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We never know how high we are
Till we are asked to rise
And then if we are true to plan

Our statures touch the skies ...

Emily Dickinson
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Chapter 1

Introduction

1.1 Acronyms

APD action potential duration

AP action potential

CAD coronary artery disease

CaM calmodulin

CaMKII Ca?t /CaM-dependent protein kinase IT
Car Ca?t transient

DADs delayed after depolarizations

EADs early after depolarizations

ECC excitation-contraction coupling

ECG electrocardiogram

Encx Nat /Ca?* exchanger equilibrium potential
HF heart failure

Ixarp ATP-sensitive KT current

Ix inward rectifier K+ current

Ix, rapid delayed rectifier Kt current

Ik, slow delayed rectifier KT current
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Ing Nat current

Inar late sodium current

InaT transient sodium current

Incx sarcolemmal Nat /Ca2t exchanger (SNCX)) current
Lo transient outward current

ICaL L type Ca?t current

LQTS long QT syndrome

LV left ventricle

MI myocardial ischemia

mNCX mitochondria Nat/Ca?*t exchanger
Nav voltage-gated Nat channels

Nacy: cytosolic Nat

sNCX sarcolemmal Nat /Ca2t exchanger
NHE Nat/Ht exchanger

NKA Nat /Kt ATPasi

NO nitric oxide

NOS nitric oxide synthase

PISK phosphoinositide 3 kinase

ROS reactive oxygen species

RAN ranolazine

RyR ryanodine receptors

SERCA SR Ca?T-ATPase

SR sarcoplasmic reticulum

TTX tetrodotoxin



1.1.1 Late Sodium Current

late sodium current ([ygz]) represents a functionally relevant contributor
to cardiomyocytes electrophysiology. In non-pathological conditions, al-
though relatively small, it is sufficiently large during cardiac action po-
tential (AP) affect the duration; it flows over hundreds of milliseconds
during [AP] contributing to Na™ loading [47]. In pathological conditions,
enhancement of [[y,7] is associated to increased proarrhythmic risk due to

electrophysiological and mechanical impairments|89][50][33][46].

1.1.2 Cardiac Action Potential

The cardiac [AP] arises from a delicate balance of depolarization and re-
polarization coordinated through precisely timed opening and closing ion
channels. Cardiomyocytes exhibit an [AP] morphology with 4 phases (Fig-
ure . Phase 0 is the rapid depolarizing phase that results when Na™
channels activate and an influx of Na™ ([g]) causes the membrane poten-
tial depolarization. Phase 1 corresponds to the inactivation of Nat chan-
nels and outward movement of K* ions through outward current (I)). In
phase 2, a low conductance plateau phase, inward and outward ion move-
ments are balanced mainly by L-type calcium current (Iggz)) and delayed
rectifier KT channels (rapid [[x,]and slow[[x ), respectively. Phase 3 marks
the final repolarization phase of the [AP] which returns to the resting po-
tential at about -80 mV (phase 4) [28].

1.1.3 Na™ channels

The role of voltage-gated Na™ channels (Nav))) in excitable tissues (e.g.
neurons and myocardium) is to support autogenerative impulse propaga-
tion. The most represented isoform of Nay in the heart is the isoform
Nav1.5, which has a relatively low affinity for the neuron Na™ channels
selective blocker tetrodotoxin (TTX]) [13]. Navl.5 is a macromolecular
complex consisting of subunits and accessory protein in the sarcolemma
membrane of cardiomyocytes. The pore-forming a-subunit protein en-

coded by SCNBHA gene, is composed of four heterologous domains, each
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Figure 1.1: Cardiac action potential. The cardiac[APlis generated by transmembrane inwardly
and outwardly directed ion currents.

with six transmembrane segments [1]). Influx of Na™ through Nav1.5
channels produces a large and transient sodium current ([y,7]) that is re-
sponsible for the initial fast upstroke of the [AP| (phase 0). [yg7] thus,
determines excitability of myocardial cells and ensures proper conduction
of the electrical impulse within the heart. [[yg7]is transient because the
channel once opened it is rapidly inactivated within several milliseconds

by the intrinsic time dependent inactivation at the beginning of the [AP]
plateau (phase 2) (Figure

1.1.4 Plateau Na' current

In 1979 Coraboeuf et al. |20] have measured AP in dog Purkinje fibres
and found that [TTX] reduced the action potential duration (APD]) at con-
centrations lower than those required for the reduction of the [APlupstroke
velocity. These findings led them to the conclusion that there was a per-

sistent component of Na™ current during the AP plateau phase, which was
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more sensitive to [['TX] than [[y,7} This persistent Na™ current is some-
what involved in determining the balance of inward and outward currents
that influence the [AP] plateau. Two mechanisms have been proposed to
underlie this persistent component of Sodium current ([yg)): the window

current and the late sodium current.

1.1.4.1 Window Plateau Current

For voltage-gated ion channels exists a voltage range (window) where the
steady state inactivation curve and the activation curve overlap (Figure
A). Within this voltage range (-65 to -50 mV for Nav1.5) Na*t channels,
previously inactivated, may react and a steady-state equilibrium currents
ensue [110]. The current through these channels (<1% of the peak [[yg])
is called the window current, since it arises when the sarcolemma reaches
a potential that is depolarized sufficiently to reactivate some channels,
but not enough to cause complete inactivation [3|. The voltage range for
the window current is very restricted in physiological conditon, granting
it a small role during the cardiac [AP] [47]. However, an window current
increment, due to delayed inactivation of cardiac Na™ channels, has been
associated with some pathological condition [103| (Figure [1.2] B-C).

1.1.4.2 Non-window plateau current ([y,;)

It has been observed that a lower [['TXFsensitive Na™ current with very
slow or negligible inactivation was present also at potentials outside to the
window current in several types of myocytes isolated from normal heart [62]
[40][113]|7]). This current is named late sodium current ([n,z)), which is
much smaller than [[y,7]in physiological condition. However, [[y,/] may be
enhanced by more than 3- to 5-fold under several pathological conditions
as myocardial ischemia, heart failure and congenital long QT syndrome
(described below) (Figure B).

Expressing Nav1.5 in a heterologous system, Maltsev and Undrovinas
[48] demonstrated that [[y,r] was carried by the same molecular entity that
carried [[y,7} The authors separated the [[y,]into three phases (early, inter-

mediate and late), characterized by distinct gating modalities. Two gating
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Figure 1.2: Window plateau current. A) The overlapping between the activation cure (blue
circle) and the deactivation curve ( yellow circle) determines the voltage range (dark grey area)
for the window current. B-C) Window current increase (C) due to delayed inactivation of
cardiac sodium channels (green circle). Modified by
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Figure 1.3: Late Sodium Current. [[y,7]in physiological conditions (A) and in pathophysio-
logical conditions (B). modified from

mechanisms underlined the late phase ([ygz): a burst mode openings,
which undergo voltage-dependent inactivation and are not observed dur-
ing [[y,7] and a late scattered openings which inactivate extremely slowly
and therefore are able to determinate a background Na® current. The
burst mode is the principal gating mechanism of [[y,7] and it is frequency-
dependent, with a decrease in [[y,7] during rapid heart rates .
Mozl could be also due to by an increase in the rate of channel recovery
from inactivation relative to deactivation. This mechanism observed in
some Navl.5 mutations, has been referred to as reactivation under non-
equilibrium conditions. This is because the excess [[yg] can be observed
only during dynamic changes of membrane potential (non-equilibrium)
. Since [[ygz] is carried by the same molecular entity accounting for
[yg7} it is generally considered a reopening of Na® channels during sus-
tained depolarization of [AP] and [[,7] enhancement may conversely reflect

gating abnormalities.
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1.1.5 Factors and conditions inducing [[y,;] enhancement

[noz] enhancement has been characterized under a wide variety of experi-
mental conditions. The causes of [y, ;] enhancement seem not be mutually
exclusive but may be upstream or downstream elements in a regulatory
or pathological pathway. Possible mechanisms at the cellular level for the
increased [[y,7] in cardiac disease are coming into focus, but the discovery

of the mechanisms at the biophysical level appears less tractable.

1.1.5.1 Molecules

It has been showed that [[y,7] can be induced by ischemic metabolites,
oxygen free radicals and chemicals.

During ischemia/reperfusion there is an accumulation of ischemic metabo-
lites such as palitolyl-L-carnitine, lysophosphatidylcholine that can induce
an [[ygs] enhancement [91][106]. Song et al [83] have demonstrated that
[zl blockade attenuated HoOo-induced [APDIprolongation and suppressed
early after depolarizations (EADs) in guinea pig and rabbit isolated ven-
tricular myocytes. Several studies have also shown that the [[yg7] is in-
creased by hypoxia [88].

Several chemicals may induce an increase of [[y,7] such as veratridine
[112] and Anemone toxin II (ATX-II) [83]. Zaza et al |110] notes that
although all these compounds serves as important experimental tools, in-
terpretation of their results must be with caution as their varied mech-
anisms of action producing [[y,7] will affect the severity of repolarization

abnormality and proarrhythmic potential.

1.1.5.2 Post-translational modifications

Multiple pathways regulate [[y,7] including the nitrosylation via nitric ox-
ide synthase (NOS|) and phosphorylation via a number of kinases. Ni-
trosylation for the Navl.5 channel can be achieved because the synt-
riphin/dystrophin complex interacts with the c-terminus of Nav1.5 through
PZD domains [59]. Furthermore, Ahern et al. [2] demonstrated that [[y,7]
was increased by nitric oxide (NQJ) generated enzymatically by [NOSL
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The[[y,z]enhancement is also caused by a phosphorylation of Nav1.5 at
specific residues through Ca?* /CaM-dependent protein kinase IT (CaMKIT)-
dependent mechanism [6] [99]. The Ca?*-sensing protein calmodulin (CaM))
binds near two residues on the c- terminus of Nav1.5 in a Ca?t-dependent
manner, where it slows inactivation of [y, [87]. phosphoinositide 3 ki-
nase (PI3K]) signaling pathway, including a tyrosine kinase as an upstream
activator and the protein kinase Akt as a downstream effector, has been
recently reviewed as a modulator of cardiac ion channels including [[y]
[105]. Furthermore, it has been observed that several anti-cancer and an-
tiarrhythmic drugs may increase [[y,z] and prolong through [PI3K]
inhibition [39] [107].

1.2 Consequences of [[y,;] enhancement

[yoz]enhancement, irrespective of causes, directly affects electrical activity
and provides a route of sustained Na™ influx. Furthermore, considering the
role of Na™ gradient in transmembrane transport, the [[y,7] enhancement
may affect ion homeostasis, generating indirect consequences of pathophys-

iological relevance.

1.2.1 Direct electrophysiological effects

Under normal condition, [y, ]and [[x,]are physiologically in balance during
normal [AP] repolarization; whenever this balance is altered, by either [[y,;]
enhancement or [[,] blockade, repolarization stability is compromised [79].
The direct contribution of [[y,7] to repolarization course provides a first
powerful mechanism linking arrhythmogenesis to [y, enhancement. The
increased [[yoz] is a persistent depolarizing force during the [AP] plateau,
which opposes repolarizing currents and lengthens the [APl Thus, a sus-
tained influx of Na™ through increased [[,7] shifts the membrane poten-
tial toward more depolarized values, and leads to a prolongation of
Failed repolarization secondary to [[y,7] enhancement is further charac-
terized by a reactivation of [[cgz], which results in [EADS [104]. [EADS

may trigger new ectopic [AP] and initiate ventricular tachycardia at the
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tissue/organ levels and torsade de pointes [79] (Figure [L.4)).

A B
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Figure 1.4: Mechanisms of cardiac arrhythmias. A) [EADS result from excessive [APD] pro-
longation that allows [[cg] to depolarize the cell from the [AP] plateau B) [DADS result from
abnormal diastolic Ca?t release from the sarcoplasmic reticulum vigRyRs| Ca?* Erelease chan-

nels. Modified from @

1.2.2 Indirect consequences on intracellular ion
homeostasis

In physiological condition, the main Na™ influx through Na™ channels oc-
curs during phase 2 of AP. Even if the [y ] amplitude is higher during phase
0, the duration is short, so that Nat influx is low. Whereas, [y, ampli-
tude is lower during [AP] phase 2 but the duration is much longer, making
phase 2 dominant in Na™ influx . An increase in [[y,7] amplitude as
found in pathological states (see below) increases the Na™ influx by sus-
taining the driving force for a longer time, sufficient to raise the cytosolic
Nat (Nag,). is normally extruded from the cell by Nat /K™ AT-
Pasi pump (NKA)); if Na™ influx exceeds the maximal extrusion rate, Na*

accumulates in the cytosol, leading to ATP consumption and dissipat-
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ing Na™ trans-membrane gradient. Because, the latter energizes many
secondary membrane transport mechanisms, most importantly the
and the Na™ /H* exchanger (NHE]) (Figure , a principal consequence
of an increased [[y47]is perturbed homeostasis of intracellular Ca?* and H*
[109]. is the main mechanism by which Ca?* is extruded from cy-
tosol and its Na®™ /Ca?* exchanger equilibrium potential (Eycy]) is mainly
determined by An increased determines a negative shift of
Excxl causing less Ca?t extrusion (decreased ENCXI forward mode ac-
tivity). Thus, an increased [[ygz] may result in a significant increase in
cytosolic Ca?t because less energy is available in the Nat gradient to ex-
trude Ca?* through ENCX| If then is sufficiently high, SNCX| may
work in reverse mode with Ca?* actually entering the cell (Figure .
Ca’T entry into the cardiomyocytes via ENCX] ultimately exceeds Ca?T

efflux and precipitates to Ca? overload [10].

Ca2* overload brings about several short and long-term changes of my-
ocardial function [98]. Short-term changes include the spontaneous Ca?*
release, through from sarcoplasmic reticulum (SR]) that is directly
promoted by high cytosolic and [SR] Ca?* level [29]. When spontaneous
Ca?* release occurs during diastole leads to Ca?t waves: part of the re-
leased Ca?* is extruded through the ENCX] generating an inward current
that depolarizes the membrane. This event is called delayed after depolar-
izations (DADs) and if it is large enough, it may reach the threshold for
a premature AP, giving rise to a premature electrical activation that can
propagate through the myocardium, triggering sustained arrhythmias 23]
[25] (Figure [L.4]B) .

Persistent elevation of cytosolic Ca?t (long-term changes) plays a piv-
otal role in myocardial remodelling, impairing the relaxation rate of the
myocardium and causing diastolic dysfunction. [y,7] enhancement and
therefore increase may contribute to diastolic dysfunction with dif-
ferent mechanisms: i) increased AP duration renders Ca?T release longer
and prolongs contraction: beat to beat variability of increases the
variability of cell twitch duration in the ventricle, leading to uncoordinated

relaxation; ii) increased diastolic Ca?* leads to slower and incomplete my-
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Figure 1.5: regulation and Nat transport in cardiac myocytes. The main Na™T trans-
porters in cardiac myocytes and the mechanisms by which an increase in affects Cacyt.
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Figure 1.6: sarcolemmal Nat /Ca?t exchanger sSNCX]). A) Forward mode activity and B)
reverse mode activity of ENCXI
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ofilament inactivation and relaxation: phenomenon extremely pronounced
at high pacing rates, where Ca?t overload extending throughout the entire
diastolic period may severely impair relaxation, effectively provoking con-
tractures [94]; iii) spontaneous [SR] Ca?* releases induced by Ca?*overload
generate diastolic after- contractions that further impair and delay relax-
ation |93]. The concomitant increase of cytosolic Na* and Ca?* concen-
tration may also hamper mitochondrial Ca?™ uptake [41]. In particular,
although elevated improves[SR] Ca?* load and cardiac contractility, it
reduces steady-state mitochondrial Ca?t accumulation through activation
of the mitochondrial Na*/Ca?* exchanger ([mNCX]), the dominant Ca?*
extrusion mechanism in mitochondria (Figure [1.5). This has a negative
impact on the antioxidative capacity of mitochondria (NADH/NADPH),
triggering oxidative stress and production of reactive oxygen species (ROS])
[58] [73][41].

Elevated cytosolic Ca?* activates pathways, which enhances
both SR Ca?*-ATPase (SERCA]) activity and RYR open probability, two
actions that may contribute to spontaneous and auto-regenerative[SR]Ca?+
release [45|. Furthermore, inducing also an [[y,7] enhancement,
may potentially supports a a positive feedback loop between Ca?* overload
and [[,7] enhancement.

High cytosolic Na™ concentration might also decrease the driving force
for extrusion of H' through [NHE} thus, [[y,7] enhancement may also im-
pair control of intracellular pH, an effect of particular importance during

ischemia/reperfusion [60].

1.3 Role of [y,;] in cardiac diseases

In recent years, the pathological increase of [[y,7] has been linked to con-
genital (LQT3) and acquired (ischemia/reperfusion, hypertrophy, arrhyth-
mias, heart failure) cardiovascular diseases and to experimentally induced
conditions that mimic the pathophysiological condition. However, [yg;]
contribution to the pathophysiology of some cardiac disease has not been

clarified yet.
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1.3.1 Congenital cardiac diseases

1.3.1.1 LQT syndrome

The long QT syndrome (LQTS)) is a heterogeneous disorder of myocar-
dial repolarization characterized by a prolongation of the QT interval on
the electrocardiogram (ECG]) and clinically manifested with episodes of
arrhythmias, seizures and cardiac sudden death as consequences of phys-
ical or emotional stress [77] (Figure [1.7). LQTS are mainly originated
from genetic or acquired causes. One form of LQTY| (LQT3) has been
linked to the gain of function mutations in human cardiac Navl.5 gene
(SCN5A), which typically disrupt fast inactivation of [[yg leading to an
increase of [y,z] and AP prolongation, predisposing to [EADS [71]. As de-
scribed before, [EADS lead to trigger activity and propensity to ventricular
tachycardia and torsade de pointes, the primary arrhythmia mechanism
and cause of sudden death in LQT3 carriers. Some mutations in SCN5A
have been identified in this subset of LQT3 patients. These include an
in-frame deletion of three amino acids (Lys-1505, Pro-1506, and Glu-1507,
0KPQ), and two point mutations, N1325S (Asp-1325 converted to serine)
and R1644H (Arg-1644 converted to histidine) [101]. Studies on murine
models of LQT3 have demonstrated that Ca?t homeostasis dysregulation,
secondary to an increased , provides a potentially pro-arrhythmic
substrate in this congenital disease [37]. Other congenital clinical condi-
tions associated with an enhanced [y ;] result from mutations in proteins
that either interact with Na™ channel directly as part of a macromolecular
complex, or are important for its cellular localization. LQT10 has been
related with a mutation in S4-subunit, but the mechanism for increased
[narlis not known [95]. On the other hand, mutations in caveolin3 (LQT9)
and syntrophyn (LQT12) has been associated with enhanced direct nitro-
sylation of Navl.5 inducing [[y47] enhancement [17] [90].
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Figure 1.7: The relationship between ventricular transmembrane APs and the surface [ECGl
APs and [ECQ] in physiological condition (black lines). An increase in the duration of the
AP and consequently the QT interval prolongation (red lines). [EADS occurring during the

repolarization phase of a prolonged AP, giving rise to torsades de pointes (TdP) in the [ECG]
trace. Modified by EI
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1.3.2 Acquired cardiac diseases
1.3.2.1 Myocardial ischemia

Myocardial ischemia (MI]) is a condition of insufficient blood supply to the
heart via the coronary arteries, resulting in chest pain and in some cases in
angina pectoris. If myocardial ischemia is protracted and/or untreated, it
can lead to necrosis of heart tissue (myocardial infarction)[81] (Figure[L.8).
could be caused by several pathological conditions, such as coronary
artery disease (CADI) and by some risk factors as smoking, hypertension,
obesity and a strong family history [66].

Blocked Lumen in Branch
of Left Coronary Artery

Anterior Infarct

Figure 1.8: myocardial ischemia due to coronary arteryEblockade.

The insufficient blood flow during causes an imbalance between
oxygen supply and demand at the cellular level, resulting in a replace-
ment of aerobic metabolism with anaerobic one. With the loss of oxygen
(hypoxia), mitochondrial oxidative phosphorylation rapidly stops, with a
resultant production of and loss of ATP production. A compensatory

22



increase in anaerobic glycolysis for ATP production lead to HT and lactate
accumulation, resulting in intracellular acidosis and inhibition of glycolysis
(Figure [L.9).

The altered metabolic milieu leads also to a dysregulation of ionic
homeostasis. The initial phase of ischemia is characterized by an increase
of likely caused by several mechanisms. Some studies proposed [[y,;]
enhancement as cause of the accumulation in myocardial ischemia.
Intracellular acidification increases[[y, ]l which therefore contributes to the
rise of [Nag, [12][88]. Several studies ([83] [88] [111]) demonstrated that
Hy05 and hypoxia cause a [[y,7] enhancement, which increases cytoso-
lic Nat and Ca?* in guinea pigs and rabbit ventricular myocytes. Fur-
thermore, some ischemic metabolites, such as palmitoyl-L-carnitine and
lysophosphatidylcholine, have been reported to induce [[y,z] enhancement
[92] [21]. activation in response to acidosis and [NKAl inhibition due
to the decline in ATP also lead to accumulation during ischemia
[12] |42]. Together, a sustained increase of and ATP-depletion leads
to intracellular Ca?* overload causing the before mentioned electrical and
mechanical abnormalities [30]. The progression towards an advanced stage
of cardiomyocytes ischemic injury is mediated by a progressive membrane
damage involving several mechanisms which result in cytoskeletal damage,
alterations of contractile proteins and lipids. Collectively, these changes
lead to a progressive increase in membrane permeability to ions and other
small molecules, to severe derangements of ion homeostasis, and further

ATP consumption, causing cardiomyocytes swelling.

After the onset of acute [MIl timely myocardial reperfusion is essen-
tial to salvage viable myocardium, limit myocardial infarct size, preserve
left ventricle ([LV]) systolic function, and prevent the onset of heart fail-
ure (HE]). The blood flow restored after [MIl (reperfusion), delivers nutrients
and oxygen to the ischemic myocardium and this produces several dele-
terious effects (reperfusion injury) (Figure . The major mediators of
reperfusion injury are ROS, Ca?* loading, and neutrophils. exacer-
bate membrane damage while neutrophils accumulate in the microcircula-

tion releasing inflammatory mediators and contribute to microvascular ob-
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Pathogenesis of Myocardial Ischemic Injury
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Figure 1.9: Pathogenesis of myocardial ischemic injury. Modified from |12]

struction [52][108]. At the same time, excellular physiological pH is rapidly
restored by the washout of lactate and the normalization of intracellular
pH causes a HT gradient, leading to [NHEl activation and intracellular Na™
accumulation. The subsequent action of causes an influx of Ca’*,
leading to an additional intracellular and mitochondria Ca?* overload via
mitochondria Ca?T uniporter [65]|74]. Finally, reperfusion environment in-
duce the opening of the mitochondria permeability transition pore (MTP),
which leads to mitochondrial membrane depolarization and uncoupling of
oxidative phosphorylation, to further ATP depletion, cell swelling with
membrane rupture and, therefore, cell death [32]|108].

Studies on whole-heart ischemia/reperfusion have indirectly demon-
strated the presence of a [[y,7] enhancement during the ischemic phase,
showing that myocardial reperfusion injury can be prevented by blockade
of Tnazl [27] [8] [54] (described below). However, direct evidences that [ygz]

is effectively enhanced during ischemia phase are still missing.
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1.3.3 Heart Failure

Heart failure (HE) is a pathological condition characterised by a significant
impairments in cardiac functions, as a consequence of compensatory and
maladaptive mechanisms [34] to cardiac injury [34]. Common causes of
HF include myocardial infarction, hypertension, atrial fibrillation, valvu-
lar diseases, alcohol abuse, infection and cardiomyopathy. The main con-
sequences arising from HF are the electrophysiological alterations, which
increase the propensity for cardiac arrhythmias, and excitation-contraction
coupling (ECC) abnormalities, associated with severe contractile dysfunc-
tions [19]. The major alteration that causes the contractile dysfunction is
the reduction of Ca?* transient amplitude (Cag]), which is due to lower
Ca?*t content. Three factors lower [SR] Ca?* content in HF: 1)
reduced function; 2) increased expression and function of fNCX]
and 3) enhanced diastolic Ca%t leak (Figure .

Several animal and human studies have demonstrated abnormalities in
homeostasis, which could lead to HF [22] |93]. The role of
is controversial|64]|67|, with its contribution to HF pathogenesis only re-
stricted to some experimental models. The accumulation could be
then largely attributed to an increased Na*t influx. Indeed, several studies
have shown that [[y,7] is increased during [HE [97] [50] [43]. Abnormally
large [y has been recorded in cardiomyocytes from patients affected by
end-stage [HE] and following myocardial infarction [31] [51]. Despa et al.
[22| have found that the majority of Na™ influx was [ITX}sensitive in car-
diomyocytes from rabbits with [HE induced by pressure and volume over-
load. Furthermore, [y, blockade prevents both electrical abnormalities
(prolonged APD and EADs) and contractile dysfunctions in canine model
of moderate and chronic [HE] [102] [68] [16]. Thus, it is now well established
that [ygz] enhancement contributes to accumulation in [HE] but the
mechanisms by which [[y,s]is increased in failing myocytes is still unclear.
An increased [CaM] and proteins expression has been proposed as
potential explanation, since this condition increases phosphory-
lation of cardiac Nat channels and, thus, enhancing [[y,7} furthermore, it

has been observed as a common features of myocardial remodelling in [HE]
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contribute to arrhythmogenesis via induction of delayed afterdepolarizations (DADsk).

1.4 Pharmacology of [y,;]

Because of the role for increased [[y,7]in the pathogenesis of arrhythmias,
ischemia/reperfusion, hypertrophy and [HEL [[y,7] is an attractive target
for treatment of these diseases. [[y,7] exists as a larger target only under
pathological conditions where it is increased, thus reducing the chances of
on-target toxic effect. Indeed, the block of [[ygz] in normal heart has been

shown to have no deleterious effects on contractility or conduction [24].

