K,4.2 and TASK-1) ventricular cardiomyo-
cytes [96-99]. For K,4.3 only a striated pattern was shown without T-
tubular marker in canine cells [100]. Note that potassium channel
composition probably differs between species, since K;;2.3 mRNA was
not detected in isolated murine cardiomyocytes [82] while K;,2.3 pro-
tein was found in in canine cells [97]. Interestingly, TASK-1 has been
recently defined as an atrial-specific current [101], which seems to
contradict these immunohistochemistry and mRNA expression data —
although it must be noted that we did not find any recordings of ven-
tricular TASK-1 currents in the literature.

3.4.4. Other ion-handling proteins

Chloride channels are not well researched in T-tubules. Scanning
ion conductance microscopy (SICM) experiments revealed that these
channels are close to the openings of T-tubules at the lateral membrane
[102]. mRNA data show that the voltage-sensitive chloride channels
CLCN4, —7, —3, —6 and —1 are expressed in murine ventricular
myocytes (in order of expression level) [82], but their roles in cardiac
physiology remain to be investigated.

Another ion channel family which roles in cardiac physiology are
just emerging is the transient receptor potential (TRP) superfamily of
non-selective cation channels. The vanilloid subfamily member TRPV4
is expressed in T-tubules of aged mice and human cardiomyocytes
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[103]. This is based on immunohistochemistry data in which TRPV4
and the membrane marker caveolin-3 are co-stained. TRPV4 seems to
play a role in calcium cycling, but in the aged heart it may contribute to
stress-induced cell damage. Of note, TRPV4-encoding mRNA is not
found in murine cardiomyocytes [82], which illustrates that even
among mouse models, ion channel composition may differ.

3.5. Ion dynamics in T-tubules

The small luminal space of T-tubules can affect the ion diffusion and
therefore the driving force of ion channels (discussed in Section 3.2).
Diffusion rates of ions are slower in T-tubules than in other extracellular
spaces, with a markedly higher delay for divalent than monovalent ions
[18,19]. Functionally, an extracellular change in calcium concentration
reaches the T-tubules 2.3s later in guinea pig cardiomyocytes, in-
dicating a “fuzzy space” [104]. This diffusion delay is related to the
membrane microfolds that are shaped by Binl [42]. These microfolds
are proposed to protect against arrhythmias, since excitability of the
cell would increase when ions can diffuse faster (reviewed in [5]). The
finding that T-tubules of animals with higher heart rates are narrower
than in low-heart-rate animals [5] might indicate that the relatively
high calcium depletion and potassium accumulation rates in the narrow
tubules of high-heart-rate animals are of evolutionary benefit.

Theoretically, calcium influx during an action potential may deplete
the T-tubular lumen of calcium and reduce the driving force of the
calcium channel. This may cause self-attenuation of the calcium current
and thus shorten the action potential [45], in a manner similar to what
was proposed in the context of intercalated discs for the late sodium
current during the plateau phase (see Section 3.2) [62]: the sooner the
calcium channels close, the sooner the potassium current repolarizes
the membrane. A strong depletion of calcium and accumulation of
potassium in the T-tubular lumen is however unlikely due to the phy-
siological need for significant electrochemical gradients of calcium and
potassium, which will be secured by NCX and NKA [74]. An important
general remark is that we cannot speak of a shorter or longer action
potential in T-tubules compared to the rest of the sarcolemma as one
might think from the finding that detubulated rat cells show shorter
action potentials due to the lost calcium current [26]. The membrane
domains of the cell are electrically too tightly coupled [105,106]. De-
tubulation may however affect action potential duration of other spe-
cies differently as rat cardiomyocytes show a relatively unique calcium
handling profile compared to other mammals, which is partly explained
by a reduced NCX/SERCA2a ratio [67].

3.6. T-tubular remodeling in disease

Heart failure has been associated with T-tubular remodeling, char-
acterized by T-tubular widening and an increase in tortuosity [107], the
loss of the microfold regulator Binl [42], collagen deposition in T-tu-
bules [11,51], dyad uncoupling [108], physical obstruction of T-tubules
[47], and sheet-like T-tubular remodeling in end-stage heart failure
[36].

The loss of Binl observed in human heart failure has been suggested
to be arrhythmogenic as Binl knockout mice show a loss of microfolds
and are more vulnerable to arrhythmias due to changes in ion dynamics
as discussed in Section 3.5 [42]. Sheet-like remodeling is similarly ex-
pected to be arrhythmogenic [36]. On the other hand, collagen de-
position in T-tubules, which is also seen in human heart failure, and
physical obstruction of T-tubules would again slow ion diffusion
[10,11,51]. Understanding the interplay of these effects will need fur-
ther investigation.

T-tubular remodeling likely disturbs optimal excitation-contraction
coupling as calcium dynamics greatly depend on T-tubular micro-
structure [109] and on the association and membrane expression of
voltage-gated calcium channels and the sodium-calcium exchanger
[110]. Indeed, a hallmark of T-tubular dysfunction is the increase in
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orphaned RyR2 at the Z-lines [108]. This causes a dysregulation of
calcium release as diffusion distances for calcium increase, and the
calcium transient slows and broadens. In turn, contraction of the cell
desynchronizes and slows. Expectedly, detubulated cardiomyocytes
show comparable contraction kinetics as failing cells (reviewed in
[10]). Interestingly, in end-stage heart failure patients, relieving the
mechanical load with a left-ventricular assist device (LVAD) improves
cardiac function but only if the T-tubular system is intact, suggesting
that calcium handling deficits may be reversible whereas sheet-like T-
tubular remodeling is not [36].

It may be valuable to compare depolarization delays in T-tubules
from healthy and diseased cells to assess the passive electrical effects of
T-tubular remodeling, although other processes associated with T-tub-
ular remodeling may play greater roles in pathophysiology. Since heart
failure is also associated with a reduction of Binl expression, and Binl
is important for voltage-gated calcium channel trafficking to the T-tu-
bules [33], the resulting dysregulation of this trafficking may further
impair calcium dynamics. In summary, the T-tubular remodeling as-
sociated with heart failure probably affects cardiomyocyte function via
different pathways, yet the effects of T-tubular remodeling on T-tubular
depolarization remains to be determined.

4. T-tubules in atrial cardiomyocytes

Although T-tubules support a high heart rate in mammalian ven-
tricular cardiomyocytes, heart rates of atrial cells are just as high with a
far less dense T-tubular system [20]. Atrial cells in many species can be
subdivided in three sub-populations based on their T-tubular network:
dense, semi-dense and disorganized, or absent [8]. In pig and rat atria,
cardiomyocytes with a well-organized T-tubular network populated the
epicardial layer, whereas the endocardial layer mostly contained empty
cardiomyocytes [111]. The degree of tubulation furthermore correlated
well with synchronicity of calcium release. This may suggest that T-
tubules at the epicardial layer are involved in synchronizing the con-
traction across the atrial wall [111], and that -adrenergic stimulation
has a faster and greater effect on cells close to the epicardium. Inter-
estingly, one recent study [112] reports that human and murine atrial
cardiomyocytes contain relatively many axial tubules, which run over
the long axis of the cell. The sparse transverse tubules conduct the
excitation of the cell from the surface sarcolemma to the axial tubules,
while axial tubules contain much more dyads than transverse tubules,
thus allowing quick excitation-contraction coupling around these axial
tubules [112].

5. Discussion

This work assessed passive and active electrical properties of T-tu-
bules from which we distilled the physiological function of T-tubules.
Generally, the roles of T-tubules are twofold: firstly, T-tubules provide a
large calcium-handling stage to allow the cardiomyocyte to generate a
relatively high force, and secondly, the relatively large membrane
surface facilitates the cell to respond faster to signaling molecules than
non-tubulated cells. Importantly, T-tubules are not crucial to sustain a
high heart rate — atrial cardiomyocytes contract just as fast [20], and
non-tubulated cardiomyocytes from certain avian species even faster
[113,114]. Within mammalian ventricular cardiomyocytes however
there is a relationship between heart rate and T-tubular density.

The publications discussed in this review strengthen the hypothesis
that T-tubules facilitate rapid and efficient excitation-contraction cou-
pling throughout the entire volume of the cell [26]. The length constant
of ~ 68um [51] and time constant of ~ 200 us [58] indicate that
electrotonic responses allow depolarization of the entire T-tubular
membrane within physiological timescales.

When assessing conduction velocity in cardiac tissue, T-tubules
most likely slow conduction from a theoretical point of view. Since a
tubulated cardiomyocyte has a greater membrane surface, this
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additional capacitive load may slow down and delay depolarization. Ion
channels in T-tubules, especially Na, channels, will mitigate this delay.
Given that the concentration of Na, channels in the T-tubule is most
likely lower than that in the surface sarcolemma, and assuming T-
tubular membrane accounts for 50% of the membrane (which is the
case at least in mice and rats [30]), T-tubules will slow down conduc-
tion velocity by 29-50%, while loss of T-tubules may accelerate con-
duction.

Next, we evaluated evidence regarding the expression of voltage-
gated sodium channels in the T-tubules. Some neuronal isoforms seem
to be expressed in low levels; especially Na,1.6 seems to be expressed in
the T-tubules of a mouse model [89]. It remains unclear if these low
levels could carry enough current to initiate an action potential. The
expression of neuronal channels moreover varies greatly between spe-
cies and even mouse strains. Concerning the cardiac isoform Na,1.5, T-
tubular expression remains debatable, despite several reports pointing
in that direction. Generally, it is important to keep in mind that sodium
channels are not required to depolarize T-tubular membranes. The
often-used term “action potential propagation” in T-tubules therefore
should be interpreted as “either passive or active”.

In terms of repolarizing currents, the expression of voltage-gated
potassium channels differs greatly between species and mouse models.
It is probable that the expression levels suffice to repolarize the mem-
brane to balance the high expression level of voltage-gated calcium
channels. Considering ion channel expression data in general, the au-
thors would like to stress that critical evaluation of research data is
pivotal, especially when functional detubulation experiments and im-
munohistochemistry data are concerned.

In cardiac disease, T-tubules often remodel [9]. As a result, T-tu-
bules widen, the tortuous membrane microfolds disappear, dyads un-
couple, T-tubules close off to the extracellular space, calcium transient
weakens, and T-tubules may take on a sheet-like shape while collagen
content in the lumen is increased.
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2. AIMS AND HYPOTHESES

This thesis aims to contribute to the fundamental understanding of cardiac arrhythmias by the study
of voltage-gated ion channels and electrical properties of cardiomyocytes. The specific aims and

hypotheses are the following:

2.1 To characterize single-molecule organization of Na,l.5 clusters at the lateral
membrane and T-tubules in cardiomyocytes from mice with different genetic

backgrounds
The aims of this project are twofold. Firstly, Na,|.5 expression at the T-tubules has not been shown
convincingly, and we aimed to answer this question by single-molecule localization microscopy. We

hypothesize a small but significant proportion of Na,l.5 is present in the T-tubules.

Secondly, dystrophin deficiency and C-terminal Na, 1.5 truncation (ASIV) have been shown to lead to
an overall reduction in lateral membrane Na, 1.5 expression8”.!16126_ This project aimed to address the
changes in Na,l.5 clusters at the lateral membrane crest and groove and at the T-tubules of
dystrophin-deficient and ASIV mice compared to wild type. We hypothesize that dystrophin deficiency

and Na, 1.5 truncation affect Na,|.5 cluster organization.

This project pertains to Section 3.1.

2.2 To characterize ion channel mRNA expression in isolated ventricular murine

cardiomyocytes

This project aimed to precisely characterize mRNA expression by attaining high-throughput next-
generation RNA-seq data from isolated murine cardiomyocytes. We especially aimed to determine
the expression profile of voltage-gated ion channels since the cardiac field has disagreed on the
fundamental question which ion channels are expressed in cardiomyocytes. Moreover, comparing
RNA-seq data from wild-type mice with mice in which ion channel regulators are absent (SAP97
knock-down!!8, CASK knock-down, and mdx!'é.12¢) will provide a wealth of information on potential

arrhythmogenic mechanisms.

We hypothesized that non-muscle sodium channels isoforms (Na,l.l-3, Na,|.7-9) are largely absent
in murine cardiomyocytes because data suggesting neuronal sodium channel expression in these cells

are often of low quality (see Section 1.7.3).

This project pertains to Section 3.2.
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2.3 To characterize electrical properties of T-tubules

This project is closely related to Publication 2 (Section 1.7.3) on electrical properties of T-tubules.
Since the electrical behavior of T-tubules is not completely understood, we aimed to model the
depolarization delay of deep T-tubular membrane segments, and the effect of a hypothetical large
sodium current on extracellular potentials. We hypothesized (1) that depolarization delay would be
very fast, within the sub-millisecond range, allowing timely excitation-contraction coupling; and (2) that
a large sodium current would show a slight degree of self-attenuation due to the small extracellular

space, reminiscent of the self-attenuation that has been proposed to occur at the intercalated disc73.!63.

This project pertains to Section 3.3.
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3. RESULTS

3.1 Publication 3: Single-molecule localization of Na,l.5 reveals different modes of

reorganization at cardiomyocyte lateral membrane and T-tubules

| performed single-molecule imaging experiments, simulations, and image analyses in the labs of Prof
Mario Delmar and Eli Rothenberg, PhD, at New York University School of Medicine. In Bern, |
performed confocal imaging. Jean-Sébastien Rougier, PD PhD, performed electrophysiological

experiments. | wrote the manuscript and made the figures.

