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Résumé

La famille des canaux potassiques a rectification entrante (Kir), exprimée de manicre

ubiquitaire, repolarise et maintient le gradient de tension a travers les membranes des cellules
excitables et non-excitables. Les canaux Kir sont fortement régulés par divers lipides membranaires,
tels que les phosphoinositides, les phospholipides anioniques secondaires, le cholestérol, le
Coenzyme A (CoA) a longue chaine et 1'acide arachidonique. Kir2.1 est fortement exprimé dans le
tissu musculaire strié¢ des cellules cardiaques auriculaires et ventriculaires. Il joue un role essentiel
dans la régulation du potentiel de membrane au repos et de la contraction des cellules musculaires
cardiaques et lisses en générant le courant K™ a rectification entrante (/x1). (/x1). Les mutations de
Kir2.1 avec perte de fonction sont a I'origine du syndrome d'Andersen-Tawil (ATS). Par conséquent,
l'altération de la fonction de Kir2.1 est un déterminant essentiel au bon fonctionnement du cceur. Les
endocannabinoides sont une classe spéciale de lipides naturellement exprimés dans une variété de
cellules, y compris les cellules cardiaques, neuronales et immunitaires. Le systéme
endocannabinoide, y compris les récepteurs cannabinoides (CBR), agit comme un systéme de
réponse au stress qui s'active. Des études menées chez I'animal et chez I'homme suggérent que la
modulation pharmacologique de ce systéme pourrait représenter une nouvelle approche
thérapeutique. Cependant, ces derniéres années, il est devenu clair que si les endocannabinoides
peuvent déclencher des changements de signalisation en aval par l'intermédiaire des CBR, ils
peuvent également interagir directement avec les canaux ioniques indépendamment des CBR pour
moduler la fonction cellulaire.
Dans cette étude, nous avons utilisé la technique de double é¢lectrode en voltage imposé pour
examiner les effets d'un panel d'endocannabinoides sur la fonction de Kir2.1. Nous avons montré
qu'un sous-ensemble d'endocannabinoides, mais pas tous, peut réguler la fonction de Kir2.1 a des
degrés divers, indépendamment des CBR. Nous avons également démontré que les
endocannabinoides peuvent également réguler les protéines mutées menant a I'ATS (G144S et
V302M). Nous avons également observé que l'effet des endocannabinoides n'est pas conservé parmi
les membres de la famille Kir, avec des différences observées entre les canaux Kir2.1, Kir4.1 et
Kir7.1. Ces résultats pourraient avoir des implications plus larges pour les fonctions des cellules
cardiaques, neuronales et immunitaires.

Mots clés : Kir2.1, Endocannabinoides, LQT7, Rectification entrante, G144S, Kir7.1, Kir4.1



Abstract

The ubiquitously expressed family of inward rectifier potassium (Kir) channels repolarizes
and maintains the voltage gradient across excitable and non-excitable cell membranes. Kir channels
are highly regulated by various membrane lipids, such as phosphoinositides, secondary anionic
phospholipids, cholesterol, long chain acyl- Coenzyme A (CoA), and arachidonic acid. Kir2.1 is
highly expressed in striated muscle tissue of atrial and ventricular heart cells. It is critically involved
in regulating the resting membrane potential and contraction of cardiac and smooth muscle cells
through the generation of the current /xi. Loss-of-function mutations in Kir2.1 cause Andersen-
Tawil syndrome (ATS). Therefore, altered Kir2.1 function is a critical determinant of proper heart
function. Endocannabinoids are a special class of lipids that are naturally expressed in a variety of
cells, including cardiac, neuronal, and immune cells. The endocannabinoid system, including
cannabinoid receptors (CBRs), acts as a stress response system that is activated. Studies in both
animals and humans suggest that pharmacological modulation of this system might represent a novel
approach to treatment. However, in recent years, it is becoming clear that while endocannabinoids
can trigger downstream signaling changes through CBRs, they can also directly interact with ion
channels independently of CBRs to modulate cellular function.