1.4.1 Non-selective Sodium Channel Blockers

Since enhanced [[y,7] is the consequence of dysfunctional Navl.5, most

agents with general Nat channel blocking effect (flecainide, lidocaine, mex-
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iletine) may also inhibit [y,7] A key question is the relative selectivity of
the drug to block [[yg7] versus [ygz7l For example, Flecainide (Class 1C
Na™ channel inhibitor) displays use-dependence block of both [[yg7] and
Mozl with 2.9- to 5-fold higher selectivity for [[y,7] compared to peak [[yg]
[110]. Furthermore, flecainide is also an inhibitor of the delayed rectifier
[k, a major repolarizing current in repolarization phase of [AP] and may
therefore also prolong and promote torsade de pointes arrhythmias,
particularly in structurally abnormal heart [61] [36]. An approximately 13-
fold more potent blocking effect on [[y,7] as compared to [[y,7} has been
reported for the Class III anti-arrhythmic drug amiodarone. It is a mixed
ion channel blocker, in addition to Na™ channel blocking actions it also
inhibits KT and Ca?* channels, and has B-blockade-like effect [49]. Both
Flecainie and amidarone display a potent off-target effects, and in particu-
lar show virtually no selectivity between [y, 7] and [[x,], which is blockaded,
could further increase [AP] prolongation and destabilize repolarization. Be-
cause of this limitation, current research is aimed at developing selective
[y z] inhibitors with minimal off target and toxic side effects.

1.4.2 The [[,;] blocker Ranolazine

After the discovery that [[y,z] was more sensitive to [I'TX] than [[y,7]in the
1970’s |20], the last decade, there has been an increasing interest in a novel
agent, with distinct efficacy against [y 7t ranolazine (RAN]). RAN] is a
piperzine derivative that exhibits minimal effect on hemodynamics such
heart rate and blood pressure [15]. Food Drug Administration (FDA)
approves in 2006 for the treatment of chronic angina pectoris. RANI
at high concentration may reduce the peak of [yl but it blocks [ygz]
over [y 7] with a potency ratio of 9- to 38-fold, depending on the species,
cell type and the experimental conditions (|26] [94] [5]. The inhibiting
effect of on [[y,7] becomes more pronounced at higher frequencies
and in the setting of membrane depolarization 86|, which may have clinical
implication during for instance myocardial ischemia. The selectivity
for [yoz] have suggested that it may interact with different binding sites
in the Na® channel than other [[g] blockers. Fredj and coworkers (]|26])
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has shown that a mutation in Na™ channel reduced the potencies of both
[RANI and lidocaine to block [[y,7] implying that [RAN has the same set
of classical [[yg] blockers. A different mechanism, such as a stronger state-
dependency of drug access to the binding site, may account for the higher
selectivity of than of Lidocaine for [[y,;} However, cannot be
considered a pure [[y ] blocker because it also inhibits other cardiac current,
including [ [cgz) inward rectifier potassium current ([x]), transient
outward current ([)) and ENCX] current (Iycx)) [4] (Figure[1.12). Overall,
exerts its therapeutic effects at concentration of 10uM, at which
level it has minimal or no effect on other ion current [104] [114]. [RAN]
inhibits [[x,] with an ICso of approximately 12uM, close to therapeutic
concentration, and the [y7l/[x,] block potency ratio is estimated to be
around 1.5-2 |104]|76]. However, it has been shown that prevents
prolongation in many pathological conditions, indicating that the
Tz blocking effect of prevails compared to that of [[x,] [44].
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1.0
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0.8 1
INaCa (91 uM)
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3
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Figure 1.12: Summary of concentration-response relationships for effect of ranolazine to
inhibit inward and outward ton channel current.[4)]

Early studies have suggested that the main mechanism of anti-ischemic
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and antianginal effects might be through inhibition of fatty acid ox-
idation [27], but the experiments have been conducted at very high [RAN]
concentrations, well in excess of therapeutic range. Furthermore, abudance
of evidence from studies using[RANl concentration within therapeutic range
have not supported this hypothesis. Wang and coworkers [100][35] have
demonstrated that ischemic protection of [LV] function by [RANlis not me-
diated by inhibition of fatty acid oxidation.

The evidence that [RAN] at concentrations within its proposed thera-
peutic range (<10uM), significantly reduces [[y,7] and reverses or prevents
the consequences of an increase of [[y,7] has been observed in various car-
diovascular diseases. Many large clinical trials have already proven the
utility of [RAN] for the treatment of cardiac ischemia, [HE] and arrhythmias
[44]. These pathological conditions share the commonalities of an increased
[ngzl resulting in ion homeostasis degeneration and mechanical impaire-
ment. Selective blockade of[[y,7]by[RAN|thus diminishes intracellular Na™

and the consequent Ca?t overload and reduce contractile dysfunction.

At cellular level has been found to prevent ischemia/reperfusion
injury [82][83]. Song et al [83] have demonstrated that attenuated
HOs-induced prolongation and suppressed [EADS in guinea pig and
rabbit isolated ventricular myocytes. Clinically, [RAN] improves diastolic
function, decreasing diastolic wall tension, and extravascular compression,
allowing enhanced perfusion to ischemic myocardium in patients with
[15] [27] [8] [74]. Importantly, the cardio-protective effects of [RANI occur
at a concentration that has minimal effects on heart rate, coronary blood
flow and systemic arterial blood pressure [15], making [RAN| unique among

other antianginal agents currently in use.

Several studies have been shown that improves contractile func-
tion and reduce diastolic/systolic dysfunction in the setting of [HEl In
canine model of [HE] prevented progressive [[V] dysfunction as well
as global and cellular myocardial remodeling [85][69]. [RANI significantly
reduced [EADs] intracellular Ca?* and Ca?* content in hypertrophic
cardiomyopathy and attenuated the increase in diastolic Ca?t following

an increase in stimulation rate [19]. [RAN] reduced diastolic wall tension
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and [LV] diastolic pressure and improved coronary reperfusion [96]. Other
studies argued that [RANl may improve [[V] systolic function and provide
myocardial protection during an acute myocardial infarction or heart fail-
ure [16]]69].

Despite the modest QT prolongation seen with in clinical tri-
als, several in vitro and in vivo reports have reported the antiarrhythmic
properties of [RAN] suggesting that through reduction of [[y,;] it appears
effective in attenuating [APDI] prolongation and suppressing the develop-
ment of [EADS and [DADd [44] [55] [72] . In patients with LQT3, where
the underlying electrophysiological mechanism of ventricular arrhythmias
is secondary to increase in [[y,7} [RAN] has been found to suppress ven-
tricular arrhythmias by shortening the QT interval in a dose-dependent
pattern and improve diastolic relaxation parameters [38|. Certainly, the
most robust data investigating the potential antiarrhythmic proprieties of
[RAN have come from the MERLIN trial, where treatment with [RAN] of pa-
tients with a non ST-elevation[CAD] resulted in significantly fewer episodes
of ventricular tachycardia [78]. Recently, [RAN has been noted to possibly
impart beneficial effects in various other cardiac conditions, including new-
onset, paroxysmal, and chronic atrial fibrillation, post-operative atrial fib-
rillation, post-revascularization coronary artery disease, chemotherapeutic

cardiotoxcity, and diastolic and microvascular dysfunction [53].

1.4.3 The novel selective [[y,;] blocker: GS967

Recently, a novel highly selective inhibitor of [y, GS967 has been identi-
fied. GS967 inhibited ATX-II induced [[y,7] and associated pro-arrhythmic
effects in rabbit ventricular myocytes and isolated rabbit hearts, with an
approximate IC50 value for [[y,;] inhibition of 0.1-0.2 M [80]. In ad-
dition, GS967 has been shown to exert antiarrhythmic effects on ven-
tricular tachycardia and fibrillation |63],on atrial fibrillation |14] and on
ischemia-induced atrial and ventricular repolarization alternans |11]. Al-
though promising, the currently available data on this new compound are
limited, and further experimental and pre-clinical studies will be essential

to investigate its therapeutic potential.
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1.5 Scope of Thesis

There is increasing evidence that [y, /]l plays a critical role in various car-
diac pathological conditions and thus, it is a potential therapeutic target.
However, [[y,7] contribution to pathophysiology and pathological remod-
eling in some cardiac diseases has not been clarified yet. The scope of
this thesis is to investigate the [[yg] contribution to maladaptive cell re-
modelling and the benefit of [y,7] blockade in experimental rodent models
of two cardiac diseases: acute myocardial ischemia (MI)) and pulmonary
arterial hypertension (PAH]).

In Chapter 2 the role of [y,z] is evaluated in a single cell model of
acute myocardial ischemia. Several studies suggest that [[y,]enhancement
contributes to ischemia/reperfusion injury, however a direct evidence that
[ygz]is increased during ischemia has never been showed. In addition, some
ischemic conditions are opposed to the [[yg7] occurrence: 1) depolarization
of membrane diastolic potential, until inexcitability; 2) shortening of action
potential duration (APDI), due to the ATP-sensitive KT current ([xarp)
activation. We investigated whether [[y,]is increased during experimental
conditions that mimic myocardial ischemia and whether it contributes to
Nat - induced Ca?* accumulation.

In Chapter 3 the role of [[y,7] is investigated in a rat model of right
ventricle (RY]) hypertrophy induced by [PAHl In a variety of experimental
models other than [RV] hypertrophy, myocardial hypertrophy/failure is as-
sociated with enhancement of the late sodium current ([yg,z]). This may,
in turn, contribute to many of the functional (electrical and contractile)
derangements associated with remodelled myocardium. However, whether
[ngz] enhancement is involve in [PAHMnduced myocardial remodelling is
still unknown. We evaluated the hypothesis that 1) constitutive [yg7] en-
hancement may occur as part of PAHMHnduced myocardial remodelling; 2)
[RAN may prevent [[y,7] enhancement 3) [RAN| can prevent [PAHlMnduced

myocardial remodelling.
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2.1 Acronyms

ATP
ANG2
AP
APD
APD90
Cacyt
Cap
Carpr
Casgr
Carp
CGP
Cnm
CTRL
dNa.y:/dt
dV /dtmas
Ediast
Ixarp
Ina
Inar
ISC
Irrx
mNCX
Nacy:
NHE
NKA

OUAB

protocol of acute ischemia

Asante Natrium Green-2

action potential

action potential duration

[APD] at 90% repolarization
cytosolic Ca2t

diastolic Ca2t

sarcoplasmic reticulum (SR)) fractional release
[SRI Ca2t content

Ca2t transient amplitude

CGP 31157

membrane capacitance

control

cytosolic Nat accumulation rate
maximum depolarization rate
diastolic membrane potential
ATP-sensitive KT current

voltage gated sodium current

late sodium current

ischemic mimic solution
TTX-sensitive current
mitochondrial Nat/Ca?t exchanger
cytosolic Nat

Nat/Ht exchanger

Nat /Kt ATPasi pump

ouabaine
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RAN ranolazine

ROS reactive oxygen species

RyRs Ryanodine receptors

SEA SEA 0400

sNCX sarcolemmal Nat /Ca2t exchanger
SR sarcoplasmic reticulum

TA twitch amplitude

TTX tetrodotoxin

2.2 Abstract

Background: Myocardial ischemia is characterized by an overproduction of
toxic metabolites well-known enhancers of the late sodium current ([ygz)).
ranolazine (RAN), a blocker of [y, improves recovery during reperfu-
sion. However, during ischemia diastolic potential depolarization might
limit Sodium current (T[] recruiting; thus, whether [y,] is actually en-
hanced during acute ischemia is still unknown. Aim: To test the func-
tional contribution of [y,/] in a cellular model of acute ischemia. Meth-
ods: Rat ventricular myocytes were exposed for 7 min to a (normoxic)
ischemia-mimic solution (ISC); to evaluate the role of [ygrl (10
puM) or tetrodotoxin (TTX]) (1uM) were added throughout the protocol.
[yoz] was isolated as[TTX}sensitive current during action potentials (APk)
elicited at 1Hz. Cell shortening, cytosolic Na™ and Ca?*t
were monitored in field-stimulated myocytes (1Hz). The sarcolemma (s)
and mitochondrial (m) Na* /Ca?* exchanger (NCX) were blocked by SEA-
0400 (1pM) and CGP37157 (1 uM) respectively. Results: During ischemic
mimic solution ([SC)), loss of contraction was followed by partial recov-
ery. While [APk persisted throughout [SC| diastolic potential markedly
depolarized and [AP] upstroke velocity decreased. In spite of this, [SC in-
duced [[ygz] enhancement, which was completely prevented by
increased [Na,,] and [Ca,, which were partially prevented by RAN} [TTX
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affected [SClinduced enhancement only. SEA-0400 boosted cytoso-
lic and [SR] Ca?* content during [SCI SEA-0400 effects were sharply
curtailed by [RAN] by [ITX] and by CGP37157 Conclusion: During [SC|,
[noz] increased in spite of [AP] changes and contributed to increment.
Unexpectedly, blockade unrevealed and [TTX] effects on
These results suggest Nat-dependent, but ENCXFindependent Ca?t accu-
mulation mechanisms during acute ischemia. Indeed, mNCX] appears to
be involved in the [[y,7] induced cytosolic Ca?* accumulation.

Keywords: Late Sodium Current, Myocardial Ischemia, Ranolazine

2.3 Background

Myocardial ischemia results in a characteristic pattern of metabolic and
intracellular ion changes, leading to a cytosolic Na™ and Ca?*
accumulation . The first Na™* influx enhancement is coupled
with the subsequent increase of through working in reverse
mode (coupled exchanger theory) [2][31][23][8].

While it is widely accepted that the accumulation is principally
due to Na™ /H* exchanger (NHE]) in post-ischemic reperfusion , there
is a disagreement about the [NOE activity during ischemia, because it
might be partially inhibited by extracellular acidosis [2]. Furthermore,
several studies have demostrated that the [[y,7] blockade prevents Ca?*t
overload and reduces myocardial ischemia/reperfusion injury
||§[|. These evidences suggest that the [y, ] enhancement might be the
mecchanism undelying the increased Na® influx during ischemia. More-
over, it has been observed that some pathological components of ischemia
(i.e. H2O2, hypoxia and ischemic metabolites), induce [[,7] enhancement
A4 38 A1) [21].

However, a direct evidence that [[y,] is increased during ischemia has
never been showed. In addition, some ischemic conditions are opposed to
the [[ya7] occurrence: 1) depolarization of membrane diastolic potential,
until inexcitability; 2) shortening of action potential duration (APDI), due
to the ATP-sensitive K+ current (Txa7p) activation [48].
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The aim of the present study is to directly investigate whether [[y,] is
increased during experimental condition that mimic myocardial ischemia
and whether it contributes to Na® - induced Ca?* accumulation.

The results of the present study demonstrate that, during acute is-
chemia [[y,7] is enhanced in spite of membrane potential changes and it
participates to accumulation. Nevertheless, [[y,7] blockade has a
surprisingly negligible effect on Ca?* accumulated in the presence of func-
tional ENCX] whereas it prevents accumulation in the presence of
ENCXlblockade, suggesting SNCXFndependent mechanisms. In accordance
with this, the accumulation is also prevented by mNCX]blockade. Al-
though these evidences confirm the[[y,z]contribution to Nat accumulation
during ischemia, they suggest that the dysregulation of the intracellular
milieu during ischemia may not be completely described by the coupled

exchanger theory.

2.4 Materials and methods

The investigation conforms to the Guide of the Care and Use of Labo-
ratory Animals published by the US National Institutes of Health (NIH
publication No. 85-23, revised 1996). All the experiments were carried out
according to the guidelines issued by the Animal Care Committee of the
University of Milano-Bicocca. An expanded methods section is available

in the Supplement.

2.4.1 Cell isolation

Male adult Sprague-Dawley rat ventricular cardiomyocytes were isolated
by using a retrograde coronary perfusion method previously published ex-
cept for minor modifications [54]. Measurements were performed only in

quiescent rod-shaped myocytes with clear striations.

2.4.2 Acute ischemia protocol

Cardiomyocytes were placed into a recording chamber and superfused at
37 °C with Tyrode’s solution containing (nM): NaCl 154, KC1 4, CaCls 2,
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MgCl, 1, HEPES 5, Glucose 5.5, adjusted to pH 7.4.

Ischemia was simulated by exposing single rat ventricular myocytes to
a modified Tyrode’s solution (ischemic mimic solution, [SCl), which con-
tains the major hallmarks of ischemia,previously described by [19] (mM):
NaCl 134, Na-lactate 20, KC1 8, CaCly 2, MgCl, 1, HEPES 5, Sucrose
37, adjusted to pH 6.8. did not included the hypoxia, because Lu et
al., [19] demonstrated that the main contributor to cardiac ischemic injury
is the lactate, which leads to an extra-(first) and intra-(second) cellular
acidosis. The extracellular K™ concentration was raised to 8 mM |7] com-
pared to the original ischemia-mimetic solution of Lu et al. [19], because
extracellular K™ accumulation is one of the major factors contributing to
ischemia-induced changes |7]. Whereas, sucrose at elevated concentration
was added to as a hyperosmolar agent and in replacement of glucose.

All experiments were performed by using a protocol of acute ischemia
(AID) as follows: Tyrode’s solution for 2 minutes to establish a steady
state condition followed by ISC solution for 7 minutes (Supplemental figure
2.1). The [[ygz] blockers [RAN] and [TTX] were used to evaluate [[y,7] con-
tribution. Three experimental groups were considered: control (CTRL),
(10puM)-treated group (RAN]) and [TTX|(1uM)-treated group (TTX)).
and [TTX] were applied throughout the duration of the [AIPl The se-
lective blockers SEA 0400 (SEA) (1uM) and CGP 31157 (CGP) (1uM)
were used to test the role of and [mMNCX] respectively. Ouabaine
(OUABI1mM)was used to inhibit Nat /KT ATPasi pump (NKA]). Each
drug was tested by adding it to the ISC.

Data were statistically evaluated before (PRE) and at three time points:
before (PRE) and at 0.5, 3 and 7 min during superfusion (0.5MIN,
3MIN, 7MIN) (Supplemental figure [2.1).

2.4.3 Cell shortening

Cardiomyocytes were field stimulated at 1Hz using two parallel platinum
electrodes and the single-cell shortening was measured by a video-edge de-
tection system (Crescent Electronics). Changes in cell length between

shortening and lengthening were measured using the twitch amplitude
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(TA)) as parameter, which represents the amplitude of myocytes contrac-
tion. [TAl was monitored throughout the [AIP] and normalized to the value

measured in PRE.

2.4.4 Patch-clamp recordings

[APk were recorded in current-clamp mode at 1Hz; [APk waveforms recorded
at baseline (PRE) and at the end of [AIP] were used as command signals
in action potential clamp (APFClamp) experiments. [[y,7] was measured
by AP-clamp in PRE and at the end of [ATP] [Ty, was isolated, by digital
subtraction, as the current sensitive to 1M [ITX] (TTX-sensitive cur-
rent (Tprx)). [ygz] magnitude was quantified as mean inward [ x] during
repolarization, obtained by integrating inward [[77x] up to 90% repolariza-
tion and dividing the result for the integration interval.

To test whether changes in membrane potential induced by may
limit [Ty, 7]expression, [APFclamp experiments were performed in two modal-
ities. In the first one, the [AP] waveforms previously recorded in PRE or
at the end of [ATP] were applied in the same phase,thus incorporating
induced changes. In the second one, the [AP] waveform recorded in PRE
condition was maintained throughout the [ATPl Differences between [[y,;]
recorded with the two AP-clamp modalities reflects the contribution of
[SClinduced membrane potential changes on [[,7]

2.4.5 Measurement of intracellular ions

[Na,| and [Ca,,| were measured in intact field-stimulated (1Hz) cardiomy-

ocytes, loaded with the membrane -permeant form of Asante Natrium
Green-2 (ANG2) for Na™ and FLUO4 for Ca?*. Cardiomyocytes were
incubated with the dye for 30 min, and then washed for 15 min to allow
de-esterification. [ANG2l and FLUO4 emissions were collected through a
535 nm band pass filter, converted to voltage, low-pass filtered (200Hz)
and digitized at 2kHz after further low-pass digital filtering (FFT, 100Hz)
and subtraction of background luminescence [1].

For Na™ measurement, fluorescence recorded during [[SC| (F) was nor-
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malized to that recorded during PRE (Fy) and expressed as F/ F. Because
dye response is slow relative to the electrical cycle, Na't signal represents
an average of during the cycle.

To achieve quantitative estimates, Ca?* fluorescent signal was cali-
brated by previously described methods [35], as detailed in supplement
material. Ca?t signal was evaluated in terms of Ca?* transient ampli-
tude and diastolic Ca?* (Cap]). The [SRI Ca?* content was
estimated in a subset of cardiomyocytes at protocol end, by applying an
electronically timed 10 mM caffeine pulse in Ca?t and Nat free solution
(sNCXl inactive). [SRI fractional release was obtained as the ratio

between [Car| and [Cagpl

2.4.6 Statistical analysis

In figures, [TA] [Na.,/] and [Ca,,] changes during AIP are presented as the

average the traces recorded from N cells, along-with their S.E. Differences
between continuous variables were tested by paired T-test or ANOVA as
appropriate (Bonferroni’s correction in post-hoc comparisons). Statistical
significance was defined as p<0.05 (NS, not significant). Sample size (N)

is reported in figure legends.

2.5 Results

2.5.1 Cell shortening and electrical activity

superfusion resulted in a significant drop of [TAl, followed by a slow re-
covery which achieved a plateau after 3 minutes (Figure A-B). [TAl was
minimum at 0.5MIN (-86.89+1.77% p<0.05 vs CTRL), then completely
recovered at 3MIN further changes at TMIN (Figure [2.1) B-C). Stimulated
[APk were detectable throughout exposure (Figure D), even at
0.5MIN, when mechanical activity was negligible (Figure C). [Sd in-
duced diastolic membrane potential (Eg,q) depolarization and maximum
depolarization rate (dV/dt,,q.)) reduction. at 90% repolarization
(APD90) was prolonged at 0.5MIN and then shortened (Figure [2.1 E). In
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cardiomyocytes treated with [RAN] [AP] changes induced by were com-
parable to those present in untreated cardiomyocytes (control (CTRII),
(Supplemental figure . These data show that during the cell-
shortening ceases transiently while the electrical activity is always present,
despite of [AP] changes.

| ISCHEMIA | L 1s

' 1.0 \/*___.i
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Figure 2.1: Cell shortening and electrical activity. A) Average traces and standard error of
[TAl during [ATPl Arrows indicate the times (PRE, 0.5MIN, 3MIN and 7MIN) considerated for
statistical analysis (B). C-D) Representative traces of twitch amplitude (TA] and action po-
tentials (APk) at PRE, 0.5MIN and 7TMIN.E) Statistical analysis of diastolic membrane poten-

tial (Egiqss), maximum depolarization rate ([dV/dtmaz]) and 90% APD repolarization (APDgg)).
ICTRILIN=8. &=p<0.05 vs PRE

2.5.2 Late sodium current ([y,z])

To evaluate [[,7] contribution to [AP] during [SC| [APlclamp experiments
were performed by using the PRE [APlwaveform and the [APwaveform
recorded at the end of [SC| (TMIN AP waveform). Under normal Tyrode’s
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superfusion (PRE AP waveform), small inward [[77x] was present dur-
ing repolarization; this component was insensitive to blockade by [RANL
At TMIN (7MIN [AP] waveform) inward [[77x] during repolarization was
markedly increased (+77%, p<0.05 vs PRE); the increment was almost
completely blocked by [RAN] (Figure. The increment observed at TMIN
was larger (+88%, p<0.05 vs PRE) when the PRE [AP] waveform was ap-
plied (Supplemental Figure , thus indicating that during spontaneous
electrical activity [SCHinduced [[yg7] increment may be partially blunted

by the attending membrane potential changes.

A CTRL RAN B
|

TTXin

CTRL RAN

- T T N o -0.4
<0.05
ITTX vg W P

Figure 2.2: [Iy,7] evaluation. A) Representative [ADk recorded (top) and related [TTXF}
sensative currents ([z7x) (bottom)in PRE and at 7MIN in and [RAN] groups. B)
Statistics of mean inward [[7r x| (ITTX;,) in PRE and at 7MIN . N > 6 for both groups.
x=p<0.05 vs

2.5.3 Cytosolic Na™ dynamics

Changes in|[Na,] during[ATPl were assessed in intact, field-stimulated (1Hz)
cardiomyocytes in [CTRI], and [TTX] groups (Figure [2.3). After an
initial dip, increased during [[SC], reaching a peak at about 2 minutes,
and then slowly declined (Figure[2.3] A). [RAN] and [TTX similarly reduced
the accumulation rate (dNa,:/dt]), resulting in lower peak
(Figure[2.3| B-C). These data indicate that [[y,7] enhancement significantly
contributed to accumulation during
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2.5.4 Cytosolic Ca?" dynamics

Changes in [Cag,| during[ATPl were assessed in intact, field-stimulated (1Hz)
cardiomyocytes in CTRL and in the presence of or [TTX (Figure
2.4). Both and increased during [[SCE the increment was initially
steep and was simultaneous (or slightly preceded) that of [Capl
monotonically increased to achieve a more or less stable plateau at about 3
mins. [Cag|increment followed a sigmoidal time course, thus lagging behind
[Capland, achieved a peak at about 3 mins and then slowly declined (Figure
A,C). [RAN slightly, but significantly decreased [Cap} this effect was
not shared by [TTX] (Figure [2.4] B). Both and [TTX] not significantly
affected [Cag] (Figure 2.4 D). Neither or were changed by [RAN|
or [TTX| (Figure [2.4 E-F).

