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Abstract—The intracellular concentration of chloride anions ([Cl™];), the equilibrium potential for chloride
anions (E¢)), and transmembrane chloride currents (I¢;) are significant factors influencing the electrophysi-
ological properties of excitable tissues, including the myocardium. Several types of chloride conductance
have been identified in the heart. In recent years, multiple transmembrane proteins demonstrating chloride
conductance have been identified (CFTR, CIC, TMEM 16, and LRRCS), and their expression in cardiac
tissue has been confirmed. Accumulated data allow for establishing a molecular substrate for some chloride
anion currents (I¢y pra» Lcrie Lervols Lenswens Ler,cas @0d Iiop) detected in the heart. Furthermore, the molec-

ular mechanisms regulating [CI~]; and E¢, through chloride cotransporters (KCC and NKCC1) and chlo-
ride-bicarbonate exchangers have been established. The variety of structures determining chloride trans-
membrane conductivity and the complexity of molecular mechanisms regulating chloride homeostasis
underlie the complex effects of activation of chloride transporters in the pacemaker, conduction system,
and working myocardium of the heart. This review discusses the structural and biophysical properties as well
as molecular regulation of chloride transporter protein complexes identified in the myocardium. The review
also covers the mechanisms by which chloride transmembrane transport influences the bioelectrical activity
of cardiomyocytes.

Keywords: chloride channels, cation-chloride cotransporters, chloride-bicarbonate exchanger, chloride
transport, chloride current, cardiac electrophysiology
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1. INTRODUCTION

Chloride is the predominant inorganic anion in
biological systems. Since the mid-20th century, chlo-
ride has been known as one of the ions that forms the
resting potential and determines the electrophysiolog-
ical properties of excitable cells and tissues. More than
half a century ago, it was discovered that chloride is an
anion that regulates the volume and osmolarity of
cells.

At the moment, it is obvious that the intracellular
concentration of chloride anions ([CI7];), the equilib-
rium potential for chloride anions (E(;), and trans-
membrane chloride currents (I) are factors that sig-
nificantly affect the functioning of neuronal tissue,
skeletal muscle cells, and smooth muscle cells of the
vascular wall. For example, chloride homeostasis
determines excitability, the magnitude of the resting
potential, tone, contractility, synaptic transmission,

and the ability to respond to neurotransmitters in var-
ious types of tissue.

Nevertheless, the molecular structures mediating
transmembrane anion chloride conductivity in various
cell types and in cardiomyocytes in particular have
remained unknown for a long time and, in some cases,
have not been determined to this day. This fact under-
lies some ignoring of the role of chloride homeostasis
in the physiology of certain cells and tissues, such as
the myocardium. However, since the 1980s, there has
been an intensive study of the role of chloride in the
formation of the electrical activity of cardiomyocytes.
It has been shown that chloride anions and transmem-
brane chloride currents determine the configuration of
action potentials (AP) in various areas of the healthy
heart, and disruption of homeostasis and transmem-
brane chloride transfer causes a change in normal
electrical activity, which leads to cardiac pathologies
and heart rhythm disturbances.
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Table 1. Main characteristics of myocardial chloride ion channels

Channels CFTR ClC2 CaCC (TMEMI16A)| VRAC (LRRCS)
Ligand-controllability no no no no
Electroneutrality no no no no
selectivity Halide ions Halide ions Halide ions Halide ions, organic

osmolytes
Potential-controllability (gating) — + at [Ca”]i <1 uM —
Rectification Goldman inward At [Ca2+]i <luM Goldman

outward

Calcium-sensitivity — — +++ +
Mechanosensitivity — + + +++
Regulation by protein kinase A +++ + — —
Regulation by protein kinase C + — — —

In recent years, a number of membrane proteins
demonstrating chloride conductivity have been identi-
fied. A number of candidate molecules have also been
identified that can potentially carry out transmem-
brane transport of chloride anions. The movement of
chloride anions across the plasma membrane is carried
out by proteins of three functional types: ion channels,
exchangers, and cotransporters. This review examines
chloride carriers with clearly defined electrophysio-
logical properties and molecular nature.

2. TRANSMEMBRANE CHLORIDE
CHANNELS AND TRANSPORTERS

Currently, the properties of chloride ion channels
have been confirmed for five families (groups) of
transmembrane macromolecules. The first family
includes pentameric ligand-gated anion channels
(e.g., glycine receptors or gamma-aminobutyric acid
receptors of the A-type), belonging to the class of Cys-
loop receptors. To date, there is no evidence of expres-
sion of ligand-gated chloride channels in the myocar-
dium and/or cardiomyocyte membrane. The only rep-
resentative of the second group is the Cystic Fibrosis
Transmembrane Conductance Regulator (CFTR), an
ABC-type transmembrane transporter that has chlo-
ride conductance. The next (third) family includes
homodimeric “two-pore” voltage-gated chloride
channels, designated CIC (Chloride Channels).
However, of the nine types of chloride channels of
the CIC family found in mammals, only four are
“true” channels (CIC-1, -2, -Ka, and -Kb), while the
rest are ClI-/H* exchangers (CIC-3, -4, -5, -6, -7).
The fourth family includes voltage- and Ca?*-depen-
dent chloride channels, designated CaCC [1]. At pres-
ent, it has been shown that the homodimeric “two-
pore” proteins TMEM16A and TMEM16B have the
properties of a Ca’"-dependent chloride channel.
Finally, the fifth family includes hexameric “pan-
nexin-like” anion channels, volume-regulated
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(VRAC), which are formed by proteins of the LRRCS
group (proteins containing repeats rich in leucine—
Leucine Rich Repeats Containing (LRRC) protein).
At present, there is very little information regarding
the function, distribution, and regulation of VRAC
channels consisting of LRRC8 monomers in the heart.