In this study, we used the electrophysiology technique called two-electrode-voltage-clamp (TEVC)
in combination with mutagenesis studies to examine the effects of a panel of endocannabinoids on
the function of Kir2.1. We showed that a subset of endocannabinoids, but not all, can regulate the
Kir2.1 function to varying degrees, independent of CBRs. We also demonstrated that
endocannabinoids can also regulate mutants linked with ATS (G144S and V302M). We also
observed that the effect of endocannabinoids is not conserved among Kir family members, with
differences observed between Kir2.1, Kir4.1 and Kir7.1 channels. These findings could have broader

implications for cardiac, neuronal, and immune cell functions.
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1. Introduction

Many known methods of cell communication exist such as gap junction, hormonal signaling,
neurotransmission, as well as electrical activity. The function of excitable cells heavily relies on
electrical activity through transmitting information between or within the cells. Protein complexes
embedded in the membrane which regulate ionic current across the lipid membranes are known as
ion channels and respond to electrical stimuli (Hille, 2001). Ion channels are key proteins that are
essential for many cellular mechanisms such as signal transduction across lipid membranes. There
are different mutations that encode ion channel genes that are associated with many human diseases.
Genetic data have shown that there is a close relationship between the mis-regulation or aberrant
behavior of ion channels and many diseases. These misbehaving channels lie within channelopathies
that delve into all diseases linked to ion channels defects. The presence of ion channels makes them
key targets for numerous drugs; additional efforts are being made to understand the role of ion
channels in pathophysiological processes in the development of various diseases. In neurons,
cardiac cells and muscle cells ion current are responsible for the excitable activity and is very
important in the regulation of physiological signals in all eukaryotic cells (Amin et al., 2010;

Niemeyer et al., 2001).

Among the many families of membrane proteins, K" channels play a crucial role in regulating the
transportation of the K* ions across the cell membrane in all organisms. There are more than 90
genes reported to encode subunits of K* channels. Structural and functional analyses have led to a
deep understanding of K* channel selectivity, gating, and conductance. These include key aspects
such as regulation of K" channels by different ligands, and trafficking of proteins and polymers
through lipid membrane interaction (Weingarth et al., 2013). One of the key features of K* channels
is that they carry K" ions better than Na" ions (Hille, 2001). Selective transport of K* ions is essential
for many physiological functions such as homeostasis and repolarization of action potential in
excitable cells. Therefore, the requirement for selecting K™ current across the lipid membrane leads
to K" channels present in all plasma membrane of cells (animals and plants). The dysregulation of
each member or subfamily of these K" ion channels might cause serious disorders such as
Alzheimer’s, epilepsy, and Parkinson's disease. A vast amount of information in molecular biology
has provided evidence for the role of ion channel function in various diseases (Gui et al., 2012;
Kasianowicz, 2012; Li et al., 2013; Wulff et al., 2009). K* channel modulators have been produced

by chemical synthesis, assessed by virtual screening, and combined in order to provide improvement
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of many pathophysiological diseases (Bodendiek et al., 2009; Chen et al., 2012; Jenkins et al., 2011;
Kroigaard et al., 2012).