These data confirm a[Cagy increment during [SC; however, neither its
timing with respect to nor its unexpected insensitivity to [I'TX], are
consistent with its dependency on enhanced Na*t influx. Notably,
accumulation was, even if modestly, affected by [RAN] possibly through
a mechanism other than [[y,z] blockade. To verify whether the
contributed to accumulation, as predicted by the coupled exchanger
theory, the experiments were repeated in the presence of blockade.

2.5.5 Role of the sarcolemmal Na*/Ca?" exchanger

To assess the role of ENCX] during [ATP] its specific inhibitor SEAI (1uM)
was added to the [SC solution (ISC+SEA). In presence of SEA] [SC
induced accumulation was reduced and accumulation

[Cagl was markedly enhanced. Furthermore, peak[Nag,was delayed
by SEA (Supplemental figure . These unexpected results indicate that,

during [AIP] extruded Ca?* in exchange for Nat (forward mode
operation), thereby acting to compensate the rise in This is opposite
to what predicted by the coupled exchanger theory and implies that a
source other than SNCX] accounted for accumulation.

Notably, in the presence of [SEAL both [RAN| and [TTX] markedly inhib-
ited accumulation (Figure [2.5), their effect being larger than in the

58



A Ca, ISCHEMIA |
|

T T T T
PRE 0.5MIN 3MIN 7MIN

T T T T T T T 1
-60 0 60 120 180 240 300 360 s420
C —a—CTRL

Ca ISCHEMIA | D I

400
< 300

100
T T T T
PRE 0.5MIN 3MIN 7MIN

T T T 1
240 300 360 s420

Caffeine Caffeine Caffeine

™~ r\
RAN TTX

Figure 2.4: effects on cytosolic Ca?t (Cacyr)). A,C) Average traces and standard errors
of diastolic Ca2?t and Ca?t transient amplitude changes during [AIPl Arrows
indicate the times (PRE, 0.5MIN, 3MIN and 7MIN) considerated for statistical analysis (B,D).
E-F) Statistics of SRl Ca?t content and [SRI fractional release ([Cagg). G) Represen-
tative Ca?T transient evocated by caffeine superfusion. N=22(19); RAN N=19(13);
TTXN=19(10). (N) cell numbers for [Cagg] and [Cagg] measurements. *=p<0.05 vs
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presence of active This suggests the contribution to accumu-
lation of a Nat-sensitive Ca?* source, whose role was unveiled by removal
of compensation by As indicated by increment, the [SRlacted
as a Ca’?t sink when [SNCX| was inhibited, thereby limiting accu-
mulation. However, [TTX] did not affect SEAFHnduced increment of
(Figure E), thus ruling out that its effect on might depend on
enhancement of Ca?t uptake. Notably, was decreased by [RAN|
instead, to suggest [RAN] modulation of a Ca?* compartment insensitive
to MTXl Lack of RAN (or TTX) effect on (Figure F) argues
against Ryanodine receptors modulation by the drugs.
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Figure 2.5: Effects of [Ingaz] blockade on in presence of [NCX] blockade. A-C) Aver-
age traces and standard errors of diastolic Ca and Ca?? transient amplitude (Car)
changes during [ATPl Arrows indicate the times (PRE, 0.5MIN, 3MIN and 7MIN) considered
for statistical analysis (B,D). E,F) Statistics of [SR] Ca?* content and fractional
release (Cagg). G) Representative Ca?t transient evocated by caffeine superfusion. SEA
N=23(9); +RAN N=20(9); TTX N=18(9).(N) cell numbers for and measure-
ments. §=p<0.05 vs SEA.
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Mitochondria represent a further Ca?t compartment, potentially af-
fected by ischemia. Mitochondria normally release Ca?" to cytosol through
forward mode operation of This release flux is proportional to
and is therefore a candidate to link [[y47] inhibition (effect shared by
[TTX] and [RAN)) to limitation of accumulation. To test this hypoth-
esis the experiments were repeated in the presence of blockade.

2.5.6 Role of the Na™ /Ca?" exchanger

The Nat/Ca?* exchanger of the mitochondrial membrane (mNCX]) was
selectively blocked by 1uM [32], which was added to the with
or without NCX] blockade. When applied in the presence of functional
SNCX] [CGPl did not measurably affect accumulation during [ISCh
however, it significantly increased (Supplemental figure A-C),
thus suggesting a shift of Ca?* from the mitochondrial to the SR] com-
partment. On the other hand, when was applied in the presence of
[SEA] (Supplemental Figure 2.5 D-F), [Cacy (Cap| and [Caz]) accumulation
was significantly reduced and also showed a trend toward reduction.
These findings might suggest that during ISC, mitochondria provided a

Ca?T sink through reverse mode INNCXl operation; this action was appar-
ently reversed in the presence of blockade, when INCX] supported
mitochondrial Ca?t efflux (forward mode) instead. While the mode of
operation might depend on the extent of mitochondrial Ca?* load
(conceivably larger in the presence of SEA), these observations altogether
suggest that MNCX] contributed to buffering by mitochondria dur-
ing was not affected by any of the interventions (Supplemental
Figure F), thus arguing against the involvement of RyRs modulation

in their effects.

The effects of [CGP] [RAN] and [TTX] on during [SCHSEAl are di-
rectly compared in Figure 2.6} [Cap| and [Caz] accumulation were similarity
reduced by [RAN] [TTX]| and [CGPl These data suggest that [SCHSEAl

induced intracellular Ca?* accumulation might depend mitochondrial Ca?+
efflux through MNCX] and [RAN] and [TTX] effects might be through it.
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2.6 Discussion

The main findings of this study are that during ischemia: electrical activity
was present; [[y,7] was increased in spite of [AP] changes; [[y4/] contributed
to accumulation, but failed to affect accumulation in the pres-
ence of functional ENCXt ENCX] worked in forward mode, thus other Ca?*
sources accounted for accumulation; [[y,7] and blockade re-
duced induced by ENCX] blocakde. Finally, this study suggests that
mitochondria might be a source of Ca’*t, sensitive to and therefor,
potentially affected by [[y,7] modulation.

2.6.1 Ischemia induced-Iy,; enhancement

Several experimental models have indirectly linked the[[y,7]with ischemia/
reperfusion injury. Studies on whole heart have shown that prevents
the ischemia-induced myocardial Ca?* accumulation and improves the me-
chanical performance of the heart in reperfusion (]3| [6]|27] [37]. Moreover,
single cell studies have reported that some pathological ischemic compo-
nent, such as phosphatidylcholines, reactive oxygen species (ROS]), hypoxia
and acidosis can induce an enhancement of [[y,7] [38][44] [47]. However,
whether [[y,z]is increased and whether it directly contributes to ionic dys-
regulation during acute ischemia have not demostrated to date.

In this study [[y,7] was directly investigated in rat ventricular cardiomy-
ocytes exposed to [[SC|, which contains more hallmarks of ischemia than
previous works [20] [21][38][41] (See Supplement). The present study re-
ported that[[y,7]enhancement is present during[[SClin spite of [AP|changes,
superseding the [y, availability reduction caused by Ediast depolarization.
This evidence leads to conclusion that changes in electrical activity that
occur during ischemia not limit [[y,7] enhancement, which may then con-

tribute to the pathogenesis of ischemia/reperfusion damage.

2.6.2 Iy, contribution to cytosolic Nat accumulation

ISClinduced accumulation was partially prevented by [RAN] and
[TTX] suggesting that the [[ygz] contributes about 50% of increased to
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Na® influx during ischemia. The accumulation not prevented by
[yaz blockade might result from Na™ influx via[NHEl in response to intra-
cellular acidosis, coupled with decreased activity
[50]. However, exposure in the presence of a selective [NKA] blocker
(OUAB) induced a persistent rise of (Supplemental figure [2.6)), in-
dicating that the [NKAI activity was not abolished and suggesting that
was in part responsible for the accumulation. Overall, these
data suggest that transient accumulation was due to increased Na™
influx through [[y,7] and and successively compensated by ac-
tivity. Notably, NHEl may be inhibited at end of [SC| whereas
M enhancement was present, suggesting that M may partecipate to
accumulation throughout exposure, even if masked by [NKA]l ac-
tivity. This hypothesis is in accordance with Williams et al. that have
shown that the a major source of the Na™* influx during global ischemia is
the persistent component of [ and not

2.6.3 Iy,. contribution to cytosolic Ca?t accumulation

Although, [[y,] enhancement participated to accumulation, surpris-
ingly it did not contribute to accumulation, which was insensitive to
[TTX] and only slightly reduced by (Cap). This result is apparently
in contrast with the principal mechanism proposed to cause intracellular
Ca?t accumulation in ischemia/ reperfusion (coupled transport hypothe-
sis). Indeed SNCX] blockade caused a huge accumulation, indicating
that extruded Ca?* in exchange for Nat (forward mode operation),
thereby acting to compensate the rise in during ischemia. This
is in contrast with other studies that have showed reverse mode
activity in the development of myocardial ischemia /reperfusion injury
. In particular, Namekata et al observed that
the increase in cytoplasmic and mitochondrial Ca?* were reduced by
in isolated cardiomyocytes. The discrepancy between studies might be re-
lated to the animal model used, because contribution to relaxation
is higher in guinea pigs than in rat ventricular myocytes (49% vs 7%).

In the presence of blockade, both [RAN|and [TTXI markedly inhib-

64



ited accumulation, suggesting that there was Nat-dependent Ca?*t
source that was unveiled by removal of compensation by SNCXl Mito-
chondria represent a further Ca?* compartment, potentially affected by
ischemia. It well know that elevated Nacyt reduces mitochondrial Ca?*
by accelerating Ca?* efflux through INCX] [5] [22]. Therefore
is a perfect candidate to explain why [[y,z] inhibition by both and
[TTX prevented accumulation. The blockade in the presence
of functional ENCX] did not measurably affect accumulation during
ISC} however, it significantly increased These evidences suggest a
shift of Ca?* from the mitochondrial to the SRl compartment and thus, a
role of mitochondria as Ca?* sink during ischemia.

On the other hand, under sNCX blockade accumulation was
significantly reduced and also showed a trend toward reduction in
the presence of blockade, suggesting that mitochondria provided
a Ca?t source for the . These findings altogether show a
different mode of mMNCX] operation, which might depend to different direc-
tion and size of the driving force acting on mitochondrial Ca?* transport
systems (conceivably larger in the presence of SEAl). Indeed, the com-
parison between [RAN], [TTX] and effects on in the presence
of blockade suggests that [[y,7] blocked prevents [SChinduced
accumulation by modulating mNCX. However, this does not explain the
total accumulation during [[SC| which is probably due to acidosis-
induced Ca®t debuffering . Other experiments need to clarify this

point.

2.6.4 Discrepancy between TTX and RAN effects

In the present study, [RAN| and [I'TX| shared the the majority of effects
during ischemia. However, in some cases effects were not shared
by MTX] implying the involvement of other mechanisms other than [[y,;]
blockade in RAN induced effects.

The different effect of and [TTX] on with functional ENCX]
cannot be ascribed to stabilization by [RAN] [33],because the lack
of effects on argues against modulation by the drug.
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effects on during ischemia is controversial, because studies on
isolated perfused hearts report that [RAN] decreased systolic and diastolic
Ca?* concentration [3] [27] [37], while a recent study on isolated ventricular
myocytes, shows that RAN not affect intracellular Ca?t during simulated
ischemia [6].

[RAN] but not [TTX], prevented the SEAlinduced increment, sug-
gesting the modulation of a Ca?t compartment insensitive to [TTXl [RAN
has been shown to stabilize mitochondrial membrane potential, (Na™-
mediated mechanism) [10][27][28][12],an effect not share by [ITX]l This
intriguing point need to be further examined.

might act by inhibiting fatty acid oxidation during ischemia and
shifting the metabolism toward glucose oxidation [24][52], preventing my-
ocardial damage; however much higher concentration of [RAN is request

(about 100 M) compared to the one used in the present study.

2.6.5 Conclusion

The present study is the first to investigate the impact of [[y,z] enhance-

ment on Nat and Ca?T homeostasis during acute ischemia. [[y,7]is in-

creased in spite of AP changes, and it contributes to [Na.,| and [Ca,,

accumulation. Furthermore, accumulation can be caused by mito-
chondria Ca?* efflux, through [nNNCX] rather than by sarcolemmal Ca?*
influx via ENCXl [[y,7]blockade may promote the shift form Ca?* source to
sink of mitochondria during acute ischemia. This is not remarked without
sNCX] blockade, because probably the mitochondria contribute variation
is compensated by SR and SNCX} such compensation is removed by the
block of

2.6.6 Limitations

The set of conditions used to simulate ischemia in single myocytes did not
include hypoxia. The work in which the [[SC] solution was initially de-
scribed also tested hypoxia and found that its presence was not influential

in determining changes in myocyte contractile function [19]. Nevertheless,
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by contributing to ROS overproduction during ischemia, hypoxia might
impact on [[y,z] enhancement, thus potentially leading to its underestima-

tion in the present setting.

2.7 Supplemental Material

2.7.1 Cell isolation

Rats weighing 125-175 g were anaesthetised with a Chloral Hydrate (400
mg/ kg at 20%), killed by cervical dislocation and exanguinated. Hearts
were quickly removed, and the ascending aorta was connected to the out-
let of a Langendorff column and perfused with a modified Tyrode’s solu-
tion (37 °C) containing (mM): NaCl 143, KC1 5.4, CaCly 1.8, MgCls 0.5,
NaHsPO,4 5, HEPES NaOH 5, D-glucose 5.5, adjusted to pH 7.4. Modified
Tyrode’s perfusion was maintained until vigorous mechanical activity re-
sumed and blood was completely removed. The heart was then perfused for
5 minutes with a nominally Ca?*-free modified Tyrode’s solution, followed
by the same solution to which 140 U/ml collagenase (Worthington Type
1), 0.17 U/ml protease (Sigma, Type XIV), 0.05 mM CaCly and 1 mg/ml
bovine serum albumin were added. When the liquid became slightly vis-
cous (after about 9 min), the heart was perfused for 5 min with Ca?*-free
solution (KB solution) containing (nM): KOH 70, glutammic acid 5, KCl
40, taurine 20, KHoPO4 20, MgCls, glucose 10, HEPES 10, EGTA 0.5, ad-
justed to pH 7.4. Subsequently the atria were dissected and the ventricles
were chopped into 1 mm fragments, which were exposed to gentle mechan-
ical agitation in KB solution. Samples of the suspension were collected
every 5 minutes, filtered through a nylon mesh and centrifuged at 500 rpm
for 3 minutes. Finally, the pellets were re-suspended in KB solution and
stored at +4 °C until use. Rod shaped, Ca**-tolerant myocytes, obtained

with this procedure, were used within 12 hours from dissociation.
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2.7.2 Experimental model

Reproduce all aspects of myocardial acute ischemia on single cell is chal-
lenging; nevertheless, many types of ischemia-simulating solutions have
been generated [6] [9]]19][23][25][30]. In this study, ISC was a Tyrode’s so-
lution in which the major hallmarks of ischemia, previously described|7][9]
[19](25]]25][30][49],were added expect for the hypoxia: lactate accumula-
tion; high extracellular K+ concentration; glucose deficiency; hyperosmo-
larity and acidosis. The exposure of ISC induced a transient drop of cell
shortening followed by a recovery; this is consistent with [19] which showed
that lactate severely reduced the contractility of the cardiomyocytes and
suggested that its effect was attributable to acidosis and was concentration
dependent. Stimulated [APs were always detectable, showing that mem-
brane excitability persisted throughout the exposure of [[SCl in spite of in

[AP] contour changes (Eg;,s] depolarization; decrease and [APDg(l

shortening), as reported previously in guinea pig cardiomyocytes [9][23].

2.7.3 Protocol of acute ischemia

In preliminary experiments, the duration of the ischemia period was varied
(1, 3, 15 min). A 1-minute ischemic period resulted in a fast and complete
cessation of myocytes contraction while a 3 minutes ischemic period in-
duced a slow recovery of contraction after 2 minutes. ISC superfusion for
15 min caused a transient drop of myocytes contraction followed by a slow
recovery, which tended to steady state after 3-4 minutes. Based on these
preliminary experiments, we selected 7 minutes as the most appropriate

duration of ischemia.

2.7.4 Patch-clamp recordings

Currents and [APk were recorded from cardiomyocytes, using borosilicate
glass pipettes (1.2 to 1.8 M£2) in a whole-cell configuration of the patch-
clamp technique (Digidata 1440A, Multiclamp 700b, Axon Instrument).
membrane capacitance (Cp]) and series resistance were measured in every

cell. Traces acquisition and analysis was controlled by dedicated software
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(Axon pClamp 10). The pipette solution contained (mM) K'-aspartate
110, KCI1 23, MgCl, 3, HEPES KOH 5, EGTA KOH 0.5, GTP-Na salt
0.4, ATP-Na salt 5, creatine phosphate Na™ salt 5, CaCly 0.2 (calculated
free-Ca?t= 10~"M), adjusted to pH 7.3.

2.7.5 signal calibration

The calibration of Ca?* fluorescent signals was obtained with a pseudora-

tiometric equation (equation 1), as follows:

F
Ca; = —T0*Ra (2.1)
K F
Tao ~ 1 T 1

Where Ca; is the value of intracellular Ca*™ concentration (nM), F
is the raw fluorescence value, F is mean diastolic fluorescence recorded
in PRE phase, K; is FLUO-4AM dissociation constant (estimated 400
nM), Cag is diastolic Ca?* concentration in PRE (corresponding to Fy).
To provide a reliable estimate of Cag, saturating fluorescence (Fy,q4,) was
measured in a subset of cells exposed to 5 mM Ca?* under ENCX] inhi-
bition (nM): LiCl 154, KCI 4, CaCly 4, MgCly 1, HEPES 5, D-glucose
5.5, adjusted to pH 7.4) under conditions of maximal Ca?* influx (upon
reperfusion from 7 min of [SC)). The mean Cag value, estimated from the
Fnae thus obtained according to equation 2, was 85 £ 0.1 nM (N=9).

Kd*FO

[Ca]o - Fm(m - FO

(2.2)
This value was used as reference for Cag in Equation 1. Total

was estimated, according to published parameters of Ca?* binding to in-

tracellular buffers (Byae = 272 pmol/L; K4 = 0.673 pmol/L), by:

Brnax
Ky
Ca;

Casp = + Ca; (2.3)
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2.7.6 Reagents

Ranolazine (RAN]) was provided by Gilead Sciences Inc (Foster City, CA);
tetrodotoxin (TTX]) was purchased from Tocris (Bristol, UK); all other
reagents were from Sigma-Aldrich (St. Luis, MO). SEA 0400 (SEA]) and
CGP 31157 (CGP)) were come from Clinic Sciences Srl (Rome, IT) and
Abcam Plc (Cambridge UK) respectively. FLUO4 and Asante Natrium
Green-2 (ANG2) were come from Life Technologies (Carlsbad, United
States) and TEFlabs (Austin, TX) respectively.

2.8 Supplemental figures

PRE 0.5MIN 3 MIN 7MIN

A2/ \4 \4

Tyrode | 2 min

Supplemental Figure 2.1: Protocol of acute ischemia (AID). Arrows indicate the times
considered for statistical analyses (PRE, 0.5MIN, 3MIN and 7MIN).
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Supplemental Figure 2.2: [[SCinduced [AD changes in [CTRI and[RAN groups. Statistical
analysis of [Eg;qerb [AV/dtmaz| and [APDggl [CTRI] N=8, [RAN] N=7
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Supplemental Figure 2.3: Late sodium current [[ygrl). A)[APlwaveform recorded in PRE
phase and average traces of TTX-sensitive current (Irrx)) in PRE and at 7MIN. B) Dynamic
IV relationship of traces figured in A. C) Mean inward [[77x]in PRE and at 7TMIN. N=8.
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3.1 Acronyms

APD action potential duration
APDs5g 50% APD repolarization
APDygg 90% APD repolarization

AP action potential

[Calr Ca?t transient amplitude
[Calgiast diastolic Ca2t

SR sarcoplasmic reticulum
[Calsr sarcoplasmic reticulum (SR} Ca?t content
Cn, membrane capacitance
Ediast diastolic membrane potential
Inar late sodium current

Irrx TTX-sensitive current

Icar L-type calcium current

Ing Sodium current

Ix1 inward rectifier potassium current
Inaw sodium window current

| P transient outward current
RAN ranolazine

TTX tetrodotoxin

BW body weight

CcO cardiac output

EDV end diastolic volume

EF ejection fraction

ESV end systolic volume

FAC fractional area contraction
HW heart weight
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IVRT isovolumic relaxation time

IVS interventricular septum

LW lungs weight

MCT monocrotaline

MHC myosin heavy chain

NCX NaT /Ca?T exchanger

PAH pulmonary arterial hypertension
PASMC pulmonary artery smooth muscle cells
RVSP right ventricular systolic pressure
SPAWT small pulmonary artery wall thickness
SV stroke volume

TAPSE tricuspid annular plane systolic excursion
TT T-Tubules

RV right ventricle

LV left ventricle

CSA cross sectional area

3.2 Abstract

Aims: pulmonary arterial hypertension (PAH]) reflects abnormal pulmonary
vascular resistance and causes right ventricle (RV]) hypertrophy. Enhance-
ment of the late sodium current ([ngz)), may result from hypertrophic
remodeling. The study tests whether: 1) constitutive [y,7] enhancement
may occur as part of PAHMHnduced myocardial remodelling; 2) ranolazine
(RAN)), a clinically available [y4/] blocker, may prevent constitutive [ygz]
enhancement and [PAHlnduced myocardial remodelling.

Methods and Results: [PAH| was induced in rats by a single monocro-
taline injection (MCT], 60 mg/Kg i.p.); studies were performed 3 weeks
later. (30 mg/Kg bid i.p.) was administered 48 hrs after
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and washed-out 15 hrs before studies. [MCT] increased systolic pres-
sure, caused [RV] hypertrophy and loss of left ventricle (LV]) mass. In the
[RV] collagen was increased, myocytes were enlarged with T-tubules dis-
array, displayed myosin heavy chain isoform switch. [[y,7] was markedly
enhanced; diastolic Ca?T was increased and Ca’T release was facilitated.
K™ currents were downregulated and action potential duration (APD]) was
prolonged. In the [[V] [[y,7] was enhanced to a lesser extent and cell Ca?*
content was strongly depressed. Electrical remodelling was less prominent
than in the RVl [RAN] completely prevented [[y,7] enhancement and lim-
ited most aspects of [PAHlnduced remodeling, but failed to affect in-vivo
contractile performance. blunted the [MCTlinduced increase in [RV]
pressure and medial thickening in pulmonary arterioles.

Conclusions: [PAHl induced remodeling with chamber-specific aspects.
Remodeling was associated with [[y,7] enhancement and was largely coun-
tered by[RANL Partial mechanical unloading, resulting from an unexpected

effect of RAN] on pulmonary vasculature, might contribute to this effect.

3.3 Introduction

Pulmonary hypertension may develop as a consequence of chronic enhance-
ment of pulmonary flow (e.g. in cardiac defects) or systemic hypoxia.
Nevertheless, its most common and aggressive form (PAH]) results from
"primary" wall thickening in small pulmonary arteries, of uncertain eti-
ology, but often observed in association with systemic diseases (autoim-
mune, etc.). A widely accepted experimental model of [PAH] is generated
by systemic administration of monocrotaline (MCT]), a vascular toxin that
selectively affects the pulmonary microcirculation [35]. [PAH| imposes a
high pressure load on the right ventricle (RV]) and leads to progressive
remodeling of this chamber. Albeit initially compensatory, the process be-
comes maladaptive, thus making development of [RV] dysfunction the turn-
ing point in [PAH] prognosis 2. Although [PAHlinduced mechanical overload
mainly affects the[RV] left ventricle (LV]) involvement has been reported by

experimental and clinical studies [13|[16][4]|5][2]. In a variety of experimen-
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tal models other than [RV] hypertrophy, myocardial hypertrophy /failure is
associated with enhancement of the late sodium current ([y,7]). This may,
in turn, contribute to many of the functional (electrical and contractile)
derangements associated with remodelled myocardium. Furthermore, be-
cause of its impact on homeostasis of intracellular Ca?*, which is pivotal
in initiating hypertrophic transcriptional regulation, [[y,7] enhancement
might also contribute to myocardial remodeling itself [41][26]|40]. Recent
work reports that pressure-induced [RY] remodeling can be opposed by ra-
nolazine (RAN) and trimetazidine [12]. The effect has been attributed
to partial inhibition of fatty acids oxidation (FAO), an action of [RAN]
previously reported [24]. Nevertheless, [RAN| ability to inhibit FAO at
therapeutic concentrations has been disputed [37]. More recent reports
attribute cardio-protective effects of [RANI to [yg4z] blockade [3][21]. The
present study evaluates the hypothesis that 1) constitutive [y,z] enhance-
ment may occur as part of PAHMHnduced myocardial remodelling; 2)
may prevent [[y,7] enhancement 3) [RAN] can prevent [PAHMnduced my-

ocardial remodelling.

3.4 Methods

The investigation conforms to the Guide of the Care and Use of Labo-
ratory Animals published by the US National Institutes of Health (NIH
publication No. 85-23, revised 1996) and to the guidelines for animal care

endorsed by the hosting institution.

3.4.1 Pulmonary arterial hypertension (PAH) model

Adult male Sprague Dawley rats (110 gr) were injected intraperitoneally
(i.p.) with 2% [MCTI solution at a dose of 60 mg/Kg (MCT] group). A
subset of [MCTltreated rats received (30 mg/Kg, b.i.d., i.p.) for
20 days (MCTHRAN] group); to avoid interference with [MCT] metabolism,
treatment was started two days after injection. vehicle
was administered to the [MCT] group and to untreated littermates, which

served as controls (CTRL group). To evaluate remodelling-dependent ef-
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fects, all measurements had to be carried out in the absence of[RANl Thus,
the time between the last [RAN] injection and sacrifice (blood sample col-
lection) was 15-16 hours in all cases, i.e. adequate for complete [RAN]

washout.