In addition to the above five families, there is a
whole spectrum of proteins or macromolecular pro-
tein complexes that have features of chloride conduc-
tivity. Among such candidate structures, we should
mention bestrophins (BEST1-4), TMEM?206, pro-
teins of the TWEETY family (TTYH1-3), and pro-
teins of the SLCO2 family (SLCO2AI1—transmem-
brane prostaglandin transporter). Bestrophins are
pentameric Ca’"-gated chloride channels [2] with a
narrow range of sensitivity to intracellular Ca?*.
Bestrophins are predominantly expressed in the
retina. Dimeric TWEETY proteins may also be
Ca?*-gated chloride channels [3]. TMEM?206 is
thought to be the major, pore-forming subunit of the
channel conducting the pH-sensitive, acidification-
activated chloride current (ASOR or PACC); in turn,
SLCO2AI1 may be the molecular basis of the chloride
current and the ultrahigh-conductance channels des-
ignated “Maxi-Cl1” [4]. The currently available data
on the properties of the above four types of molecules
are rather contradictory, and their expression in the
myocardium has not been reliably established. There-
fore, only those macromolecules for which chloride
conductivity and expression in the heart have been
confirmed and for which there is evidence indicating a
functional role for these channels in the myocardium
will be considered here (Table 1). The list of such
channels includes CFTR, CIC-2, CaCC (TMEM16),
and VRAC (LRRCS8x).

2.1. Cystic Fibrosis Transmembrane Regulator— CFTR

CFTR channels belong to a large superfamily of
ATP-binding cassette transporters, widely represented
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in all living organisms [5]. ABC transporters ensure
the removal of small organic molecules into the extra-
cellular environment from the membrane and cyto-
plasm due to ATP hydrolysis. Proteins of this family
have a rather conservative structure. The molecule of
the canonical ABC transporter consists of four
domains, two of which are transmembrane, and the
other two are cytosolic or nucleotide-binding. Each of
the two transmembrane domains contains six o-heli-
ces. As a rule, in eukaryotes, all four domains of the
ABC transporter are part of a single polypeptide chain.
CFTR belongs to class C of ABC proteins, which are
characterized by the linkage of four domains into a
single polypeptide chain. Homologous parts of CFTR
are linked to each other by a cytosolic regulatory
chain, the R-domain [5] (Fig. 1a).

CFTR channels are expressed in large numbers in
cardiomyocytes (Fig. la, Supplementary Informa-
tion). CFTR channels are characterized by the so-
called Goldman rectification. This means that the
dependence of the current flowing through CFTR
on the membrane potential (volt-ampere character-
istic) is close to the Goldman (Fig. 2a). This type of
volt-ampere characteristic indicates the absence of
any gating mechanisms in the CFTR channel. When
recording the electrical activity of single activated
CFTR channels, typical discrete stepwise jumps in
conductivity and discrete transitions between closed
and open states are observed. Sufficiently long periods
of CFTR in the open state (0.1—0.2 ms) are replaced
by periods of the closed state (1—2 ms) [6, 7].

In order for the CFTR channel to acquire the abil-
ity to switch to the open state, firstly, phosphorylation
of the regulatory R-chain by cAMP-dependent pro-
tein kinase (PKA) [8] and, secondly, binding of ATP
to the nucleotide-binding domains are necessary [9].
Despite the fact that ATP is necessary for opening the
CFTR channel, the intracellular concentration of
ATP is not a regulator of channel activity since physi-
ological regulation of channel conductance is carried
out due to phosphorylation/dephosphorylation of the
CFTR protein. It has been shown that phosphoryla-
tion of CFTR by protein kinase C (PKC) leads to
opening of the CFTR channel [8]. According to some
data, full activation of CFTR is possible only with
phosphorylation of PKC in addition to PKA [10].
CFTR activity can also be influenced by AMP-depen-
dent protein kinase (AMPK) [11], tyrosine kinases
[12], and Ca?*/calmodulin-dependent protein kinases
(CaMK) [6]. In turn, “classical” protein phospha-
tases, such as phosphatase 2A (PP2A), dephosphory-
late CFTR, reducing its conductance and decreasing
the channel’s open time [13]. Thus, CFTR is a typical
channel whose conductance and current value depend
on the level of phosphorylation. It is believed that
most of the so-called PKA-dependent chloride cur-
rent (ICI, PKA) is formed by CFTR channels.
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Since CFTR is an ABC transporter, a number of
organic anions with a molecular weight of 200—
1000 Da can block CFTR. As a rule, the degree of
blocking depends on the membrane potential (MP)
and is more pronounced at more negative MP values.
Potential-dependence of the blocking effect is
observed for such compounds as flufenamic acid, glib-
enclamide,  5-nitro-2-(3-phenylpropylamino)ben-
zoic acid (NPPB) [14], 3-(N-morpholino)pro-
panesulfonic acid (MOPS), and anthracene-9-car-
boxylic acid [6].