This manuscript is at the time of writing submitted, and can be found at bioRxiv!75.
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Single-molecule localization of Nay1.5 reveals different
modes of reorganization at cardiomyocyte

membrane domains

Sarah H. Vermij!, Jean-Sébastien Rougier?!, Esperanza Agullé-Pascual?,

Eli Rothenberg?, Mario Delmar?, and Hugues Abriel'*

ABSTRACT

Mutations in the gene encoding the sodium channel Nay1.5 cause
various cardiac arrhythmias. This variety may arise from different
determinants of Nay1.5 expression between cardiomyocyte domains.
At the lateral membrane and T-tubules, Na,1.5 localization and
function remain insufficiently characterized. We used novel single-
molecule localization microscopy (SMLM) and modeling to define
nanoscale features of Nay1.5 localization and distribution at the lateral
membrane, groove, and T-tubules in wild-type, dystrophin-deficient
(mdx) mice, and mice expressing C-terminally truncated Na,l1.5
(ASIV). We show that Na,1.5 organizes as distinct clusters in the
groove and T-tubules which density and distribution partially depend
on SIV and dystrophin. We found that overall reduction in Na,1.5
expression in mdx and ASIV cells results in a non-uniform re-
distribution with Nay1.5 being specifically reduced at the groove of
ASIV and increased in T-tubules of mdx cardiomyocytes. Na,1.5
mutations may therefore site-specifically affect Nay1.5 localization and

distribution depending on site-specific interacting proteins.
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INTRODUCTION

Proper function of the heart heavily relies on the cardiac sodium channel Nay1.5. Na,1.5 generates the rapid upstroke
of the cardiac action potential; thus, it is pivotal for cardiac excitability, conduction, and muscle contraction'?.
Mutations in its gene SCN5A have been associated with many cardiac arrhythmias, such as long-QT syndrome type
3, Brugada syndrome, and sick-sinus syndrome®. Mutations can cause loss or gain of function of Na,1.5, but the
wide diversity in cardiac arrhythmias remains unexplained. The key may lie in the distribution of Na,1.5 over
specific membrane domains — “pools” — of the cardiomyocyte. Na,1.5 pools are regulated by different proteins, so
a given Nay1.5 mutation may affect a specific pool if it disturbs the interaction with a specific protein. Na,1.5
expression at the intercalated disc* and at the lateral membrane® is well established (Figure 1) while a third pool at
the T-tubules is still disputed®. At the intercalated disc, where two cardiomyocytes are tightly coupled electrically
and mechanically, Na,1.5 interacts with ankyrin-G, connexin-43, and N-cadherin, among others*. At the lateral
membrane, where costameres connect the cytoskeleton to the extracellular matrix (Figure 1a,b), Nay1.5 interacts
with the syntrophin/dystrophin complex, which is important for Na,1.5 stability, and CASK, among others™®. The
lateral membrane is shaped distinctly with valley-like grooves and hilly crests®®, and Na,1.5 is expressed at both
locations in murine cardiomyocytes (Figure 1a)*!2, T-tubules are deep invaginations of the lateral membrane that
originate in the groove. They mainly provide a large surface for calcium handling, and are crucial for the uniform
contraction of ventricular cardiomyocytes'®. Consequently, the majority of the voltage-gated calcium channels
Cay1.2 is expressed at the T-tubules!**S, The claim of a T-tubular Na,1.5 pool has so far only been supported by
inconclusive results. By comparing whole-cell Iy, densities in detubulated and control cardiomyocytes, T-tubular
sodium channels were determined to conduct 30% of total sodium current®. This is probably a considerable
overestimation as this method relies on the membrane capacitance as a measure for cell membrane area, but
underestimates the surface area of cardiomyocytes by about 50%?. Therefore, the presence of a T-tubular Na,1.5

pool remains undetermined.

Our current state of knowledge regarding the localization and distribution of Na,1.5 at the lateral membrane and T-
tubules is based on standard microscopy methods that are limited in resolution and sensitivity. At the T-tubules,
previously published immunofluorescence data on Na,1.5 show an intracellular striated pattern for Na,1.5, but
without a T-tubular marker, this pattern cannot be attributed to the T-tubules!®!®. The respective confocal
microscopy techniques moreover lacked resolution to resolve the narrow T-tubular structure!®®, At the lateral
membrane, cell-attached and scanning ion conductance microscopy (SICM) recordings of the sodium current have
provided information on the number of functional channels in a given area at the lateral membrane or specifically
at the crest and groove!t2202L pyt they did not provide the molecular features needed to characterize Na,1.5
organization at these domains. Moreover, previous studies did not correlate the signal of Nay1.5 with other structural
markers such as a-actinin for the groove and Bin1 for the T-tubules*®!%22, As such, current models of the roles of
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Figure 1. Pools of Na,1.5 in cardiomyocytes. a, The lateral membrane has a characteristic profile: at the groove, the membrane is
anchored to the sarcomeric Z-line (a-actinin; blue) through costameres (red boxes). T-tubules follow Z-lines and open to the groove.
Their membrane is shaped by Binl (red curves) and contain, among many other proteins, voltage-gated calcium channels (Ca,1.2;
purple). The crest has a dome shape. Na,1.5 is expressed at the crest and the groove. The amount of Na,1.5 in this image serves
illustrative purposes only and does not reflect experimental values. b, At the groove, Na,1.5 (green; left) is associated with the
costamere (right). The C-terminal SIV motif of Na,1.5 binds syntrophin (white), which binds dystrophin (red). Dystrophin also binds
syntrophin associated with the costamere, which contains multiple transmembrane proteins, including integrins (yellow), sarcoglycans
(purple), and B-dystroglycan (green). B-dystroglycan connects the sarcolemma with the extracellular matrix (ECM) via a-dystroglycan.
Dystrophin also links the costamere to the cytoskeleton through its association with actin at its N-terminus and with a-actinin via
ankyrin-G and obscurin. ¢, Confocal image of murine ventricular cardiomyocyte stained for Na,1.5 (red) and T-tubular marker Binl
(green), showing Na,1.5 expression at the intercalated disc, lateral membrane, and an intracellular punctate pattern coinciding with

Bin1 signal. Scale bar 20 pm.
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Na,1.5 at the lateral membrane and T-tubules do not represent the true molecular nature of Nav1.5 expression
and organization at these domains. To address these issues, we utilize multi-color single-molecule localization
microscopy (SMLM)?, a super-resolution imaging method, providing the features of Na,1.5 organization and
related markers with nanoscale resolution. Using this approach, we addressed Nay1.5 expression and cluster
organization at the T-tubules using the T-tubular marker Bin1?4, and Na,1.5 affinity for the groove using the
groove marker a-actinin in isolated cardiomyocytes. We also assessed T-tubular Ina by comparing whole-cell
Ina, rather than cluster densities, from control and detubulated cardiomyocytes. We then addressed the
consequences of dystrophin deficiency (mdx) and Na,1.5 C-terminal truncation (ASIV) on Na,1.5 expression
and organization at the lateral membrane overall, at the groove specifically, and at the T-tubules. ASIV resembles
the p.V2016M mutation found in a Brugada syndrome patient, replacing the C-terminal valine with a
methionine, which results in an apparent reduced expression of Na,1.5°. ASIV knock-in mice display a loss of
sodium current and Na,1.5 expression specifically at the lateral membrane®, and interaction of Na,1.5-ASIV
with the syntrophin/dystrophin complex is impaired®. In accordance, dystrophin-deficient mdx mice display a
strong reduction of sodium current and Na,1.5 expression, both overall and specifically at the lateral

membrane’s8.

By characterizing Na,1.5 organization and expression at different pools at a nanoscale and addressing their pool-
specific determinants, we come closer to understanding the pathophysiological variety in patients carrying
SCN5A mutations, as mutations may affect Nay1.5 pools and shape the pathophysiological landscape differently.
The two genetic mouse models investigated in this study give insight into pool-specific effects of a Na,1.5
mutation (ASIV) and of disturbing Na,1.5 regulation (mdx). It appears that (1) Nay1.5 is expressed in T-tubules;
(2) dystrophin deficiency increases T-tubular Nay1.5 expression; and (3) Nay1.5 expression is reduced at the
lateral membrane of mdx and ASIV mice overall whereas groove expression is specifically reduced in ASIV
cells; (4) Nay1.5 cluster organization changes at the lateral membrane of mdx cells and in the T-tubules of mdx

and ASIV cells compared to wild type.

RESULTS

NAy1.5 OCCURS AT DISTINCT POOLS IN MURINE VENTRICULAR CARDIOMYOCYTES

The main focus of this work is the characterization of Na,1.5 localization and cluster organization in different
cardiomyocyte domains with novel quantitative single-molecule localization microscopy (SMLM) and
modeling. Technical validation of SMLM is shown in Supplementary Figure 1. Firstly, however, we gained a
general overview over the Nay1.5 pools with confocal microscopy. To this end, we immunostained isolated
murine ventricular cardiomyocytes for Nay1.5 and the T-tubular marker Binl. Nay1.5 is clearly expressed at the
lateral membrane and intercalated disc (Figure 1c). Some Nay1.5 seems to co-localize with Binl, the latter

showing a striated pattern that indicates the T-tubular membrane. The limited resolution and sensitivity of the

4
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Figure 2. Na,1.5 has affinity for the groove at the lateral membrane of a cardiomyocyte. a, Super-resolution image of the lateral
membrane of murine ventricular myocyte stained for Na,1.5 (green) and a-actinin (red). Na,1.5 occurs close to a-actinin, indicating
the groove; and in between a-actinin lines, indicating the crest. Scale bar 1 um. b and c display simulations of the original SMLM
image (a), in which Na,1.5 clusters were randomly distributed (b) or had a high affinity for a-actinin (interaction factor [IF] 0.7 [c]).
Note that differences in affinity are hard to spot by eye, especially in a small area of a cell. d, In original SMLM images of wild-type
cells (N = 3, n = 24), the proportion of Na,1.5 within 50 nm of a-actinin is ~30% higher than in simulations in which Na,1.5 clusters
of each image are distributed randomly, and similar to images in which a high affinity of Na,1.5 for a-actinin was simulated (IF 0.7).
**%*% p<0.0001, Mann-Whitney test.

confocal microscope however prevents us from establishing a detailed quantitative analysis of Na,1.5 in the T-

tubules (Figure 1c).

To determine the molecular characteristics of Nay1.5 expression at the lateral membrane by SMLM, we imaged
the lateral membrane of wild-type cardiomyocytes stained for Na,1.5 and a-actinin, which coincides with the
groove (N = 3, n = 24; Figure 2a). Indeed, Nay1.5 occurred both in close proximity to a-actinin and in between
o-actinin clusters, indicating localization at the groove and the crest, respectively (Figure 1a, Figure 2a). To
quantify whether the Na,1.5 clusters have an affinity for the groove, we used a novel analysis approach® based
on Monte-Carlo simulations for each SMLM image (N = 3, n = 24) in which Na,1.5 clusters were redistributed
over the image either randomly or with a high affinity for a-actinin (Figure 2b,c). The random simulations were

performed by selecting the Na,1.5 clusters and stochastically redistributing them within the boundaries of the
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Figure 3. ASIV and mdx cardiomyocytes show loss of Na,1.5 expression at the lateral membrane. a-c, Detail of SMLM images of the
lateral membrane from wild-type (WT; a), mdx (b), and ASIV (c) cells. Scale bar 1.5 um. d, Total Na,1.5 expression at the lateral
membrane is reduced by ~30% in mdx and ASIV compared to wild type. Data points represented by a cross (X) correspond to
examples from panels a-c. e, Frequency distribution plot of edge distances from any a-actinin cluster to the closest Na,1.5 cluster,
bin size 50 nm. In mdx and ASIV, a smaller proportion of Na,1.5 resides within 50 nm to a-actinin compared to wild type. Frequency
distributions for cluster distances larger than 50 nm are similar between the genotypes. f, Groove expression of Na,1.5, defined as
Nay1.5 clusters within 50 nm of Bin1, is reduced by ~30% in ASIV cardiomyocytes compared to wild type. Note that mdx cells display
high variability in Na,1.5 cluster expression at the lateral membrane (d) and at the groove (f). Wild type N=3,n=24; mdxN=3,n =
27; ASIVN =3,n=19. * p=0.024 (wt vs. mdx [d]); p = 0.016 (wt vs. ASIV [d]); p = 0.019 (wt vs. ASIV [f]), Mann-Whitney test.

user-defined region of interest (ROI). For high-affinity simulations, an interaction factor of 0.7 was assumed,
given that an interaction factor of 0.0 represents random overlap between the two colors, an interaction factor
of 1.0 perfect overlap, and an interaction factor equal to or more than 0.5 indicates that one color has significant
affinity for the other color?®. To generate high-affinity simulations with an interaction factor of 0.7, each Na,1.5
cluster was first placed randomly within the region of interest, then the program determined whether one or
more pixels of the cluster overlapped with an a-actinin cluster. If this overlap was detected, the cluster was kept
in place; if not, the program generated a random number between 0 and 1. If that number was greater than 0.7,
the cluster was kept in its position; if not, this process was repeated. Overall, these high-affinity simulations

generated an image in which Nay1.5 clusters overlapped with a-actinin clusters to more than a random degree.
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Figure 4. Na,1.5 is expressed in the T-tubules. a, Detail of an intracellular recording from a wild-type cardiomyocyte stained for o-
actinin (blue), Binl (red), and Na,1.5 (green). All Na,1.5 clusters are redistributed over the image either randomly (b) or with a high
affinity for Binl (interaction factor [IF] 0.7 [c]). Scale bar 1.5 um. d, For each Bin1 cluster, the closest Na,1.5 cluster is within 50 nm in
~15% of cases, which is significantly more than the ~8% from random simulations and close to ~17% of the high-affinity simulations
(IF0.7) (N =3, n=39). The frequency distributions of Na,1.5 for distances to a-actinin of more than 50 nm does not show any apparent
difference between the genotypes. e, In experimental SMLM images, a higher proportion (~40%) of Na,1.5 are within 50 nm from the
nearest Binl cluster than in random simulations, but not as much as in simulations with a high-affinity simulations (IF 0.7). Values for
each individual cell/simulation are plotted. ****, p < 0.0001, unpaired t-test.

Then, for the original and simulated images, the distance from the edge of each a-actinin cluster to the edge of
the closest Nay1.5 cluster was determined. Nay1.5 was considered to be expressed in the groove if it was located
within 50 nm from an a-actinin cluster. We found that 25% of Na,1.5 clusters were in the groove in experimental
images. This value was close to that of the simulations with high affinity for a-actinin (Figure 2d), whereas in

random simulations, only 15% of Na,1.5 clusters were within 50 nm from a-actinin. These results strongly

suggest that Nay1.5 has an affinity for the groove.

NAv1.5 EXPRESSION AT THE LATERAL MEMBRANE AND THE GROOVE DEPENDS ON DYSTROPHIN AND THE
ASIV MOTIF, WHEREAS CLUSTER ORGANIZATION DEPENDS ON DYSTROPHIN ONLY
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Our SMLM-derived metrics indicate that Na,1.5 cluster density at the lateral membrane is reduced by about
30% in mdx and ASIV cardiomyocytes compared to wild-type cells (Figure 3a-d; wild type N = 3, n = 24; mdx
N =3, n=27; ASIV N = 3, n = 19). Cell size and average Na,1.5 cluster size did not change between the
genotypes, although mdx cells showed a high variability in Na,1.5 cluster size (Supplementary Figure 2a).
Interestingly, the solidity and circularity of Nay1.5 clusters was markedly increased in mdx cells compared to
wild type (Supplementary Figure 2a). Given that solidity is defined as the ratio between the particle area and
the convex hull area of the particle, and circularity as the roundness of a particle (1.0 indicating a perfect circle),
the increased solidity and circularity together indicate that Na,1.5 clusters are of geometrically less complex
shapes. The overall reduction of Nay1.5 expression at the lateral membrane in ASIV and mdx cells additionally
confirms the specificity of the anti-Na,1.5 antibody since these findings accord with previously reported
results®’. In addition, they show that the reduction in whole-cell Ina in mdx cells is at least partly due to reduced

Nay,1.5 expression at the lateral membrane®,

To assess the effects of Nay1.5 truncation and dystrophin deficiency on Nay1.5 expression at the crest and the
groove, we determined the distances from each a-actinin cluster to the closest Nay1.5 cluster in mdx and ASIV
lateral-membrane images, and compared them to wild-type values. The frequency histogram (Figure 3e) shows
that the proportion of Nay1.5 clusters within 50 nm of a-actinin is reduced by ~25% in mdx and ASTV compared
to wild-type cells. When the proportion of Na,1.5 within 50 nm of a-actinin is plotted for each individual cell
(Figure 3f), only ASIV cardiomyocytes show a significant ~20% reduction compared to wild type. Although
mean Nay1.5 expression in mdx cells is reduced by about 17% compared to wild type, the data show high
variability (Figure 3f), which correlates with the high variability in Na,1.5 expression at the lateral membrane
of mdx cells (Figure 3d). The affinity of Na,1.5 for the groove is however similar in wild-type, mdx, and ASIV
cells when comparing the proportion of Na,1.5 clusters within 50 nm of a-actinin from experimental images,

and random and high-affinity simulations for each genotype (Supplementary Figure 3a).