3.4.2 Echocardiography

Transthoracic echocardiography was performed on sedated rats (ketamine
80 mg/kg and midazolam 2.5 mg/kg body weight (BW)) i.p.). [RV] systolic
function was evaluated by measurement of the fractional area contrac-
tion (FAC]) and the tricuspid annular plane systolic excursion (TAPSE).
[RV] diastolic function was evaluated by measurement of isovolumic relax-
ation time ([VRIT]) by pulsed wave Tissue Doppler Imaging. [LV] volumes
(end diastolic volume (EDV]), end systolic volume (ESV])) and [LV] ejection
fraction (EE) were measured from the parasternal long-axis view and cal-

culated through the modified simple-plane Simpson’s rule.

3.4.3 Invasive hemodynamic

right ventricular systolic pressure (RVSP]) was measured with a tip-transducer
catheter (Millar SPR671) introduced in the [RV] through the right jugular
vein under anesthesia (pentobarbital 50 mg/Kg i.p.) allowing for sponta-
neous breathing. After ruling out pulmonary valve and outflow tract
stenosis by echocardiography, [RVSP] was considered representative of pul-

monary artery systolic pressure [8].

3.4.4 Quantitative RT-PCR

Relative expression of mRNAs encoding - and S-myosin heavy chains
(MHCE) was measured using RTq-PCR in[RV] and [[V] of each experimental

group. Specific primers are shown in [3:3]

3.4.5 Myocytes isolation and patch clamp measurements

Rats were sacrificed by cervical dislocation under ketamine/xylazine (50

and 5 mg/Kg) anesthesia 3 weeks after [MCT] injection. Ventricular my-
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ocytes were isolated from [LV] and [RV] free walls as previously reported
[39] with minor modifications; interventricular septum ([VS]) was not dis-
sociated. Rod shaped, Ca?T tolerant myocytes were used for patch clamp
measurements within 6-8 hours from dissociation. Single-cell electrical
activity was evaluated by action potential (AP]) recordings in isolated my-
ocytes during steady-state pacing at 2 Hz. For steady-state currents (Iygz]
and inward rectifier potassium current ([x])), I/V relationships were ob-
tained by applying slow voltage ramps (56 mV/s). [[y,z] was measured as
tetrodotoxin (TTX]), 30 pmol/L)-sensitive current (Trrx]). According to
preliminary evidence (see Supplmental figures B.9), [rrx] at 0 mV was
taken as representative of [[y,7] and peak [[77x] value, occurring at more
negative potentials, was assumed to reflect the Na™ "window component”
(Tnaw)) - [[x1] was isolated by subtraction of recordings in K*-free solution
[39]. Transient currents (transient outward current (), and L-type cal-
cium current ([g,z))) were measured by standard voltage clamp protocols.
To isolate [[g] (see Supplemental figure [3.10), cadmium (0.5 mmol/L) and
EGTA (4 mmol/L) were added to extracellular and intracellular solutions
respectively. [[o,7] was measured in Nat- and K'-free solution. To take
into account the variations in cell size, current amplitude was normalized

to membrane capacitance (Cp)) in all measurements.

3.4.6 Calcium handling

Fluo-4 loaded intact myocytes were field-stimulated at 2 Hz (Fig S4). Flu-
orescence signal was converted to free Ca?t concentration by an indirect
method, as detailed in the Online Supplement (Supplemental figure .
Ca?" transient amplitude and diastolic Ca?* were mea-
sured at steady-state. Ca?* content was estimated by an
electronically timed 10 mmol/L caffeine pulse after 10s at resting.

fractional release was obtained as the ratio between |[Calp|and |[Calsg}
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3.4.7 T-tubules analysis

Sarcolemmal membranes were stained by incubating isolated ventricular
myocytes with di-3-ANEPPDHQ (20 pumol/L). 8-bit grayscaled images
were subjected to spatial Fast Fourier Transform analysis allowing to quan-
tify periodic and aperiodic components of pixels variance (see Supplemen-
tal Methods). Whereas the periodic component is generated by transverse
T-Tubules (TT), the aperiodic one may reflect disarray of transverse [T'T}
but can also be generated by longitudinal [T'T}

3.4.8 Statistical analysis

Data are presented as mean SE. x?-test was used for comparison of cat-
egorical variables. Comparison between multiple means was performed
by one-way ANOVA and post hoc Bonferroni’s correction. A repeated
measurement model was applied whenever internal comparisons were in-
volved.The Mann-Whitney test was used for multiple comparisons of cat-
egorical variables. Statistical significance was defined as p<0.05 (NS =
not significant). The main text reports percent changes; unless otherwise
specified, a “change” is statistically significant. The respective absolute
values are shown in the figures. The number of animals (N) and cells (n)

are reported in figure legends.

3.5 Results

For all measurements, values obtained from [RV] and [[V] in the CTRL
group are compared in Only the changes induced by [IMCT] and by

concomitant [RAN] administration are described here.

3.5.1 Monocrotaline (MCT)-model: general parameters

Hematocrit was similar between CTRL and [MCT] rats, thus suggesting
that systemic hypoxia or significant reduction of plasma volume were not

present on [MCT] rats. [MCT] rats had lower BW] (-27%). Lung-to-body
weight ratio was increased (LWJ/BW] +98%), almost entirely due to an
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Table 3.1: General parameters

CTRL(N=18) MCT(N=17) +RAN(N=16)  P-value

Haematocrit (%) 415+08 45+ 16 44419 NS NS NS
BW (kg) 029 + 0.005 021 + 0.007 022 + 0,005 <005 <005 NS
LWIBWY (gfkg) 565+ 0.16 1.1 4+ 045 105 + 0.52 <005 <005 NS
HW/BW (g/kg) 437 4011 673 + 027 5.87 4025 <005 <005 <005
RVI(LV + IVS) 039 + 002 069 + 0.04 058 + 003 <005 <005 <005
RV/IHW (glg) 0.23 + 0.008 033+001 0.29 + 0.007 <005 <005 <0.05
(LV + IVSYHW (gfg) 059 + 001 048 + 001 052 +001 <005 <005 NS

increased water content (wet-to-dry ratio, +93%, N=5, data not shown).
Heart-to-body weight ratio was increased (HWJ[BW] +54%), due to a sub-
stantial enhancement of the RVlmass (RV/[HW] +43%), partially balanced
by a decrease in the [[V] mass (LV/[HW] -19%). Overall, [RV] contribution
to [HW] was markedly increased (RV)/(LNHIVS), +77%) (B.1). As shown
in [RAN] partially prevented [RV] hypertrophy. BW] lung water content
and [[V] weight were unchanged by [RAN]

During the 3 weeks of treatment none of 47 animals died in the CTRL
group, 5 of 46 animals died in the [MCT] group and 6 of 50 animals died in
the group (p=0.05 for overall significance).

3.5.2 Cardiac structure and function in vivo

Heart rate (measured under sedation) was significantly lower in [MCT] than
in CTRL rats; in rats heart rate did not differ from that of
CTRL rats (Table[3.2). In the group, [RY] anatomical and functional
parameters were indicative of free wall hypertrophy (wall thickness +95%,
see Supplemental figure [3.13)), cavity enlargement (basal diameter +27%)
and systolic dysfunction (FAC]-63% and [TAPSEI-30%). Moreover, the [RV]
isovolumetric relaxation time (IVRT]) was significantly prolonged (+155%).
[LV] function was also altered in the group. All[LV] volumes were re-
duced, probably due to[[VS bulging toward the [[V] (see Online video 1 and
2); as a result, [[V] stroke volume (SV]) and cardiac output (CQJ) decreased
significantly (e.g. -49%). [LV] diastolic function was also impaired, as
indicated by prolonged IVMIVRII (+55%) and decreased E wave deceler-
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Table 3.2: In vivo echocardiography

CTRL(N=15) MCT(N=13) +RAN(N=10) P-value

Heart rate (bpm) 429 +15 346 + 16 373 +27 <005 NS NS
RV
Wall thickness (mm) 0.3% + 0.02 076 + 0.03 056 + 0.03 <005 <0.05 <0.05
Basal diameter (mm) 397 +04 403 +01 319 +02 <0.05 NS <005
FAC (%) 68+3 PLEX ] 8+5 <005 <005 NS
TAPSE (mm) 4.0 + 01 28+02 31+03 <0.05 <005 NS
IRT (ms) 148 + 073 3784073 316 +375 <0.05 <005 NS
Lv
EDV {pL) 319+ 14 157 + 10 193 + 20 <005 <005 NS
ESV (pL) 5516 2442 21+3 <0.05 <005 NS
SV (L) 368 + 22 230 + 30 220 + 30 <005 <005 NS
CO (mUmin) 155+ 9 79+ 11 88 +17 <005 <005 NS
EF (%) 82+12 B85+1 90+ 1 NS <0.05 NS
IRT (ms) 0 +1 3N +4 W+2 <005 NS NS
DT (ms) 3142 2341 37+3 <005 NS <0.05

ation time (DT -28%). Despite the marked changes in [[V] geometry, the
LV [EF remained unchanged. [RAN partially prevented [RV] wall hypertro-
phy (wall thickness) and completely prevented chamber enlargement (basal
diameter) (Table[3.2). Indexes of RV systolic (EAC|and [TAPSE]) and dias-
tolic (IVRT)) function were not significantly affected by RAN]l Impairment
of [Vl systolic function persisted in the RAN| group. For what concerns [LV]
diastolic function, [RAN] failed to affect the isovolumic phase (IVRI]) but
sharply prevented changes in diastolic filling (DT). This pattern is consis-
tent with prevention of septal bulging by [RAN] (see Online video 3), likely

to affect the filling phase more than the isovolumic one.

3.5.3 Fibrosis and cellular hypertrophy

Myocyte cross sectional area (CSAl) and interstitial fractional collagen con-
tent were measured to assess the relative contribution of myocyte and inter-
stitial remodeling to muscle hypertrophy. [RV] interstitial collagen content
was increased in [MCTI group (+270% vs CTRL) (Figure 3.1A), and [RAN]
almost prevented it. [LV] collagen content was similar in the three experi-
mental groups. Myocyte[CSAlwas increased in the[RV]free wall of the [MCT]
group (+68%), it did not change in the [LV] free wall, but it was slightly
reduced (-22%) in the (Supplemental figure [3.14)). completely
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prevented myocyte enhancement in the and partially in the
(Supplemental figure . Electrical and molecular indexes of myocyte
hypertrophy were also evaluated. In the [MCT] group [C,,| was increased in
[RV] myocytes (+34%) but remained unchanged in [V] ones (Figure [3.1B).
prevented [RV][C,,] enhancement only partially, which contrasts with
complete prevention of changes. Discordant changes in and
[C.a] were also seen in [LV] myocytes, in which reduced [C,] but did
not affect [CSAl (Figure [3.1B). In the [MCT] group, RVl a-MHC expression
decreased (-0.5 times) whereas SIMHC] strongly increased (+13.8 times)
(3.11C). A similar pattern was observed in the [LV] (o{MHC] -0.76 times,
BIMHC] +27 times), thus suggesting [MCT] also caused remodeling of the
[Vl In the MCTHRAN group o{MHC] down-regulation was completely pre-
vented in [RV] only and B{MHC]| upregulation was blunted in the [CV] only.
Thus, although [RAN] counteracted MCT}Fnduced changes in in both
chambers, modulation of the isoform pattern differed between [RV] and [CV1

3.5.4 T-tubules remodeling

Disarray of the T-tubular (T'T]) system has been described in several hyper-
trophy /failure models and was generally characterized by loss of the trans-
verse component, alone or associated with an increment of the longitudinal
one . Furthermore, in the present study, changes in [T'T] were suggested
by the discrepancy between myocyte and [C] changes (above). Thus,
the [T'T] pattern of the three experimental groups was analyzed in isolated
ventricular myocytes of both chambers . A sharp pattern of transverse
striations was observed in CTRL myocytes of both chambers; accordingly,
in these myocytes, pixel variance was largely represented by the periodic
component, whose period (0.5 ym~!) was consistent with transverse [T'T]
arrangement. [RV] disarray of transverse [I'T] was visually obvious in
myocytes; the power under the periodic component was decreased (-49%),
accompanied by an increase of the aperiodic one (+83%). The former
was decreased also in the [[V] (-29%), but no changes were detectable in
the latter. [RAN] partially prevented the loss of the periodic component

in [RV] myocytes only. Changes in the aperiodic component were com-

93



n
S

CRL MC ‘ + » 350

o

>
(%) Juajuoo uabe|j0d

o

free wall CSA (um?)
g

free wall CSA (um?)
-8323888¢8
ey 000 00 00

r

| <

S B — —

o - - o ©
o o o
(%) Juajuod uabeyj0d

o

»
o

RV 0

o
o

o

o
o
o

Relative mRNA levels
S

Relative mRNA levels
°

* #

0.0 oeren (TN 0.0 [ 1 #2 oo —
CTRL MCT +RAN _ CTRL MCT +RAN ~ CTRL MCT +RAN _ CTRL MCT +RAN ~ ~ CTRL MCT +RAN _
a-MHC B-MHC a-MHC B-MHC

Figure 3.1: Fibrosis and cellular hypertrophy. A )Interstitial collagen content and myocytes
[CSAlin each study group; comparison between[RVland[[V] Left: representative sections stained
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and collagen content. N = 5 for each group. B) membrane capacitance (Cpl) in each
experimental group. N >15 and n <117 for each group. C) Relative mRNA expression (vs
GAPDH) of two cardiac hypertrophy-related genes (a- and SIMHC) in each study group by
RTg-PCR. N >4 for each group. * = p<.05 vs CTRL, # = p<0.05 vs [MCTl
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pletely prevented by [RAN] in both chambers. Overall, these results point
to remodeling-induced loss of transverse [T'T], prevailing in the [RV] and ef-
fectively countered by [RANl Changes in the aperiodic component might
reflect a tendency of [RAN]to minimize membrane structures not associated
with transverse [T}

3.5.5 Remodelling of membrane currents and potential

Persistent Sodium current ([yg)) components were evaluated as[TTXlsensitive
current during slow depolarizing ramps (3.3). The "ate” ([y,z) and win-
dow ([[yqw]) components were discriminated as detailed in the Methods sec-
tion. [MCT] enhanced [[y,7] in both chambers, but more prominently in [RV]
myocytes (RV] +149%, [LV] +93%). In the RVl [y, ] also showed an incre-
ment of borderline significance (p=0.05 vs CTRL). The contribution of the
observed [MCTlinduced [[y,/] enhancement to repolarization was assessed
by measurement during acute [RAN] exposure (10 pmol/L). Acute
[RANIslightly but significantly shortened 50% APD repolarization (APD3g))
(-6.1 + 2.2%) inRVImyocytes of the [MCT] group only (Supplemental figure
3.15]).

[RAN| completely prevented [[y,z] enhancement in both chambers. It
should be stressed that was completely washed out before [y, 7] mea-
surement; therefore, this observation indicates that chronic [[,7] blockade
may prevent remodelling-induced, or OconstitutiveO enhancement of [y,7}
Tyaz] enhancement is expected to induce Ca?* overload, secondary to re-
duced forward operation of Nat/Ca?" exchanger (NCX]). In [RVIMCTI
myocytes, [[Calgiqase| and [[Calr| were increased (+15% and +39% respec-
tively), but was unchanged, thus yielding a larger fractional release
(+53%). In [V myocytes, Ca?* handling was markedly depressed;
and were both reduced (-31% and -38% respectively), but frac-
tional release was still increased (+38%); was not significantly
affected (Figure [3.4]A). RANI blunted [[Calgiqs] and [Cals] enhancement in
[RV] myocytes; however, fractional release remained significantly higher
than in CTRL myocytes. In [[V] myocytes, induced Ca?* han-
dling abnormalities were not affected by [RANI (Figure [3.4]A). Intracellular
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Ca?* overload may lead to spontaneous Ca?* release from the [SR} this
may occur because of [SR] overload or, even in the presence of reduced
Ca?* content, by RyRs destabilization. Propensity to spontaneous Ca?*
release was evaluated by measuring the proportion of cells with delayed
after-depolarizations (DADs, Figure [3.4B). In [RV] myocytes the increase
in DADs incidence induced by [MCT] did not achieve significance; never-
theless, DADs incidence was significantly lower in the treated group
than in the one. Unexpectedly, [MCTlinduced increment in DADs
incidence was more consistent in[[Vlmyocytes, but, unlike in the[RV] it was
not prevented by [RANl Increments in intracellular Ca®* and, in particular
in fractional release, might suggest upregulation of[[,7]in the MCT] group.
However, in this group, [[cgz] properties (Supplemental figure and Ta-
ble , including inactivation kinetics (Table , remained unchanged
in [RVl myocytes, and only a small reduction of peak density was observed
in [Vl myocytes (Figure [3.4C). failed to affect [[gyz]in myocytes from
both chambers. [[y,7] enhancement is expected to prolong repolarization,
particularly at the plateau level (APDsg)). In the group, [RVI[APD
was prolonged and the [APD5]/90% APD repolarization (APDgg) ratio was
increased (+33%), to indicate that prolongation prevailed at plateau level.
LVI[APDI] was also prolonged, but changes in [APDsg|[APDgq| ratio did not
achieve significance (Figure . Because of these changes, physiological
differences between and [[V] were minimized in the [MCT] group.

Notably the dispersion of values, expressed as coefficient of varia-
tion (CV), was increased in the [MCT] group, particularly in [RV] myocytes.
This observation led to evaluate the distribution of values. In the
RVl [MCT broadened the originally unimodal distribution and added
a cluster of very long values. In[[V] myocytes, distribution was
originally bimodal. Under [MCT] all LVI[APD] values were clustered under
a single larger mode (Figure [3.5A). Unexpectedly, failed to prevent
mean [APDI prolongation by (Figure [3.5B). Nevertheless, consistent
with a reduction of [[y,z] contribution, prevented the increase in

APD5o/[APDgg induced by [MCT] in the [RVl Furthermore, in the [RAN]
group |APDI distributions were restored to their control shape and very
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long values were absent (Figure [B.5A). Overall, in the group,
albeit clustered around a higher mean, values were less dispersed, as
reflected by the lower CV. [Eg.q] was only marginally depolarized in the
[MCTlgroup and in the R¥]only (-2 mV; p<0.05, Figure[3.5C); nonetheless,
[AP] amplitude and dV/dtmax remained unchanged. The change in [Eg;ql
was prevented by [RANl Modulation of KT currents might contribute to
[MCTlinduced changes in the [APl In the group, [[x;] conductance
was reduced in [RV] myocytes only (-48.7%), without changes in the rectifi-
cation pattern (Fig 6A). Unlike the change in [Egaql [x1] down-regulation
was not prevented by (Figure [3.6]A).

decreased [[zg] density in both chambers (Figure [3.5B), but more
in [RV] than in [LV] myocytes (-46% vs -28% at +40 mV); thus, MCT] mini-
mized physiological chamber difference in [[;;] Neither the relative weight
of fast and slow [[)] components, nor their time-constants were significantly
changed by (Table [3.7)); thus, MCTI did not affect [[5] kinetics.
partially opposed [[)] downregulation in the [RV] (Fig 6B) and accelerated
inactivation slow component (7g -27% vs CTRL, Table , thus fur-
ther limiting the impact of [[;g] on Qualitatively similar effects were
observed in [Vl myocytes, where prevention of [[; ] downregulation by

was complete (Figure 3.5B).

3.5.6 Pulmonary vascular resistance and structural remod-
eling

To assess if mechanical unloading might contribute to effects on ven-
tricular remodeling, right ventricular systolic pressure (RVSP)) was mea-
sured through right jugular vein catheterization (Figure ) [RVSPI was
significantly increased in [MCT] rats (+45% vs CTRL). In the [RAN] group
RSVP did not differ from control values. To provide preliminary informa-
tion on the mechanism accounting for [RAN| prevention of [MCTFHnduced
increment in [RVSP] small pulmonary artery wall thickness (SPAWT]) was
measured. As shown in Figure [3.7B, relative medial SPAWT] was increased
in the group (+20%), a change prevented by
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3.6 Discussion

[MCT}nduced [PAH] caused substantial hypertrophy and fibrosis of the [RV1
Cellular structural remodelling consisted of a large increased [CSA] asso-
ciated with a smaller [Cp] increment, likely mitigated by a substantial loss
of transverse [T'Tl All structural aspects of [RV] structural remodelling, in-
cluding fibrosis, myocyte hypertrophy and [T'T] disarray, were countered by
treatment. Consistent with previous studies [13][2][9], also the [LV]
was affected by [PAH] possibly because of altered inter-ventricular inter-
action resulting from [RV] prevalence. [[V] abnormalities were, under many
aspects, opposite to those of the [RVl Loss of [[V] mass occurred without
changes in collagen content or myocyte size. [PAHl has been recently re-
ported to increase apoptosis in the [[V] [9], which might account for the
present findings. Structural remodelling was associated with bradycardia,
loss of body weight and cardiac output. This, together with the pres-
ence of initial chamber dilation, suggests that [MCTFnduced changes was

approaching the decompensation stage.

3.6.1 Right ventricle remodeling

[MCT] significantly increased [zl particularly in the pressure-overloaded
[RV] [yqz]enhancement has been extensively described as a consequence of
[Vl remodelling. It may prolong repolarization, perturb Ca?t homeostasis
and thus contribute to evolution of the remodelling process 8;10. [[yoz] en-
hancement may cause Ca?* overload by reducing the driving force for Ca?*
extrusion through[NCXl The significant [[y,7] enhancement observed in the
[RV] was associated with increased as expected, however [[Ca|ggl
was unchanged. Moreover was increased in spite of unchanged [ 7]
thus indicating a larger fractional release. Altogether, this points to fa-
cilitation of RyRs opening, which may dominate to set Ca?t dynamics at
this stage [5]. This pattern might represent the evolution from an initial
condition of true Ca?T overload, followed by Ca?* -mediated activation
of RyRs-destabilizing pathways (e.g. CaMKII) [10]. RyRs destabilization

is also consistent with the appearance of DADs. Overall, the observed

103



>

40 -

35

30

25 -

\

RVSP (mmHg)
X—n*
\

20

\.

CTRL MCT

+RAN

CTRL MCT

+RAN

SPAWT (%)
N
i
N
NE
3

d
A

18 L
Al 7

CTRL MCT

+RAN

Figure 3.7: Pulmonary vascular remodeling. A) Statistics for right ventricular systolic pres-
sure (BVSD)) estimated through invasive right heart catheterization. N > 5 for each group. B)
Examples of hematoxylin/eosin stained lung sections and statistics for small pulmonary arteri-
oles wall thickness (SPAWT]) measurements. N > 9 for each group. * = p<0.05 vs CTRL, #

= p<0.05 vs MCT}

—_

04



changes in Ca?t handling are such as to provide partial compensation
to the increased mechanical load, but also to account for the deteriora-
tion of diastolic function. completely abrogated [[y,7| enhancement.
As the drug was absent when [[y,7] was measured, this implies that [y,;]
blockade may prevent initiation of a remodelling loop leading to a con-
stitutive abnormality of Na™ channel inactivation [40]. [RAN| countered
[MCTlinduced increments of [Cal ;4 and [[Cal7} thus suggesting that they
were at least partially dependent on [[y,7] enhancement. [RAN| also pre-
vented [MCTlnduced [T disarray and this may contribute to its effect
on Ca?* handling [19];[36]. [RANI efficacy in preventing overload-induced
changes in [T'T] organization has been recently reported . [RAN] action

on [TT] organization may be relevant to modulation of long term response
to increased load and its mechanism deserves further investigation.
abolished DADs in the [RV] but not in the [[V] and this correlates with
the extent of [[y,] enhancement in the two chambers. Thus, albeit [y,/]
enhancement likely contributed to DADs generation in the [RV] [y, /] inde-
pendent mechanisms must be postulated for the [Vl [MCT]increased
and its dispersion. This is consistent with the observed down-regulation
of outward currents ([ and [[;]) and enhancement of [y} whose direct
contribution to became significant (Supplemental figure [3.15)). [RANI
completely prevented [[y,7] enhancement, partially opposed [[;5] downregu-
lation, but failed to prevent reduction of [[x;] conductance. distribu-
tions reveal that [RAN] prevented extremely long [APDE, as expected from
[y oz] normalization; in spite of this, mean was still prolonged in the
[RAN group, potentially contributing to the residual excess of Ca?* con-
tent. This is consistent with failure of [RAN] to shorten QTc in a previous
study on overload-induced [RV] remodelling . This requires to postu-
late an additional factor delaying repolarization in the group whose
nature remains unclear. Indeed, [RAN] was absent during measurements,
thus making its ancillary IKr blockade [3] irrelevant to the present mea-
surements. Upstroke velocity (dV/dtmax) was unchanged, thus suggesting
that Na™ current enhancement was limited to its steady-state component.
Previous works in [MCT}nduced [PAH] reported normal [RY] SCN5A tran-
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script 5 and transient sodium current (g7l density [13], but shifts of the
activation curve suitable to increase [ygw] [13]. [RAN significantly coun-
tered the development of [RV] hypertrophy both at the organ and cellular
levels. This finding is similar to what recently reported in a pulmonary
artery banding model [12|. In the latter study, and trimetazidine were
found to inhibit FAO and their anti-remodelling effect was attributed to
this metabolic action. Concomitance with either [[y,7] inhibition (present
data), or switch in substrate utilization [12] is of course inadequate to
establish which mechanism may prevail in [RAN| anti-remodelling effect.
More conclusive in this respect are the findings of Wang et al. [37] who
reported that functional recovery during reperfusion, while improved by
[RAN] was insensitive to FAO inhibition by a selective and more powerful
agent. Even similarity between [RAN]| and trimetazidine effects is not con-
clusive for a "metabolic” mechanism in prevention of [RV] remodelling. In-
deed, trimetazidine was found to improve function in hypertrophied hearts
without inhibiting FAO utilization [33]. On the other hand, improvement
of cell energy balance and mitochondrial function may also be expected
from [[y,7] inhibition [20]. Notably, in the present study, prevention of hy-
pertrophy and Ca?* dynamics abnormalities by [RAN] was not associated
with significant changes in echocardiographic indexes of [RV] systolic and
diastolic function, which showed only “trends” toward improvement (FEAC]
[TAPSE] [VRT in Table [3.2). This contrasts with a significant improve-
ment in cardiac index and exercise capacity reported by Fang et al [12].
While differences in the experimental model (proximal arterial banding vs
microvascular constriction) might account for this discrepancy, the objec-
tive difficulty in echocardiographic assessment of [RV] dynamics in small

animals should also be considered.