2.2. CIC Family of Chloride Channels

Transmembrane proteins of the CIC family are
widely represented in all types of animals. In mam-
mals, CIC are expressed in most cell types and partic-
ipate in maintaining anion homeostasis, resting
potential, and in regulating cell volume. Among the
representatives of this family, two structurally similar
but functionally different groups can be distinguished.
The first group includes voltage-dependent chloride
channels (CIC-1, -2, -Ka and -Kb, K—kidney). CIC-1
(CICN1) is the most studied chloride channel.
Expression of CIC-1, like CIC-Ka/b, has not been
shown in the heart. The second group (CIC-3, -4, -5,
-6, -7) includes transmembrane proteins that are per-
meable not only to chloride ions, but also to protons,
and are, in fact, CI-/H*' exchangers (antiporters),
which are mainly localized in the membrane of intra-
cellular organelles (endosomes, lysosomes, and vesi-
cles).

All proteins of the CIC family consist of two iden-
tical subunits, although they can also form heterodi-
mers [15]. Each of the subunits contains 18 a-helices,
17 of which are transmembrane. Some o-helices are
short and do not completely cross the membrane,
which leads to the appearance of small loops inside the
membrane that form intrachannel “pathways” for
anions and protons. The C-terminal fragment of each
subunit of CIC proteins contains two evolutionarily
conserved regulatory CBS domains that bind cyto-
plasmic ATP, AMP, and other purine nucleotides.

It is important that the transmembrane transfer of
chloride ions by each subunit of the CIC family of
channels is kinetically independent since each subunit
of the dimeric channel complex forms its own struc-
turally complete ionic pathway (Fig. 1b). It should be
noted that chloride ions can move inside the channel
along two trajectories near the cytoplasmic boundary
of the membrane, so the CIC ionic pathway is not a
“pore” in the strict sense of this term. CIC channels
have several types of gating mechanisms that deter-
mine their voltage dependence. It is assumed that
there is a fast gating mechanism (“fast activation
gate”) determining the individual state of each
“monopore” as well as a slow gating mechanism
affecting the accessibility of the pathway of both
monomers simultaneously [16]. It has been suggested
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Fig. 1. Structure of the major protein complexes that act as chloride anion channels in the myocardium. The upper panels show
the channel from the extracellular side in the plane of the plasma membrane. In the protein structure, o-helices are shown in
green, B-sheets in yellow, and the 310-helix in purple. (a) Structure of the CFTR channel and its location in the plasma membrane
with the location of the ATP-binding domains and the regulatory domain (R) indicated. (b) Structure of the CIC-2 channel and
its location in the plasma membrane with channel pores formed by each of the channel subunits (P1 and P2) indicated. (c) Struc-
ture of the TMEM 16A channel and its location in the plasma membrane with the channel pores formed by each of the channel
subunits (P1 and P2), the calcium-binding pocket of the channel (Ca2+), and the voltage-sensing region of the channel (V,,,) indi-
cated. (d) Structure of the LRRCS8A channel and its location in the plasma membrane with the leucine-rich repeat-containing
(LRRC) domain indicated. Molecular structures were constructed using https://www.rcsb.org/.
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Fig. 2. Current-voltage characteristics of the main chloride (anion) currents of myocardial cells at different concentrations of

intracellular CI™ ([C1];) and intracellular Ca** ([Ca2+]i). The insets show an enlarged portion of the current-voltage character-

istics with the points of intersection of the curves with the X-axis, which corresponds to the equilibrium chloride potential.
(a) PKA-dependent chloride current generated by the CFTR channel. (b) Anomalous rectifier chloride current generated by the

CIC-2 channel. (¢) Ca2+—dependent chloride current generated by the TMEM 16A channel. (d) Volume-regulated chloride cur-
rent generated by the LRRCS8 channel. The extracellular concentration of CI™ ([Cl7],) is 110 mmol/L. Model curves were con-

structed using the Goldman—Hodgkin—Katz (GKH) equation for transmembrane ion current. Model curves for voltage-depen-
dent and/or calcium-dependent ion currents were obtained by multiplying the GKH by the equilibrium probability of the channel

being in the open state or a coefficient proportional to [Ca2+]i. The range limited by the curves for 10 and 40 mmol/L [CI™]; cor-

responds to the possible values of ion current potentially achieved in cardiomyocytes of different parts of the heart.

that fast voltage-dependent activation (fast gating
mechanism) is not associated with the presence of
voltage-sensitive segments in the channel complex
[17]. Indeed, CIC subunits and channel complexes
lack a potential sensor with a canonical structure.
Probably, the mechanisms of voltage-dependent acti-
vation and deactivation differ significantly for CIC
channels of different types (CIC-1, -2, -Ka, and -Kb).
This feature is expressed in the fact that the current-
voltage characteristics of CIC-1, -2, -Ka, and -Kb
have different shapes.

MOSCOW UNIVERSITY BIOLOGICAL SCIENCES BULLETIN  Vol. 79

2.2.1. CIC-2. CIC-2 are potential-dependent chlo-
ride channels of the plasma membrane, which are
expressed in most mammalian tissues [15]. Among all
CIC, CIC-2 is highly expressed in the heart and
directly in cardiomyocytes (Fig. 1b, Supplementary
Information).