Taken together, these results establish that (1) Nay1.5 expression at the groove of the lateral membrane partially
depends on the ASIV motif and dystrophin expression; (2) in dystrophin-deficient cells, Nay1.5 clusters at the
lateral membrane are organized into simpler shapes compared to wild-type cells; and (3) dystrophin deficiency

induces high variability in Nay1.5 expression and Nay1.5 cluster size.

NAy1.5 IS EXPRESSED IN THE T-TUBULAR MEMBRANE

Nay1.5 expression in the T-tubules was assessed by co-staining cardiomyocytes for Nay1.5 and the T-tubular
marker Binl, and imaging an intracellular plane of each cell in highly inclined and laminated optical (HILO)
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Figure 5. Whole-cell sodium current recordings in detubulated and normal cardiomyocytes. Compared to control cells, maximum
sodium current (a) didn’t change, capacitance (b) was reduced by about 30%, and sodium current density (c) increased by about 25%
(non-significant) in detubulated cells. N =5, n = 7 for both conditions. ***, p = 0.006, Mann-Whitney test.

mode with the TIRF (total internal reflection fluorescence) objective. Binl was chosen as a T-tubular marker
since it binds and shapes the T-tubular membrane and assists in the trafficking and clustering of the voltage-
gated calcium channel Ca,1.224%, The Bin1 antibody was first validated by confirming that Bin1 stainings are
in close proximity to a-actinin, given that T-tubules run in close proximity to the sarcomeric Z-disc (N=3,n=
59) (Supplemental figure 4)=. Then, we assessed whether Na,1.5 and Binl associated randomly or not by
performing simulations for each SMLM image (N = 3, n = 39), where Na,1.5 clusters were redistributed either
randomly or with high affinity for Binl (Figure 4a-c). Nay1.5 clusters at the lateral membrane and intercalated
disc were excluded. Then, the distance from each Bin1 cluster to the closest Na,1.5 cluster was determined. The
frequency histogram shows that about 16-17% of Na,1.5 clusters is within 50 nm of Bin1 in both original images
and high-affinity simulations, whereas in random simulations this value was only ~8% (Figure 4d). This was
confirmed when plotting the proportion of Na,1.5 clusters within 50 nm of Binl for each individual image
(Figure 4e). Together, these findings indicate that a considerable subset of intracellular Na,1.5 is expressed in

the T-tubular membrane.

T-TUBULAR SODIUM CURRENT CANNOT BE ASSESSED BY WHOLE-CELL RECORDINGS

Having shown that Na,1.5 is expressed at the T-tubules (Figure 4), we investigated whether we could record a
T-tubular sodium current. To this end, we compared whole-cell Ina recordings from normal (N =5, n=7) and
detubulated (N =5, n = 7) ventricular cardiomyocytes. Firstly, we concluded that detubulation was successful
as the capacitance of detubulated cells was 30% lower than of control cells (Figure 5b). Whole-cell Ina did not
decrease after detubulation (Figure 5a), which indicates that the vast majority of sodium current is conducted
by sodium channels at the intercalated disc and lateral membrane. Comparing the current density shows a 25%
yet non-significant increase in Iy, density after detubulation (Figure 5c), further confirming that the majority of

sodium channels is outside the T-tubular domain. As discussed in the introduction, current densities of
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Figure 6. Na,1.5 expression is increased in T-tubules of mdx mice. a, Na,1.5 cluster density in intracellular membrane compartments
and T-tubules is ~30% higher in mdx cardiomyocytes than in wild-type cardiomyocytes, but no change was observed in ASIV
compared to wild-type cells. b, For each Binl cluster, the distance to the closest Na,1.5 cluster is measured. Cluster distances are
plotted in a frequency histogram with bins of 50 nm. The given histogram indicates that Na,1.5 preferentially locates within 50 nm
to Bin1, in ASIV and mdx more so than in wild-type cells. ¢, In mdx cells, a higher proportion of Na,1.5 clusters is within 50 nm from
Binl1 than in wild-type cells. Together with the increase in overall intracellular Na,1.5 expression in mdx, this indicates that T-tubules
in mdx cells show a higher Na,1.5 expression. ASIV cells show a similar T-tubular Na,1.5 expression as WT cells. a, Wild type N =3, n
=47, mdx N =3,n=26;ASIVN=3,n=13. b,c Wild type N=3,n=39; mdx N=3,n=20; ASIVN =3, n=11. ** p =0.0095; *** p =
0.0002; **** p <0.0001, Mann Whitney test.

detubulated and control cardiomyocytes cannot be compared directly as capacitance measurements in control
cardiomyocytes result in a considerable underestimation of cell membrane area. Thus, our data show that the T-
tubular Ina is below the detection limit of the whole-cell patch-clamp technique.

NAy1.5 EXPRESSION IS INCREASED IN T-TUBULES FROM DYSTROPHIN-DEFICIENT CARDIOMYOCYTES, AND
CLUSTER ORGANIZATION DEPENDS ON THE SIV MOTIF AND DYSTROPHIN

We next investigated whether dystrophin deficiency (mdx) and deletion of the SIV motif of Na,1.5 affected
Nay1.5 expression in the T-tubules. Firstly, we determined that overall Nay1.5 cluster density in intracellular
planes was increased in mdx compared to wild-type cells, whereas no difference was observed between ASIV
and wild-type cells (Figure 6a; wild type N =3, n =47; mdx N =3, n = 26; ASIV N = 3, n = 13). We also noted
an increase in cluster solidity in mdx and an increase in cluster circularity in mdx and ASIV compared to wild-
type cells, while cell size and average Nay1.5 cluster size did not differ between the three genotypes. Similar to
what we observed at the lateral membrane, this indicates that intracellular Na,1.5 clusters have geometrically

simpler shapes in mdx and ASIV cells.

The frequency histogram plotting distances between Binl and Na,1.5 shows that the proportion of Na,1.5 within
50 nm to Binl was ~30% higher in mdx and ~4% higher in ASIV compared to wild type (Figure 6b; wild type
N =3,n=239; mdx N =3,n=20; ASIV N = 3, n = 11). Plotting these values from individual cells confirmed
this increase of T-tubular Nay1.5 in mdx cells, but no difference between ASIV and wild type cells was observed

10



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

(Figure 6c). When comparing T-tubular Na,1.5 expression from original images and random and high-affinity
simulations, Na,1.5 displays an affinity for Binl in all three genotypes; but in mdx cells, Na,1.5 has an even

higher affinity for Binl than in the high-affinity simulations (Supplementary figure 3b).

Taken together, these data indicate that dystrophin deficiency induces a higher Nay1.5 expression associated
with intracellular membrane compartments and T-tubules compared to wild type, whereas this effect was not
observed in ASIV cells. Intracellular Nay1.5 cluster shapes were also markedly simpler in ASIV and mdx

compared to wild-type cardiomyocytes.

DISCUSSION

This work aimed to surpass the previously published limited-resolution characterization of Na,1.5 expression
and cluster organization at the lateral membrane and T-tubules of cardiomyocytes. To this end, we applied novel
quantitative single-molecule localization microscopy (SMLM) and modeling techniques to investigate Navl1.5
organization at the crest, groove, and T-tubules in cardiomyocytes from wild-type mice, dystrophin-deficient
(mdx) mice, and mice expressing C-terminally truncated Na,1.5 (ASIV). We showed that (1) Nay1.5 expression
in the groove of the lateral membrane partly depends on dystrophin and the SIV motif of Nay1.5; (2) dystrophin
is involved in Nay1.5 cluster organization at the lateral membrane; (3) Na,1.5 is expressed in the T-tubules,
although we could not assess T-tubular sodium current with our electrophysiological approach; (4) T-tubular
Nav1.5 expression is increased in dystrophin-deficient but not in ASIV cardiomyocytes; and (5) intracellular
Nay1.5 cluster organization depends on dystrophin and the SIV motif. These findings are schematically

summarized in Figure 7.

We convincingly showed that Nay1.5 is expressed in the T-tubules by co-staining Na,1.5 with the T-tubular
marker Binl in SMLM recordings, and assessing the robustness of this association by novel in silico
methods®?. Comparing original images to simulations of these images in which Na,1.5 clusters were
redistributed either randomly or with high affinity for Binl, we observed that the T-tubular population of Na,1.5
in original images is twice as high as in random populations and comparable to that from high-affinity
simulations (Figure 4e). The function of Na,1.5 at the T-tubules remains elusive, although Na,1.5 in the T-
tubules will theoretically increase conduction velocity?®. Since some Binl and Na,1.5 clusters overlapped
(Figure 4a), we may hypothesize that Binl could be involved in the regulation of Na,1.5 in the T-tubules as

Bin1 also regulates the trafficking of voltage-gated calcium channel Ca,1.2%.

We showed that the presence of a T-tubular Ina could not be deducted from whole-cell electrophysiological

methods as whole-cell currents between detubulated and control cardiomyocytes were similar (Figure 5a). The

11
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Figure 7. Model depicting changes at the lateral membrane and T-tubules of ASIV and mdx cardiomyocytes. Compared to the wild-
type condition (a), ASIV cells (b) show less Na,1.5 at the lateral membrane overall and specifically in the groove, whereas the lateral
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membrane structure remain intact. In mdx cells (c), the lateral membrane is flatter than in wild-type and ASIV cells, and Na,1.5
expression at the lateral membrane is reduced overall; yet the expression at groove of mdx cells is not as affected as that of ASIV
cells. Costameres are severely compromised in mdx cells. In the T-tubules, Na,1.5 expression is similar in wild-type (a) and ASIV cells
(b), and increased in mdx cardiomyocytes (c).

T-tubular Ina may not surpass the noise of whole-cell recordings, or the T-tubular membrane may not be properly
voltage clamped in our whole-cell approach, thus a proportion of T-tubular sodium channels may not be
activated (space clamp issue). In the past, the T-tubular Ina, was suggested to be ~30% of total Ina by comparing
current densities from detubulated and control cells'®. Measuring the capacitance in control cells underestimates
cell membrane area, however, which disqualifies the direct comparison of current densities non-detubulated to
detubulated cells'’. Other electrophysiological methods have not been able to record T-tubular currents either:
cell-attached®® and SICM data'**! only show currents from a few voltage-gated calcium channels whereas a
much stronger calcium current would be expected from the T-tubules. To assess the T-tubular Ina, more specific

methods need to be developed.

When dystrophin is absent, less Nay1.5 is expressed at the lateral membrane (Figure 3a), but more Nay1.5 is
expressed in the T-tubules compared to wild-type cells (Figure 6c¢). The reduction Nay1.5 at the lateral
membrane of mdx cells may be explained by the loss of costamere integrity (Figure 7)%. We may also
hypothesize that dystrophin deficiency causes a partial rerouting of Na,1.5 trafficking to the T-tubules instead
of to the lateral membrane by an unknown mechanism. The short dystrophin product Dp71 may be involved
since it is present only at the T-tubules®, and binds ion channels and the cytoskeleton®. In light of the overall
reduction of Navl.5 protein expression and Ina in mdx hearts®, the relative increase of T-tubular Na,1.5
expression may make matters worse: due to the restricted space in the T-tubular lumen, the T-tubular sodium
current may partially self-attenuate®3®. A de facto translocation of Na,1.5 from the lateral membrane to the T-
tubules of mdx cells may quench whole-cell sodium current and contribute to the reduction in ventricular
conduction velocity observed in mdx mice®8. Whether this effect indeed takes place in vivo requires further

research.
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Interestingly, Nay1.5 cluster shapes in the groove and the intracellular compartment are simpler in mdx than in
wild-type cells, illustrated by the increased solidity and circularity (Supplementary Figure 2). This indicates
that dystrophin is involved in scaffolding and shaping of the Na,1.5 clusters, which may be related to the large
size (427 kD) of dystrophin, and to the link to the actin cytoskeleton that dystrophin provides®. On the other
hand, Nay1.5 clusters in ASIV cells show an increase in solidity only in intracellular planes (Supplementary
Figure 2b). This suggests that the interaction of Na,1.5 with the syntrophin-dystrophin plays a role in cluster
organization in the intracellular compartment/T-tubules, while at the lateral membrane, the secondary N-
terminal syntrophin-binding site of Na,1.5 may support interaction with dystrophin and wild-type-like Nay1.5

cluster organization®.

The residual Nay1.5 expression at the lateral membrane of mdx mice may be explained by the dystrophin
homologue utrophin3®. Utrophin is expressed during the fetal phase and re-expressed in adult tissue when
dystrophin is absent in mice, but not in humans®-°. Since we found that Na,1.5 cluster density and size at the
lateral membrane and at the groove is highly variable in mdx cells (Figure 3a,c, Supplementary Figure 2a),
ventricular cardiomyocytes may display a high variability in compensatory utrophin and Dp71 expression.
Utrophin however does not rescue a wild-type-like phenotype: the costameres and sarcolemma of utrophin-
expressing mdx mice are still weak*°, and the crest-groove profile at the lateral membrane of mdx cardiomyocytes
is flattened compared to wild type (Figure 7c)*. The effects of dystrophin deficiency when the aforementioned
compensatory mechanisms are not available needs to be assessed in heart samples from Duchenne patients and

from dystrophin/utrophin/Dp71 triple knock-out mice.

Like mdx mice, ASIV mice express less Nay1.5 at the lateral membrane, and the groove pool is specifically
affected (Figure 3d,f). The ASIV truncation reduces the interaction of Na,1.5 with the syntrophin-dystrophin
complex®. Since ASIV mice still express dystrophin, costameres presumably remain intact. Of note, the
syntrophin-dystrophin complex may also interact with the N-terminus of Na,1.5%, possibly explaining the
reduction, rather than the abolition, of Nay1.5 localization to the groove and the lateral membrane. Contrary to
mdx mice, we did not observe an increase of Nay1.5 at the T-tubules in ASIV mice, which may be explained by

their intact costameres.

A groove-specific reduction of Nay1.5, as shown for ASIV and a subset of mdx cardiomyocytes, and an increase
in T-tubular Nay1.5, as shown for mdx cells, may affect conduction and excitability in different ways. However,
late openings between the crest and the groove as well as biophysical properties did not differ in murine
cardiomyocytes'*. Future studies should address specific differences in function and regulation of Na,1.5 in the

crest, groove, and T-tubules.

Intriguingly, while our data revealed that Na,1.5 is reduced at the groove of mdx and ASIV mice, Rivaud et al.

have recently shown in a murine heart failure model (transient aortic constriction) that sodium current is
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specifically reduced at the crest, not at the groove, compared to sham-operated animals'’. Rivaud et al. showed
that Nay1.5 cluster size, not cluster density, was markedly reduced at the lateral membrane in the heart failure
model, whereas our data show that cluster density, not cluster size, was reduced in mdx and ASIV cells
(Supplementary Figure 2a). Expression and organization of Na,1.5 at the crest and the groove was however
not investigated in this heart failure model. Together, these data suggest that cardiomyocytes respond differently
to dystrophin deficiency, Nay1.5 truncation (ASIV), and transient aortic constrictiont. One obvious difference
is the hypertrophy observed in the heart failure model but not in mdx or ASIV mice. These different pathways
remain to be elucidated in detail.