3.6.2 Left ventricle remodeling

LVl output was markedly reduced because of matching decreases in systolic
and diastolic volumes, with preserved [EF. This "restrictive” pattern likely
reflected distortion of [[V] geometry secondary to [RV] hypertrophy and in-
creased [RV] pressures ([VS] bulging); nevertheless, intrinsic [LV] myocyte
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function was also altered. [[,7] enhancement, although still significant,
was less prominent in the [[V] possibly explaining why myocyte Ca?* con-
tent was more depressed than in the[RV] [TT] disarray was present, but less
obvious than in [RV] myocytes. Overall, changes in Ca?* handling point to
decreased cell Ca?t content, which was nonetheless associated with DADs
occurrence to suggest marked RyRs instability. In the [LV] of [MCT] my-
ocytes changes were similar to those observed in the [RV] but less
prominent. Notably, distribution became unimodal due to loss of
the lower cluster; since [[)] expression underlies transmural differences in
[Vl repolarization, this might be related to[[;5] down-regulation. According
to recent reports the latter occurs at transcriptional level in 5. At
variance with the [RV] [[x;] was unaffected in the [Vl [RAN| completely pre-
vented [y, 7] enhancement and [[;5] down-regulation, but, as occurred in the
[RV], it did not affect average [APDI (Figure [3.5)). Nevertheless, [RANl abol-
ished very long[APDEk and reinstated the physiological bimodal distribution
of [APDI consistent with prevention of [[;,] down-regulation. failed to
affect Ca?* handling abnormalities in the [[V] which may be interpreted
in light of the smaller extent of [[y,7] enhancement in this chamber.

3.6.3 Pulmonary resistance and microvascular remodelling

[MCT] expectedly increased pulmonary vascular resistance. As reported in
previous studies [35][25], medial thickening occurred in small pulmonary
arteries, thus providing a structural mechanism for the increase in resis-
tance. [MCT] also induced pulmonary edema, to suggest increased capillary
permeability. partially prevented the increase in [RVSP} this was as-
sociated with less arteriolar thickening, thus suggesting a structural basis
for this hemodynamic effect. Nevertheless, although failing to affect sys-
temic vascular resistance to a significant extent, has been recently
reported to exert relaxing effect on vascular preparations [11][28]; thus,
the contribution of functional pulmonary vasodilatation cannot be ruled
out. failed to affect pulmonary edema. Concerning the possibility
that [[y,7] blockade might account for [RAN] effect on pulmonary vascula-

ture, only conjectures are possible thus far. Recent studies indicate that
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[TTX}sensitive voltage-gated Nat channels isoforms are expressed in hu-
man pulmonary artery smooth muscle cells (PASMC]) and are blocked
by 27. Although their physiological role remains unresolved, their
expression is enhanced in pathological states |15] [29]. Moreover, a recent
cDNA microarray study found SCN1B (the Na*t channel 41 subunit) tran-
script increased in lung tissue from patients with [PAH] [7]. Several studies
suggest that PASM remodelling is related to intracellular Ca?* overload
and reactive oxygen species signaling [17]|, components of the vicious circle
supporting [[y,7] enhancement in tissue remodeling. Thus, a role of [y,;]

inhibition in [RAN] effect on pulmonary vasculature can be envisioned.

3.6.4 Study limitations

The finding of RVSPlmodulation raises the possibility that mechanical un-
loading of the RY]may underlie prevention of cardiac remodelling by [RANL
While this possibility cannot be ruled out, it seems unlikely that unloading
may represent the sole mechanism underlying the effects of RANl Indeed,
whereas the prevention of pulmonary vascular resistance enhancement was
incomplete, drug-induced changes in myocardial structure and function
were rather dramatic at the organ, tissue and myocyte levels. Moreover,
[RAN] anti-remodelling effect has been previously reported in a fixed load
model [12]. Although demonstrating that [[y,z] enhancement is part of
[PAH] induced remodelling, the present results do not allow to discriminate
between [[y,z] blockade and FAO inhibition as the mechanism underlying
anti-remodelling effect of RAN| Based on the work of Wang et al [12], we
consider FAQO inhibition an unlikely mechanism; nevertheless, evaluation
of [yaz] blockade by agents devoid of effect on FAO [34] may be required

to solve the controversy on this issue.

3.7 Conclusion and implications

The present observations point to a role of [[y,7] enhancement in the mal-
adaptive cardiac response to [PAH] and, unexpectedly, in the development
of [PAH] itself. Taking this to justify the expectation of a benefit from
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[ygoz] blockade in human [PAH] requires caution. The first consideration,
which applies to [RAN effect at the pulmonary level, concerns the rele-
vance of [MCTlinduced damage to human [PAHl Furthermore, although
countering myocardial structural remodelling, was less effective in
preventing cardiac function derangement. While this might depend on the
extent of cardiac damage, substantial in the present model, a potentially
compensatory role of [[y,7] enhancement should also be considered. Fur-
thermore, [RAN] was administered shortly after administration; thus,
the present results are relevant to prevention only. Specifically designed
studies are required to evaluate the efficacy of [y, blockade in reversing
[PAH] consequences and to weigh the long-term balance between benefits

and drawbacks.
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3.11.1 Experimental procedures

Adult Sprague Dawley rats (110 gr) were injected intraperitoneally with
2% monocrotaline (MCT]) solution at a dose of 60 mg/Kg (MCT] group).
A subset of MCT]rats were treated b.i.d. intraperitoneally with ranolazine
(RAN] 30 mg/Kg) for 20 days (MCTHRAN] group). Littermate untreated
animals (CTRL group) and [MCT]rats received b.i.d. intraperitoneally the
vehicle of [RAN] solution for the same period. Rats were weighed weekly to
adjust drug (or vehicle) dose administration to animal growth. To achieve
age uniformity, littermates accurately matched for weight were randomly
assigned to the different treatment groups. [MCT] (Sigma-Aldrich) was dis-
solved in 1IN HCI, neutralized with 4N NaOH, buffered to pH 7.35 and di-
luted with 0.9% saline to achieve a final concentration of 20 mg/ml. Blood
samples were collected from each rat at the moment of the sacrifice to
measure the hematocrit by centrifugation in heparinized capillaries. Heart
(HW)) and lung (CW]) weights were measured after careful dissection from
surrounding tissues. The[[V] including the interventricular septum ([[VS]),
was then dissected from the right ventricle (RV]) and the two chambers
were weighed separately. To estimate lung water content, in a subset of
animals lungs were weighed immediately after dissection (wet weight) and
after drying in a stove (70 °C for 72h). Cardiac histology, fibrosis and
quantitative RT-PCR measurements were performed from portions of the
same RV and [[V] maintained in liquid nitrogen until use. Heart and lung
samples for histological staining were fixed in 4% paraformaldehyde before
paraffin embedding. All patch-clamp and epifluorescence experiments were
performed at 36.5 °C

3.11.2 Echocardiography

Transthoracic echocardiography was performed (ALOKA SSD-5500, Tokyo,
Japan) on sedated rats (ketamine 80 mg/kg and midazolam 2.5 mg/kg[BW]
i.p.) using a 13 MHz linear transducer at high frame rate imaging (102 Hz)
and a 7.5 MHz phased array probe for pulsed-wave and continuous Doppler

measurements. [RV]wall thickness was measured in M-mode during diastole
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from the parasternal long axis view; the 2D apical four-chamber view was
used to assess basal [RV] end-diastolic diameter. In the 2D apical four cham-
ber view, the endocardial borders from [RV] end-diastolic area (RVEDA) an
end-systolic area (RVESA) were traced manually and the fractional area
change (EAC) was calculated as: (RVEDA-RVESA)/(RVEDA)%100. The
[RV] base-to-apex shortening during systole was measured as the systolic
displacement of the lateral portion of the tricuspid annular plane systolic
excursion (TAPSE]). [TAPSEl was recorded as M-mode traces under 2D
echocardiographic guidance [31]. [RV] diastolic function was evaluated us-
ing pulsed wave Tissue Doppler Imaging, obtained at the junction between
the tricuspidalic annulus and the [RV] lateral wall. Then the isovolumetric
relaxation time (IVRT]) was calculated [14]. [LV] volumes (end diastolic vol-
ume [EDV] end systolic volume [ESV]) and [[V] ejection fraction (EE]) were
calculated by the modified simple plane Simpson’s rule from the paraster-
nal long-axis view as previously reported [22|.The long-axis and 4 and 5
apical chamber views were used for 2D and color flow imaging and spec-
tral Doppler interrogation of the mitral valve and/or aortic outflow tract.
[LV] stroke volume (SV]), cardiac output (CQJ), and diastolic function pa-
rameters were obtained and calculated according to the recommendations
from the American Society of Echocardiography [30]|27]. All Doppler spec-
tra were recorded for 5D10 cardiac cycles at a sweep speed of 100 mm/s.
The color Doppler preset was at a Nyquist limit of 0.44 m/s. Echocardio-
graphic recordings were saved on magneto-optic disk for off-line analysis

by a sonographer, blind to study groups.

3.11.3 Quantitative RT-PCR

Relative expression of mRNAs encoding «- and B-myosin heavy chain
(MHC) was measured by RTq-PCR in [RV] and [LV] of each experimen-
tal group as previously described [38]. Briefly, total RNA was extracted
from homogenates of each ventricle by subsequent centrifugations and its
concentration and purity was determined as the 260/280 nm ratio (Nan-
oDrop Thermo Scientific). One microgram of each RNA sample was re-
verse transcribed to cDNA using the 5X iScriptcDNA Synthesis Kit system
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(Bio-Rad Laboratories, Hercules, United States). The amplification re-
action was performed with SSoFastEvaGreen(Bio-Rad Laboratories, Her-
cules, United States) and specific primers (Table designed using NCBI
Primer3-Blast [38]. Signal detection and analyses of results were performed
using ABI Prism 7700 Sequence Detection System software (v1.6). Rel-
ative quantification was achieved with the comparative ACt method [18|
by normalization for GAPDH or RPL29 (data not shown). All samples
were amplified in triplicate from the same RNA preparation and the mean

value was computed.

3.11.4 Cardiac histology

Interstitial collagen was assessed in 0.1% Sirius red-stained [RV] (or [LV]) 10
pm paraffin sections; the resulting image was processed on the Kontron
KS300 image-analysis system (Kontron-Zeiss). The content of interstitial
collagen (expressed as the fractional area of the entire cross section) was
averaged on nine fields selected across the wall thickness in the and
free wall. The nature of the Sirius red-stained collagen deposit was con-
firmed by examining the sections under a microscope fitted with a linear
cross-polarizing filter that renders collagen fibers birefringent [23]. Car-
diomyocyte cross sectional area (CSAl) was measured by staining plasma
membranes with AlexaFluor 488-conjugated wheat germ agglutinin in 10
pm paraffin included sections. Nuclei were counterstained with bisben-
zimide; analysis was performed from at least 50 cardiomyocytes in
each section (Analyzer IBAS 2.0, Kontron/Zeiss image analysis system)
[42].

3.11.5 Patch-clamp measurements

Ventricular myocytes were voltage-clamped in the whole-cell configura-
tion (Multiclamp 700B, Axon Instruments). membrane capacitance (Cpl)
and series resistance were measured in every cell and compensated to 90%
before the transient outward current () and the L-type calcium cur-

rent ([ggz)) measurements; the estimated voltage error was <5 mV in all
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cases. Traces acquisition and analysis was controlled by dedicated software
(Axon pClamp 10). During patch-clamp measurements myocytes were su-
perfused at 2 ml/min with Tyrode solution containing (mmol/L) 154 NaCl,
4 KCI, 2 CaCls, 1 MgCls, 5 HEPES-NaOH, 5.5 D-glucose, adjusted to pH
7.35. The pipette solution contained (mmol/L) 110 K*-aspartate, 23 KCI,
0.4 CaCly (calculated free-Ca?t = 10~7 mol/L), 3 MgCly, 5 HEPES KOH,
1 EGTA KOH, 0.4 GTP-Na salt, 5 ATP-Na salt, 5 creatine phosphate Na™
salt, pH 7.3. A thermostated manifold, allowing for fast (electronically
timed) solution switch, was used for cell superfusion. [[y,z] was evaluated
as TTX-sensitive current (I77x]) activated during slow voltage ramps (56
mV/s). [zrx] at 0 mV was taken as representative of [[y,z] and peak [[77x]
value, occurring at more negative potentials (-34 £ 2 mV), was assumed
to reflect the [y} This was supported by results shown in Supplemen-
tal figures and The inward rectifier potassium current ([x1]) was
evaluated following superfusion of KT free solution [39] during slow volt-
age ramps (56 mV/s) from -100 mV to +40 mV (Hp -100 mV). Maximal
inward conductance (Gynqz) of [[x7] was evaluated by linear fitting of the
current activated at negative membrane potentials; [[51] rectification index
(RI) was calculated as the ratio between current activated at -100 mV
and 0 mV. To isolate [} cadmium (0.5 mmol/L) and EGTA (5 mmol/L)
were added to extracellular and intracellular solutions respectively. [
I/V relation was estimated measuring the transient outward component
(see Supplemental figure activated during depolarizing voltage steps
from a holding potential of -80 mV; a brief step to -40 mV was applied
to inactivate [[yg} [ inactivation kinetics were extrapolated by fitting
the current activated at +40 mV with a biexponential function. To mea-
sure [[cg7]l Na™- and K'-free extracellular solution was used, containing
(mmol/L): 130 NMDGC], 20 TEAC], 1.8 CaCly, 0.5 MgCly, 5 HEPES, 5.5
glucose, pH 7.35. The internal pipette solution contained (mmol/L): 115
CsCl, 20 TEACI, 0.5 FgMgCls, 10 EGTA, 5 HEPES, 0.4 GTP-tris salt, 5
ATP-Mg?* salt, 5 creatine phosphate-tris salt, pH 7.3. [caz] I/V relations
were obtained by measuring activated current at different test potentials

(300 ms) from a holding potential of -40 mV; steady state activation curves
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were derived from each I/V relation. Steady-state inactivation curves were
obtained by measuring the current activated at 0 mV after preconditioning
voltage steps (2 sec) from -50 to 0 mV and normalizing it to the maximal
current. Activation and inactivation curves were described by fitting ex-
perimental points with the Boltzmann equation to estimate the voltages
of half-maximal activation and inactivation (Vg5) and each slope™! fac-
tor (k). The amplitude of window current ([g,zjy) was estimated as the
overlapping area under the activation and inactivation curves between -50
mV and 0 mV and expressed as arbitrary units (a.u.). [[ggz] inactivation
kinetics were obtained by fitting the current activated at 0 mV with a

biexponential function.

3.11.6 Calcium handling

Myocytes were incubated in Tyrode solution for 45 min with the membrane-
permeant form of the dye, Fluo4-AM (10 mol/L), and then washed for 30
min to allow de-esterification. Fluo4 emission was collected through a 535
nm band pass filter, converted to voltage, low-pass filtered (200 Hz) and
digitized at 2 kHz after further low-pass digital filtering (FFT, 100 Hz).
Fluo4 loaded intact myocytes were field-stimulated at 2 Hz during super-
fusion with Tyrode solution. Stimulation was then discontinued and
Ca%* content was estimated after 10s by an electronically timed 10
mmol/L caffeine pulse. Fluorescence decay before caffeine application was
used as reference (Fy) for signal normalization (F/Fy) after subtraction of
background luminescence (Supplemental figure .

3.11.7 Fluo4 signal calibration

The experimental protocol (Supplemental figure Figure [3.11)) used in the
study was applied in a separate set of RVl (n = 10) and [[V] (n = 12) my-
ocytes of the CTRL group. Fluorescence recorded during quiescence (after

the loading train) was adopted as Fy and converted to [Caly according to
Eq 1:
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Kd*FO

[Ca]o - Fmam _FO

(3.1)

assuming a dye Ca?* dissociation constant (Kd) = 400 nmol/L. Maxi-
mum fluorescence (Fmax) was measured in the presence of 5 mmol/L Ca?*
after cell permeabilization with the Ca?* ionophore (10 ymol/L A23187);
the uncouplers carbonyl cyanide 3-chlorophenylhydrazone (5 ymol /L. CCCP)
and rotenone (2 pmol /L) were added to extracellular solution to block ATP
synthesis (see example in Supplemental figure . Average |Calg value
was smaller in [RV] myocytes than in [LV] myocytes (44 + 2 nmol/L vs 60
+ 5.9 nmol/L, p<0.05). In each experiment F/Fy was converted to free
Ca?* concentration (|Cals) by:

FEO * Ky
[(ﬁo - Fﬂo +1
assuming [Caly equal to 45 nmol/L and 60 nmol/L in [RV] and [V]
myocytes respectively. Total Ca?* content was estimated, ac-
cording to published parameters of Ca?* binding to intracellular buffers
(Bpmaz = 272 pmol/L; Kd = 0.673 pmol/L) 11, by:

[Caly = (3.2)

Bmaw

[Calsr =
1+ [Calf

3.11.8 T-Tubules analysis

Sarcolemmal membranes were stained by incubating isolated ventricular
myocytes with 20 pmol/L di-3-ANEPPDHQ (Life Technologies, Carlsbad,
United States) 12 dissolved in high KT solution (in mmol/L: 40 KCI, 3
MgClo, 70 KOH, 20 KH2PO4, 0.5 EGTA, 50 L-Glutamic acid, 20 Tau-
rine, 10 HEPES, 10 Glucose, pH 7.4) for 10 min at room temperature.
The excitation-contraction uncoupler blebbistatin (17 pmol/L) was added
to inhibit cell motion. Cells were then washed before confocal analysis.
T-tubules (TT)) analysis was performed on images (1024 x 1024 pixels,
50um x 50um) collected with a Leica TCS SP2 laser-scanning confocal
microscopy (Leica Microsystem GmbH, Wetzlar, Germany) equipped with
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a 63x oil-immersion objective; photomultiplier gain and offset were ad-
justed within a small range to optimize image quality. [I1] organization
and periodicity was evaluated by a method based on Fast Fourier Trans-
form on 8-bit grayscaled images (modified from [32]). In brief, we gener-
ated a raw power spectrum with ImageJ (v.1.44) and normalized it to its
central peak (representing the [T'T] power value at 0 um-1) to compensate
for staining differences among samples. Then, the [I'T] density was evalu-
ated by two alternative methods; 1) by measuring the absolute peak at the
spatial frequency of 0.5 pym-1 (first harmonic of the power spectrum), and
2) by normalizing the area under the 0.5 pm_; harmonic (between 0.44
and 0.60 um_;) to the area of the entire spectrum. Because the results
obtained with the two methods were similar, we report in the study only

those obtained with the second method for practical reasons.

3.11.9 Hemodynamic parameters

right ventricular systolic pressure (RVSP]) was measured with a tip-transducer
catheter (Millar SPR671) introduced in the [RV] through the right jugular
vein under anesthesia (pentobarbital 50 mg/Kg i.p.) allowing for sponta-
neous breathing. After ruling out pulmonary valve and [RY] outflow tract
stenosis by echocardiography, RVSP] was considered representative of pul-

monary artery systolic pressure [3].

3.11.10 Pulmonary histology

[MCTlinduced pulmonary vascular remodelling was assessed by measuring
wall thickness (WT) of small arterioles (diameter range 40-70 microns), an
index of medial hypertrophy. Briefly, left lungs were fixed in 4% buffered
formalin, embedded in paraffin and stained with hematoxylin and eosin.

WT was calculated as previously reported [6].

3.11.11 Reagents

[RAN] was provided by Gilead Sciences Inc (Foster City, CA); [[TX] was

purchased from Tocris (Bristol, UK); all other reagents were from Sigma-
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Table 3.3: Primers for RTq-PCR analysis. (f) = forward primer, (r) = reverse primer.

Gene Sequence
a-MHC (f) -TGTGAAAAGATTAACCGGAGTTTAAG-

(r) -TCTGACTTGCGGAGGTATCG-

B_MHC (f) -AAGTCCTCCCTCAAGCTCCTAAGT-

() -TTGCTTTGCCTTTGCCC-

GAPDH |®-ACCACGAGAAATATGACAACTCCC-

(r) -CCAAAGTTGTCATGGATGACC-

RPL29 (f) -ACAGAAATGGCATCAAGAAACCC-

(r) -TCTTGTTGTGCTTCTTGGCAAA-

Aldrich (St. Luis, MO). Fluo4-AM and di-3-ANEPPDHQ were from Life
Technologies (Carlsbad, United States).

3.11.12 Statistical analysis

Data are presented as mean SE. y?-test was used for comparison of cat-
egorical variables. Comparison between multiple means was performed
by one-way ANOVA and post hoc Bonferroni’s correction. A repeated
measurement model was applied whenever internal comparisons were in-
volved.The Mann Whitney test was used for multiple comparisons of cat-
egorical variables. Statistical significance was defined as p<0.05 (NS =
not significant). The main text reports percent changes; unless otherwise
specified, a “change” is statistically significant. The respective absolute
values are shown in the figures. The number of animals (N) and cells (n)

are reported in figure legends.
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Table 3.4: Physiological differences between RV and LV myocytes (CTRL group).

RV LV P
Cu (pF) 1455+32 | 170.1+4.5 | <0.05
o-MHC mRNA 0.1+0.01 0.25+£0.04 <0.05
B-MHC mRNA 0.07 £ 0.01 0.06 £ 0.01 NS
mean Irrx (pA/pF) 0.32£0.03 | 0.30+0.02 NS
peak Itrx (Inaw, pA/pF) 0.65 +0.05 0.60 + 0.06 NS
Irrx @ OmV (Ina, pA/pF) | 0.16£0.03 | 0.14+0.03 NS
Ica (@ OmV, pA/pF) 11524096 | -18.8+1.93 | <0.05
Ix1 (Gmax, nS/pF) 053+003 | 044+0.04 | <0.05
Lo (@ +40mV, pA/pF) 30428 | 246+21 | <005
APDs, (ms) 78+0.55 15112 | <0.05
APDygg (ms) 302+129 | 4164215 | <0.05
APDsy/APDy 0.26 +0.01 0.35+0.02 <0.05
Egiast (MV) -779+047 | -782+0.57 NS
dV/dt oy (V/s) 306.7+7.7 | 3055+100 | NS
[CaJresting (NmoV/L) 440+204 | 600+59 | <0.05
[Calaias: (nmoOl/L) 782+264 | 129.1+3.57 | <0.05
[Ca]r (nmol/L) 65.8+5.21 | 233.9+205 | <0.05
[Ca]sg (pmol/L) 419+324 | 972+681 | <0.05
fractional release 0.49 +0.03 0.49 £ 0.03 NS
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Table 3.5: Steady-state activation/inactivation properties.