Like other channels of this family, CIC-2 are
dimers with two pores [18]. CIC-2 are characterized by
slow and fast gating mechanisms, which determine the
potential dependence of the channel. It is assumed
that the fast potential-dependent activation of CIC-2
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is due to an electrosteric mechanism: under conditions
when V,, < Eq (for example, during hyperpolariza-
tion), intracellular chloride ions enter the internal
“gate” pore-forming regions of the molecule. Electro-
static repulsion of chloride ions and the polarized neg-
atively charged glutamate residue leads to a change in
the position of the latter as a result of the destruction
of some and the formation of others of hydrogen
bonds (“glutamate gates”), which makes the pore
accessible for the movement of anions [16]. Under
conditions where V,, > E, the electric field prevents
intracellular CI~ from entering the channel and over-
coming the electrosteric glutamate gates. Thus, hyper-
polarization (V,, < E)) leads to activation, and depo-
larization (V,, > E()) to deactivation of the channel.
The electrosteric gating mechanism leads to the fact
that the volt-ampere characteristic for CIC deviates
from the “classical” curve with Goldman rectification
(Fig. 2a) and takes the form of a curve with an inward
(or “anomalous” or “incoming”) rectification
(“inward rectifying,” “ir”; Fig. 2b).

Due to the peculiarities of the gating mechanism,
the anion current through the CIC-2 channels is acti-
vated under native conditions by hyperpolarization
with inward rectification (I¢;). The amplitude and
reversal potential (E¢) of the I, ; current depend on
the concentration of chloride ions on both sides of the
membrane. An increase in [CI~]; leads to a shift in E,
to less negative values and a corresponding shift in the
MP value at which this channel can be activated and
conduct a depolarizing current—inward in the direc-
tion of movement of positive charges but outward in
the direction of movement of Cl~ anions (Fig. 2b). At
low [CI7];, the current through the CIC-2 channels
acquires a strong dependence on the extracellular con-
centration of chloride ([CI],).

The state of the CIC-2 channel strongly depends on
the intracellular pH: a slight decrease in pH (acidifica-
tion of the cytoplasm, an increase in [H*],) leads to
easier activation of the channel, but the channel closes
with a further decrease in pH [19]. The mechanism of
conductivity increase with decreasing pH is that pro-
tons neutralize the negative charge of glutamate “glu-
tamate gates,” facilitating the entry of intracellular
chloride into the “vestibule” of the channel. In addi-
tion, CIC-2 channels can also be activated by intracel-
lular hypervolumia [19]. CIC-2 channels can be a
direct or indirect target of various types of protein
kinases [20, 21]. A problem in studying the properties
and role of CIC-2 is the lack of their low-molecular
ligands with high affinity and selectivity [15].

2.3. Ca?*-Sensitive Chloride Channels—CaCC

As indicated above, structures with chloride con-
ductivity, voltage dependence, and sensitivity to Ca**
are designated as CaCC. The chloride ion current
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demonstrating voltage- and Ca’"-sensitivity formed
by CaCC is usually designated as I c,. Previously, it
was believed that the molecular basis of CaCC is
homodimeric channel proteins, where each monomer
consists of eight transmembrane segments (0-helices)
[1]. Such proteins were called anoctamines (Ano)
[22—23]. However, recent studies [24—26] have estab-
lished that each monomer of the pore-forming subunit
of CaCC includes ten transmembrane o-helices. Pro-
teins of this type were previously designated TMEM 16
as one of the families of weakly similar transmembrane
proteins with unknown function combined into the
TMEM group (TransMEmbrane Members). At the
moment, there is no doubt that homodimers
TMEMI16A (Anol) or TMEM16B (Ano2) are molec-
ular substrates for CaCC and pore-forming subunits
for the I ¢, current [27]. Each of the monomers of the
homodimeric TMEM16 channel has a pore perme-
able to chloride ions. Thus, CaCC are “two-pore”
channels (Fig. 1¢). TMEM16A/B channels are widely
expressed in cardiomyocytes of mice, dogs, [28], rab-
bits [29], and pigs [30]. The level of TMEM 16 expres-
sion in the human myocardium, unlike other mam-
mals, is low (Fig. 1c, Supplementary Information) [31].

The conductance of TMEMI16A channels
expressed in heterologous systems increases upon
depolarization but decreases upon hyperpolarization,
so that the I, ¢, current exhibits the properties of an
outward rectifier current (Fig. 2c) [32]. However, the
main feature of CaCC/TMEM 16A is the regulation of
its conductance by cytosolic Ca* [33].

Each of the CaCC/TMEM 16A channel dimers can
bind two Ca®" ions. The binding apparently occurs
cooperatively [34—35]. However, no canonical Ca?*-
binding motifs have been identified in the TMEM 16A
structure. It is suggested that the amino acid sequence
in the first intracellular loop forms a “calcium pocket”
(Fig. 1c), characteristic, for example, of large-con-
ductance Ca?*-activated potassium channels (BK, Big
Potassium) [1]. The negatively charged amino acid
residues of the TMEMI16A calcium pocket face the
lumen of the conducting pore [36].