The phenotype of Brugada syndrome patients carrying the mutation p.vV2016M, which changes the C-terminal
motif SIV into SIM, may be partly explained by a reduction in Na,1.5 cluster density in the groove of the lateral
membrane and a reduction of dystrophin-Na,1.5 interaction®. Indeed, in ASIV cardiomyocytes, transversal
conduction velocity, total sodium current, and sodium current at the lateral membrane are decreased®, which
may contribute to the Brugada syndrome phenotype. However, the specific effect of groove-specific Na,1.5
reduction remains to be determined.

A limitation of our study is that mdx mice display various compensatory mechanisms discussed above that do
not allow us to assess the effects of a “pure” dystrophin deficiency. Mdx mice moreover do not have the optimal
controls, since they were on a BI6/Ros background while being backcrossed to BI/6J in the fourth generation,
whereas wild-type and ASIV mice were littermates on a pure BI6/J background. The discrepancy in backgrounds
may have introduced variability in our data, although the data are consistent with previously published results”#.

Lastly, our methods did not allow us to quantify crest expression of Nay1.5.

Taken together, our findings provide important and previously unattainable mechanistic insights on the
properties of Na,1.5 organization on the crest, groove, and lateral membrane of cardiomyocytes, and are an
important step towards identifying cardiac domain-specific molecular determinants of Na,1.5 and location-
specific effects of SCN5A mutations. However, pool-specific function and regulation of Na,1.5 at the crest,
groove, and T-tubules remains to be studied in more detail.

METHODS

ETHICAL STATEMENT

All animal experiments conformed to the Guide to the Care and Use of Laboratory Animals (US National Institutes of
Health, publication No. 85-23, revised 1996); were approved by the Cantonal Veterinary Administration, Bern,
Switzerland; conformed to the New York University guidelines for animal use and care (IACUC Protocol 160726-03 to

MD, approved 07/11/2018); and have complied with the Swiss Federal Animal Protection Law.

MOUSE MODELS
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Dystrophin knock-out (mdx>®Y) mice

The mdx5®Y mouse strain displays total deletion of dystrophin protein. It was generated as described previously*, and
purchased from the Jackson laboratory (Bar Harbor, Maine; stock #002379). Mdx mice were on a mixed background of

BI6/Ros and BI16/J (fourth generation of backcrossing). Male littermates aged 16 weeks were used.

ASIV knock-in mice

In ASIV knock-in mice, the C-terminal SIV motif of Na,1.5 is deleted (Scn5a-p.52017STOP), as described previously®.

ASIV mice and wild-type littermates are on a pure BI6/J background. All mice (male and female) were 16 weeks old.

ISOLATION OF MURINE VENTRICULAR MYOCYTES

All experimental steps are performed at room temperature unless specified otherwise.

Cardiomyocytes were isolated based on a previously established enzymatic method®. Briefly, mice were euthanized by
cervical dislocation. Hearts was excised, cannulated, and mounted on a Langendorff system for retrograde perfusion at
37°C. Hearts were rinsed first with nominally Ca?*-free solution containing (in mM) 135 NaCl, 4 KCI, 1.2 MgCl,, 1.2
NaH;PQO4, 10 HEPES, and 11 glucose (pH 7.4, NaOH adjusted), then with digestion solution for 15 minutes, consisting of
the aforementioned solution supplemented with 50 pM Ca?* and collagenase type 11 (1 mg/mL; Worthington, Allschwil,
Switzerland). Subsequently, atria were removed. Ventricles were transferred to nominally Ca?*-free solution and minced
into small pieces. To increase the yield of isolated cells, digested ventricular tissue was triturated gently and filtered through

a 100 um nylon mesh. Before use, cells were subjected to a calcium increase procedure.

CONFOCAL MICROSCOPY

Isolated cardiomyocytes were fixed with acetone at -20°C for 10 minutes in cell culture chambers. Cells were washed twice
with phosphate-buffered saline (PBS), permeabilized with 0.1% saponin in PBS for 2 x 7 minutes, and blocked for 15
minutes with PBS containing 10% normal goat serum, 1% bovine serum albumin (BSA), 0.1% saponin, and 30 pg/mL Fab
fragment donkey anti-mouse 1gG (H+L) (Jackson Immuno Research, Baltimore, Maryland). All following antibody
dilutions and washing steps were performed with incubation buffer (3% normal goat serum, 0.05% saponin, and 1% BSA
in PBS) unless specified otherwise. Primary antibodies were diluted and applied onto cells for overnight incubation at 4°C.
Afterwards, cells were washed 4 times for 5 minutes, and incubated with secondary antibodies for 2 hours. Cells were
washed 3 times for 5 minutes, incubated with DAPI (1 uL in 200 uL PBS) for 20 minutes, washed twice with PBS, and
finally embedded in FluorSave reagent (Merck, Burlington, Massachusetts). Cells were imaged on a confocal microscope
(LSM710, Zeiss, Oberkochen, Germany).

SINGLE-MOLECULE LOCALIZATION MICROSCOPY

Sample preparation

Freshly isolated cardiomyocytes were plated on laminin-coated glass coverslips and allowed to adhere at 37°C for 30

minutes. Cells were fixed with 4% paraformaldehyde for 10 minutes and washed 3 times with PBS. To quench
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autofluorescence, cells were placed overnight under 470 nm LED light. Then, cells were permeabilized with 0.1% Triton
X-100 in PBS for 10 minutes, and blocked with blocking solution (2% glycine, 2% BSA, and 0.2% gelatin in PBS) for 30
minutes. All following antibody dilutions and washes were performed with blocking solution unless specified otherwise.
Unconjugated primary antibodies were applied to the cells for 1 hour, followed by three 5-minute washes. Secondary
antibodies were applied for 15 minutes, followed by three 5-minute washes and an optional 15-minute incubation with
conjugated primary antibodies. Lastly, cells were washed with PBS for 5 minutes. Coverslips were mounted onto
microscope slides in which two small holes were drilled and using double-sided tape as spacers, creating a fluid chamber.

Chambers were sealed with epoxy resin.

Optical setup and image acquisition

SMLM imaging was performed in accordance to a previously described method?. To achieve stochastic fluorophore
blinking, imaging buffer was added to the cells, containing 200 mM 2-mercaptoethylamine, 10% glucose, 0.04 mg/mL
glucose oxidase and 0.08 mg/mL catalase in T50 buffer (10 mM Tris pH 8 and 50 mM NaCl in MilliQ). Samples were
imaged on a customized Leica DMI 300 inverse microscope equipped with an HCX PL APO 63X NA = 1.47 OIL CORR
TIRF objective (Zeiss), a 2X tube lens (Diagnostic Instruments, Sterling Heights, Michigan) and a chromatic aberration
correction lens (AC254-300-A; Thorlabs, Newton, New Jersey). Samples were sequentially excited by a 639 nm laser (,
MRL-FN-639-800; UltraLasers, Newmarket, Canada), 561 nm laser (MGL-FN-561-200; UltraLasers), and 488 nm laser
(OBIS; Coherent, Santa Clara, California). A 405 nm laser (MDL-111-405-150; CNI, Changchun, China) was used to
reactivate AlexaFluor 647 fluorophores. Lasers were aligned by a penta-edged dichroic beam splitter
(FF408/504/581/667/762-Di01-22x29). The 488, 561, and 639 laser lines were adjusted to ~0.8, 1.0, and 1.5 kW/cm?,
respectively. The emitted fluorescence was filtered by the applicable single-band fluorescence filter (FF01-531/40, FFO1-
607/36, and FF01-676/37 for AlexaFluor 488, 568, and 647, respectively; Semrock, Rochester, New York) in a filter wheel,
and recorded at 33 Hz by a SCMOS camera (Prime95B; Photometrics, Tucson, Arizona) with a minimum of 2000 frames
per wavelength. Recordings were controlled by MicroManager software (version 1.4.22; www.micro-manager.com). The

readout noise of each camera pixel was pre-calibrated and characterized by a Gaussian distribution®,

Alignment of different colors for SMLM images

Different colors were aligned following previously described methods®. Briefly, broad-spectrum fluorescent beads
(diameter ~100 nm, TetraSpec; Thermo Fisher, Waltham, Massachusetts) were imaged sequentially in the blue (488 nm),
green (568 nm), and red (639 nm) channels. The images from the blue and green channels were aligned to the red channel
using a second polynomial warping algorithm in Matlab (version R2017b; Mathworks, Natick, Massachusetts).

Single-molecule localization

Single-molecule localization also followed a previously described method®. In short, from each image stack, each frame
was box-filtered. Box size was four times the full width at half maximum of a 2D Gaussian point spread function (PSF).
Each pixel was weighted by the inverse of its variation during such box-filtering. The low-pass filtered image was extracted
from the raw image, and local maxima were identified. Local maxima from all frames of one image stack were subjected
to 2D Gaussian multi-PSF fitting*. The 2D Gaussian single-PSF fitting was performed using the maximum likelihood
estimation (MLE) algorithm on a GPU (GTX 1060, CUDA 8.0; Nvidia, Santa Clara, California). The likelihood function
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at each pixel was based on convolving the Poisson distribution of the shot noise, which is governed by the photons emitted
from nearby fluorophores, and the Gaussian distribution of the readout noise characterized by the pre-calibrated

expectation, variation, and analog-to-digital conversion factor. Fitting accuracy was estimated by Cramér-Rao lower bound.

Image analysis

Images were processed based on previously described methods?’. Briefly, images were subjected to a smoothing filter,
adjusted for brightness and contrast, and filtered to a threshold to obtain a binary image with ImageJ software (version
1.51j8; https://imagej.net). Regions of interest were drawn, defined as regions with regular a-actinin and/or Binl staining,
depending on the applied antibodies. We excluded the intercalated disc regions from both surface and intracellular
recordings, and the lateral membrane regions from intracellular recordings. Clusters were analyzed in ImageJ. Image
simulations were performed using the Interaction Factor plugin in ImageJ?®, and distance between clusters in experimental
and simulated images were obtained using the ImageJ function ‘Analyze particles’ and a script written in Python (version
2.7; www.python.org) that utilized the image processing packages ‘scikit-image’ and ‘mahotas’?’. Frequency histograms
of cluster distances were made in GraphPad Prism (version 7; GraphPad Software, San Diego, CA, USA). The investigator
that analyzed the images was ignorant of the corresponding genotypes.

ANTIBODIES

Primary antibodies were: custom-made rabbit anti-Na,1.5 (epitope: amino acids 493-511 of rat Na,1.5; Pineda Antibody
Service, Berlin, Germany; 1:100), mouse anti-Binl (amphiphysin-II; epitope: amino acids 179-207 of human Binl; Santa
Cruz Biotechnology, Dallas, Texas; 1:50), mouse anti-a-actinin (raised against rabbit skeletal a-actinin; Sigma-Aldrich, St.
Louis, Missouri; 1:400), and the same anti-a-actinin antibody directly conjugated to AlexaFluor 488 or 647 (Thermo Fisher;
1:2000 or 1:5000, respectively). Secondary antibodies were: rabbit AlexaFluor 568 (Life Technologies, Carlsbhad,
California; SMLM: 1:10,000; confocal: 1:200), mouse AlexaFluor 647 (Life Technologies; SMLM: 1:5000), and mouse
AlexaFluor 488 (Life Technologies; confocal: 1:200).

DETUBULATION

Isolated cardiomyocytes were detubulated by osmotic shock using formamide based on a previously described method?®.
Briefly, cardiomyocytes were resuspended in 2 mL 1.5 M formamide solution for 15 minutes and washed twice with

extracellular solution (see “Electrophysiology” section).

ELECTROPHYSIOLOGY

Whole-cell sodium currents (Ina) were recorded at 22-23°C using a VE-2 amplifier (Alembic Instruments Inc., Montréal,
Canada). Borosilicate glass pipettes were pulled to a series resistance of ~2 MQ. Recordings were visualized with pClamp
software (version 8, Axon Instruments, Union City, California), and analyzed with pClamp and OriginPro (version 7.5,
OriginLab Corp., Northampton, Massachusetts). Current densities (pA/pF) were calculated by dividing the peak current by
the cell capacitance. Cells were bathed in extracellular solution containing (in mM) 5 NaCl, 125 NMDG-CI, 5.6 CsCl, 5
BaCl2, 1 MgCl,, 10 HEPES, and 5 glucose (pH 7.4, CsOH adjusted). Internal solution contained (in mM) 130 KCI, 4 Mg-
ATP, 12 NaCl, 1 MgCl,, 1 CaCly, 10 EGTA, 10 HEPES (pH 7.2, KOH adjusted).
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STATISTICS

Data are presented as means + standard deviation. Differences between two groups were analyzed in GraphPad Prism by
two-tailed T-tests if the data were normally distributed, and Mann-Whitney tests if the data were not. P < 0.05 was
considered statistically significant. No explicit power analysis was used. Three (SMLM) or five (electrophysiology) mice
per genotype were used as biological replicates, providing sufficient statistical power. For SMLM, 47/24 (wild type), 26/27
(mdx), and 13/19 (ASIV) cells were imaged on intracellular and surface imaging planes, respectively, also providing
sufficient statistical power. For individual experiments, cells from different genotypes were always isolated, or stained and
imaged side by side. We performed 5/4 (wild type), 3/3 (mdx), and 2/3 (ASIV) technical replicates for intracellular and
surface imaging, respectively. A technical replicate is defined as one round of staining and imaging. For electrophysiology,
currents were recorded in seven control and seven detubulated cells from five wild-type mice. Each mouse counts as one

technical replicate as data from each mouse were collected on one experiment day.

Exclusion and inclusion criteria

Regarding SMLM data, cells with irregular Binl staining were excluded, as they indicated a technical problem and/or T-
tubular remodeling. All other cells were included as a-actinin and Na,1.5 stainings showed consistent results. No outliers

were excluded.

Regarding electrophysiology data, we only included recordings with gigaseal and high-quality voltage clamp. Among those,

no outliers were excluded.
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SOURCE DATA

Figure 2d — Source data 1. This spreadsheet contains the percentages of Na,1.5 clusters which edges are 50
nm from the edge of the nearest a-actinin cluster at the lateral membrane of wild-type cardiomyocytes, and the
corresponding statistical analyses. Values from original images are compared to those from simulations in which

Nay1.5 clusters are redistributed over the respective image either randomly or with high affinity for a-actinin.

Figure 3d-f — Source data 2. This spreadsheet contains data on Na,1.5 cell surface expression (pertaining to
Fig 3d), frequency distribution of edge distances from any a-actinin cluster to the closest Na,1.5 cluster
(pertaining to Fig 3e), and the percentage of Nayl.5 clusters within 50 nm from a-actinin at the lateral
membranes of wild-type, mdx, and ASIV cells. Statistical analyses and descriptive statistics are given where
applicable.

Figure 4d-e — Source data 3. This spreadsheet contains the values of the frequency distribution of edge
distances from any Binl cluster to the closest Nay1.5 cluster (pertaining to Fig 4d), and the percentages of Nay1.5
clusters within 50 nm from Bin1 (pertaining to Fig 4e) in intracellular recordings of wild-type cardiomyocytes.
Statistical analyses and descriptive statistics are also given.