RV LV

CTRL |McT [+RAN [cTRL [mMcT [+RAN
Activation
V,s (mV) -122£05 |-11.0£06 |-10.0£0.6* |-12.0£0.7 |-9.6+08 |-92%1.0
k (mV) 6.2+0.1 63+0.1 6.0+0.1 6.0+0.1 6.0+0.1 6.10.1
Inactivation
V,5(mV) 336+05 |-33.7+03 |-342+07 |-32.8+04 |-31.7+0.6 |[-30.1£09
k (mV) 5.0+0.1 51%0.1 530.1 47£01° |52=0.1 49+0.1
ICaLW
Area (a.u.) 177010 |1.67+0.14 |1.71+0.13 |22%0.19° [199£0.13 |2.1%0.17
Peak (mV) |-242+05 |[-235+04 |-235+06 |-242+05 |-215+£05* |-21.4+09
°=p<0.05 LV vs RV (CTRL group); * = p<0.05 vs CTRL

Table 3.6: [[c,7]inactivation kinetics at 0 mV.
tr, (mS) AL PAPF) |t - (ms) A, A/pF) | I (pA/pF)

RV
CTRL 7.9+0.7 8.9+06 36.1+1.5 53+04 -0.35+0.05
MCT 75+08 93+09 33.6+2.2 5.6+07 -0.28 £ 0.05
+RAN 8307 99+12 34.7+138 -52+08 0.43+0.11
LV
CTRL 7.6+1.0 -10.3£0.9 37.1£2.0 6.9+09 0.72£0.17 °
MCT 74+07 87+1.0 345+138 6.0+09 0.45+0.10
+RAN 7.5+1.0 4103+ 1.1 354+17 74+08 -0.68+0.15

¢ =p<0.05 LV vs RV (CTRL group)
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Table 3.7: inactivation kinetics at +40 mV.

te o (MS) A, (PA/PF) |t (ms) A, @APE) (I (pA/pF)
RV
CTRL 8.5+0.3 223+2.6 441.2 + 38 74+0.8 347 +£0.5
MCT 9.0+0.3 143+1.4 * 383.1+44 41+03 * 147 +£0.1 *
+RAN 77+02 # 173+1.5 320.6 £27 * 5.4+0.5 191 +£0.2 *
LV
CTRL 94+04 19.1+1.8 399.7+23 64+0.5 23+02 °
MCT 76+0.3 * 13.8+1.3 349.7+ 38 47+0.5 1.6+0.2 *
+RAN 83+04 15.8+2.2 298.8+17 * 8.2+1.0 # 27+03 #

°=p<0.05 LV vs RV (CTRL group); * = p<0.05 vs CTRL, # = p<0.05 vs MCT

3.12 Supplemental figures
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Figure 3.8: m steady-state activation/inactivation curves in rat ventricular myocytes:
evaluation of sodium window current ([ygwl). A) [[xg] traces according to specific proto-
cols of steady-state activation (left) and inactivation (right); recordings in the presence of 10
mmol/L NaCl in the extracellular solution (osmolarity compensated by equimolar N-Methyl-D-
glucamine) and 5 mmol/L NaCl in the pipette solution. Intracellular and extracellular K+ was
replaced by equimolar Cs*, 2 pmol/L nifedipine was used to block [[c,7] Measurements were
performed at room temperature. B) Average [y ] steady-state activation/inactivation curves
(n > 11). The sodium window current ([ygw])), grey area) represented by the overlapping be-
tween activation and inactivation curves (square box), is highlighted on the right. The window
component of [[yg] ([ygw) is present between -60 and -50 mV.
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Figure 3.9: [Iy.7] evaluation during slow voltage ramps in rat ventricular myocytes. A)
Left{TTX}sensitive current ([z7x]} 30 umol/L) I/V relationships in control and in the presence
of the selective [y, 7] enhancer ATXII (10 nmol/L). Right: 1/V relationship of [[77 x| stimulated
by ATXII (largely representing [[yo7)). Average traces and confidence intervals are shown. B)

Statistics of mean inward [[zrx] (n = 8); * = p<0.05 vs CONT. The late component of [xg]
(Tyor) activated during slow depolarizing ramps is maximal between -20 and 0 mV.
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Figure 3.10: [Ig] isolation in rat ventricular myocytes. A) [[ig] recordings in control and after
superfusion of the selective blocker 4-aminopyridine (3 mmol/L 4-AP); 4-AP-sensitive current
is shown on the right (I4-AP). Cadmium (0.5 mmol/L) was added to extracellular solution to
block [z} B) Example of [;5] I/V relationships obtained with two different methods. [[zg]
I/V relationships obtained measuring the current as the transient component or the current
sensitive to 4-AP (I4_ 4p) were comparable.
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Figure 3.11: Ca?t handling protocol in field stimulated myocytes. Fluo4 loaded intact my-
ocytes were field-stimulated (2 Hz) at physiological temperature. SR Ca?T content was esti-
mated after 10s at resting by an electronically timed 10 mmol/L caffeine pulse. The resting
fluorescence was used as reference (Fg) for signal normalization (F/F¢) after subtraction of
background luminescence. Caffeine was superfused for few seconds in Nat and Ca2t free solu-
tion to block Ca2t extrusion through the Nat /Ca?t exchanger (NCX]) and properly quantify
the caffeine-induced Ca?™ transient.
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Figure 3.12: Method for Fluo4 signal (Fs35) calibration. The experimental protocol used in
the study (see Fig S4) was applied in a separate set of [RV] (n = 10) and [[¥] (n = 12) myocytes
of the CTRL group. Fs35 recorded during quiescence (after the loading train) was adopted as
Fo and converted to [Calp according to Eq 1 (see Supplemental Methods). Maximum fluores-
cence (Fmax) was measured after cell permeabilization with the Ca2*t ionophore (A23187); the
uncouplers CCCP and rotenone were added to extracellular solution to block ATP synthesis.
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Figure 3.13: Representative M-mode echocardiographic recordings of [RX free wall thickness
in each study group. M-Mode echocardiogram of the [R¥]from parasternal long axis view. [RVl=
right ventricle; Ao= aorta; LA: left atrium; = [RV] free wall.
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Figure 3.14: interventricular septum ([V3) cross sectional area (CSAl) changes. Statistics of
TVSICSAlL + = p<0.05 vs CTRL. N = 5 for each group.
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Figure 3.15: Acute effects of [RAN on[APDsgl Time course of [APDgg] before and after [RANI
(10 pmol /L) superfusion in[RV] (left) and [LV] (right) myocytes of CTRL and [MCT]group. Values
were normalized to [APDgzg] just before [RAN] superfusion. N > 4 and n > 11 for each group.
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Figure 3.16: Average [ICg7] steady-state activation/inactivation curves in each experimental
group. The window [[cg7] represented by the overlapping between activation and inactivation
curves (square box), is highlighted on the right. Statistics of the parameters extrapolated by
Boltzmann fit are shown in Table @
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Chapter 4
Summary and conclusion

The present thesis describes the pivotal role of [y z]enhancement in cardiac
pathological remodeling and the benefit of [[y,7] blockade in experimental

rodent models of two cardiac disease.

The first study investigated the role of [[y,z]and its contribution to ionic
homeostasis dysregulation during acute myocardial ischemia in rat ventric-
ular myocytes. For the first time, an increase of [y 7] was directly mea-
sured in an ischemia-mimic experimental condition, in spite of the attend-
ing changes in membrane potential. This study demonstrated that [[y,;]
blockade, by [RAN] and [TTX| prevented the ischemic mimic solution (ISC)-
induced cytosolic Na™ accumulation; whereas it prevented
induced cytosolic Ca?* accumulation exclusively in the presence
of sarcolemmal Na* /Ca?" exchanger (SNCX]) blocked. Furthermore, this
study suggested that [[y,7] might modulate the role of mitochondria (Ca?*
sink/source) through mitochondrial Na® /Ca?* exchanger ([mNCX]) during
ischemia. Thus, [[y,] participates, directly and via mitochondria modu-
lation, to ion dysregulation caused by ischemia and therefore, the [[y,;]
blockade might prevent the ischemia injury.

The second study evaluated the hypothesis that an [[y,7] enhancement
may occur as part of [PAHMnduced myocardial remodelling and that it
can be prevented by selective [[y,7] blockade by [RAN] in a rat model of
[PAH] induced by This study pointed to a role of [[y,7] enhancement
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in the development of [PAH| and in the maladaptive cardiac response to
[PAHl Furthermore, although the [y, blockade by RAN] was less effective
in preventing cardiac function derangement, [RAN] prevented constitutive
[z enhancement and most aspects of myocardial structural remodelling
caused by [PAHl This might depend on partial mechanical unloading re-
sulted from an unexpected effect of RAN] on pulmonary vasculature.

In conclusion, this thesis demonstrates that [[y,z] enhancement con-
tributes to cardiac pathological remodeling caused by acute myocardial
ischemia and [PAHl and thus, it can be considered a potential therapeutic
target in these cardiac diseases. Differences between [RAN and [TTX effects
suggest that cardiac protective effects shown by might be also due
to [[ygz] -independent effects. The development of selective [y, 7] blockers

might be crucial to better understand this point.
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Abstract Recent evidence of beneficial effects of ranolazine
(RAN) in type II diabetes motivates interest in the role of the
late sodium current (Iy,; ) in glucose-stimulated insulin secre-
tion. In the present work, we characterize In,. and its function
in rat INS-1E cells and human islets cells. Iy,;. was identified
as steady-state current blocked by 10 uM RAN (Izxan) oOr
0.5 uM tetrodotoxin (TTX) (Iprx). Veratridine (VERA,
40 uM) was used as Iy, enhancer. Baseline Iy, was similar
between INS-1E and human islet cells. In INS-1E cells, acti-
vated by glucose or tolbutamide, TTX or RAN hyperpolarized
membrane potential (V;,). VERA-induced depolarization was
countered by TTX or RAN. Ity and Iz oy reversal potentials
were negative to Na” equilibrium one, but they approached it
after Na” substitution with Li" or when K" channels were
blocked. This revealed Iy, coupling with Na*-activated K*
current (Ixn,); expression of I, channels (Slick/Slack) was
confirmed by transcript analysis and Western blot. RAN or
TTX blunted cytosolic Ca>" response to depolarization. Long-
term incubation in high (33 mM) glucose (CHG) constitutive-
ly enhanced Iy, . VERA immediately increased glucose-
stimulated insulin secretion. CHG increased glucose-
independent secretion instead and abolished the secretory
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response to glucose. RAN or TTX countered VERA- and
CHG-induced changes in insulin secretion. Our study dem-
onstrated that (1) Iy, was expressed in insulin-secreting
cells and coupled to Ixna; Inar affected cytosolic Ca*" but,
unless enhanced, barely contributed to glucose-stimulated
insulin secretion (GSIS); and (2) sustained hyperglycemic
stress enhanced Iy, , which contributed to the attending
increase of glucose-independent insulin “leak” and GSIS
impairment.

Keywords Late sodium current - Sodium-activated potassium
current - Insulin secretion - Ranolazine - Pancreatic 3-cells

Introduction

In normal conditions, increased glucose levels trigger a bi-
phasic response of pancreatic (3-cells. Whereas the first phase
of glucose-induced insulin secretion primarily depends on
membrane electrical activity, the second one may also require
metabolic signals [31, 46]. It is widely accepted that high-
glucose levels cause K arp channel closure, resulting in mem-
brane depolarization and triggering spontaneous action poten-
tials, driven by voltage-gated Na* and Ca®" channels [7].
Thus, the first phase of insulin secretion depends on the
functional interplay between depolarizing (Na* and Ca®")
and hyperpolarizing (K") currents [7].

When evaluated for its anti-anginal efficacy, ranolazine
(RAN), a blocker of the late Na* current (In,), reduced
fasting glucose levels and glycosylated hemoglobin (HbAlc)
in type II diabetic patients [30]. RAN was also found to
improve glucose homeostasis in diabetic mice by directly
increasing insulin secretion from pancreatic islets [32]. Even
if recent evidence indicates that inhibition of glucagon secre-
tion may contribute to RAN action on glucose homeostasis
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[12], the mechanism by which the drug may improve insulin
secretion remains unknown.

The existing information on the role of Iy, in insulin
secretion is limited to that of its transient component (In,t)
and seemingly opposite to that potentially accounting for a
beneficial effect of I, blockade on glucose homeostasis [3, 7,
33]. Nonetheless, RAN may preferentially block the late
component of Iy, (Ina) whose pathological enhancement
has been shown to contribute, albeit in different cell types,
to damage progression [39, 49]. Furthermore, reactive oxygen
species, a known factor in the pathogenesis of insulin defi-
ciency [11, 44], are powerful Iy, enhancers [38]. Thus, the
beneficial effects of RAN on insulin secretion might be related
t0 I inhibition, thus indirectly suggesting Iy, enhancement
as a mechanism contributing to insulin deficiency.

The (multicellular) pancreatic “islet” works as an integrated
system; indeed, insulin secretion is ultimately regulated by an
interaction between its - and (-cells, which are linked by
reciprocal paracrine modulation. Therefore, based on obser-
vations on pancreatic islets, it is difficult to discriminate
whether RAN acts primarily on «- or (3-cells. Furthermore,
albeit I, blockade is the main effect of RAN, the drug might
still act through ancillary effects [27, 36]; thus, In, involve-
ment in 3-cells pathophysiology remains to be established.

The aim of this work was to investigate Iy, and its func-
tional role in a pure population of insulin-secreting cells,
representative of pancreatic 3-cells (INS-1E). Considering
that pathological Iy, enhancement is known to promote
maladaptive cell remodeling in other tissues [4, 41], we also
tested if sustained hyperglycemic stress might enhance Iy, in
these cells and whether this might contribute to insulin secre-
tion deficiency.

Materials and methods
INS-1E and human islet cell culture

INS-1E cells, kindly supplied by Dr. Wollheim (University of
Geneva, Switzerland), were cultured in RPMI medium supplement-
ed with 10 % fetal bovine serum (FBS), 2 mM L-glutamine, | mM
Na-pyruvate, 50 uM 2-mercaptoethanol, and 10 mM glucose.

Human islets were obtained by four non-diabetic donors
from Ospedale Niguarda Ca’ Granda (Milan), according to the
principles outlined in the Declaration of Helsinki. Dispersed
islets were cultured in M199 supplemented with 10 % FBS
and 2 mM L-glutamine. They were gently dissociated in single
cells in the presence of accutase solution at 37 °C; digestion
was stopped by adding FBS. Cells were collected by gentle
centrifugation and resuspended in complete islet culture me-
dium. Dispersed cells were allowed to attach at 37 °C in
polylysine-covered Petri dishes overnight; patch clamp stud-
ies were performed the day after plating.

@ Springer

Electrophysiology

All measurements were performed at 35 °C. RAN (10 uM)
and tetrodotoxin (0.5 pM, TTX) were alternatively used as Iy,
blockers, and veratridine (40 uM, VERA) was used as Ina
enhancer [12, 51].

Membrane potential (V) recordings were performed in the
perforated-patch configuration (series resistance<20 MSQ).
Steady-state membrane current was measured by applying
slow voltage ramps (0.056 V/s) under ruptured-patch (series
resistance<5 MQ); its TTX- and RAN-sensitive components
(Irrx and Igxan) were isolated by digital subtraction. Close
similarity between Ity amplitude between ramp and steady-
state depolarization protocols (Fig. S1) indicates that I, was
largely inactivated during the ramp protocol; thus, its contri-
bution to Itrx and Iran Was negligible. Throughout the man-
uscript, current recordings are presented as “mean I/} rela-
tionship,” obtained by averaging recordings from multiple
cells, along with their 95 % confidence intervals. Current
density was obtained by normalizing current to membrane
capacitance. The inward component of Itrx and Igan Was
quantified as “mean inward current” (Mean Ijy), obtained by
integrating the current over the relevant time interval and
dividing the result by the latter.

Standard extracellular solution (Krebs) contained (in mM)
140 NaCl, 3.6 KCI, 2 NaHCOs, 0.5 NaH,POy, 0.5 MgSO0y, 5
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), 1.5 CaCl,, and 2.5 glucose (pH 7.4). K channels
were blocked by adding tolbutamide (TOLB, 50 puM),
tetracthylammonium chloride (TEACL, 10 mM), and 4-
aminopyridine (4-AP, 0.5 mM) to extracellular solution
(KBK solution).

Pipette solution contained (in mM) 76 K,SO,, 10 NaCl, 10
KCIl, 1 MgCl,, 5 HEPES (pH 7.35), and 0.3 mM
amphotericin-B for perforated-patch and 95 K-gluconate, 30
KCl, 1 MgCl,, 5 HEPES, 5 Na,ATP, 1 Na,GTP, 1 EGTA, and
0.4 CaCl, (pH 7.2), for ruptured-patch. In Na'-free pipette
solution (0 Na;, see Supplement), Na,ATP and Na,GTP were
replaced by equimolar MgATP and TrisGTP, respectively.

Intracellular Ca®>" measurements

INS-1E cells were incubated with 10 uM Fluo4-AM for
45 min. Emitted fluorescence was measured at 535 nm; raw
fluorescence (F) signals were normalized to the baseline fluo-
rescence before initiation of the depolarization protocol (£;).

In I-clamp measurements, V;, and [Ca]; were simultaneous-
ly recorded during exposures to different experimental
solutions.

In V-clamp experiments, [Ca®"]; increments were evoked
by 1-s step depolarizations from —80 to 0 mV in the
perforated-patch configuration and quantified as the AF/F,
ratio averaged during the last 10 ms before repolarization.
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All experiments were performed in Krebs solution plus 50 uM
tolbutamide.

Real-Time qPCR (RTg-PCR)

Relative quantification of mRNAs encoding Slick (Slo2.1),
Slack (Slo2.2), and Nay isoforms was measured in triplicates
from three different INS-1E cell lysates with the comparative
AACt method [25] and normalized for 3-actin.

Western blotting analysis

Western blot analysis with Anti-Slick and Anti-Slack antibodies
(Alomone Labs, Israel) was performed on three different micro-
some preparations from INS-1E cells. Samples (15 pg protein/
lane) were separated by SDS—polyacrylamide gel electrophoresis
(Criterion XT, Bio-Rad), blotted on nitrocellulose membrane
(Bio-Rad) for 90 min, and incubated overnight at 4 °C with
specific primary antibodies followed by 1-h incubation with
fluorescent secondary antibodies (Alexa Fluor, 680 nm, red,
Invitrogen; IRDye, 800 nm, green, Rockland). Western blotting
was analyzed and quantified by Odyssey Infrared Imaging
Detection System (LI-COR Biosciences).

Insulin secretion

Secretion was measured 2 days after cell plating in multi-wells
containing culture cell medium at a density of 50,000 cells/
well. Forty-five minutes before secretion measurements, the
medium was replaced by the same extracellular solution used
for electrophysiology (Krebs) supplemented with 0.1 % BSA
(glucose-free). Glucose concentration was then increased
from 2.5 to 20 mM for 1 h in the presence of test drugs.
Insulin was measured in wells supernatant by a FRET-based
assay (HTRF Cisbio). Glucose-stimulated insulin secretion
(GSIS) was defined as insulin concentration at 1 h after
switching to 20 mM glucose.

Chronic hyperglycemia model

Chronic hyperglycemia (CHG) was simulated as described by
Wang et al. [45]. Briefly, after plating, INS-1E cells were kept
in glucose-free medium overnight and then switched to com-
plete medium containing either normal (10 mM) glucose
(CNG group), high (33 mM) glucose (CHG group), 33 mM
glucose+10 pM RAN (CHG+RAN group), or 33 mM glu-
cose+0.5 uM TTX (CHG+TTX) for 24 h. Because potential-
ly contributing to the effects of hyperglycemia, the osmolarity
increment between CNG and CHG solutions was not com-
pensated. Before measurements, preparations were rinsed
twice with Krebs (2.5 mM glucose). Insulin concentrations
were measured at 2.5 and 20 mM glucose. Because in the
setting of CHG the number of cells could vary significantly,

for each well, insulin concentrations were normalized to total
protein content (Bradford assay).

Substances

The RTq-PCR reagents were purchased from Bio-Rad (USA),
the HTRF assay kit from Cisbio (France), and Fluo4-AM from
Molecular Probes (Italy). RAN was provided by Gilead (USA)
and TTX and VERA by Alomone Labs (Israel); all the remain-
ing substances were supplied by Sigma (Italy). Anti-Slick and
anti-Slack antibodies were purchased from Alomone Labs
(Israel). RAN was dissolved in HCI 0.1 M (titrated to pH 7.4
in final solution); VERA, TOLB, and bithionol were dissolved
in DMSO, whose concentration was kept below 0.2 % and
constant throughout solutions.

Statistical analysis

All data were analyzed using paired or unpaired ¢ test, as
appropriate. Multiple comparisons were performed by one-
way ANOVA with Tukey’s correction. P values<0.05 were
considered as significant.

Results

Except for Iy, comparison between INS-1E and human islet
cells, experiments were performed in INS-1E cells.

Inar impact on glucose- and tolbutamide-stimulated electrical
activity

Exposure to either 20 mM glucose (HG) or the Ix Arp blocker
TOLB (50 uM) was used as the “activatory” stimuli. The
effect of TTX and RAN on V,, was tested under normal
conditions in activated cells at baseline and during Iy, en-
hancement by VERA.

Vin Tesponse to activation (either by HG or TOLB) was
variable among cells, including initiation of sustained action
potential (AP) firing, generally superimposed on weaker de-
polarization or, more frequently, stronger depolarizations with
null or only transient AP firing (Fig. 1). The dual response
pattern was exploited to test modulation of V},, and AP firing
rate separately. When AP firing was absent, TTX and RAN
slightly but consistently hyperpolarized V;, (Fig. 1a). When
sustained AP firing was present, it was abolished, or its
frequency reduced, by both agents (Fig. 1b, c). In few cases,
AP firing, found to be insensitive to RAN, was promptly
abolished by nifedipine (not shown), thus suggesting the
occasional presence of Ca>*-dependent excitability.
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Fig. 1 Effect of RAN and TTX on glucose- and tolbutamide-induced
electrical activity. a Examples of TTX (0.5 uM) and RAN (10 pM) effect
on membrane potential in INS-1E cells responding to activation by
glucose (HG) or tolbutamide (7OLB) with membrane depolarization only
(no AP firing); the histogram shows statistics from N>6 for each group;

During TOLB-induced activation, VERA strongly
depolarized V;, and abolished AP firing. TTX and, to a lesser
extent, RAN opposed VERA-induced depolarization (Fig. S2).

Nay isoform expression pattern in INS-1E cells

RT-qPCR analysis, performed on INS-1E cells, revealed tran-
scripts for several voltage-gated Na* channel isoforms, mainly
represented by Nay 1.3 and Nay 1.6 (Fig. 2).

Steady-state Itrx and Ig on in INS-1E and human islet cells

Irtx and Igxan were isolated as subtraction currents in the
whole-cell (ruptured-patch) configuration during the voltage
ramp protocol; therefore, they largely reflect Iy, only (see
“Materials and methods”).

In INS-1E cells, Itrx and Ixan displayed similar inward
current density (Mean Ijy) and reversal potential (Ergy), but
current activation threshold (Ety) was significantly more neg-
ative for Iprx than for Igan (Fig. 3a). In human islet cells,
Iran Was smaller than I but, at variance with INS-1E cells,
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*p<0.05 vs control. b, ¢ TTX and RAN effect on AP firing induced by
HG or TOLB; APs were detected with a threshold of =20 mV and are
highlighted on the top of each panel. Experiments were performed in
perforated-patch condition

Ery was similar between the two currents (Fig. 3b). Despite
these small differences, possibly suggestive of a different
balance in the expression of Nay isoforms, overall current
profile was similar between the two cell types.

Egrgy values of Igan and Iprx were markedly negative to
the one expected for a pure Na" conductance (Ex,=+64 mV)
(Fig. 3). This suggests contribution to subtraction currents of a
conductance with a negative Ergy. This may imply either
incomplete selectivity of channel blockers or functional cou-
pling of Iy, with another current.

Nature of the outward component of Itrx and Ixan

We tested whether a Na'-activated current contributed to the
outward component of Iy and Iz an; to this end, we exploited
the property of Li* to permeate Na* channels without affecting
Na'-activated ones [15]. Thus, Irx and Igan Were measured
after substitution of bath Na" with equimolar Li*. As shown in
Fig. 4, substitution with Li" strongly shifted the Eggy of Irrx
and Ixan toward Ey, and increased their inward components
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Fig.2 Nay channel isoform expression pattern in INS-1E cells. Relative mRN
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(Mean Ipy in Fig. 4a, b). These findings confirm that I+rx and
Iran included an outward component activated by Na" influx.

K currents are strongly represented in the global steady-state
1/V relationship of INS-1E cells (Fig. S3) and are thus candidates
to account for outward component of Ity and Igxan. To test for
K" channel involvement, I and Ixan were measured in the
presence of a cocktail blocking a wide spectrum of K* channels
(KBK solution). As shown in Fig. S3b, KBK abolished I and
Iran outward components, thus shifting their Ergy toward the
theoretical Ey,. By unveiling the Na™ component, KBK should
have increased the inward components of Ity and Igxan, as
indeed observed in the Li" substitution experiment. Contrary to
this expectation, KBK did not increase Mean Iy of Irrx and
Tran, thus suggesting ancillary Na" channel blockade by KBK
components [26, 28]. Nevertheless, Eggy sensitivity to KBK
indicates that the outward component of Itry and Igan Was
carried by K*. As an attempt to block K* channels more selec-
tively, K" was replaced with Cs" in intra- and extracellular
solutions; unfortunately, this destabilized pipette seal and killed
cells shortly after patch rupture.

If considered together, the results of Li" replacement and
KBK experiments strongly suggest Na™-activated K™ chan-
nels (KNaC) to be responsible for the outward component of
Itrx and contribute to that of Ixan. Such a Na'-dependent
outward component is therefore referred to as Ixy.

T T T 1
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AN AT AV Y WO
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A level expression (vs -actin) of Nay channel isoforms quantified by RT-
Experiments were run in triplicates from three RNA extracts

Whereas TTX is highly specific for Na" channels, RAN
ancillary blockade of ERG-type K* channels has been report-
ed at concentrations partially overlapping those required to
block Ina (as reviewed in ref. [49]) and might partially
contribute to the outward component of Igan. To test this
hypothesis, Iz sn Was recorded in the presence of Na* channel
blockade by TTX. Indeed, this approach unveiled a TTX-
resistant, outward Ig o component (Fig. S4). Evidence, pre-
sented and discussed in the supplement, suggests that this
Iran component is likely to reflect direct Ixn, blockade by
the drug, previously reported for quinidine [48].

Tkna molecular identity and functional contribution

Slick and Slack proteins are putative candidates to represent
the molecular identity of KNaC. Therefore, transcripts of their
genes were measured by RTq-PCR on INS-1E cell lysates.
Both Slick and Slack transcripts were clearly detected
(Fig. 4c). Robust expression of Slick and Slack proteins was
confirmed by Western blot analysis of INS-1E membrane
fractions (Fig. 4d).