It is believed that the voltage-sensitivity of
CaCC/TMEM16A is due to direct voltage-dependent
Ca’* binding by the negatively charged amino acid
residues of the calcium pocket [24—25]: the more
positive the potential, the more efficiently Ca* ions
penetrate from the cytoplasm into the Ca*"-binding
pocket, neutralizing the negative electrostatic
charge in the pore and making it accessible to chlo-
ride ions. In addition, the higher the [Ca®"];, the
more TMEM16A channels will be activated. Thus,
voltage-sensitivity and [Ca?"]; dependence for
CaCC/TMEMI16A are related characteristics. An
increase in [Ca?"]; leads to an increase in both the

inward and outward components of the current
through CaCC/TMEM16A (Fig. 2¢).
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However, I¢ ¢, at low (basal, < 0.1 uM) [Ca®*];
corresponding to the resting state of the cell can also
be voltage-dependently activated [37]. It is believed
that the voltage dependence of CaCC/TMEM16A at
zero or very low [Ca®"], is due to either the presence of

a separate “noncanonical” Ca?"-independent poten-
tial sensor in the channel (Fig. 1c) or voltage-depen-
dent protonation of amino acid residues of the Ca?"-
binding pocket and other cytoplasmic regions of the
molecule [38]. Cytoplasmic acidification leads to an
increase in the probability of TM EM 16A remaining in
the open state and an increase in I ¢, at all MP values
[39]. Among other things, the TMEM 16A conductiv-
ity and the I ¢, value depend on [CI7],. As a result,
the mechanism of TMEMI16A channel activation is
extremely complex since it is determined by [Ca?*];,
membrane potential, intracellular pH, and [C]~],; the
CaCC/TMEMI16A channel cannot, in the strict
sense, be defined as voltage-gated. In turn, the pres-
ence of voltage sensitivity at zero [Ca’?*]; does not
allow us to consider the channel as ligand-gated.

It has been established that CaCC/TMEMI16A
activation occurs due to Ca?* entering through volt-
age-dependent calcium channels, nonselective cation
channels, and also during the release of Ca?* from the
sarcoplasmic reticulum [40]. TMEM 16B is less sensi-
tive to Ca?* than TMEMI16A, and the kinetics of
Ca’*-dependent activation and deactivation of
TMEMI16B are much faster than that of TMEM16A
[22, 41]. After activation by calcium, TMEM16A/B
does not show any inactivation of the channel over
time.

CaCC/TMEMI6A is a target of a number of intra-
cellular signaling molecules and kinases [37]. The
Ca’"/calmodulin complex activates TMEM 16A [42—
43]. As with many other channels, phospholipids
(phosphatidylinositol 4,5-bisphosphate) and choles-
terol derivatives [44] have a significant effect on the
ability of CaCC/TMEMI16A to be activated [45].
Some studies have shown the sensitivity of TMEM 16A
to mechanical stimuli [46]. CaCC/TMEMI16A has
been shown to be activated by G-protein coupled
receptors (GPCRs) [33, 35].

It has been shown that classical anion conductance
blockers—DIDS (4,4'-diisothiocyanatostilbene-
2,2'-disulfonic acid), NPPB (5-nitro-2-(3-phenyl-
propylamino) benzoic acid), and 9-AC (9-anthracene
carboxylic acid) [l]—have a blocking effect on
CaCC/TMEM16. A number of studies have shown
that such compounds as T16inh-A0, CaCCinh-A0l,
benzbromarone, dichlorphen, and hexachlorphene
can be TMEM16A blockers [47, 49]. N-((4-methoxy)-
2-naphthyl)-5-nitroanthranilic acid (MONNA) is
suggested to be a highly selective inhibitor of
TMEMI16A [50].
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2.4. Volume-Regulated Chloride
Channels (VRACs)—LRRCé8x

The molecular substrate for the volume-regulated
transmembrane anion conductance has not been
identified for a long time. There are many variants of
designation of putative “volume-sensitive” channels
in the literature, such as VSOR (volume-sensitive out-
ward rectifier channels), VSOAC (volume-sensitive
anion/organic osmolyte channels), or VRAC (vol-
ume-regulated anion channels), which are homo- or
heterohexamers formed by transmembrane proteins of
the LRRCS8 family.

LRRCS heterohexamers can include monomers of
five different types: LRRC8A...E [51]. All LRRCS8s
have a transmembrane pore-forming domain that
consists of at least four transmembrane o-helices and
is highly homologous to the transmembrane domain
of connexins and innexins. The phylogeny of LRRC8s
is suggested to be related to pannexins and other gap
junction proteins [52]. In addition to the transmem-
brane domain, each LRRCS protein molecule has an
extracellular domain and an intracellular, C-terminal
leucine-rich repeat (LRR) domain with a characteris-
tic tertiary structure (Fig. 1d) [53]. The biophysical
properties of hexameric channels depend on their sub-
unit composition [54—55].

LRRCS8A, also known as Swelll, is an obligatory
subunit of the VRAC/LRRCS8 hexameric channel
[56—57]. The functional channel is a heteromer com-
prising LRRC8A and any of the other monomers
(LRRCSB, C, D, or E) [15]. Suppression of LRRC8A
expression results in a decrease in the hypervolemia-
activated chloride current (I¢,), but elimination of
any of the other subunits does not affect this current
[57—58].

It has been established that VRAC/LRRCS are
expressed in all types of vertebrate cells, including car-
diomyocytes (Fig. 1d, Supplementary Information). It
has been shown that LRRCS8C is expressed to the
greatest extent in the heart [59]. Human cardiomyo-
cytes express LRRCS8A, LRRCS8B, LRRC8C, and
LRRCSE.

These channels are believed to play a key role in
maintaining cell volume [51]. The conductance of the
above channels increases in response to hypervolumia
and (hypo)osmotic stress, which promotes the return
of cells to their initial volume and initial osmolarity
due to the regulated release of halogen ions and nega-
tively charged organic osmolytes from the cytoplasm.
It is believed that the restoration of cell volume is real-
ized due to the passive transmembrane, outward
movement of water molecules, which occurs following
the activation of VRAC/LRRCS [52].