Figure 5 — Source data 4. This spreadsheet contains values of cell capacitance, maximum sodium current, and
sodium current density recorded in normal and detubulated wild-type cardiomyocytes. Statistical analyses are

included.

Figure 6 — Source data 5. This spreadsheet contains values of Na,1.5 cluster density and frequency distributions
of edge distances from any Binl cluster to the closest Na,1.5 cluster in intracellular planes in wild-type, mdx,

and ASIV cells. Statistical analyses and descriptive statistics are included.

Supplemental figure 2 — Source file 6. This spreadsheet contains values of cell size, average Nay1.5 cluster
size, Nay1.5 cluster solidity and circularity of wild-type, mdx, and ASIV cardiomyocytes at surface (pertaining
to Supplemental Fig 2a) and intracellular imaging planes (pertaining to Supplemental Fig 2b). Statistical

analyses are included.

Supplemental figure 3 — Source file 7. This spreadsheet contains values of Na,1.5 clusters within 50 nm from
a-actinin at the cell surface (pertaining to Supplemental Fig 3a) and Binl inside the cell (pertaining to
Supplemental Fig 3b). Values are compared between original images and simulations in which Nay1.5 clusters
are redistributed either randomly or with high affinity for a-actinin or Bin1, respectively. Statistical analyses are

also given.
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SUPPLEMENTAL FIGURES

Supplemental figure 1. Fluorophores blink during SMLM image acquisition. a, Frames from a recording of a cardiomyocyte stained
with anti-a-actinin antibodies directly conjugated to AlexaFluor 647 fluorophores and excited with a 639 nm laser. The fluorophores
release photons intermittently — “blink” — due to the oxygen scavenging imaging buffer (see Methods). b, Reconstructed image
depicting a-actinin in red and Na,1.5 in green. Note that the fluorophores on the left side of the cell that did not blink, characterized

by a faint striated pattern in all panels of (a), are not reconstructed in the final SMLM image (b). Scale bar 5 pm.
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Supplemental figure 2. Cell and Na,1.5 cluster properties of SMLM images. For all images from wild-type, mdx, and ASIV cells at the
lateral membrane (a) and inside the cell (b), this figure shows cell size, and cluster size, circularity, and solidity of Na,1.5 clusters per
cell. Perfectly circular and solid clusters give value 1. Solidity indicates the ratio of the particle area to the area of the convex hull of the
particle. a, Wild type N =3, n=24; mdx N=3,n=27; ASIVN =3,n=19. b, Wild type N=3,n=39; mdx N=3,n=20; ASIVN=3,n=
11. *, p = 0.041 (a, solidity); p = 0.021 (b, solidity); **, p = 0.001; **** p < 0.0001, Mann Whitney test.
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Supplemental figure 3. Comparing cluster distances of experimental SMLM images to simulations. Proportion of Na,1.5 clusters
within 50 nm from a-actinin at the lateral membrane (a) and Bin1l inside the cell (b). SMLM images from wild-type (blue), mdx (orange),
and ASIV (green) cells are compared to their respective high affinity (IF 0.7) and random simulations. a, Wild type N = 3, n = 24; mdx N
=3,n=27;ASIVN=3,n=19. b, Wild type N=3,n=39; mdx N=3,n=20; ASIVN =3,n=11. * p=0.0194 (a, ASIV-WT), p =0.017 (b,
mdx); **, p = 0.0074 (a, ASIV) p = 0.0019 (b, ASIV), p = 0.0095 (b, mdx-ASIV); ***, p < 0.001, **** p < 0.0001, unpaired T-test (b, wild
type) and Mann Whitney test (all others).
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Supplemental figure 4. Binl antibody validation. Representative SMLM images of Binl (red) and a-actinin (blue) showing close

proximity of Binl to a-actinin. This indicates that the anti-Bin1 antibody is most likely specific, as Bin1 binds the T-tubular membrane,
and most T-tubules run along a-actinin lines, which constitute the sarcomeric Z-discs. Bin1 signal in between a-actinin lines may indicate

axial T-tubular branches. N = 3, n = 57; scale bar 1 um.
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3.2 Publication 4: Transcriptomic analyses of murine ventricular cardiomyocytes
This publication was a collaborative effort of our lab and the Interfaculty Bioinformatics Unit and Swiss
Institute of Bioinformatics at the University of Bern. | analyzed the data, made the tables and figures,

and wrote the Data Descriptor.

This manuscript is published in Nature Scientific Data’é. Online-only tables are available under

https:/lwww.nature.com/articles/sdata2018170.

The full dataset is available at the Gene Expression Omnibus (GSE102772) (see

https:/lwww.ncbi.nlm.nih.gov/geol).

Using the next-generation RNA-seq data as presented in this manuscript, we determined which
voltage-gated ion channels are expressed in murine ventricular cardiomyocytes (Figure 1 and Table
I in the manuscript). In the context of this thesis, it must be noted that of the a-subunits we identified
only Scn5a, Scn4a, and Scn7a mRNA, encoding Na,l.5, Na,l.4, and Na,2.1, respectively. Of the [3-

subunits, we found only Scnlb and Scn4b, encoding the [31- and B4-subunits, respectively.

Although mRNA levels do not necessarily correlate with protein levels, based on previous data from
our group we expect a high protein expression of Na,l.5 in cardiomyocytes from the respective
mouse models®87, while Nay|.4 protein expression has not been investigated yet in these cells. Na,2. |
protein expression has not been investigated in these mice; however, we may extrapolate from the
very low mRNA expression that protein expression is likely low as well. This would correspond to
the absence of publications discussing Na,2.1 or Scn7a expression in the heart (illustrated by its
absence in the following reviews38168174) Na,2.| is a controversial channel: it is listed under voltage-
gated sodium channels by the Hugo Gene Nomenclature Committee (see
https:/lwww.genenames.org/data/gene-symbol-report/#!/hgnc_id/[HGNC:10594), yet is also classified as a
voltage-insensitive sodium-concentration-sensitive channel that is poorly homologous to voltage-gated

sodium channels!’é. Whether Na,2.1 plays a role in cardiac function remains an open question.

The biophysical properties of Na,|.5 and Na,l.4 are markedly different: in HEK cells, Na,|.4 steady-
state inactivation and activation curves are shifted in the hyperpolarized direction compared to Na,l.5
(activation: Vi Navia = =18 mV; Vi Navis = -32 mV; inactivation: Vi, Navi4 = =59 mV; Via Nevis = -75

mV)!'77 These findings correspond to very recent unpublished data by Urs Thomet (Figure 13).
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Figure 13. Biophysical properties of Na,l.5 and Na,l.4. Sodium currents were recorded in HEK cells
transfected with wild-type SCN5A (encoding Na,l.5; black) or SCN4A (encoding Na,l.4; orange). Current-
voltage relationship (A) and voltage dependence of activation (B) show a positive shift in activation of the
Na, |.4-mediated current compared to Na,|.5. Steady-state fast inactivation (C) shows a comparable shift of
Na,|.4 current compared to Na,|.5. Unpublished data collected by Urs Thomet.

These biophysical effects are modulated by the B-subunits, although findings greatly differ between
experimental conditions and model systems; therefore, the functional implications of 31- and B4

expression on sodium channel function in cardiomyocytes are still unclear.

Moreover, the composition of complexes of Na,l.5 and/or Na,l.4 with ;- and/or Bs-subunits in
cardiomyocytes remains unknown. Given that the 3;-subunit is mainly expressed at the intercalated
disc while B4 seems to be specific to the T-tubules!?8, the composition of these complexes likely differs

between cardiomyocyte domains.

Functional implications of Na, 1.5, Na,| .4, Bi-, and Bs-expression are further discussed in the general

conclusion (Chapter 4).
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Background & Summary

In this study, we present next-generation RNA sequencing (RNA-seq) data of murine ventricular
cardiomyocytes (CMC). To date, only whole-heart RNA-seq data have been published' ™, in which a
variety of cell types, such as fibroblasts, endothelial cells, and atrial and ventricular cardiomyocytes, are
pooled. We endeavoured to provide RNA-seq data of isolated CMCs for several reasons. Firstly, since the
pump function of the heart relies on proper CMC function, CMCs are the most thoroughly studied
cardiac cell type. Researchers studying CMCs may benefit from CMC-specific RNA-seq data from which
expression of genes of interest can be extracted. Secondly, because of the crucial role of ion channels in
cardiac electrical excitability and arrhythmogenesis, researchers that study cardiac arrhythmias have
debated the question of which ion channels are expressed in CMCs. However, existing ion channel
expression data are low-throughput, often contradictory*®, fragmented’, or expression is assessed in the
whole heart. The present work reveals the expression of the more than 350 ion channel family members,
including pore-forming and auxiliary subunits, in CMCs (see Fig. 1 and Tables 1-3 (available online
only)). We therefore believe that these data will be valuable for ion channel researchers attempting to
resolve the ongoing debate.

We have also included cardiac-specific knockout models of the ion channel regulators dystrophin,
synapse-associated protein-97 (SAP97), and calmodulin-activated serine kinase (CASK). They interact
with ion channels and modify their cell biological properties, such as membrane localization™®™"",
Notably, CASK provides a direct link between ion channel function and gene expression. It regulates
transcription factors (TFs) in the nucleus, such as Tbr-1, and induces transcription of T-element-
containing genes'”. CASK also regulates TFs of the basic helix-loop-helix family, which bind E-box
elements in promoter regions, by modulating the inhibitor of the DNA-binding-1 TF". Additionally,
CASK and SAP97 directly interact with each other''. For these reasons, we include CASK, SAP97, and
dystrophin knockout mice to investigate whether these three proteins have a similar effect on gene
expression, which may suggest their involvement in similar pathways. However, research beyond the
scope of this paper would be needed to determine whether CASK-dependent TF regulation caused the
differential expression that we observed.

To date, mutations in approximately 27 ion channel genes have been associated with cardiac
arrhythmias, such as congenital short- and long-QT syndrome (SQTS and LQTS), Brugada syndrome
(BrS), and conduction disorders (see http://omim.org)'* '®. Notably, our ion channel expression data, as
presented in Fig. 1 and Tables 1-3 (available online only), reveal that several arrhythmia-associated ion
channel genes are not or are scarcely expressed in murine ventricular CMCs (including Kcne2, Kcne3,
Scn2b, and Scn3b). Although murine and human ion channel expression may differ, we are presently
unaware of any available transcriptome of human CMCs'”'®, We are also unable to either exclude or
assess the effect of enzymatic isolation on the transcriptome. Finally, other cardiac cell types such as
(myo)fibroblasts may express these ion channels and therefore may be important for arrhythmogenesis.
Indeed, many ion channel genes that are not expressed in cardiomyocytes have been reported in murine
whole-heart tissue’. These include Scnla, Scn3b, 10 voltage-gated Ca>" channels, 10 K, channels, and
four two-pore K" channels. Conversely, all ion channel genes expressed in CMCs are also reported in
whole-heart expression data.

In sum, this study presents RNA-seq data from wildtype murine ventricular CMCs, as well as from
SAP97, CASK, and dystrophin knockouts and controls (see Fig. 2 for a schematic overview of study
design). We performed differential gene expression analysis to compare the knockouts to their controls,
and we extracted wildtype ion channel gene expression data (Tables 1-3 (available online only), Fig. 1).
We believe that these data will be valuable for researchers studying cardiomyocytes and ion channels to
assess expression of genes of interest.

Methods

Mouse models

All animal experiments conformed to the Guide to the Care and Use of Laboratory Animals (US National
Institutes of Health, publication No. 85-23, revised 1996); have been approved by the Cantonal
Veterinary Administration, Bern, Switzerland; and have complied with the Swiss Federal Animal
Protection Law. Mice were kept on a 12-hour light/dark cycle. Lights were on from 6:30 AM to 6:30 PM.
To avoid the influence of circadian rhythm, mice were sacrificed between 10:00 AM and 1:00 PM. Mice
were all male and were between the ages of 8 and 15 weeks.

MHC-Cre. The cardiac-specific murine alpha-myosin heavy chain (uMHC) promoter drives the
expression of Cre recombinase, which, in turn, can recombine LoxP sequences. The pMHC-Cre strain
was generated as previously described'® and acquired from the Jackson Laboratory (stock #011038).

CASK and SAP97 knockout mice. CASK KO and SAP97/DIgl KO mice were generated as previously
described”?’. Both the CASK and SAP97 mouse lines were on mixed backgrounds. The appropriate
control mice were selected in accordance with the publications that characterized both mouse lines™*’.
CASK control mice express Cre while the first CASK exon is not floxed. SAP97 control mice are Cre-
negative and the first SAP97 gene was floxed.
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Figure 1. Gene expression of ion channels in murine ventricular cardiomyocytes. (a) Expression levels of
voltage-gated ion channel genes: voltage-gated sodium channels (Na+; purple), voltage-gated calcium channels
(Ca2+; blue), transient receptor potential cation channels (TRP; light blue), CS, CatSper channels (aqua), two-
pore channels (2P; green), cyclic-nucleotide-regulated channels (cN; light green), calcium-activated potassium
channels (KCa; ochre), voltage-gated potassium channels (K+; orange), inwardly rectifying potassium channels
(Kir; red) and two-pore potassium channels (2PK; burgundy). (b) Expression levels of the ligand-gated
purinergic receptor gene (PR; purple) and of ion channel genes from the “other” category: aquaporins (Aqp;
blue), voltage-sensitive chloride channels (Cl-; light blue), calcium-activated chloride channels (CaCl-; green)
and inositol triphosphate receptors (IP3; light green). (c) Expression levels of more ion channel genes from the
“other” category: ryanodine receptors (Ryr; orange), gap junction proteins (GJ; red) and chloride intracellular
channels (icCl-; burgundy). All expression levels are average TPM values of WT samples (n=5). Shown

are genes with more than 75 reads per gene (normalized for gene length, prior to conversion to TPM) from
Tables 1-3 (available online only).
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Figure 2. Experimental design and workflow. (1) 22 mice with six different genetic backgrounds (CASK KO
and control, SAP97 KO and control, and MDX and control) were used. fl+, first exon of gene is floxed; Cre+,
Cre recombinase is expressed. (2) Cardiomyocytes were isolated on a Langendorff system and RNA was
isolated with a FFPE Clear RNAready kit. (3) Libraries were constructed with 1 pg RNA per sample using a
TrueSeq Stranded Total RNA protocol and (4) sequenced on an Illumina HiSeq3000 machine. (5) Quality of
the reads was assessed with FastQC, and (6) reads were mapped to the Mus musculus reference genome
(GRCm38.83) with Tophat. (7) To assess sample variation within each group, we performed principle
component analyses (PCA) (see Fig. 3). (8) Lastly, ion channel expression was determined.

Dystrophin knockout (MDX-5CV) mice. The MDX-5CV strain demonstrates total deletion of the
dystrophin protein. It was created as previously described®', and acquired from the Jackson laboratory
(stock #002379). MDX mice were on pure Bl6/Ros backgrounds. Control mice were on pure Bl6/]
background, except for MDX_Ct5 and MDX_5, which were Bl6/Ros mice backcrossed three times
on Bl6/].