Although Iy, is non-selectively inhibited by KBK com-
ponents [1, 24], tools for its selective blockade are not avail-
able. As an alternative approach, Ixn, functional expression
was evaluated through its enhancement by the specific Slack

a Mean |, Erev
o. 240y
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1 ] 20, 0 249my
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Fig. 3 Itrx and Igan in INS-1E cells and human islet cells. a Average
traces=confidence intervals for INS-1E cells (N=16 for Ity and N=15
for Ixan) and statistics for curve parameters: Ery threshold potential;
‘Mean Iy mean inward current; gz reversal potential. b Average traces+

SE for cells derived from human islets (N=7 for Irtx and N=6 for Iz an)
and statistics for curve parameters. *p<0.05 vs Itrx. Ety of both Ity and
Iran Was more negative in human islet than in INS-1E cells (p<0.05);
Mean Ig on Was smaller in human islet cells than in INS-1E cells (p<0.05)
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Fig. 4 Nature of the outward component of Itrx and Ixan. Irrx (a) and
Iran (b) in control (CTRL, black) and after Na* replacement with Li’
(gray). In each panel, mean steady-state ///’ curves=+confidence intervals
are shown on the /lefi; statistics for curve parameters are shown on the
right. Abbreviations as in Fig. 3 (Iyrrx: N=16 for CTRL and 6 for Li";
Ipan: N=11 for CTRL and 5 for Li"). *p<0.05 vs CTRL. ¢ Relative
mRNA level expression (vs (3-actin) of Slick (Slo2.1) and Slack (Slo2.2)

channel activator bithionol (10 uM) [48]. To ensure sufficient
influx of activating Na®, bithionol effect on Irrx and ¥, was
tested in the presence of 40 uM VERA. The //V relationship of
Ittx was modified by bithionol in a way compatible to the
activation of a large K™ conductance (Fig. 4¢). In spite of its
remarkable impact on //V contour, bithionol did not affect
Irrx activation threshold (Ety), thus suggesting that Iyxna
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channels. Experiments were run in triplicates from three different mRNA
extracts. d Western blot analysis of Slick and Slack proteins from INS-1E
microsomal fractions. e Itrx mean steady-state /7 curves=+confidence
intervals and statistics of curve parameters in 40 tM VERA alone and
after Ixn, enhancement by 10 1M bithionol (+BITHIO) (VERA N=11; +
BITHIO N=6). *p<0.05 vs VERA

threshold is either equal to or more positive than Iy, one.
Bithionol significantly hyperpolarized V;,, (Fig. S3c).

Ina-dependent modulation of intracellular Ca**

Insulin secretion process is triggered by increments of cyto-
solic Ca?", potentially resulting from enhanced Na' influx.
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Fig. 5 Effect of RAN and TTX on intracellular Ca**. Examples of
response of ¥y, and intracellular Ca>* ([Cal;) to Iy blockade during
TOLB-induced activation. a TOLB was repeatedly applied/washed out
(horizontal bars) in control conditions and in the presence of RAN. b
TTX or RAN was subsequently applied/washed out (horizontal bars)
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during sustained TOLB-induced activation (horizontal bar). ¢ Effect of
RAN and TTX on [Ca]; responses to depolarization at a constant potential
(from —80 to 0 mV for 1 s). Statistics of RAN (N=6) and TTX (N=6)
effects on [Ca]; amplitude are shown on the right. Experiments were
performed in perforated-patch condition
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Fig. 6 Effect of chronic exposure
to high glucose (CHG) on Itrx
and Igan. Irrx (a) and Ipan (b)
after 24-h incubation in normal
glucose (10 mM; CNG, black) or
high glucose (33 mM, CHG,
gray). In each panel, mean steady-
state //V curves=confidence
intervals are shown on the leff;
statistics for curve parameters are
shown on the right (abbreviations
as in Fig. 3). (Ilrrx CTRL N=16,
CHG N=9; Igan CTRL N=11,
CHG N=11). ¥p<0.05 vs CNG

Thus, the effect of Iy, modulation on intracellular Ca*"
([Ca>™];) was tested in Fluo4-AM (10 pM)-loaded INS-1E
cells. In several TOLB-activated cells, V;, and [Ca]; were
simultaneously measured under I-clamp conditions (Fig. 5).
TOLB-induced depolarization, whether or not triggering AP
firing, consistently increased [Ca];. RAN partially blunted
TOLB-induced V;,, and [Ca]; changes (Fig. 5a). When applied
during sustained TOLB challenge (Fig. 5b), RAN (or TTX)
hyperpolarized V;,, and reduced [Ca]; reversibly; [Ca]; over-
shoot followed ¥, depolarization upon washout.

To assess whether RAN- and TTX-induced changes
in [Ca]; were just the consequence of V,, changes,
depolarization-induced [Ca*"]; accumulation was tested
under V-clamp conditions. RAN or TTX significantly
blunted [Ca®"]; accumulation during steps at a constant
Vi (Fig. 5¢).

Inar modulation by chronic exposure to high glucose (CHG)

The above findings indicate that Iy, is normally
expressed in f-cells and may thus be involved in their
physiology. Nevertheless, as in other tissues, pathophys-
iological significance of Iy, may require its enhance-
ment under clinically relevant conditions [4, 40], which
in diabetes may be represented by chronic cell exposure
to high glucose [45]. Thus, INS-1E cells incubated for
24 h in a medium containing 33 mM glucose (CHG)
[45] were compared to cells incubated for the same
period in 10 mM glucose (CNG) (Fig. 6). For both
treatment groups, Irrx and Igan were then measured
in 2.5 mM glucose+50 uM TOLB.

CHG increased both Iprrx and Igan; nevertheless,
minor details distinguished their response to CHG
(Fig. 6). In particular, while the Ergy of Irrx shifted
by about +8 mV, Ixan reversal tended to change in the
opposite direction.
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Modulation of insulin secretion after normal- and high-
glucose incubation

The effect of Iy, modulation was initially tested on insulin
secretion triggered by 20 mM glucose. Under these condi-
tions, secretion was slightly reduced by TTX only. VERA
sharply increased insulin secretion, an effect significantly, but
incompletely, countered by both RAN and TTX (Fig. 7a).
Then, the effect of long-term exposure to high glucose
(CHG) was evaluated. To this end, cells were subjected to
24 h incubation in normal (10 mM) glucose (CNG) or high
glucose (33 mM, CHG); RAN or TTX was added to the CHG
incubation media. To ensure that CHG effect did not reflect a
massive loss of cell mass, insulin concentration was normal-
ized to total protein content of each well. CHG was apparently
without effect on insulin secretion at 20 mM glucose; thus, its
effect was further evaluated by measuring the change in
insulin concentration (Aj,s, normalized to total protein con-
tent) when glucose was stepped from 2.5 to 20 mM (Fig. 7b).
A robust Ap,s was observed in the CNG group. In the CHG
group, baseline insulin concentration was doubled (0.43 vs
0.19 ng/pg protein; p<0.05 vs CNG), but Ay,,s was complete-
ly abolished. When RAN or TTX was added to the CHG
incubation medium, Ay, was restored because of a reduction
in baseline insulin concentration. Notably, neither RAN nor
TTX significantly affected absolute insulin concentration at
20 mM glucose in the CHG group, to suggest that under this
condition, secretion was already maximized at baseline
(2.5 mM glucose).

Discussion
The observations most relevant to 3-cell pathophysiology and
pharmacology can be summarized as follows: (1) Ina. was

significantly expressed in INS-1E and human islet cells with
similar density and V dependency; (2) Ina. was coupled,
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Fig. 7 Effect of CHG on insulin secretion and its modification by Inar.
modulators. a Effect of TTX, RAN, and VERA (N=9) on insulin secre-
tion during exposure to 20 mM glucose; substances were applied at the
same concentration used for electrophysiology. *p<0.05 vs CTRL;
#p<0.05 vs VERA. b Insulin secretion at 2.5 mM (white bars) and
20 mM (gray bars) glucose after chronic incubation in 10 mM glucose

through Na' influx, to a K" conductance (Ixny), putatively
mediated by Slack channels, which were robustly expressed in
INS-1E cells; (3) during cell activation, Iy, blockade (by RAN
or TTX) caused slight V;, hyperpolarization and a decrease in
AP firing rate, both accompanied by decreases in [Ca]y; (4) Ina
blockade reduced [Ca® ‘], also under V-clamp; therefore, [Ca];
decrement was independent of ¥, changes; (5) Ina. was
permanently enhanced by CHG, a condition relevant to dia-
betes; and (6) Iy, blockade marginally affected absolute insu-
lin secretion in all conditions except pharmacological Iy,
enhancement; nevertheless, RAN and TTX countered CHG-
induced increment in basal insulin “leak,” thus restoring the
secretory response to glucose challenge.

Effect of RAN and TTX on membrane potential

During glucose- or TOLB-induced activation, both TTX
and RAN hyperpolarized V,, and reduced AP firing.
While the former effect can be readily attributed to
Inap inhibition, AP firing is supported by Iy,r instead;
thus, its inhibition argues against selective Iy, blockade
by RAN in the present setting. The easiest explanation
for this is the rather positive 7;, at which AP firing
occurs and the known loss of RAN selectivity for Iyap
when Na® channels are partially inactivated [9].
Therefore, for what concerns modulation of electrical
activity in insulin-secreting cells, RAN might act as an
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(CNG), 33 mM glucose (CHG) alone, CHG+RAN, and CHG+TTX. N=
6 for each group; Ay, = change in insulin concentration between 2.5 and
20 mM glucose; *p<0.05 vs CNG; °p<0.05 vs CHG. For each condition,
the statistical comparison between 2.5 and 20 mM glucose is given above
the bars

outright I, blocker, rather than a selective Ix,. one. On
the other hand, the observation that RAN (or TTX)
affected [Ca]; irrespective of the presence of AP sug-
gests that Iy, selectivity may not be crucial in this
case. This view is consistent with the notion that AP
firing is not crucial for insulin secretion [20].
Nevertheless, because of selectivity in cardiac muscle,
Inap inhibition achievable in islet cells at therapeutic
concentration might be still stronger for RAN than for
other agents.

Expression of Nay isoforms

INS-1E cells expressed transcripts for several TTX-sensitive
channels (Nay 1.1 to 1.4, 1.6, and 1.7) (Fig. 2) [10]; among
them, Nay 1.3 to 1.7 are also RAN-sensitive [21, 35, 43]. Such
Nay expression pattern is closer to that of human islets than to
that of rat islets [12]. Consistent with Nay expression pattern,
Irrx was similar between INS-1E and human islet cells
(Fig. 3), with the exception of Ery, slightly more negative in
human islet cells. In human islets, inward Iz o Was smaller,
but the current profile was otherwise similar, to Itrx. The
notion that Itrx or Ixan actually result from a balance be-
tween inward and outward components should be kept in
mind while interpreting differences in inward current density.

Similarity of Nay expression pattern and current profiles
between INS-1E and human islet cells supports suitability of
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this cell line as an experimental model Iy, modulation in
insulin-secreting cells.

Inar~Tkna coupling

Tight functional coupling between Iy, and Ign, has been
previously described in central neurons [8] and recently con-
firmed in olfactory neurons [19]. These studies converge to
suggest that channel co-localization may underlie the
crosstalk.

The Eggy of Irrx and Igxan was largely negative to the
value expected for selective Na' currents; Na' substitution
with Li" or wide-spectrum blockade of K channels (KBK
solution) strongly shifted Ergy to approach the theoretical Ex,
(Figs. 4 and S3). Altogether, these findings point to the pres-
ence of a K" current carried by Na'-sensitive K channels
(Ixna)- Unlike TTX, RAN also blocks ERG-type K™ current
(Igrg) [36], which is expressed in pancreatic 3-cells [37].
Igran did include a TTX-insensitive outward component
(Fig. S4a), but such component became negligible when
intracellular Na" was removed (Fig. S4b) and is thus unlikely
to reflect Igrg. Failure of Iggg to contribute to Igan may be
due to its substantial inactivation during the ramp protocol and
does not argue against Igrg contribution to “phasic” electrical
activity (e.g., AP repolarization).

Bithionol, albeit strongly shifting the Ergyof Iy, failed to
change its Ey (Fig. 4e), consistent with the intrinsic V de-
pendency of Ixy,, reported to activate around 0 mV in audi-
tory neurons [47].

Coupling to Ixn, may limit the impact of Iy, changes on
Vi and, with it, the effect of its blockade on electrical activity
and [Ca]; balance. On the other hand, I-clamp experiments
showed that, in normal conditions, Iy, blockade
hyperpolarized V;,, by several millivolts and slightly decreased
[Ca]; during activation, an action expected to reduce insulin
secretion. Since selective Ik, blockers are unavailable, trans-
genic animal models are required to fully define the physio-
logical relevance of Ina —Ikna coupling to insulin secretion.

The expression of channels potentially accounting for Ixn,
was investigated using RT-qPCR and Western blot analysis.
Slick and Slack transcripts were similarly detected, and the
respective proteins were robustly expressed in the membrane
fraction. These are widely expressed in the nervous system [5,
6, 18,47]. Only Slack is sensitive to enhancement by bithionol
[48]. Thus, bithionol effect proves Slack’s contribution to Ixn,
in the present setting; nevertheless, Slick contribution cannot
be ruled out.

Inar is enhanced by long-term exposure to high glucose
A central finding of this work is constitutive enhancement of

Iprx and Igan after chronic exposure to 33 mM glucose
(Fig. 6). The term “constitutive” refers to the observation that,

once induced by CHG, the enhancement persisted in the
presence of low glucose and may thus represent a long-
lasting channel modification. The mechanism underlying
Inar. enhancement by chronic exposure to high glucose was
not investigated in the present study; however, multiple can-
didate mechanisms are suggested by previous ones. Chronic
exposure to high glucose enhances production of reactive
oxygen species [23], a well-known cause of Iy, enhancement
[34, 38]. Moreover, it has been recently shown that hypergly-
cemic stress directly activates Ca-calmodulin-kinase IT
(CaMKII) [16], probably the ultimate molecular trigger of
Inar enhancement by various conditions [42]. Increased firing
and prolonged AP, suggestive of Iy, enhancement, have been
actually described in o-cells of diabetic rats [22].

Inar is linked to Ca®" homeostasis, which may thus be
chronically perturbed by CHG-induced Iy, enhancement.
Whereas acute increment of [Ca®"; is expected to stimulate
insulin secretion [14], the only previous information on the
effect of persistently elevated [Ca®']; levels concerned pre-
vention of CHG-induced apoptosis by nifedipine [45]. The
observation that RAN prevented (3-cell loss in mice with
streptozotocin-induced diabetes [32] is in line with this obser-
vation and conceptually reminiscent of myocardial response
to persistent Iy, enhancement, i.e., transient increase in con-
tractility followed by maladaptive remodeling [49]. The pres-
ent observations add to this picture by showing that I,
enhancement by CHG may impair the secretory response to
glucose also through a functional mechanism (see below).

Modulation of insulin secretion

Na' channels were first described in pancreatic B-cells in
1977 [13]; nevertheless, their functional impact on insulin
secretion is still debated. Theoretically, Iy, might contribute
to the voltage-triggered component of glucose-stimulated in-
sulin secretion in two ways: (1) its transient component (In,t)
may support AP firing, triggering Ca>* influx through high
threshold Ca*" channels; (2) Na" influx, also supported by
non-inactivating components (I, ) potentially unrelated to
action potential firing, may contribute to Ca>* loading through
the Na'/Ca®" exchanger (NCX). Global Iy, blockade by TTX
(at concentrations blocking TTX-sensitive channels only) had
negligible effects on insulin secretion from mouse pancreatic
islets [29] but inhibited insulin secretion from human islets
[3]. Overall, action potential firing does not seem to be essen-
tial for V-triggered insulin secretion [20], and its quantitative
contribution may be species-dependent.

On the other hand, insulin secretion was found to be positively
correlated with intracellular Na* levels during acute exposure to a
range of experimental conditions [13]. Consistent with this view,
Ina blockade by reduced insulin secretion (at 20 mM glucose)
marginally under normal conditions and more substantially after
it had been increased by VERA (Fig. 7). This effect is
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paradoxically opposite to that required to explain RAN-induced
insulin secretion in diabetic rats [32]. However, the pattern of
secretory responses was quite different in the CHG group. As
expected from constitutive Iy, enhancement, CHG increased
insulin secretion, but it did so mostly under unstimulated condi-
tions (2.5 glucose), at the same time abolishing the secretory
response to 20 mM glucose (A, Fig. 7b). CHG effect was
largely reversed by incubation with both RAN and TTX, thus
suggesting I, involvement. Even if magnitude is potentially
insufficient to fully account for improved glycemic control, the
effects of Iy, blockade in the CHG group are at least suitable to
contribute. One caveat inherent to this interpretation is that, even
if enhanced by CHG, Iy, threshold remains far positive to the
Vi present at 2.5 mM glucose (—60 to =50 mV); thus, it cannot
directly contribute to baseline insulin release. This implies that
the Inar -dependent derangements leading to baseline insulin leak
must have taken place during exposure to 33 mM glucose, when
Vin was likely in the range appropriate for In,. activation, to
persist after cell activation subsided. Such derangements may be
part of a process ultimately leading to islet cell death [32].
However, prevention of increased cell loss in the CHG group is
an unlikely explanation for the present observations, because it
would be hard to reconcile with increased baseline insulin secre-
tion; furthermore, secreted insulin was normalized to total protein
content of the preparations, which is likely to compensate for cell
loss. Because cell death cannot be reversed, functional effects, as
those described here and by Dhalla and coworkers [12], are
required to account for improvement of glycemic control in
diabetic patients.

RAN has been shown to promote glucose utilization in
muscle cells by activating the Randle cycle [17]. If extended
to (3-cells, this action might possibly affect insulin secretion
independently of In, blockade; however, at least in the pres-
ent setting, RAN effects were shared by TTX, which is devoid
of metabolic ancillary actions.

Limitations

The majority of experiments in this study were performed on
rat INS-1E cells and extrapolation to native human (3-cells
requires caution; nevertheless, steady-state Iprx and Igxan
were substantially similar between INS-1E and human islet
cells, as discussed above. Moreover, it should be stressed that
RAN amelioration of glycemic control has already been re-
ported in patients [30], the scope of the present study being
limited to test whether Iy, of 3-cells could be one molecular
target for that effect. The choice to use a pure (3-cell prepara-
tion (as INS-1E) in secretion studies was primarily motivated
by the need to rule out paracrine crosstalk between cell types,
which would take place if pancreatic islets were used instead.

@ Springer

Conclusions and translational relevance

This work aimed to test the hypothesis that Iy, might contrib-
ute to islet B-cell pathophysiology, as suggested by RAN
efficacy to increase insulin secretion from diabetic rat islets
[32]. Although confirming such hypothesis, the present results
are fully compatible with the contribution of other mechanisms,
such as inhibition of glucagon secretion in islet c-cells [12], to
RAN action on glucose homeostasis. Physiological response to
glycemia perturbation involves paracrine crosstalk between o-
and P-cells within the islet environment, dominated by tonic
insulin restraint of glucagon secretion [2]. Thus, even if not
detectable at plasma level, Iy, -dependent insulin leak during
fasting might impair «-cell response to hypoglycemia, a defect
that would be countered by Iy, blockade.

Disclosure of I, functional coupling to Ixn, suggests that
abnormalities of the latter might impact on the electrical
activity of insulin-secreting cells. This may justify inclusion
of Slack among candidate genes in the screening of abnormal-
ities of glycemic control.

The observation that long-term exposure to high glucose
caused Iy, enhancement and adversely affected function of
3-cells suggests that the paradigm of Iy, enhancement as
cause of disease progression may apply to many cell types [50].
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Aims Polyunsaturated fatty n-3 acids (PUFAs) have been reported to exhibit antiarrhythmic properties. However, the mechan-
isms of action remain unclear. We studied the electrophysiological effects of eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA) on Ixs, and on the expression and location of K,7.1 and KCNE1.

Methods Experiments were performed using patch-clamp, western blot, and sucrose gradient techniques in COS7 cells trans-

and results fected with K,7.1/KCNE1 channels. Acute perfusion with both PUFAs increased K,7.1/KCNE1 current, this effect
being greater for DHA than for EPA. Similar results were found in guinea pig cardiomyocytes. Acute perfusion of
either PUFA slowed the activation kinetics and EPA shifted the activation curve to the left. Conversely, chronic EPA
did not modify K,7.1/KCNE1 current magnitude and shifted the activation curve to the right. Chronic PUFAs decreased
the expression of K, 7.1, but not of KCNE1, and induced spatial redistribution of K,7.1 over the cell membrane. Choles-
terol depletion with methyl-B-cyclodextrin increased K, 7.1/KCNE1 current magnitude. Under these conditions, acute
EPA produced similar effects than those induced in non-cholesterol-depleted cells. A ventricular action potential com-
putational model suggested antiarrhythmic efficacy of acute PUFA application under I, block.

Conclusions We provide evidence that acute application of PUFAs increases K, 7.1/KCNE1 through a probably direct effect, and shows
antiarrhythmic efficacy under I, block. Conversely, chronic EPA application modifies the channel activity through a
change in the K,7.1/KCNE1 voltage-dependence, correlated with a redistribution of K,7.1 over the cell membrane.
This loss of function may be pro-arrhythmic. This shed light on the controversial effects of PUFAs regarding arrhythmias.

Keywords K,7.1 ¢ KCNE1 o I¢; ® PUFAs ¢ DHA e EPA e Lipid rafts

1 . I ntrod UCtion concluded that these beneficial effects mainly occur through the preven-
- tion of sudden cardiac death, which is often preceded by ventricular

A large amount of evidence from cellular and animal studies,’ and from  ©  arrhythmias, indicating that polyunsaturated fatty n-3 acids (PUFAs)

clinical trials,”~> suggested that an increased intake of fish oil fatty acids o oare antiarrhythmic.>® However, not all studies have demonstrated

has favourable effects on cardiovascular health. Analyses of these trials  :  the cardioprotective effects on cardiovascular diseases of PUFA
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consumption. Pro-arrhythmic actions have been described for PUFAs in
animal models during acute regional myocardial ischaemia.” Moreover,
the recent Alpha OMEGA and OMEGA randomized trials, involving
patients who suffered myocardial infarction, did not show any improve-
ment in the clinical results following PUFA supplementaticrn,a'9 and even
a deleterious effect due to an increased risk of cardiac death was
reported in men with stable angina who were advised to eat fish,'® or
in patients with implantable cardioverter defibrillators."" These differ-
ences could be explained by the fact that a diet rich in fish oil could be
pro- or antiarrhythmic depending on the underlying arrhythmogenic
mechanism."? In any case, the mechanism underlying the pro- or antiar-
rhythmic effect after supplementation is thought to be related to the
modulation of the cardiac ion channels involved in the genesis and/or
maintenance of cardiac action potentials (APs). Indeed, PUFAs decrease
Inas Ikurs fion Ik Il and I and enhanced f, and fr."* ™"

K,7.1and KCNE1 are the two major pore-forming and ancillary sub-
units, respectively, responsible for the biophysical properties of Ik chan-
nels.”° Doolan et al. demonstrated that eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) do not modify the electrophysiological
characteristics of K, 7.1 channels, although DHA, but not EPA, increases
the magnitude of the K,7.1/KCNE1 current in Xenopus oocytes, effect
mediated by the KCNE1 subunit."® In cardiac myocytes from pigs fed
witha PUFA enriched-diet, I magnitude was greater than that recorded
in myocytes from control animals.’ However, the precise mechanism
by which PUFAs produce these effects on K,7.1/KCNE1 channels
remains to be elucidated.

2. Methods

2.1 Cell transfection

In acute experiments, transfection of pPCDNA3.1 KCNQ1/KCNE1 concate-
mer (human KCNET1 linked to the N-terminus of the human KCNQ1) in
COS7 cells was performed with Fugeneé, following manufacturer’s instruc-
tions. In the rest of experiments, cells were transfected with KCNQ1-YFP
and KCNE1-CFP.

2.2 Preparation of cell extracts

COS7 cultures were washed twice with ice-cold PBS. Cells were homoge-
nized and cell extracts were prepared as described in Supplementary mater-
ial online, Methods.

2.3 Western blot analysis

Samples of cell extracts containing equal amounts of protein were boiled in
Laemmli SDS loading buffer (250 mM Tris—HCL, pH 6.8, 2% SDS, 10% gly-
cerol, and 2% B-mercaptoethanol) and size-separated in 7-10% SDS—
PAGE. The gels were blotted onto PVDF or nitrocellulose membranes
and processed as recommended by the supplier of the antibodies (see Sup-
plementary material online, Methods).

2.4 Lipid rafts

Low-density, Triton-insoluble complexes were isolated as previously
described from transfected COS7 cells.”? Cells were homogenized in
1 mL of 1% Triton X-100 and sucrose was added to a final concentration
of 40%. A 5—30% linear sucrose gradient was layered on top and further
centrifuged (260000 g) for 20-22 h at 4°C in a Beckman SW41 rotor.
Gradient fractions (1 mL) were collected from the top and analysed by
western blotting.

2.5 Electrophysiological recordings

Currents were recorded using the perforated amphotericin B or whole-cell
patch-clamp technique with an Axopatch 200B amplifier (Axon instru-
ments) as described.?*** The investigation conforms to the NIH guidelines
(Guide for the Care and Use of Laboratory Animals; NIH publications
number23-80) revisedin 2011;and from Directive 2010/63/EU of the Euro-
pean Parliament on the protection of animals used for scientific purposes and
approved by the University of Milano-Bicocca ethics review board. Adult
Dunkin-Hartley guinea pig was anesthetized by 100 mg/kg sodium thiopental
(Sigma Aldrich, St Louis, MO, USA) and euthanized by cervical dislocation.
Guinea pig ventricular myocytes were isolated as previously described.?
Membrane cholesterol depletion was achieved by methyl-B-cyclodextrin
(MBCD) treatment (2 pM).

2.6 Statistical analysis

Data are presented as mean values + SEM. Paired or unpaired Student’s
t-test or repeated-measures ANOVA followed by the Bonferroni test.
A value of P < 0.05 was considered statistically significant.

2.7 Computational modelling

The K,7.1/KCNE1 current was described by a Markov model, whose transi-
tion rates were set by fitting the experimental recordings obtained in the dif-
ferent conditions. The current formulation was then inserted into the
O’Hara—Rudy model of human ventricular action potential. An expanded
description is available in Supplementary material online, Methods.