The chloride anion current through
VRAC/LRRCS8 channels, designated as I¢,, or
Iciswen» has an inward and outward component and
demonstrates the properties of outward rectification
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Table 2. Main characteristics of chloride cotransporters and exchangers in the myocardium

Transporters Cotransporters Exchangers
NKcCl KCCl HCO;/Cl™-exchanger
SLCI12A2 SLCI12A4 SLC4A SLC26A
Stoichiometry INa*: 1K": 2CI~ IK*: 1CI~

Electroneutrality
Potential dependence

Mechanisensitivity

Dependence
on [CIT];

(all ions in)

+
+

Activated by decreasing
cell volume

Increasing [CI17]; sup-
presses NKCC

(all ions out)

+
+

Activated by increasing
cell volume

Increasing [Cl7];
suppresses KCC

1HCO; (out) : 1CI=(in)

nHCOj5 (out) : 1Cl™(in)
or IHCO; (out) : 2CI~
(in) or IHCOj (out) :
1CI~(in)
+/—

close to the Goldmann one (Fig. 2d). I, is charac-
terized by inactivation over time, observed at positive
MP values. The severity of this inactivation depends
on the type of LRRC proteins forming the ion channel
[51]. The anion selectivity of VRAC/LRRCS is due to
the high positive electrostatic charge of the channel
conduction pathway.

VRAC/LRRCS8 conductance depends on the con-
centration of intracellular ATP, cytoplasmic pH, and
[Ca’*]; [61—62]. An increase in [Ca’"], promotes
an increase in VRAC conductance at all MP values
(Fig. 2d). With a decrease in pH from 7.4 to 6, the con-
ductance increases, but a further decrease in pH sup-
presses VRAC/LRRCS.

VRAC/LRRCS8 are targets of GPCR-coupled
kinases [63]. Phosphorylation by PKCa and PKCf
kinases enhances the activation of VRAC/LRRCS
channels by intracellular ATP [64]. VRAC/LRRCS8
conductance is modulated by P2Y2-type purine
receptors [65]. It is also known that inhibition of myo-
sin light chain kinase suppresses conductivity, and
inhibition of myosin light chain phosphatase increases
VRAC/LRRCS8 conductivity [51]. In addition, inhibi-
tion of the Rho/Rho kinase pathway leads to disrup-
tion of VRAC/LRRCS activation up to their complete
suppression of conductivity [66].

3. CHLORIDE TRANSPORTERS
AND EXCHANGERS

Along with chloride channels, the heart is widely
represented by chloride transmembrane ATP-inde-
pendent transporters and exchangers that determine
[CI7]; and, accordingly, E,, influencing the electro-
physiological characteristics of the myocardium
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(Table 2). Currently, many chloride-cation and chlo-
ride-anionic transmembrane transporters are known,
which can be both electroneutral and electrogenic.
The key role among the chloride-cation cotrans-
porters (or symporters) in the heart is played by
NKCC and KCC, which belong to the large group of
transmembrane molecules SLC12 (SoLute Carrier)
[67]. Among the chloride-anion transporters in the
heart, chloride-bicarbonate antiporters or otherwise

Cl-/HCO; -exchangers [68], which are members of
the SLC4 or SLC26 families [15], are important.

3.1. Cation Chloride Cotransporters

Cation chloride cotransporters (CCC) provide
transmembrane electroneutral symport of ClI~ and K*
or Na*. The SLCI2 family includes a single cotrans-
porter SLCI12A3, which transports one Na* and one
CI~ (NCC), two cotransporters (SLC12A2—NKCCl1
and SLCI2A1—NKCC2), which perform simultane-
ous (unidirectional) transport of Na*, K*, and two Cl~
(NKCC), and four cotransporters, which perform
unidirectional transport of K* and CI- (KCC,
SLC12A4—KCC1, SLCI2A5—KCC2, SLCI12A6—
KCC3, and SLC12A7—KCC4) [69]. The structure of
all CCC (SLCI12) is similar: the cotransporter mono-
mer includes 12 transmembrane o-helices and large
intracellular N- and C-terminal domains [70] (Fig. 3).
All cotransporters of this family, with the exception of
KCC4, are dimers [67, 71].

CCC activity is under tight control by multiple reg-
ulatory factors, such as GPCR agonists. Moreover, the
data obtained to date indicate a tissue-specific nature
of CCC regulation by receptors and their intracellular
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KCC (SLCI2A) Subunit 2
LC family of sol
SLC family of solute NKCCI (SLC12A) Inactivated NKCC1
carrier prOtClnS

Fig. 3. Structure of chloride transmembrane cotransporters (symporters). The upper panels show the view of the transporters
from the extracellular side in the plane of the plasma membrane. The o-helices are shown in green, B-sheets in yellow, and the
310-helix in purple. (a) The structure of the SLC12A family potassium-chloride cation cotransporter (KCC) showing the pores
formed by each subunit of the dimer (P1 and P2). (b) The structure of the SLC12A family potassium-sodium-chloride cation
cotransporter (NKCC1) showing the pores formed by each subunit of the dimer (P1 and P2). (c) The relative positions of the

subunits of the inactivated NKCCI transporter. The molecular structures were constructed using https://www.rcsb.org/.

signaling cascades [72, 73]. For example, in isolated
rat aortic smooth muscle cells, an increase in cAMP
concentration upon stimulation of [-adrenergic
receptors and adenylate cyclase (AC) causes suppres-
sion of NKCC1 activity, whereas an increase in [Ca?*];
increases its activity [74—75]. At the same time, an
increase in the intracellular concentration of cGMP in
smooth muscle cells does not affect NKCCI1 but
increases the activity of KCC [76].