Cardiomyocyte isolation

Mice (n=3-5 per genotype, male, age 10-15 weeks) were heparinized (intraperitoneal injection of 100 pL
heparin (5000 U/mL; Biochrom AG)) and killed by cervical dislocation. Hearts were excised, and the
aortas were cannulated in ice-cold phosphate-buffered saline (PBS). Subsequently, hearts were perfused
on a Langendorff system in a retrograde manner at 37 °C with 5 mL perfusion buffer (1.5 mL/min; in
mM: 135 NaCl, 4 KCl, 1.2 NaH,PO,, 1.2 MgCl,, 10 HEPES, 11 glucose), followed by the application of
type II collagenase (Worthington CLS2; 25 mL of 1 mg/mL in perfusion buffer with 50 uM CaCl,). Left
and right ventricles were triturated in PBS to dissociate individual ventricular cardiomyocytes and then
filtered through a 100 pm filter.

RNA extraction and sequencing

RNA-seq was performed by the Next Generation Sequencing Platform at the University of Bern. Total
RNA was isolated from freshly dissociated cardiomyocytes with an FFPE Clear RNAready kit (AmpTec,
Germany), which included a DNase treatment step. RNA quality was assessed with Qubit and
Bioanalyzer, and RNA quantity was checked with Qubit.
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Sample ID | Genotype # read # non- % of total | Insert size | # read pairs % of total | # no- % of total | # % of total
pairs total | rRNA mapping to a feature ambiguous
read pairs gene rea'd read pairs
pairs
CASK_Ctl | WT+Cre 47,543,799 | 47,343,548 99.58 492 34,076,980 71.67 2,721,942 573 8,287,647 17.43
CASK_Ct2 | WT+Cre 45,437,500 | 45,287,356 99.67 476 33,988,592 74.8 1,440,229 3.17 7,578,641 16.68
CASK_Ct3 | WT+Cre 55,117,414 | 54,944,721 99.69 479 40,469,641 73.42 1,790,829 3.25 11,381,005 20.65
CASK_KO1 | CASK_fl+Cre | 45,685,573 | 45,565,815 99.74 472 32,765,612 71.72 5,738,568 12.56 5,504,670 12.05
CASK_KO2 | CASK_fl+Cre | 55,895,769 | 55,607,105 99.48 511 39,344,558 70.39 2,372,238 424 12,476,403 2232
CASK_KO3 | CASK_fl+Cre | 56,437,329 | 56,008,449 99.24 499 42,159,185 74.7 2,804,256 4.97 9,655,232 17.11
MDX_1 MDX 17,485,935 | 17,320,513 99.05 380 (sample exluded)
MDX_2 MDX 39,536,744 | 39,037,330 98.74 447 27,475,113 69.49 3,258,092 8.24 6,543,268 16.55
MDX_3 MDX 39,626,959 | 39,432,254 99.51 455 27,841,146 70.26 2,169,924 5.48 7,327,584 18.49
MDX_4 MDX 42,406,246 | 40,919,896 96.49 488 29,805,158 70.28 2,905,415 6.85 6,497,990 15.32
MDX_5 MDX 50,934,677 | 47,518,076 93.29 484 34,233,480 67.21 1,864,210 3.66 10,028,518 19.69
MDX_Ctl | WT 48,311,563 | 46,288,106 95.81 380 32,827,800 67.95 4,353,181 9.01 7,779,264 16.1
MDX_Ct2 | WT 47,283,192 | 46,988,962 99.38 446 32,237,279 68.18 2,304,142 4.87 10,939,883 23.14
MDX_Ct3 | WT 35,275,617 | 34,938,284 99.04 427 24,235,276 68.7 3,631,537 10.29 4,922,208 13.95
MDX_Ct4 [WT 33,977,175 | 32,900,815 96.83 515 25,298,933 74.46 1,713,065 5.04 4,619,558 13.6
MDX_Ct5 [WT 49,379,536 | 45,499,492 92.14 485 32,227,570 65.27 1,210,708 2.45 10,698,976 21.67
SAP_Ctl WT+Cre 47,930,112 | 47,715,719 99.55 461 34,192,649 71.34 1,965,652 4.1 9,896,590 20.65
SAP_Ct2 WT+Cre 44,934,245 | 44,566,395 99.18 444 30,350,071 67.54 4,879,732 10.86 7,491,483 16.67
SAP_Ct3 WT+Cre 43,586,968 | 43,382,766 99.53 451 29,836,839 68.45 1,332,267 3.06 8,751,881 20.08
SAP_KO1 SAP_fl+Cre 44,319,566 | 44,146,526 99.61 452 34,155,235 77.07 2,606,959 5.88 5,090,692 11.49
SAP_KO2 SAP_{fl+Cre 41,547,517 | 41,397,099 99.64 469 28,697,320 69.07 3,765,768 9.06 7,431,842 17.89
SAP_KO3 SAP_fl+Cre 46,143,349 | 45,812,985 99.28 443 30,710,635 66.55 5,476,238 11.87 8,174,538 17.72

Table 4. RNA-seq raw data and mapping metrics. Total and non-ribosomal RNA read pairs, average RNA
fragment size (bp), and mapping metrics, including absolute number and percentages of read pairs mapping to
all annotated exons of the mouse reference genome, and no-feature and ambiguous reads, per sample. Note the
low number of read pairs in MDX_1, which is therefore excluded from further analysis. CASK KO and Cttl,
SAP97 KO and Ctrl ns=3, MDX KO n=4, MDX Ctrl n=5.

To allow sequencing of long non-coding RNA (IncRNA), libraries were constructed with 1 pg RNA
using the TruSeq Stranded Total RNA kit after Ribo-Zero Gold (Illumina) treatment for rRNA depletion.
Library molecules with inserts < 300 base pairs (bp) were removed. Paired-end libraries (2x150 bp) were
sequenced on an Illumina HiSeq3000 machine.

RNA-seq data analysis

Between 17.5 and 56.4 million read pairs were obtained per sample and the quality of the reads was
assessed using FastQC v.0.11.2 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Ribosomal
RNA (rRNA) was removed by mapping the reads with Bowtie2 v.2.2.1 (ref. 22) to a collection of rRNA
sequences (NR_003279.1, NR_003278.3 and NR_003280.2) downloaded from NCBI (www.ncbi.nlm.nih.
gov). No quality trimming was required.The remaining reads were mapped to the Mus musculus
reference genome (GRCm38.83) with Tophat v.2.0.13 (ref. 23). We used htseq-count v.0.6.1 (ref. 24) to
count the number of reads overlapping with each gene, as specified in the Ensembl annotation
(GRCm38.83). Detailed information about the genes including the Entrez Gene ID, the MGI symbol and
the description of the gene was obtained using the Bioconductor package BioMart v.2.26.1 (ref. 25).

Raw reads were corrected for gene length and TPM (transcripts per million) values were calculated to
compare the expression levels among samples. Gene lengths for the latter step were retrieved from the
Ensembl annotation (GRCm38.83) as the total sum of all exons.

Principal component analysis (PCA) plots were done in DESeq2 v.1.10.1 (ref. 26) (https://
bioconductor.org/packages/release/bioc/html/DESeq2.html) using the 500 genes with the most variable
expression across samples. A regularized log transformation was applied to the counts before performing
the PCA.

Statistics

To assess differential gene expression between genotypes, a Wald test was performed with the
Bioconductor package DESeq2 v.1.10.1 (ref. 26). We considered p values of up to 0.01, accounting for a
Benjamini-Hochberg false discovery rate adjustment, to indicate significant difference. Statistical tools
used included DESeq2, R-3.2.5 (https://cran.r-project.org), and Biomart_2.26.1 (www.biomart.org).
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Figure 3. Quality control. (a) Histogram of inferred insert size for each sample, which represents distance

between the two reads of one RNA fragment. (b) Principle component analyses (PCA) plots were performed to
assess variability of samples within and between groups. Plot of the first two axes from a PCA based on the 500
genes with the most variable expression across all samples except MDX_1. CASK control (red, n=3) and KO
(green, n=3); MDX control (orange, n=5) and KO (blue, n=4); SAP97 control (grey, n=3) and KO (black,
n=3). (c) Distribution of GC content of the reads for each sample. (d) Base quality (Phred scores) along the
length of the reads in each FastQC file of MDX_Ctl as representative sample. The box plots are drawn as

follows: red line, median; yellow box, range between upper and lower quartiles; whiskers, range between 10 and
90% quantiles. The blue line shows the mean quality. Y-axis represents quality scores across all bases. X-axis
represents position in read (bp). (e) Gene body coverage. Distribution of reads along the length of the genes
(5-end on the left, 3’-end on the right). Shown image of sample MDX_Ctl is representative for all samples.
(f) Saturation report, depicting the number of splice junctions detected using different subsets of the data from
5 to 100% of all reads. Red, known junction based on the provided genome annotation; green, novel junctions;
blue, all junctions. The red line reaches a plateau where adding more data does not increase the number of
detected junctions, indicating that the sequencing depth suffices for performing alternative splicing analysis.
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Data Records

The data were submitted to NCBI Gene Expression Omnibus (GEO) (Data Citation 1). This GEO project
contains raw data and TPM values from all samples, and differential gene expression analysis between
knockout and control samples.

Technical Validation

RNA metrics

RNA-seq yielded 1.0 billion read pairs in total, with an average of 44.5 million read pairs per sample
(standard deviation 8.4 million). The number of read pairs (in millions) was 306 for CASK KO and Ctrl,
268 for SAP97 KO and Ctrl, and 404 for MDX and Ctrl (see Table 4 for an overview of RNA-seq metrics,
including mapping rates). One sample (MDX_1) yielded few reads and was therefore excluded from
further analyses. The proportion of reads mapping to annotated exons ranged from 65 to 77%. Mapping,
no-feature (2-13%), and ambiguous (11-23%) read pairs together accounted for 89-97% of the total
number of RNA reads (Table 4). Read pairs covered 49,671 genes of the Mus musculus reference genome
(GRCm383.38).

Quality assessment

The quality of all samples was assessed with FastQC. Except for MDX_1, all samples were of high quality.
Where applicable, a representative example (MDX_Ctl) is shown. Firstly, the insert size histogram
(Fig. 3a) shows that the inferred insert size of each sample exceeded 150 base pairs, demonstating that the
sequencing was not contaminated by adapter sequences. Secondly, the GC content plot (Fig. 3¢c) ideally
shows a roughly normal distribution centred around the average GC content of the genome, which varies
between species. The peaks observed in Fig. 3¢ are likely caused by sequences that are detected at high
copy numbers, and should not pose problems for downstream analyses. Furthermore, Phred scores
(Fig. 3d) are well within the green area of the graph indicating good base quality along the length of reads.
As well, the gene coverage graph (Fig. 3e) of sample MDX_Ct1 shows that reads are distributed evenly
along the length of the gene body. Because the gene coverage for all other samples is highly comparable to
that of MDX_Ctl, only one example is shown. Lastly, the saturation report (Fig. 3f) represents the
number of splice junctions detected using different subsets of the data from 5 to 100% of all reads. At
sequencing depths sufficient to perform alternative splicing analysis, at least the red line, representing
known junctions, should reach a plateau where adding more data does not much increase the number of
detected junctions. Only MDX_1 does not reach this plateau.

Gene expression variation of biological replicates

We performed Principle Component Analyses (PCA) to assess whether samples from the same
experimental group have similar gene expression profiles (Fig. 3b). Of note, samples within each sample
group still show considerable variation. The mixed genetic background of most sample groups may
explain this variation; only the MDX control mice are on a pure Bl6/] background. The variation seen in
MDX control mice is likely due to a batch effect, as two rounds of samples were sequenced. However,
considering that PCA plots are based on the 500 genes with the highest variability in one sample, our
genes of interest, including all ion channel genes, show similar expression levels throughout all samples.

lon channel expression

Based on the list of ion channel genes from HUGO Gene Nomenclature Committee (https://www.
genenames.org/cgi-bin/genefamilies/set/177), we distilled ion channel expression from WT mice
expressed as TPM (Tables 1-3 (available online only), Fig. 1).
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(CASK™1Sud, purchased from the Jackson Laboratory, stock #006382) were crossed with aMHC-
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- In the same section of the Data Descriptor it is incorrectly stated that in SAP97 mice the first SAP97 gene
. was floxed. In actuality the first three coding exons were floxed.

In Table 4 of the Data Descriptor, the genotype of samples SAP_Ctl, SAP_Ct2 and SAP_Ct3 is
incorrectly listed as WT+Cre. The correct genotype is WT_{l, consistent with Figure 2 and the Mouse
models sub-section of the Methods.
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Modelling depolarization delay, sodium currents, and
electrical potentials in cardiac transverse tubules

Sarah H. Vermij®, Hugues Abriel®, Jan P. Kucera®

ABSTRACT

T-tubules are invaginations of the lateral membrane of striated muscle cells that
provide a large surface for ion channels and signaling proteins, thereby supporting
excitation-contraction coupling. T-tubules are often remodeled in heart failure. To
better understand the electrical behavior of T-tubules of cardiac cells in health and
disease, this study addresses two largely unanswered questions regarding their
electrical properties: (1) the delay of T-tubular membrane depolarization and (2)
the effects of T-tubular sodium current on T-tubular potentials.

Here, we present an elementary computational model to determine the delay in
depolarization of deep T-tubular membrane segments as the narrow T-tubular
lumen provides resistance against the extracellular current. We compared healthy
tubules to tubules with constrictions and diseased tubules from mouse and human,
and conclude that constrictions greatly delay T-tubular depolarization, while
diseased T-tubules depolarize faster than healthy ones due to tubule widening. We
moreover modeled the effect of T-tubular sodium current on intraluminal T-tubular
potentials. We observed that extracellular potentials become negative during the
sodium current transient (up to -50 mV in constricted T-tubules), which feedbacks
on sodium channel function (self-attenuation) in a manner resembling ephaptic
effects that have been described for intercalated discs where opposing membranes
are very close together.

These results show that (1) the excitation-contraction coupling defects seen in
diseased cells cannot be explained by T-tubular remodeling alone; and (2) the
sodium current may modulate intraluminal potentials. Such extracellular potentials
might also affect excitation-contraction coupling.
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INTRODUCTION

Transverse (T-)tubules are deep invaginations of the
lateral membrane of skeletal and cardiac muscle
cells. In mammalian ventricular cardiomyocytes, T-
tubules form a complex network throughout the cell,
especially in species with high heart rates such as
mice (Pinali et al., 2013; Jayasinghe et al., 2015),
and carry many ion channels and regulatory proteins
(reviewed in (Bers, 2002; Hong and Shaw, 2017;
Bhogal et al.,, 2018)). Consequently, T-tubules
function as a platform for excitation-contraction
coupling and signaling, which is essential for the
initiation and regulation of muscle contraction
(Hong and Shaw, 2017). Importantly, T-tubular
remodeling has been reported for several cardiac
diseases (Crocini et al., 2017; Crossman et al.,

2017a). In particular, T-tubules widen (Wagner et
al., 2012; Pinali et al., 2017; Seidel et al., 2017).
Understanding the electrical properties of T-tubules
in health and disease is therefore paramount to
understanding cardiac physiology and
pathophysiology. Several questions regarding the
electrical properties of T-tubules however remain
largely open (Vermij et al., 2019).