K" channels are principally formed by arrangements of subunits called o and . Subunits o
define the structural properties of K* channels while the auxiliary B subunits are involved in
modifying the properties of the pore-forming o subunits. K™ channels a-subunits can be clustered
into at least 8 families based on structural and functional features (Wei et al., 1996). Three of these
families including Kv, ether-a-go-go-related gene (EAG), and KCNQT are gated by voltage and
have shown a common motif of six transmembrane domains (TM). While two other families (CNG
and SK/IK) share a common motif, they are not voltage-gated and are respectively, dependent on
cyclic nucleotides and calcium-dependant. The other three potassium channel a-subunits share
different TM domain patterns. For instance, BK channels or Slo family potassium channels possess
7 TM domains (Meera et al., 1997) and they are primarily controlled by voltage, Ca**, and pH
(Schreiber et al., 1998). In addition, the inward rectifier K* channel (Kir) comprises two
transmembrane domains. One last family called K2P contains the inward-rectifier motif in tandem
conferring it a 2-pore structure. In general, K™ channels are categorized into four subgroups based
on the number of TM domains to create a pathway for ionic permeation across the membrane. Two
transmembrane helices which are linked by a short loop known commonly as a “P loop” are
trademark features of the K™ channels. Thus, the K™ channels share a common feature: they all have
a canonical architecture consisting of two inner helices and a loop (2TM/P). However, each
subfamily of channels also exhibits unique characteristics. For instance, Kir channels (2TM/P) have
two transmembrane helices surrounded by a P loop, regulating the influx of potassium ions into the
cell. The second subfamily represents the predominant type of K* channels, including both voltage-
gated and ligand-gated types that play a crucial role in cellular processes and communication. The
hybrid K" channel, consisting of six TM/P and two TM/P, was first discovered in yeast. Lastly, the
4TM/2P channels, known as "leakage," channels, play an essential role in maintaining ionic

homeostasis (Figure 1) (Choe, 2002).
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Figure 1. Four main classes of K* ion channels. a) It represents an inward-rectifying K™ channel (2TM/P) containing
two transmembrane helices with a P loop located between them. b) It is a predominant class of voltage-gated and ligand-
gated K* channels. ¢) The hybrid K channel described here contains both 6TM/P and 2TM/P. d) 4TM/2P is a channel
with four transmembrane and two P loops. These channels are referred to as "leakage" channels. From (Choe, 2002).

1.1. Two transmembrane potassium channels or inward

rectifier K* channels

Inward rectifier K channels present in both eukaryotic and prokaryotic cells (Durell & Guy, 2001).
To date, 15 well-known Kir channels are discovered in mammalian categorized into seven different
families and can be further divided into four functional groups: The first group is the classical Kir
channels also called Kir2.x which are constitutively active; the second group are G-protein-gated
Kir channels or Kir3.x and regulated through G-protein-coupled receptors; the third group is ATP-

sensitive K™ channels often referred to as Katp channels, are indeed the same as the Kir6.x channels.
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These are tightly related to cellular metabolism; and the last functional group of Kir channels is, K*
transport channels including Kirl.x, Kird.x, Kir5.x, and Kir7.x, each having their own specific
expression pattern and functional characteristics (Dahal et al., 2012) (Figure 2.A). Besides strong
homology, the simplicity of the Kir channels subunits facilitates the combination of both homomeric

and heteromeric to shape a functional Kir channel.

In 1993, for the first time, using the expression-cloning technique, two cDNAs of Kir channels,
Kirl.1 (Ho et al., 1993) and Kir2.1 (Kubo et al., 1993) were isolated from a rat’s outer medulla of
the kidney and a mouse macrophage cell line, respectively. In their main structure, they hold a
common motif of two recognized membrane-spanning domains (TM1 & TMz). They are linked by
an extracellular pore-forming region (Hs), a cytoplasmic amino (NH2)- and a carboxy (COOH)-
terminal domains (Figure 2.B). This topology is now known as a basic building block among all
types of Kir channels. The pore-forming region acts as an “ion selectivity filter” (Heginbotham et
al., 1994). This region has a common motif sequence T-X-G-Y(F)-G- as a signature in all K-
selective ion channels. Kir channels do not possess the S4 which is a voltage sensor region, while it
is expressed in all voltage-gated channels (Na*, Ca**, K*). Thus, Kir channels are insensitive to the
voltage of the membrane. According to their definition, inward rectification is not an intrinsic
characteristic of inward rectifying K* channels, while it is a result of blocking of K* current to the
outside of the cell by intracellular substances including Mg** and polyamines. Regarding structure,
two transmembrane strands are insufficient to form a complete Kir channel; Therefore, Kir channels

are composed of four such subunits (Figure 2.B).
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Kir1.1 [KCNJ1,17q24)