Cotransporters of the CCC family have phosphor-
ylation sites for protein kinases of various types [77].
Indeed, phosphorylation by serine-threonine kinases
of the WNK family affects the activity of CCC [67].
Phosphorylation of NKCC1-2 and NCC by kinases of
the WNK family leads to an increase in the activity of
these transporters. In turn, phosphorylation of KCC
1—4 by these kinases leads to suppression of the activ-
ity of transporters [78]. Thus, the regulation of NKCC
and KCC activity is reciprocal. Paradoxically, a num-
ber of studies have found that the “classical” serine-
threonine kinases, PKA and PKC, do not affect
NKCC and KCC [77].
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Changes in cellular volume affect the activity of
CCC. A decrease in cell volume (“compression”), a
decrease in the tension of the cell membrane, for
example, with an increase in the osmolarity of the
external environment, leads to the activation of NKCC
but suppresses KCC. An increase in NKCC conduc-
tivity under such conditions leads to the entry of Na*,
K*, and CI~ into the cytoplasm, an increase in the
concentration of intracellular osmolytes, and resto-
ration of cell volume under the action of hyperosmotic
shock.

Conversely, an increase in cell volume, for exam-
ple, as a result of a decrease in the osmolarity of the
extracellular environment, cell swelling, and mem-
brane stretching leads to an increase in the conductiv-
ity of the KCC, as a result of which [K*], and [CI];
decrease, and the effect of hypoosmotic shock on the
cell is weakened and cell volume is restored [78, 79].

Thus, like the VRAC/LRRCS channels, KCC and
NKCC cotransporters participate in the regulation of
volume, maintaining ionic and osmotic homeostasis
of cells. The NKCC and KCC cotransporters are thus
an important element of the cell volume regulation
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system. KCC and NKCC work reciprocally—the
action of NKCC is opposite to the effects of KCC.
Due to the volume regulation, KCC and NKCC par-
ticipate in the regulation of cell proliferation [78]. It
should be noted that the activity of the CCC depends
on [CI7];. For example, an increase in [Cl7]; sup-
presses NKCC but stimulates KCC [80].

The pharmacology of the CCC is well developed
since these cotransporters are targets of “loop diuret-
ics”—compounds used in the treatment of arterial
hypertension. The best-known loop diuretic is furose-
mide, which, along with other targets, blocks the work
of NKCC?2 in the proximal convoluted tubules, sup-
pressing sodium reabsorption and stimulating water
excretion [81—82].

3.1.1. K" and CI- cotransporters—KCC. KCC
cotransporters mediate electroneutral Na*-indepen-
dent transport of K* and Cl~ ions across the plasma
membrane. KCC is expressed in virtually all tissues—
epithelium, neurons, and other brain cells, kidneys,
skeletal muscles, and heart (Fig. 2a, Supplementary
Information) [83].

Transcripts of all four types of KCC transporters
are present in the heart, but the presence of only
KCC1, KCC3 and KCC4 proteins has been confirmed
[79, 84]. Transcriptome analysis of single cells isolated
from different parts of the human heart (left and right
atrium, left and right ventricle, ventricular apex, inter-
ventricular septum) suggests [67] that KCC1 is the
ubiquitously expressed transporter in almost all cell
types of cardiac tissue, while KCC3 and KCC4 are
expressed only in ventricular cardiomyocytes. Thus,
CI~ removal from cardiomyocytes is predominantly
realized by the KCC1 isoform, as in most cells and tis-
sues of the mammalian body. However, the KCC
expression profile is species-specific. The level of
KCC2 transcripts in the human heart is extremely low
[85—86]. However, KCC2 is present in ventricular car-
diomyocytes of the chicken heart, where it probably
contributes to a decrease in [Cl~]; upon stimulation of
B-adrenergic receptors [87].

3.1.2. Cotransporters of K*, Na*, and CI~—NKCC.
NKCC cotransporters mediate the electroneutral
transfer of Na®, K*, and two CI~ ions across the
plasma membrane. NKCC cotransporters are
expressed ubiquitously [67].

NKCCI1 is normally expressed in all areas of the
heart, both at the mRNA and protein levels [84, 86].
To date, there is no evidence of expression of the
“renal” isoform of NKCC2 (SLC12A1) in the heart
[70]. As in the case of KCC, CI~ transfer into cardio-
myocytes is carried out by the ubiquitously expressed
NKCC isoform, i.e., NKCC1 (Fig. 2b, Supplemen-
tary Information).

MOSCOW UNIVERSITY BIOLOGICAL SCIENCES BULLETIN  Vol. 79

VORONINA et al.

KCC and NKCC transporters are related not only
functionally but also at the level of regulation of their
gene expression: in KCC3 knockout mice, decreased
NKCCI1 expression is observed. Reciprocal attenua-
tion of NKCC expression in KCC knockouts appar-
ently contributes to a compensatory decrease in [Cl~];.
However, compensation is apparently not complete,
since KCC knockouts exhibit a number of pathologi-
cal changes in the cardiovascular system, including
myocardial hypertrophy [88].