A first question concerns the delay after which deep
segments of T-tubules depolarize has hardly been
assessed. Based on measurements of dextran
diffusion out of T-tubules and corresponding
modeling of this diffusion process, Uchida and
Lopatin  recently calculated that T-tubular
constrictions and dilations increase the time
constant of membrane depolarization from ~10 to
~100 ps, but they did not assess in their experiments
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the delay of membrane depolarization of deep T-
tubular membrane (Uchida and Lopatin, 2018).
Since linear cable theory is unsuitable to determine
depolarization delay in a structurally complex T-
tubule, we present an in silico model of a simple T-
tubule, an overall constricted tubule, and a tubule
with successive constrictions. We quantify the
depolarization delay of deep T-tubular segments
compared to cell surface, and show that the
threshold of voltage-gated channels deep in the cell
will be reached slightly later than near the surface.

A second question concerns the role played by a T-
tubular sodium current. Although the existence of a
T-tubular pool of sodium channels is still under
debate (Rougier et al., 2019), several studies have
suggested that sodium channels are present in T-
tubules and that the T-tubular sodium current may
be substantial (Maier et al., 2004; Mohler et al.,
2004; Brette and Orchard, 2006; Westenbroek et
al., 2013; Koleske et al., 2018; Ponce-Balbuena et
al., 2018). To date, the effects of a tubular sodium
current and the interactions between the sodium
current and the extracellular potentials have
scarcely been investigated. The effects of a large T-
tubular sodium current have been already simulated
by Hatano et al. using an elaborate 3D model of T-
tubules without branches, constrictions, and
dilations (Hatano et al., 2015). With a sodium
current density of 30 mS/pF, the extracellular
potential was slightly negative (-1 mV), and sodium
current was 8% smaller than at the cell surface.
However, the authors did not investigate this
phenomenon or discuss its physiological
importance in further detail. Therefore, in the
present work, we extended our model with a T-
tubular sodium current. We explore extracellular

potentials in our T-tubular model with and without
constrictions, investigate the biophysical properties
and magnitude of the sodium current throughout the
T-tubule, and discuss the  physiological
implications.

METHODS

Our model approximated one T-tubule as a cylinder
that was divided in 100 segments (for a mouse T-
tubule) or 20 segments (for a human T-tubule),
separating 101 or 21 nodes, respectively (Figure
1A, Table 1). Intracellular resistivity was
assumed negligible. T-tubular radius, length,
extracellular resistivity, membrane capacitance, and
membrane conductance were set as in Table 1.

In this T-tubular model, sodium current in the
different nodes was modeled according to Luo &
Rudy (Luo and Rudy, 1991) with modifications by
Livshitz & Rudy (Livshitz and Rudy, 2009). A
voltage pulse from -85 to +20 mV was applied at
the mouth of the tubule (-80 to +20 mV for
simulations without sodium current). This situation
mimics a cell that is perfectly voltage clamped at
the level of its bulk membrane. The value of -20
mV was chosen to elicit a large sodium current.
The sodium current maximal conductance was set
to 23 mS/uF, the same value as used in whole-cell
simulations (Luo and Rudy, 1991). Note that this
value is probably on the high side, as the
intercalated discs contain a relatively high density
of voltage-gated sodium channels and carries a
significant proportion of the whole-cell sodium
current (Shy et al., 2014). Calcium channels were
not included in the model as these channels open

Table 1. Parameters for T-tubular model of healthy and post-myocardial infarction (MlI) T-tubules of human and
mouse. Radius (r) and length (/) are based on previously published values. Constrictions of healthy mouse T-tubule
are also specified. *, Parameters of each of the constrictions from the five-constrictions model; **, parameters of
the overall constricted model. Numbers between brackets correspond to the following publications: (1) (Wagner et
al., 2012), (2) (Hong et al., 2014), (3) (Crossman et al., 2017b), (4) (Cannell et al., 2006). The resistivity of the
extracellular space (p.) is set at 100 Q-cm. Conductance of resting membrane (gn) is set at 0.143 mS/cm? (Uchida
and Lopatin, 2018), which is attributable to a small /i; and leak currents. Capacitance (C,) was set at 2 uF/cm2 in
healthy cells to simulate microfolds, and at 1 pF/cm? to simulate the loss of microfolds in disease (Page, 1978; Hong

et al,, 2014).
r 1 Pe Cm 9m

Species (nm) (um) (Q-cm) (uF/cm?) (mS/cm?) Nodes
Healthy mouse 98.5 (1) 9 100 2 0.143 101
Constrictions 9.85 (1 0.457/9" 100 2 0.143 57/101"
Post-MI mouse 108 ) 90 100 1 0.143 101
Healthy human 147 3) 2 100 2 0.143 21
Post-MI human 218 5, 2. 100 1 0.143 21
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Figure 1 (previous page). Delay of membrane depolarization in constricted T-tubules. (A) Schematic
representation of the model. T-tubule is subdivided in approximately 100-nm-long segments consisting of
intraluminal resistance, membrane capacitance, and membrane resistance. Cytosolic resistance is assumed
negligible and T-tubular mouth is assumed perfectly clamped. Panels (B-G) depict simulations of different T-
tubules: healthy mouse (B), healthy human (C), mouse post-myocardial infarction (MI) (D), human post-Ml (E),
healthy mouse with five constrictions (F), and healthy mouse overall constricted (G). T-tubular geometries are
schematically depicted in blue and detailed in Table 1. (F), Curves spaced further apart represent segments of a
constriction, curves close together represent wide segments. Red lines indicate the perfectly clamped mouth of the
T-tubule. Note the differences in time scales between mouse with and without constrictions and human. The
membrane potentials of every tenth (B,D,G) and second (C,F) node are depicted. Dotted lines indicate the opening
threshold for voltage-gated calcium channels (around -40 mV).

only when the majority of sodium channels have
already inactivated.

The model was implemented numerically using a
one-dimensional finite-difference scheme.
Membrane potential (V) and the gating variables
of the sodium current were integrated using the
forward Euler method using a constant time step of
0.25 ns. Simulations were implemented and run in
MATLAB (version 2015a, The MathWorks,
Natick, MA, USA).

RESULTS

DELAY OF T-TUBULAR MEMBRANE DEPOLARIZATION

First, we set out to answer the question how long it
takes to charge the membrane as a capacitor and
depolarize the T-tubules in the absence of sodium
current. In other words: what is the delay between
depolarization at the plasma membrane and deep
in the T-tubules?

When we consider an electrophysiological
experiment in which a cardiomyocyte is voltage-
clamped, a voltage step at the pipette site will first
induce a capacitive current into the cell
membrane, which will cause depolarization. While
this current can travel unhindered through the
cytoplasm into the T-tubular membrane, the
narrow T-tubules will oppose an extracellular
“exit resistance” against the capacitive current as it
leaves the T-tubule again. The deeper and
narrower the T-tubule, the higher the exit
resistance, the longer it takes for the T-tubular
membrane to depolarize. This delay in membrane
depolarization in deep T-tubules can directly
affect the ion channels in the T-tubule: the deeper
in the T-tubule, the later they can open. According
to our model, for a typical mouse T-tubule, the
threshold of voltage-gated calcium channels (~ -40
mV) in the innermost node of the T-tubule will be
reached after ~10 ps (Figure 1B). For a human T-
tubule [6], the membrane depolarization would
reach the threshold of the innermost calcium

channels much faster than for a murine T-tubule,
after ~0.3 ps (Figure 1C). On a side note, in
cardiac disease, T-tubules generally widen [16].
Myocardial infarction (MI) induces an increase in
T-tubular diameter of 9% in mice [3], and as much
as 33% in humans [5]. Therefore, the ‘“exit
resistance” of T-tubules decreases and calcium
channels deep in the T-tubule open quicker. For a
murine T-tubule after myocardial infarction, the
delay to reach the threshold of L-type calcium
channels is ~7 ps (Figure 1D), and in a T-tubule
from human post-myocardial infarction, ~0.1 ps
(Figure 1E).

For a homogeneous tubule with a cylindrical
geometry, classical cable theory (Jack et al., 1975)
can be used to predict the voltage drop from the
mouth to the end, at steady state, once the
capacitive loading is complete. First, one calculates
the length constant 4 as

r
= ’ Eq. 1
A 2gmpPe ( d )

where r is the T-tubular radius, g, is the conductance
of the membrane per unit area, and p. is the resistivity
of extracellular space. It follows that the length
constant for the healthy mouse
(characteristics specified in Table 1) is 186 pm. One
may then be tempted to use an exponential function
(valid for an infinite cable) to describe the decay of
membrane potential as

AVinf(x) = AlVpe 2, (Eq.2)

where AV, = 100 mV is the voltage applied at the

tubule mouth and x is the distance from the tubule

mouth. This approach is however erroneous, because
the T-tubule has a sealed end. For sealed-end cables,
by applying the reflection and superposition
principle, the correct approach is to use a hyperbolic

cosine function instead of an exponential
(Weidmann, 1952; Jack et al., 1975):
cosh (L;x)
AVsealed (x) = AV, A (Eq. 3)

cosh (L/1)

T-tubule



For the healthy mouse T-tubule Eq. 1 yields a
voltage drop of 4.72 mV, while Eq. 2 yields only
0.117 mV. This corresponds to the negligible
voltage drop depicted in Figure 1B. Although the
other conditions we modeled lead to different
length constants (Amouse post-m1 = 194 1M Ahuman healthy
= 227 um; Anyman post-mr = 276 pm), the voltage drops
are negligible in all cases (mouse post-MI: AV,s =
0.108 mV, AVsaeq = 0.045 mV; human healthy:
AVige = 0.877 mV, AVatea = 0.0039 mV; human
post-MI AV,e=0.722 mV, AV ea1eq = 0.0026 mV).

EFFECTS OF T-TUBULAR CONSTRICTIONS
MEMBRANE DEPOLARIZATION

To quantitatively assess how constrictions change
the delay of depolarization deep in a T-tubule, we
incorporated constrictions into our model of an
unbranched cylindrical T-tubule. We used the
parameters for the healthy mouse T-tubule, as these
parameters led to the longest depolarization delay
(10 us to depolarize the innermost T-tubule
segment to -40 mV). We introduced five 450-nm-
long constrictions with a tenfold diameter reduction
to 19.7 nm, its centers spaced 1.8 um apart (Figure
1F, Table 1). This is similar to the model of
Uchida and Lopatin (Uchida and Lopatin, 2018),
which included 20-nm-wide constrictions every 2
um. For this purpose, the resistances and capacitors
depicted in Figure 1A were scaled accordingly.
With the constrictions in our model, the threshold
for Ca, channels (-40 mV) in the deepest tubular
segment was reached 200 us later than at the
surface (Figure 1F). This is 20 times later than in
the simpler model without constrictions, where the
threshold was reached after 10 ps (Figure 1B).

ON

Constricting the tubule 10 times to a diameter of
19.7 nm over its full length (Figure 1G) increased
the depolarization delay in the deep segment 10
times (compare Figure 1B and G), in agreement
with cable theory (capacitive load 10 times smaller
and resistance 100 times larger). Interestingly, this
increase of the delay was nevertheless smaller than
in the presence of five successive constrictions. The
difference lies in fact that each widening following
each constriction represents a large capacitive load,
and the accumulation of these successive loads
contributes to the slowing of the spread of
electrotonic depolarization.

Additionally, we observed a voltage drop of 2.3 mV
in the tubule with five constrictions (Figure 1F) and

1.2 mV in the overall constricted tubule (Figure 1G),
which is ~10 to ~20 times higher than the voltage

drop of 0.117 mV calculated for the healthy murine T
-tubule.

IMPLICATIONS OF T-TUBULAR SODIUM CURRENT

As a next step, we investigated the effect of
putative voltage-gated sodium (Na,) channels on
tubular depolarization (see Table 1 for parameters).
Results using the non-constricted T-tubule, the T-
tubule with five constrictions and the T-tubule
constricted over its entire length are presented in
Figures 2, 3, and 4, respectively. Figure 2B
shows that in a non-constricted T-tubule, the
sodium current is smaller deep inside the T-tubule
than at the mouth. This smaller current is due to the
appearance of a negative extracellular potential in
the T-tubule (Figure 2C), which results from the
flow of current along the narrow tubule. This
negative extracellular potential contributes to the
depolarization of the membrane a few mV beyond -
20 mV (Figure 2B). The extracellular potential
becomes a few mV negative at deep T-tubular
nodes of the cylindrical mouse tubule (Figure 2C),
and up to -50 and -40 mV in the tubule with five
constrictions and the overall constricted tubule,
respectively (Figures 3 and 4). This negative
extracellular potential brings the transmembrane
potential closer to the Nernst potential of sodium
(Ena = 55 mV). This leads to diminished sodium
current (~15% reduction in an unconstructed T-
tubule, ~40% in an overall constricted T-tubule,
and ~45% in a T-tubule with five constrictions)
(Figures 2D, 3D, 4D). Thus, the sodium current
is smaller in deeper T-tubular membrane segments.

Constricting the T-tubule leads to a delay in sodium
current activation from 0.03 ms (no constrictions)
to 0.15 ms (overall constriction) and 2.7 ms (five
constrictions) (Figures 2D, 3D, 4D). Interestingly,
in the model with five constrictions, the peak
sodium current increases over the course of the first
constriction (Figure 3D). This is explained by the
following factors. Firstly, the membrane is not
depolarized to -20 mV yet (Figure 3B), so the
driving force (defined as V,, - En.) is larger.
Secondly, the maximal open probability (P,) in the
deep segments is increased compared to the mouth
segment (Figure 3G), which is a direct result of the
voltage-dependence  of the activation and
inactivation gates (Figure 3E-F). For voltage-gated
sodium channels, open probability is defined in the
Livshitz-Rudy model as P, = m3hj, where m is the
activation gate (there are three activation gates),
and / and j the fast and slow inactivation gates,
respectively. Since the open probability is only
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Figure 2. Modeling sodium current in a healthy mouse T-tubule. A voltage-gated sodium current (formulated
according to (Luo and Rudy, 1991; Livshitz and Rudy, 2009)) with a conductance of 23 mS/uF (Luo and Rudy, 1991)
was introduced to each segment of the healthy mouse T-tubule model in parallel to membrane resistance (see
Figure 1A). (A), Schematic representation of the morphology of a healthy murine T-tubule (see Table 1).
Membrane potentials (B), extracellular potentials (C), and simulated sodium current density upon a voltage-clamp
step of the tubule mouth from -85 to -20 mV (D) are given. Note the decrease of sodium current amplitude and
delayed activation in deeper segments of the tubules (D). This correlates with changes in the biophysical properties
of the sodium current: product of activation gates (m>, E) and inactivation gates (hj, F) show faster activation and
inactivation in deeper T-tubular segments, respectively; and peak open probability slightly increases in deeper T-
tubular segments (P, defined as m*hj, G).
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Figure 3. Modeling sodium current in a murine T-tubule with five constrictions. (A), Schematic representation of
the morphology of the tubule (see Table 1). Membrane potentials (B), extracellular potential (C), and simulated
sodium current density upon a voltage-clamp step of the tubule mouth from -85 to -20 mV (D) are given. The
sodium current amplitude increases over the first constriction and decreases over the other constrictions, while
activation is delayed and inactivation is faster in deeper segments of the tubules (D). This correlates with a higher
driving force (B), and changes in the activation gates (m?, E) and inactivation gates (hj, F). Peak open probability
slightly increases in deeper T-tubular segments (P, defined as m*hj, G).
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Figure 4. Modeling sodium current in an overall constricted murine T-tubule. (A), Schematic representation of the
morphology of the tubule (see Table 1). Membrane potentials (B), extracellular potential (C), and simulated sodium
current density upon a voltage-clamp step of the tubule mouth from -85 to -20 mV (D) are given. The sodium
current decreases in deeper segments, while activation is delayed and inactivation is faster in deeper segments of
the tubules (D). This correlates with a higher driving force (B), and changes in the activation gates (m® E) and
inactivation gates (hj, F). Peak open probability slightly increases in deeper T-tubular segments (P, defined as m*hj,
G).



increased by a few percent, the increased driving
force contributes more to the increase in peak
sodium current.