Kir7.1 [KCNJ13, 2q37)

Kir4.2 KCNJ15, 21q22]

Kird.1 [KCNJ10, 1922
Kir5.1 [KCNJ16, 17G23)

Kir2.1 [KCNJ2, 17q23)

Kir2.4 [KCNJ14, 19q13)

Kir2.2 [KCNJ12, 17p11)
_: Kir2.3 [KCNJ4, 22q13)]
Kir3.1 [KCNJ3, 2q24)
Kir3.3 KCNJ9, 1q21]

Kir3.4 [KCNJ5, 11q24]

Kir3.2 [KCNJ6, 21q22)
Kir6.1 [KCNJ8, 12p11]

Kir6.2 [KCNJ11, 11p15)

Figure 2. Phylogenetic tree and molecular structure of Kir channels. A) Amino acid sequencing and phylogenetic
analysis for 15 known members of the human Kir family. The gene names used by the International Pharmacological
Union and the Gene Hugo Nomenclature Committee are provided. The subunits have been grouped into four functional
categories. Adapted (Kubo et al., 2005), B) a) graphic of a Kir channel subunit. Each subunit consists of two
transmembrane helices (M1 and M2), a hole-forming region containing the pore helix (P) and a cytoplasmic domain
formed by amino (N) and carboxy (C)-terminals. b) See the tetrameric structure of the KirBacl.1 channel 4 (PDB
ID:1P7B) on the extracellular side. The monomers are individually red, green, yellow and blue. The K* ion (white)
indicates the transmission path. c) The side view of the KirBacl.1 structure shows the transmembrane domain of the
two subunits (green and blue) and the C-terminal domain of their neighbouring subunits (red and yellow). The white

spheres represent K* ions in the selective filter. From (Bichet et al., 2003).
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An inward rectifying K channel was discovered for the first time in skeletal muscle (Katz, 1949).
Despite what the Nernst equation predicts, Kir channels actually have a higher inward flow of K*
ions instead of outward. This means that more potassium ions enter the cell than leave it (Figure
3.A). Inward rectifying K channels seem not to follow the Hodgkin-Huxley kinetic relationship in
terms of voltage membrane, even though they are highly dependent on the electrochemical gradient
for K' ion [Em (membrane potential) — Ex (Equilibrium potential)] (Figure 3.A) (Hagiwara et al.,
1976). The specific features of Kir currents do not arise from a Kir channel divergence from the
basic laws of biological chemistry. Instead, they arise from the obstructive effects of intracellular
divalent cations and other molecules on the open channel pore, causing asymmetry (Hibino, et al
2009). Except for Kir7.1, the conductance of nearly all Kir channels follows the square root of the
extracellular potassium concentration ([KJo) (Hagiwara & Takahashi, 1974; Kubo et al., 1993).
Instead of the standard permeability theory, this behaviour confirms the multi-ion pore concept
(Hille & Schwarz, 1978). The degree to which variations in [K"]o modify Cs-induced inhibition of
the Kir current in starfish eggs. Kir channels are thought to have at least two K binding sites (Ciani
et al., 1980). Even without Mg*" and polyamines, Kir2.1 conductance exhibits a square-root
dependency on [K']o, suggesting that this is a characteristic of the open-channel pore (Lopatin &

Nichols, 2001).

Ix1 (inward rectifier potassium current) is regulated by alterations in [K"Jo, which is the relationship
between [K'Jo and /xi. In most cells, /k1 conductance increases along with the extracellular
potassium concentration. This square-root dependence on [K'Jo controls the relationship between
[K']o and Ix1 conductance. The magnitude of k1 ,therefore, increases together with [K*Jo, but not

linearly (Bouchard et al., 2004).