3.2. CI-/HCOs; - Exchanger

The chloride-bicarbonate exchangers of the heart
belong to two different families: SLC4A and SLC26A. The

SLC4A family includes Na*-dependent CI-/HCO;-
exchangers (NDCBE and NCBE) and Na*-indepen-

dent CI-/HCOs;-exchangers (AE1 (SLC4Al), AE2
(SLC4A2), and AE3 (SLC4A3)). The SLC26A family

includes five different Cl7/HCO; exchangers
(SLC26A3, pendrin, SLC26A6, SLC26A7, and
SLC26A9). Expression of the electroneutral exchang-
ers AE1-3, as well as SLC26A3 and SLC26A6
exchangers, has been shown in the heart to date [68,
89]. However, information on which exchanger is the
main one in the heart is contradictory. It is likely that
the expression profile of the above exchangers is spe-
cies-specific, differs in certain parts of the heart, and
changes during ontogenesis. For example, AEIl
expression in the mouse heart is greatly reduced
during prenatal ontogenesis [89].

The AEI1-3 exchangers (SLC4A1-3) are homodi-
mers, the monomer of which consists of three
domains: the cytoplasmic N-terminal domain, the
transmembrane domain, and the cytoplasmic C-ter-
minal domain (Fig. 4a). The best known and studied

Cl=/HCO; -exchanger is SLC4A1 (AE1, Band 3), a
chloride-bicarbonate exchanger of the erythrocyte
plasma membrane. In the mature myocardium, AE3 is
hardly detected.

The AE2 exchanger is expressed in most tissues.
AE2 expression in the heart is quite low, and its pres-
ence in cardiomyocytes remains unconfirmed at the

moment [68]. AE3 is considered a CI-/HCO;-
exchanger of excitable tissues since it is expressed only
in the heart, brain, and retina (Fig. 2a, Supplementary
Information) [90]. Several studies have shown that the
level of AE3 (SLC4A3) mRNA in the heart is quite
high [91]. Thus, AE3 is the main electroneutral chlo-
ride-bicarbonate exchanger in the heart and is local-
ized mainly in the plasma membrane that forms
T-tubules. Interestingly, in cardiomyocytes, in addi-
tion to the presence of AE3 in the plasma membrane,
the presence of this exchanger in the membrane of the
sarcoplasmic reticulum cisterns has been shown [92].
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Fig. 4. Structure of chloride-bicarbonate transmembrane exchangers (antiporters). The upper panels show the extracellular side
of the exchangers in the plane of the plasma membrane. The o-helices in green, B-sheets in yellow, and the 310-helix in purple
are shown in the protein structure. (a) The structure of the sodium-independent chloride-bicarbonate exchanger AE1 (SLC4A1)
and its location in the plasma membrane. (b) The structure of the chloride-bicarbonate exchanger SLC26A6 and its location in
the plasma membrane. Molecular structures were constructed using https://www.rcsb.org/.

Chloride-bicarbonate exchangers SLC26A are also
dimers, each monomer of which includes ten to
14 transmembrane segments [93] (Fig. 4b). According
to various literature data, SLC26A exchangers of car-
diomyocytes (Fig. 2d, Supplementary Information)
can be either electrogenic (with a stoichiometry of

2 HCO;:1Cl7) or electroneutral [94]. Like AE3,
SLC26A [89] is present in the T-tubule membrane and
sarcoplasmic reticulum of cardiomyocytes [92]. Due
to the ability to move anions either into or out of the

cell, the main function of CI-/HCO; exchangers is the
regulation of cytoplasmic pH [95].

CONCLUSIONS

Chloride channels of the CIC, TMEMI16, CFTR,
and LRRCS8 families are the molecular substrate of
chloride ion currents are expressed in the heart. Due to
the multiplicity and complexity of regulation, chloride
conductivity has a complex effect on the electrical
activity of the heart, moreover, it affects different areas
of the heart differently. Nevertheless, chloride chan-
nels and chloride carriers are fundamental for the nor-
mal functioning of the pacemaker, conduction system,
and contractile myocardium of the heart. Despite a
whole range of established effects, the role of the bal-
ance of chloride and its conductivity in cardiac elec-
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trophysiology remains largely unexplored. In particu-
lar, it is necessary to clarify the issue of the level of
cytoplasmic Cl~ in cardiomyocytes of the cardiac con-
duction system. It is critically important to identify the
expression profile of chloride ion channels in various
types of cardiac pathologies, as this will allow us to
establish new aspects of myocardial electrical remod-
eling and identify new targets for pharmacological
therapy of cardiac arrhythmias.

SUPPLEMENTARY INFORMATION

The online version contains supplementary
material available at  https://doi.org/10.3103/
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ABBREVIATIONS AND NOTATION

[Ca?*], |intracellular calcium concentration

[CIT], intracellular chloride anion concentration
[CI7], |extracellular chloride anion concentration
MP membrane potential

CaCC |calcium-dependent chloride channels
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CCC cation chloride cotransporter

CFTR |cystic fibrosis transmembrane conductance reg-
ulator

CIC voltage-gated chloride channels

Eq equilibrium potential for chloride anions

GPCR |G-protein-coupled receptors

Ig transmembrane chloride current

I ca  [|calcium-sensitive chloride ion current

Leyir hyperpolarization-activated chloride current
with inward rectification

I pka  |PKA-dependent chloride current

KCC potassium-chloride cotransporter

LRRC |proteins containing repeats rich in leucine
(Leucine Rich Repeats Containing)

NKCC |potassium, sodium, and chloride cotransporter

PKA protein kinase A

PKC protein kinase C

VRAC |volume-regulated anion channels
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