3. Results

3.1 EPA and DHA increase K,7.1/KCNE1
current

EPA or DHA concentration (20 uM) used in this study was selected on
the basis of the free fatty acid levels in the plasma of six patients included
in the SOFA trial*® who were taking 2 g/day fish oil. They exhibited con-
centrations of free EPA and DHA of ~10 pM (5.0-16.4 M) that accu-
mulate in atria at expenses of arachidonic acid from phospholipids.
Figure 1A shows K,7.1/KCNE1 recordings obtained after applying 12 s
pulses from a holding potential of —80 to +60 mV in the absence and
in the presence of EPA or DHA. Both PUFAs increased the current by
37.3 +6.2% (P < 0.05, n=13) and 82.8 + 27.0% (P < 0.05, n = 13)
for EPA and DHA, respectively. The increase induced by EPA was time-
dependent, this effect being greater after longer depolarizing times
(3.6 + 62,284 + 5.3,and 37.3 + 6.2% after 1.5, 5.5 and 12 s, respect-
ively, P < 0.05, n = 5-13). However, the DHA-induced increase was
not time-dependent (91.8 + 19.3, 92.7 4+ 23.8, and 82.8 + 26.9%,
when measured after 1.5, 5.5, or 12's pulses, respectively, P > 0.05,
n=4-13).

The K,7.1/KCNE1 activation kinetics was described by a biexponen-
tial process. Figure 1B shows the normalized currents obtained under
control conditions and after exposure to EPA or DHA. Under control
conditions, the activation time constants arose mean values of 7;=
737 + 53 msand 7, = 4604 + 542 ms (n = 16). EPA slowed the activa-
tion kinetics due to an increased contribution of the slow component to
the activation process [AJ/(As + Ar) = 0.23 £ 0.04 vs. AJ(A; + Ap) =
0.64 + 0.05, P < 0.05, n = 8; Figure 1B inset]. The time constants were
not modified after perfusing cells with EPA (7= 653 + 56 ms and
75 = 4106 £ 796 ms, P > 0.05, n = 8). Similar results in the activation
kinetics were observed for DHA [AJ/(As + Ar) = 0.19 £+ 0.04 vs.
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ditions and after perfusion with EPA. (D) Graph showing the ratio between the current obtained in the presence of EPA and that under control conditions.

AJ(As + Aj) = 046 + 0.07,P < 0.05,n = 8]. However, DHA accelerated Tail currents were elicited upon repolarization to —40 mV after each
the fast component of activation (r,=737 £ 53 ms vs. 7=592+ : voltage step. Anincrease in the tail current magnitude of 26.5 + 14.6%
52 ms, P < 0.05,n=38). : (P<0.05 n=14)and 27.3 £+ 13.3% (P < 0.05, n = 9) after exposure
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to EPA or DHA was observed (Figure 1C). Under control conditions, the
deactivation exhibited monoexponential kinetics. However, in the pres-
ence of either PUFA, this kinetics became biexponential (see Supple-
mentary material online, Table S1).

Figure 2A shows current recordings obtained in the absence and pres-
ence of EPAwhen applying 5.5 s pulses from —80to +60 mVin 10 mV
steps from a holding potential of —80 mV. EPA (20 M) increased the
amplitude of the current at all membrane potentials tested positive to
—10mV (Figure 2B) and shifted the Vi,q of the activation curve
towards more negative potentials (+22.3 & 6.6 vs. +-13.5 £ 5.5 mV,
P < 0.05, n = 5) without modifying the slope (16.7 + 1.3 vs. 18.6 +
1.7mV, P>0.05, n=5; Figure 2C). Figure 2D shows the relative
current in the presence of EPA vs. the membrane potential. The
maximal increase occurred at ~0 mV. This effect might be due to the
negative shift of the activation curve, suggesting that the primary mech-
anism of the increased magnitude of K,7.1/KCNE1 may be due to an
effect on channel gating. Similar qualitative effects were produced by
DHA (see Supplementary material online, Figure ST).

It has been described that the slow gating of I is likely due to the fact
that KCNE1 accessory subunit slows the movement of the voltage
sensors. To determine that the concatemeric construction does not
interfere with the normal properties of I and also to analyse the
effects of EPA and DHA, a series of experiments in which the currents
were recorded in COS7 cells co-transfected with KCNQ1-YFP and
KCNE1-CFP were performed. As shown in Supplementary material
online, Figure S2, the effects produced by EPA/DHA on lxs were
similar than those observed in cells transfected with the concatemer
KCNQ1/KCNE1 subunits. The only difference observed was that the
activation kinetics of the K,7.1/KCNE1 current became monoexpo-
nential (see Supplementary material online, Tables $2—54).

Effects of PUFAs were also evaluated on native Iy, recorded in guinea
pigventricular myocytesat 36°C. ls was recorded at +20 mV under Iy
and [, blockade by nifedipine (10 M) and E-4031 (5 uM), respectively.
A total of 14 myocytes were analysed. In 11 myocytes, DHA (10 pM)
increased Ixs amplitude (437.7 + 6%, P < 0.05) and accelerated its
deactivation at —40mV (t;, —19.1 + 8%, P < 0.05, see Supple-
mentary material online, Figure $3). However, in 5 of 11 myocytes,
during long-time recordings, the initial increase of Iy was followed by
aprogressive decrease in the current. Moreover, in three myocytes, ex-
posure to 10 pM DHA was directly followed by a decline in lxs ampli-
tude (data not shown).

3.2 Acute vs. chronic effects of EPA and
DHA on K,7.1/KCNE1 current

Anincreased consumption of PUFAs leads to increased blood and tissue
levels of PUFAs.2® However, the relative contribution of short- and long-
term administration on the electrophysiological effects on ion currents
has not been determined. Since we wished to analyse and relate the
electrophysiological effects with the effects on the levels of expression
and also targeting to the lipid rafts, the same conditions were used in
all these experiments: COS7 were co-transfected with KCNQ1-YFP
and KCNE1-CFP for 48 h with 20 pM EPA/DHA in serum-free
medium. Controls of these experiments were COS7 cells cotransfected
with KCNQ1-YFP and KCNE1-CFP incubated for 48 h in serum-free
medium without EPA/DHA. To differentiate the acute from the possible
chronic effects of EPA and DHA, three different approaches were used.
First, we analysed the electrophysiological properties of K,7.1/KCNE1

currents. Incubation with EPA did not alter the activation kinetics of
K,7.1/KCNE1 (Figure 3; 7t = 649 + 42 ms and 7, = 5151 4+ 788 ms vs.
7r=771+ 89 ms and 7, = 5112 + 1091 ms, P > 0.05, n = 9-18, for
control conditions and chronic EPA, respectively). DHA accelerated
the activation 7, (7r= 649 +£42ms and 7,=5151 + 788 ms vs.
7=587 £ 74ms, P>0.05 and 7,=3100 £ 4291 ms, P < 0.05,
n=9-18, for control conditions and chronic DHA, respectively, see
Supplementary material online, Figure $4). The deactivation kinetics
was faster than under control conditions, becoming biexponential
(1r=266 £ 40 ms and 7, =847 + 108 ms for chronic EPA, n=9;
and 7= 296 + 26 ms and 7, = 1235 + 171 ms in serum-free control
conditions, n=18), but slower than for acute EPA (P < 0.05),
without changes in the Ad(A;+ A;) relation. Similar effects on the
deactivation were observed with chronic DHA (7= 266 + 40 ms
and 7, =802 + 83 ms for chronic DHA, n=12; and 7;=296 +
26 ms and 7, = 1235 + 171 ms in serum-free control conditions, n =
18). Chronic EPA or DHA did not modify the current magnitude
(Figure 3C and see Supplementary material online, Figure $4C). EPA
induced a positive shift of the activation curve (Viig=21=43 vs.
31 4+ 3mV, P <0.05 n=14-7, for control and chronic EPA, respect-
ively; Figure 3D). However, DHA shifted the activation curve to negative
potentials (Vg =21+ 3 vs. 13 £4mV, P<0.05, n=14-12, for
control and chronic DHA, respectively). Thus, chronic EPA and DHA
produce different effects in the channel voltage-dependence.

Chronic treatment with EPA and DHA, but not with a-linolenic acid,
decreases the protein levels of K,1.5 in L-cells."” Thus, our second
approach was to analyse whether chronically applied EPA and DHA
modified the expression pattern of K,7.1 and KCNE1 subunits. To
that end, COS7 cells were transfected with K,7.1-YFP alone or together
with KCNE1-CFP, and the levels of K,7.1 and KCNE1 were measured
by western blot. Under both experimental conditions, EPA reduced
the protein levels of K,7.1 in a concentration-dependent manner
(Figure 4A), but not those of KCNE1 (Figure 4C). Internalization and sta-
bility of K,7.1 is regulated by ubiquitylation,27 and PUFAs are able to
modify the activity of the proteasome. Thus, the decrease in K,7.1
protein level might be due to a higher degree of K, 7.1 degradation via
proteasome. Hence, a series of experiments in the presence of 2 uM
MG132 (proteasome inhibitor) were performed. Under these experi-
mental conditions, EPA did not produce any change in the protein
levels of K,7.1, thus suggesting that EPA induces degradation of K,7.1
via proteasome (Figure 4B). Similar results were obtained for DHA
(see Supplementary material online, Figure S5).

K,7.1 and KCNE1 subunits partially target to lipid rafts in HEK-293
cells and ventricular myocytes.?*® Dietary PUFAs incorporate into
the cell membrane and, by altering the lipid composition and protein
distribution of lipid raft microdomains, may affect ion channel func-
tion.”! Therefore, the third approach was to analyse whether EPA
and DHA modified the location of K, 7.1 and/or KCNE1 in lipid rafts.
Figures 4D and see Supplementary material online, Figure S5D show
the distribution of K,7.1 and KCNE1 over the sucrose gradient
under control conditions and after incubation with EPA or DHA for
48 h. Both PUFAs altered the buoyancy of cholesterol-enriched
domains as indicated by a redistribution of caveolin thorough the gra-
dient. Concomitantly, the localization of K,7.1 and KCNE1 was also
varied, indicating different channel localization in membrane microdo-
mains. A spatial redistribution of K,7.1 and KCNE1 in the membrane
surface can account for some of the electrophysiological changes
observed on K,7.1/KCNE1.
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Figure 3 EPA chronic effects on K,7.1/KCNE1 channels. (A) Currents are shown for pulses from —80 mV to voltages between —80 and +60 mV in
steps of 10 mV. (B) Original tail currents recorded at —40 mV after a 5.5 s depolarization to +60 mV. (C) |-V relationship obtained after measuring
the current after 5.5 s. (D) Activation curves of K,7.1/KCNE1 current obtained after representing the maximum tail current amplitude vs. the previous

step potential recorded in cells incubated for 48 h with EPA.

3.3 Effects of cholesterol depletion on
K,7.1/KCNE1 current

Association with lipid rafts is an important signalling mechanism for ion
channel function and changes and disruption of these microdomains
modify the activity of ion channels.”’

Because PUFAs modified the localization of K,7.1 channels in lipid
microdomains, we analysed the electrophysiological consequences of
the disruption of these structures (by removing cholesterol from the
membrane withMBCD) onK,7.1/KCNE1. COS7 cells were sequentially
perfused with different external solutions in the following order:
(i) normal external solution; (i) 10 mM MBCD; (iii) 10 mM MBCD +
20 wM EPA, and (iv) drug-free external solution with 10 mM MBCD.
MBCD triggered an increase in the K,7.1/KCNE1 current at potentials
positive to +30 mV and a decrease in the current at potentials negative
to +30 mV (Figure 5A—D). Concomitantly, a positive shift of the activa-
tion curve approximately +23 mV (P < 0.05, n=4) was observed
(Figure 5D and E; see Supplementary material online, Table S5). Under
these conditions, perfusion with EPA produced similar effects than
those observed in cells non-treated with MBCD. Thus, (i) an increase
in the current at potentials negative to +40 mV; (i) no changes in the
midpoint of the activation curve compared with that obtained in the

presence of MBCD; and (jii) an increased slope factor. EPA effects
were accompanied by the typical slowing of the activation kinetics that
was due to the abolishment of the fast component of the activation
process (see Supplementary material online, Table S6) and the appear-
ance of a second component in the deactivation processes, becoming
again biexponential. EPA effects produced in cholesterol-depleted
cells with MBCD were reversible, not only in the magnitude of the
current, but also in the kinetics and in the activation curve (Figure 5).

3.4 Computational modelling of the
experimental results

AMarkovmodel ofthe human K, 7.1/KCNE1 channel***" was optimized
to reproduce PUFA acute effects observed in K,7.1/KCNE1, within the
same model structure, by adjusting the parameters governing the transi-
tions between the different channel states (see Supplementary material
online, Figures S6—58) and, for the case of chronic exposure to EPA, the
maximal current conductance (see Supplementary material online,
Figure $6D). Model simulations of K,7.1/KCNE1 current reproduced
accurately the experimental current traces under voltage clamp (see
Supplementary material online, Figure S6) as well as current—voltage
and tail current—voltage relationships (see Supplementary material
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Figure 4 EPA decreases the K,7.1 protein expression in COS7 cells. (A) Left: representative western blots illustrating treatments with EPA. Note that
EPA induces dose-dependent reductions of K, 7.1 protein. Cellular lysates were prepared from COS7 cells transiently expressing K, 7.1 and incubated for
48 h with 30 and 100 uM EPA. Samples were subjected to SDS—PAGE, transferred to PVDF, and probed with an anti-K,7.1 antibody. Right: Bar graph
summarizing densitometry measurements used to compare protein levels for the treatments of EPA for 48 h. B-Actin levels were used as a loading
control (n = 3 or 4; * P < 0.05). (B) Representative western blots and graph showing the effects of EPA (0, 30, and 100 uM) on K,7.1 in cells transfected
withK,7.10rK,7.1/KCNE1 in the presence of MG 132 (proteasome inhibitor). (C) Representative western blots and graph showing the effects of EPA (0, 30,
and 100 wM) on K,7.1in cells transfected with KCNE1. (D) Sucrose density gradient fractions of cells expressing K,7.1 and KCNE1 in the absence or the
presence of EPA. While caveolin indicated floating lipid rafts with low-density, clathrin-labelled non-raft fractions. K,7.1 and KCNE1 co-localized with
caveolin in low-buoyant density fractions (fractions 2—6) in control experiments, whereas EPA triggered a wider distribution of proteins (fractions
1-12) and rafts. Pictures are representative images of at least three independent lipid raft extractions analysed by western blot.

online, Figure $8). The K,7.1/KCNE1 current model was incorporated
into a biophysically detailed model for human ventricular epicardial
cell AP by O'Hara et al.,32 which has a basal AP duration measured at
the 90% repolarization (APDgo) of 226 ms.

The main effects of the altered parameters during an AP are shown in
Figure 6, and the effects on the closed zones occupancy are detailed in
Supplementary material online, Figure $9. PUFAs increased the open
state probability of the K,7.1/KCNE1 channel, leading to an elevated
K,7.1/KCNE1 current during the AP, and slightly shortened the APDgq
(Figure 6). The APDy in the presence of EPA and DHA was 214 and
217 ms, respectively. These observations are also reflected in the simu-
lated $1-S2 restitution (Figure 6A). On the contrary, chronic EPA did not
significantly altered K,7.1/KCNE1 when compared with control, and
therefore expectedly did not alter the APDg,.

PUFA effects on K, 7.1/KCNE1 current were simulated in a condition
in which the contribution of K,7.1/KCNE1 channels to repolarization
can be more critical. Indeed, along with their effects on K,7.1/KCNE1
channels, acute and chronic exposure to PUFAs affects K,11.1
current. The effects of a graded reduction in K,11.1 were simulated.
K,7.1/KCNE1 and K,11.1 current profiles during AP and APDgq are
illustrated in Figure 7. EPA and DHA partially compensated the AP

prolongation due to K,11.1 reduction, whereas the chronic exposure
had negligible effects for K,11.1 reductions up to 60% but led further
AP prolongation for 80% K,11.1 block. The relative shortening of
APDgq due to EPA in comparison with control APDgq was greater as
the K,11.1 block was increased. At a 20% block of K,11.1, EPA
reduced APDyq to 93.1%, whereas DHA reduced APDgq to 95.3%. At
80% block of K,11.1, EPA reduced APDyq to 83.7%, whereas DHA
reduced APDgq to 94.1%.

4. Discussion

In this study, we investigated the effects of two n-3 PUFAs from marine
origin (EPA and DHA) on K,7.1/KCNE1 channels expressed in COS7
cells and on Iy in guinea pig cardiomyocytes. We demonstrated that:
(i) at physiological concentrations, both PUFAs increase the magnitude
of K,7.1/KCNE1 current after acute, but not after chronic, exposition,
DHA being more potent than EPA. (ii) The response pattern of DHA
in ventricular myocytes was complex but mainly consistent with that
observed in COS7 cells. (jii) Acute and chronic effects of EPA were
time- and voltage-dependent. (iv) Chronic application of either PUFAs
reduced the expression of K,7.1, but not that of KCNE1 due to an
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Figure 5 EPA effectsin membrane cholesterol-depleted cells. (A) Traces of K,7.1/KCNE1 current under control conditions, after perfusion with MBCD
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enhanced degradation of K,7.1 via proteasome. (v) Chronic application :  recorded in cholesterol-depleted cells were similar to those observed
of either PUFAs modified the K,7.1 channel distribution in membrane :  without cholesterol depletion, consistent with a direct interaction
microdomains, and (vi) Acute EPA effects on K,7.1/KCNE1 current .  with the channel during acute application.
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4.1 Acute and chronic effects of n-3 PUFAs
In this study, we demonstrated that acute perfusion of EPA or DHA
increased to a different extent the magnitude of K,7.1/KCNE1
current. EPA and DHA increased the current and slowed its activation
kinetics. Moreover, their effects on the electrophysiological properties
of this current exhibited some differences, which are consistent with a
direct effect of both PUFAs with these channels. These results can be
due to a modification of the interaction between KCNE1 and K, 7.1 sub-
units, without changes in stoichiometry, since similar effects were
observed in cells transfected with the concatemer KCNQ1/KCNE1
construction and cells co-transfected with the two subunits separately.

Also, as previously described,16 neither EPA nor DHA modified the
properties of K,7.1 channels when expressed alone (see Supplementary
material online, Figure $10). Thus, the presence of KCNE1 subunits is es-
sential for the observed electrophysiological effects of acutely applied
PUFAs.

Dietary administration of fish oil leads to the incorporation of PUFAs
into the cell membranes.?" It has been reported that long-term PUFA
intake modulates the activity of several cardiac ion channels. However,
the effects of long-term administration of PUFAs differ from those
observed after acute administration. In this line of evidence, the effects
of long-term administration of EPA and DHA (48 h) on COS7 cells
expressing K,7.1/KCNE1 channels were different compared with
those produced acutely. Chronic application of EPA or DHA did notin-
crease the current magnitude, but it accelerated the activation process
compared with acutely EPA effects. Surprisingly, EPA and DHA shifted
the activation curve towards opposite directions, suggesting that the
mechanism by which acute or chronic PUFA modulates the electro-
physiological properties of K,7.1/KCNE1 channels is different.

4.2 Direct and indirect effects on
K,7.1/KCNE1 channels

Several hypothesis have been proposed to explain the electrophysio-
logical differences between acute and long-term administration of
PUFAs. Some authors explain PUFA effects by a direct interaction
between fatty acid and the ion channel. This hypothesis is supported
by the observation that substitutions of a single amino acid in the
Na, 1.5 channel diminished the inhibitory effect of acutely administered
EPA.* Our results showing differences between EPA and DHA effects
on K,7.1/KCNE1 channels are consistent with a direct effect between
PUFAs and ion channels. However, their effects were not washed-out
and thus, we cannot rule out an indirect effect.

Others suggest that PUFA effects are the result of an alteration of the
membrane properties rather than a direct interaction with the ion
channel. It was reported that PUFAs alter the composition and order
of the plasmalema.’ In this line of evidence, it has been proposed that
the potency of PUFAs to inhibit cardiac Iy, is correlated with their
ability to increase membrane fluidity measured by steady-state fluores-
cence anisotropy.>* In addition, changes in cellular redox status, metab-
olism of phospholipids, and modulation of gene expression are other
processes, implying PUFAs that might modulate indirectly ion channel
function.*

To further explore the mechanisms by which acute and chronic
PUFAs exert their actions on K,7.1/KCNE1 channels, three different
approaches were used. First, the effects of chronic administration of
EPA were analysed on the expression levels of K,7.1and KCNE1. In add-
ition to their ability to modulate the electrophysiological properties of
ion channels, it was reported that PUFAs decrease the expression
levels of K, 1.5 channels.'” Our data showed that long-term administra-
tion (48 h) of PUFAs decreased the protein levels of K, 7.1, but not those
of KCNET1,in a concentration-dependent manner. It was established that
internalization and stability of K, 7.1 is regulated through ubiquitinylation
by Nedd4-2 and posterior degradation in the proteasoma27 The
decreased K,7.1 expression was prevented by a proteasome inhibitor,
suggesting that PUFAs promote K, 7.1 degradation via proteasome. Sec-
ondly, targeting of K,7.1/KCNE1 to lipid rafts during chronic administra-
tion of PUFAs was analysed. K, 7.1 channels partially target lipid rafts in
ventricular myocytes,”® whereas KCNET localizes in low-buoyancy frac-
tions only in association with K,7.1.%* Our results demonstrated that
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chronic administration of EPA and DHA delocalized K,7.1 in the cell
membrane. This suggests an indirect effect of chronic application
PUFAs on channel properties, through a change in its membrane
environment.

It has been proposed that lipid rafts form signalling platforms in which
ion channels, regulatory subunits, scaffolding proteins, kinases, and other
modulatory proteins interact.’ Differential targeting of K,7.1 and
KCNE1 subunits to lipid rafts might represent a critical mechanism of
spatial regulation of channel properties as described for other ion chan-
nels.?*” Correlated changes in K,7.1 and KCNET1 location in specific
microdomains and in their functional properties were shown in the
third set of experiments: lipid raft disruption, triggered by MBCD, was
followed by measurements of K,7.1/KCNE1 current, before and after
acute application of EPA. Lipid raft disruption (viamembrane cholesterol
depletion) increased the current magnitude of K,7.1/KCNE1 at poten-
tials positive to 430 mV and shifted the activation curve towards posi-
tive potentials. This observation emphasizes the impact of membrane
environment on channel properties. Most importantly, in these condi-
tions, acute EPA application produced similar effects than those
observed in non-cholesterol-depleted cells. This suggests a direct
effect of EPA during acute application.

Chronic EPA shifts the activation curve to positive potentials, similar
to that observed after MBCD treatment. Hence, at least some of the
electrophysiological changes on K,7.1/KCNE1 current after the
chronic treatment with EPA might be due to a different location of
both subunits on the plasma membrane microdomains. The precise
mechanism involved in lipid raft modulation of channel activity is not
fully understood. Three different explanations have been proposed:
(i) by affecting the biophysical properties of the membrane. Lipid rafts
represent thicker and less fluid parts of the membrane than non-raft
domains. Changes in the membrane fluidity may modulate ion channel
activity. Indeed, it has been described that TRPM8 channel agonists,
such as menthol, geraniol, and monoterpenes, enhance the membrane
fluidity and increase the ion current.?’ Conversely, increasing the
order of the membrane after enrichment with cholesterol inhibits
K,11.1 and K,7 currents.’® We can speculate that the location of
K,7.1 and KCNE1 subunits in a thicker and less deformable membrane
will increase the energy required for the transition from the closed to
the open state. (i) By specific lipid—protein interactions occurring at
raft microdomains. A growing number of studies have demonstrated
that cholesterol and PIP,, major components of the lipid rafts, modulate
the activity of severalion channels.’*~*' Moreover, it has been recently
reported the binding site for fatty acids in the cavity of the prokaryotic
potassium channel KesA.*? (iii) By protein—protein interactions. Lipid
rafts are enriched in multiple signalling molecules such as G-proteins,
protein kinases, phosphatases, etc. It was reported that inhibition of
K,7 channels by cholesterol involves the activity of PKC.® Following
this reasoning, an impaired interaction between K,7.1/KCNE1 with
adjacent proteins could have an effect on the current magnitude.
These three mechanisms are not mutually exclusive.

Overall, our results suggest that PUFAs act on Kv7.1/KCNE1 channels
following two mechanisms: (i) adirect one on the channel protein and (ii)
an indirect one through rupturing lipid rafts.

4.3 Clinical implications

Acutely applied, PUFAs increased Iy, magnitude by enhancing channel’s
propensity to remain open. This increased probability of lxs current
remaining open under voltage clamp protocols led to increased Ik,
during AP. The reduction of APD was quite small (12 ms for EPA),

given the limited role that /¢ has in modulating repolarization under
basal physiological conditions. This AP modification per se is not likely
to have pro- or antiarrhythmic significance. But, the lx, gain of function
could play a relevant role when all the contrasting PUFA effects on
cardiac electrophysiology are taken into account. Because such effects
are not completely characterized in a quantitative way, we only consid-
ered,as aproof of concept, aconcomitant I, reduction. In this condition,
acute PUFA exposure seems to play a significant protective role, by par-
tially compensating the AP prolongation.

On the other hand, the AP simulations also show that chronic expos-
ure to PUFAs does not affect APDygy, so that the protective role seems
lost in this condition. On the contrary, under extreme I, inhibition con-
ditions (80% block), EPA exacerbates the lengthening of the APD. Thisis
a potentially important issue, since it was demonstrated that PUFAs
decrease Iy, by 75%.'8

PUFA antiarrhythmic effects are controversial and some of the
reasons contributing to this variability might be the following. First, at
the cellular level, PUFAs modify ion channel function through different
mechanisms: (i) directly through specific interactions, (ii) modifying
the ion channel levels of expression, and (iii) indirectly after rupturing
lipid rafts. Secondly, at the population level, different ways of administra-
tion and different doses could influence the variability observed in many
clinical trials. Other parameters, such as life style or the total amount of
fat ingestion, would also modify the risk of cardiovascular events. Finally
and more important, it has been demonstrated that PUFA antiarrhyth-
mic potential depends on the subjacent arrhythmogenic mechanism,
being antiarrhythmic in triggered activity-induced arrhythmias but dele-
terious in re-entry arrhythmias.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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