Thus, Kir channels generate large inward K* currents at potentials that are negative to Ek but allow
less K" conductance at potentials positive to Ek under physiological conditions (Miyazaki et al.,
1974; Sakmann & Trube, 1984). Therefore, cells with great Kir conductance show a resting
membrane potential (Eres) close to Ek. Thus, this feature plus their direct link to cellular potential
leads Kir channels to play a very important role in the maintenance of resting membrane potential
and the duration of action potential in excitable cells (Cardiac and neurons) (Hagiwara & Takahashi,

1974; Miyazaki et al., 1974; Sakmann & Trube, 1984) (Figure 3.B).
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Kir channels are expressed in a wide variety of excitable and non-excitable cells including cardiac
myocytes (Beeler Jr & Reuter, 1970; McAllister & Noble, 1966; Rougier et al., 1968), neural cells
(Gahwiler & Brown, 1985; North et al., 1987; Williams et al., 1988), immune cells (Kurata et al.,
2007; Lewis et al., 1991), endothelial cells (Silver & DeCoursey, 1990), epithelial cells (Hebert et
al.,2005; Luetal., 2002), glial cells (Kuffler & Nicholls, 1966) and oocytes (Hagiwara & Takahashi,
1974). In addition, G protein-gated K (KG) (Wulff et al., 2009) and ATP-sensitive K (Karp) channels
are also shown to have inward rectification properties (Kurachi, 1995; Sakmann et al., 1983).
Therefore, Kir channels are not only involved in the regulation of electrical properties of cells, but
they also interact with G-protein coupled receptors (GPCR), and may be involved in linking

metabolic activity state and membrane excitability in vivo (Hibino et al., 2010).
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Figure 3. Functional characteristics of Kir channels. A) The relationship between potassium's extracellular
concentrations and Kir channels' conductance. Continuous and broken lines show instantaneous and steady-state
currents, respectively. From (Hagiwara et al., 1976). B: Kir channels control cardiac cell excitability. Schematically,
action potentials in the sinoatrial node (b) and ventricular myocytes (a and c¢) under different conditions can be seen.
Eres depolarizes, and Em can vary in ventricular myocytes when classical Kir and KATP channels are inhibited (a). On
the other hand, activation of KATP channels causes Em to become hyperpolarized, shortens the time between action
potentials, and may prevent action potentials from forming (c). Many KG channels are expressed by sinoatrial node
cells, and when these channels are activated, Em may become hyperpolarized or experience bradycardia (b). From
(Hibino et al., 2010).
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1.1.1. Kir2.x subfamily with focus on Kir2.1

One of the classically large superfamilies of potassium inward rectifiers is Kir2.x channels which
include five subfamilies: 1) Kir2.1, 2) Kir2.2, 3) Kir2.3, 4) Kir2.4 and 5) Kir2.6 (Table 1). All 4
different Kir2.x subunits have a length between 427 and 445 amino acids (Shealy et al., 2003).
Subunits are stabilized through the salt bridges and electrostatic interactions (Preisig-Miiller et al.,
2002). The disulfide bonds, which presented between the subunits, have a crucial role in the folding
process and the assembly of ion channels protein (Nichols & Lopatin, 1997). Kir2.x subunits
functionally form homotetramers and in some cases heterotetramers (Preisig-Miiller et al., 2002;
Zobel et al., 2003). When looking at heterotetramers, subunits which include Kir2.2, and also Kir2.6
show the greatest level of conductance, Kir2.1, and Kir2.4 display lower levels of conductance (two
to three times less) (Lopatin & Nichols, 2001). From the perspective of the strength of its
conductivity, these channels follow this order Kir2.4> Kir2.2 > Kir2.3 > Kir2.1> Kir2.6.