DISCUSSION

The results of our computational model show that
the delay in T-tubular depolarization and T-tubular
sodium current depend on the exact geometry of the
T-tubule. The exact location of the constrictions and
T-tubular branches are also expected to modulate
these factors. We observed that L-type voltage gated
calcium channels in deep T-tubular segments attain
the activation threshold within a very short time
after the cell surface is excited when the “exit
resistance” of capacitive current is taken into
account (~0.01 ms for a mouse T-tubule without
constrictions and up to ~0.2 ms with five
constrictions). Thus, the delay of depolarization of
mouse and human T-tubules is sufficiently short to
ensure excitation-contraction coupling. The T-
tubular delay represents no major latency for the
sodium current considering that the conduction time
along a 100-um-long cell with a macroscopic
conduction velocity of 100 cm/s would be 100 ps
(Rohr, 2004).

Human T-tubules depolarize quicker than murine T-
tubules because they are relatively wide and short.
On a cross-section of a cardiomyocyte, human T-
tubules look like spokes on a wheel, and do not form
intricate networks like in murine cells (Jayasinghe et
al., 2015). The depolarization delay in human T-
tubules is therefore negligible in this model. When
adapting our model to simulate remodeled T-tubules
after myocardial infarction, the activation threshold
of calcium channels is reached even faster due to the
loss of microfolds (Hong et al., 2014) and increase
of luminal diameter (Wagner et al., 2012; Crossman
et al., 2017b). The disturbed calcium -cycling
associated with disease should therefore have other
causes, such as dyad uncoupling (Song et al., 2006).
The T-tubular widening might however reduce the
relative depletion of calcium and accumulation of
potassium in the restricted T-tubular lumen,
increasing the driving force of their respective ion
channels (Hong and Shaw, 2017).

Without dilatations and constrictions, our model
gives a negligible voltage drop of 0.117 mV (or
0.117%) at steady state from mouth to deep T-
tubular node. This is comparable to previously
reported results: for a rat T-tubule of 6.84 pm
(Soeller and Cannell, 1999), Scardigli et al
calculated a length constant of 290 £ 90 um and a

voltage drop from the surface sarcolemma to the
core of ~ -4 mV (Scardigli et al., 2017). Scardigli et
al. however applied the equation for an infinite
cable (Eq. 2); applying Eq. 3 for a sealed cable gives
a voltage drop of 0.028 mV. A slightly larger but
still minuscule value is found for the considerably
smaller length constant of 68 um derived by Uchida
et al. in a finite element model of dextran diffusion in
branched T-tubules with constrictions (Uchida and
Lopatin, 2018). When assuming a murine T-tubule
of 9 pum, the voltage drop would be 13 mV for an
infinite cable and 0.870 mV for a sealed-end cable
and is therefore still negligible. However, care must
be taken when interpreting these values, since
classic linear cable theory cannot be applied
straightforwardly to morphologically heterogeneous
T-tubules. Indeed, our simulation of a T-tubule with
five constrictions show a voltage drop of -2.3 mV,
about 20 times higher than the non-constricted
tubule. This voltage drop does not affect the opening
of voltage-gated channels, which open at much
lower potentials.

When inserting the sodium current in our
computational model, we found that the sodium
current self-attenuates deep in the T-tubules, and the
extracellular potential becomes negative (Figure 2).
This is explained by the very small T-tubule
diameter. At the cardiac intercalated disc, where two
opposing membranes are also very close together, a
similar effect has been predicted (Rhett et al., 2013;
Veeraraghavan et al.,, 2015; Hichri et al., 2018).
Importantly, sodium depletion in the T-tubule
caused by sodium entering the cell may even
augment the self-attenuation of the sodium current
because this depletion will decrease the Nernst
potential of sodium. Such a phenomenon has been
modeled computationally at intercalated discs, but
the influence of extracellular potentials nevertheless
prevails over sodium depletion (Mori et al., 2008).

The self-attenuation of the sodium current will not
affect the calcium current as this effect dies out
before the calcium channels open. Interestingly,
peak sodium current was increased in the first
constriction of our five-constriction model due to a
higher channel open probability and a greater
driving force. Moreover, sodium current showed
faster activation and inactivation kinetics in the
deeper segments of the tubule due to the negative
extracellular potentials, and the resulting more
positive transmembrane potentials.

Given the self-attenuation of the sodium current, it
may be interesting to investigate whether the late
sodium current in deep T-tubular segments is also
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quenched. This sodium current self-attenuation has of interest to develop such models to obtain a more
also been predicted to occur at the intercalated disc comprehensive picture.

(Greer-Short et al.,, 2017). However, this process
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4. GENERAL CONCLUSION

Motivated by the unexplained variability of SCN5A-related arrhythmias, this thesis aimed to contribute
to the fundamental understanding of cardiac excitability by differentiating Na,l.5 expression,

organization, and function within the cardiomyocyte landscape.

The main findings of this thesis are that (1) Na,l.5 is expressed in murine T-tubules; (2) a large T-
tubular sodium current would self-attenuate slightly; (2) Na,|.5 cluster organization and density at the
lateral membrane and T-tubules of murine cardiomyocytes partly depend on dystrophin and the Na,|.5
C-terminal SIV motif; (3) of the voltage-gated sodium channels, murine Black/6] cardiomyocytes

express mRNA encoding only Na, 1.5, Na,l.4, and (much less) Na,2.1, and B-subunits B, and Ba.

The specific functions of the T-tubular population of Na,|.5 channels remain unknown. They are firstly
expected to support macroscopic conduction (see Figure 3 in Section 1.7.3). The loss of T-tubules
in heart disease would affect conduction depending on the concomitant change in overall sodium
channel density: if the sodium channel density is higher in the bulk sarcolemma than in the T-tubules,
a loss of T-tubules may result in a net increase in conduction velocity. When heart disease however
correlates with a loss-of-function mutation in SCN5A or SCN5A haploinsufficiency, loss of T-tubules

may still result in a net reduction in conduction velocity, even considering the loss in membrane load.

We observed that T-tubular Na,I.5 channels have different biophysical properties than those at the
lateral membrane due to T-tubular constrictions and dilations, likely without significantly affecting the
action potential (see Figures 2-4 in Section 3.3). T-tubular microfolds may slow luminal ion diffusion
and cause sodium depletion during the upstroke of the action potential, which may limit the T-tubular
peak sodium current. We however did not model geometrical microfold shapes, but did consider an
increase in the membrane capacitance due to the microfold-induced increase in membrane load
(Section 3.3). In heart disease, T-tubular widening and loss of microfolds likely increase ion diffusion,
which might have arrhythmogenic effects!8 as the amplitude of the T-tubular sodium current increases
and the sodium current no longer self-attenuates. To understand heart disease on a T-tubular level,
these changes in sodium channel function have to be considered together with structural changes such
as dyad uncoupling and physical obstruction of T-tubules'8!182, Mdx cardiomyocytes moreover show
dyad uncoupling and T-tubular remodeling, in addition to costamere and crest remodeling, leading to
calcium dysregulation and a fragile sarcolemma!'8. When considering our observation of increased T-
tubular Nay 1.5 expression in these cells (see Section 3.1), one may hypothesize that this will lead to
a relative increase of intracellular sodium concentration during the upstroke of the action potential,
which may lead to a stronger NCX-mediated inward Ca2* current. This may contribute to the calcium
handling defects observed in mdx cells'??, but the opposite, aiding excitation-contraction coupling, may

also be possible!8. Future research should investigate these possibilities.
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We may hypothesize that a high proportion of sodium channels exposed to very narrow extracellular
spaces — at the T-tubules, intercalated disc, and possibly even at tight-junction-like structures at the
lateral membrane’ — may protect against cardiac arrhythmias. This hypothesis is based on extension
of the findings from Greer-Short et al'¢3, who found that the narrow intercellular cleft at the
intercalated disc could suppress the late sodium current, which might also occur in the T-tubules. In
disease, T-tubular widening and microfold loss would then expose the late sodium current when a
sodium channel mutation increased the open probability of the channel, which might have
arrhythmogenic effects. Although computer models of sodium currents in T-tubules and at the
intercalated disc exist7378.163.179.185 the variability in extracellular spaces have not yet been integrated
into a whole-cell model. This would be a very interesting field of further study, although it would

require considerable computational power-.

Nayl.5 at the T-tubules may also has non-canonical effects. Preliminary data from our group indicate
that Na,l.5 and Ca,l.2 interact in heterologous expression systems (unpublished data). In
cardiomyocytes, such an interaction is primarily expected in T-tubules and suggests the presence of a
sodium-calcium-handling microdomain and possibly even joint transcription, translation, and/or
trafficking of these channels. Binl may play a role in this interaction, as it is involved in trafficking and
scaffolding of Ca,|.2'8. If the interaction Ca,l.2-Na,|.5 is confirmed in cardiomyocytes, it is likely that
Nay,1.5 is very close to the dyad. An inward sodium current at the dyad would induce the reverse
mode of NCX during phase 0 of the action potential, which might prime the dyadic cleft with calcium
and support excitation-contraction coupling'®’. In heart disease, dyad uncoupling may therefore have
deleterious effects due to the loss of Na,|.5-mediated dyadic priming as well as due to the loss of the
“classical” Cayl.2-mediated calcium-induced calcium release$®. A loss-of-function mutation in SCN5A
may also abolish this dyadic priming and delay excitation-contraction coupling without structurally
affecting the dyad. Conversely, an increased Ina,ce due to a gain-of-function SCN5A mutation can lead
to calcium dysregulation. The Inyaee-mediated sodium loading of the cytoplasm reduces the gradient
for NCX-mediated calcium efflux, and causes intracellular calcium overload'4. This may lead to

arrhythmogenic DAD:s.

Unfortunately, we could not record a T-tubular sodium current (see Section 3.l). Alternative
techniques are currently not available; cell-attached patch-clamp recordings do not allow access to the
T-tubules'!7 and scanning ion conductance microscopy cannot clamp an entire T-tubule or go deep
enough inside!70. Assessing the T-tubular sodium current requires a much more specific approach.
Theoretically, this could be addressed in channelrhodopsin-expressing cardiomyocytes. T-tubules
could be loaded with fluorescent dye, electrically isolated, and excited with light while tracking the

depolarization with an electron-multiplying charge-coupled device (EMCCD) or sCMOS camera (as
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described in Section 3.1). Based on the different TTX sensitivity of Na, isoforms'8, Adding different

TTX concentrations would then confirm the presence or absence of cardiac or neuronal Na, isoforms.

Of the voltage-gated sodium channels, mRNAs encoding only Na, 1.5, Na,|.4, and Na,2.1 are found in
cardiomyocytes from our Blacké/] mice; however, their relative protein expression levels, contribution
to whole-cell sodium current, localization patterns, and respective macromolecular complexes remain
unknown. Of note, sodium channel expression seems to differ greatly between animal models (see
Section 1.7.3). It is therefore pivotal to thoroughly characterize any animal model before using it for
ion channel studies. Although mRNA levels are not necessarily proportional to protein levels, we
hypothesize that the Scn7a-encoded channel Na,2.1 would not conduct a significant sodium current in
Blacké/] cardiomyocytes — especially since this channel is sodium concentration rather than voltage
sensitive!76. We expect significant Na,|.4 protein expression, but given the positive shift in voltage
dependence of activation compared to Na,l.4 (see Section 3.2.1), whether Na,|.4 contributes

significantly to cardiac conduction remains an open question.

Preliminary data from our group obtained in heterologous expression systems show that Na,|.5 and
Na, .4 may interact (unpublished data). This interaction may occur at the lateral membrane, as Lin et
al. reported that TTX-sensitive channels — including Na,1.4'8 — are more prevalent at the lateral
membrane than at the intercalated disc88. At the lateral membrane, steady-state activation was shifted
in the depolarized direction and steady-state inactivation in the hyperpolarized direction compared to
the intercalated disc8. Therefore, Lin et al. concluded that TTX-sensitive channels contribute little to
whole-cell sodium current under control conditions. These findings correlate with the positive shift
in Na, | .4 steady-state inactivation and activation curves compared to Na,|.5 that our group identified
in HEK cells!?7 (see also Figure 13 and Section 3.3.1). Although no data on Na,l.4 localization in
cardiomyocytes are available, we may deduce from our’¢ and Lin et al’s® findings that Na,l.4 is
expressed at the lateral membrane. Na,l.4 might play noncanonical roles®, for instance in the
trafficking of other ion channels, or conduct significant sodium currents in certain disease conditions,

such as in the context of SCN5A loss-of-function mutations.

The differences in biophysical properties of the sodium channel between the lateral membrane and
the intercalated disc may also be caused by differences in macromolecular complex, which have been
addressed in Section 1.6.4. The 3;-subunit seems to be confined to the intercalated disc, whereas B4
seems to be expressed at the T-tubules'’8; however, this requires more detailed investigation.
Interestingly, Bs-subunits have been shown to assemble into trimers and Na,|.5 seems to have four
B3-binding sites'%5. Whether Na,|.5 and B, the latter being structurally similar to B3''2, assemble in a

similar way in cardiomyocytes remains an open question.
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The groove-specific reduction of Na,|.5 expression in ASIV mice may indicate that the syntrophin-
dystrophin complex partially anchors Na,|.5 to the groove. The high variability of Na,|.5 expression
in mdx mice masked any effect that might have occurred, which implies that dystrophin-deficient cells
may apply many different compensatory mechanisms. To better understand Na,l.5 cluster
organization at the lateral membrane, we first need to direct our efforts to improve the preservation
of the crest, as euthanasia by cervical dislocation tends to disrupt the crest structure, and mitochondria
under the crest tend to remodel very fast ex vivo’. Claudin may serve as a good crest marker to

characterize Nay 1.5 clusters specifically at the crest in different genetic backgrounds’.

The simpler cluster shapes we observed at the lateral membrane of mdx cells and at the T-tubules of
mdx and ASIV cells (see Section 3.1) may reflect a change in composition of their respective
macromolecular complexes. Future research should be directed to addressing the organization of
(candidate) site-specific interacting proteins, including CASK, a;-syntrophin, ankyrins, Dp71, and
SAP97.

In summary, these findings indicate that the cardiomyocyte lateral membrane and T-tubules are crucial
stages for differential Na, 1.5 function and regulation. Understanding these fundamental processes in
their cellular microdomains is probably crucial to link a mutation to a detailed cellular phenotype and

the respective clinical manifestation.
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Results:
0 Woodcut illustration of the heart and surrounding anatomical structures by Vesalius
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General conclusion & References:
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CV, acknowledgments, declaration of originality:
0 An experiment by William Harvey from Exercitato anatomica de motu cordis et
sanguinis in animalibus, 1628. (https://tinyurl.com/HarveyDeMotu)
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