Key features of Kir2.x channels include, but are not limited to: 1) always being active and having a
strong rectification which results in the holding membrane staying in the negative potentials (close
to the resting membrane potential) in excitable cells such as cardiomyocytes (review in (Dhamoon
& Jalife, 2005)). When the potential of the membrane is more positive than the equilibrium potential
(Ex), polyamines and intracellular Mg?* lead to channel plugging, affecting the efflux of K* by an
electrostatic and steric block. The role of Kir2.x channels in establishing and holding the resting
membrane potential creates latency in consecutive action potential firing and contributes an

appropriate QT interval (the required time for the contraction and recovery of heart muscle).

Generally, Kir2.x channels are expressed in the brain, cardiac, smooth, and skeletal muscle cells.
Kir2.1 and Kir2.3 subunits demonstrate a high pattern of expression in the brain; Kir2.2 in the
cerebellum and brain and Kir2.4 has a very limited expression pattern and mostly it displays in
cranial nerve motor nuclei (Anumonwo & Lopatin, 2010; Hibino et al., 2010). Kir2.1, Kir2.2, and

Kir2.3 channels are co-expressed and likely to co-assemble in cardiac muscle cells (Preisig-Miiller

et al., 2002).
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In the heart, Kir2.1 channels are the molecular proteins that tightly correlate with the /x1 current
(Figure 4), through the controlling of the resting membrane potential and contraction of cardiac and
smooth muscle cells (final phase of ventricular repolarization). Some of the Kir channels play crucial
roles in cardiac excitation-contraction coupling (Hibino et al., 2010). Atrial and ventricular chamber
contractions must be precisely coordinated for the heart to function as a pump. The action potentials
(AP) that originate in the sinoatrial node (SAN) and spread to the atria and ventricles start these
contractions (Swale et al., 2014). Ix1 is playing a key role in ventricular myocytes and Purkinje fibers

but is notably smaller in atrial myocytes unless in mouse atria.
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Figure 4. Schematic diagram of Kir superfamily and their function in the action potential of heart cells. From (Reilly
& Eckhardt, 2021).

Although Kir channels lack voltage sensors, they display voltage-dependent because cations like
Mg?* and polyamines, which are typically present in all cells, block these channels from the inside
(Yang et al., 2003). Thus, the voltage dependency results in a decrease in K* conductance with
depolarization of the membrane. At physiological voltages, the channels conduct outward K* current
with a peak between —60 to —40 mV, which reduces at more positive voltages (Zhou et al., 1994).

When Ek is close to =80 mV, currents start to reverse to inward. The original definition of inward
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rectification emphasizes the large inward current portion (Mascher & Peper, 1969) and has been
highlighted as the significant characteristic of Kir2.x channels historically (Anumonwo & Lopatin,
2010). In normal physiological conditions, voltages below —80 mV are not reached in the heart.
Therefore, the predominant component of /xi1 is the outward current, which contributes to cardiac
electrical stability. On the other hand, the outward current plays a crucial role in phase 3
repolarization in order to regulate the cardiac membrane potential and allow Na* channel recovery

from inactivation (Vaidyanathan et al., 2016).

1.1.2. Kir2.x pharmacology

There are several pharmacological factors that affect Kir2.1 currents. As the importance of ki
current is better understood, thus the agents that modulate /k: are critical for both proarrhythmic and

antiarrhythmic effects.

1.1.3. Pore blockers of Kir2.x channels

It is well known that Kir2.1 channels conduct the K" ions inside of the cells rather than outside
(Hille, 1978). In a variety of native tissues and transfected cells, Kir2.1 channels have been seen to
be blocked by divalent cations (Dart et al., 1998; Shioya et al., 1993). There are two different channel
sites reported to interact with these cations: the first one is the site close to the surface which does
not sense any electrical voltage of the membrane. The second one is deeper within the membrane,
halfway through the electrical field (Shioya et al., 1993). Only one single ion can block the channel
at both mentioned sites. The studies have shown that Mg** demonstrates an antagonist effect to K,
meaning that a competition exists between K™ and Mg?" to block the external activation site.
Extracellular Mg*" reduces the inward current of Kir2.2 channel. Computational studies reported
that Mg?" blocks the channel by staying close to the selectivity filter and leading to the reduction in
Kir2.x channels current. Mutations to the negatively charged residues on the outer side of the
selectivity pore of the Kir2.2 led to the reduction of voltage-dependent blockage current in the

presence of Mg?* through electrostatic repulsion (Li et al., 2014).
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Other divalent cations that induce extracellular block include Ca** and Ba*" (Matsuda & Cruz,
1993). Transient increases in Ca®" during the recording of AP resulted in an inhibition of the Iki
(Zaza et al., 1998). The reduction of the current might be due to the decrease in the outward current
through decreasing the open probability of the channel in the open state (Mazzanti & DiFrancesco,
1989). Approximately 50% of Kir2.1 current will be blocked via concentrations of 3-10 uM of Ba**
if the membrane potential nears -80 mV. Barium disrupts the rectification of Kir2.1 through a non-
competitive mechanism. Moreover, loss-of-function mutations (E125N and T141A) within the pore
region disrupt Ba®" entry and impair binding within the Kir2.x channel (Standen & Stanfield, 1978).
Studies have shown that Ba** binding site is in the deeper site of the pore specifically, within
the innermost cation-binding site of the selectivity filter (Sabirov et al., 1997; Shioya et al., 1993).
Both results of homomeric Kir2.1 and Kir2.3 channels expressed in Xenopus oocytes demonstrate
similar Ba?* sensitivities, however, their sensitivity was less than native cardiac Ik (Schram et al.,
2003). The Kir2.2 channel demonstrated a similar sensitivity to /xi1 of cardiac tissue, but with
different blocking kinetics. Ba*" is also known as an inhibitor for other types of K™ channels such as
delayed rectifier potassium channels, Ca**-activated K* channels and hyperpolarization- and cyclic
nucleotide-activated channels (Shieh et al., 1998). Moreover, Ba®" is a strong blocker of the BK
channel pore (Zhou et al., 2012). Ba*" also plays the role of charge carrier for L-type Ca?" channels
(Ferreira et al., 1997). Therefore, although Ba®>" has been used widely as a useful pharmacological
tool for studying Ik, it can also affect other ion channels and may influence the results in certain

cell systems.

Studies have reported that there are some critical residues in the channel structure of Kir2.1,
including D172 (Lu & MacKinnon, 1994), E299, E224 (Yang et al., 1995), D259, and D255, which
play a crucial role in the determination of how polyamines block the channel. According to structural
crystallographic studies, D255 impacts the kinetics of the blocking (Kurata et al., 2007). In another
study, it has been shown that modifying specific residues by methanethiosulfonate (MTS) reagents
in the channel at position C169 (which is between the D172 position and called the “rectification
controller” and also the selectivity filter), lead to the reduction of the potency and voltage
dependence of block spermine. Moreover, the C176 (position between D172 and the M2 helix
bundle crossing) resulted in the change of voltage dependency, potency, and kinetics of the spermine

block (Kurata et al., 2010).

24



Transgenic mice with altered levels of polyamine resulting in increased spermidine levels, show a
decrease of /i by almost 38%, without any apparent effect on rectification (Lopatin et al., 2000).
Moreover, spermine loss through disruption of spermine synthase gene led to /k1 with diminished
rectification and no change in current density. This indicates a role of spermine in the rectification
of potentials that are positive to Ex, while spermidine dominating at negative potential around Ex.
Voltage-dependent manner in all Kir2.x isoforms is characterized by three distinguished
components: 2 shallow and 1 steep (Panama & Lopatin, 2006). These components are anticipated
to respond in spermidine blockage in 2 distinguished pore sites (Xie et al., 2002). The steep
component is the resultant of binding to the negative residues in the cytoplasmic vestibule of the
channel and the shallow components are accounted by binding to the rectification controller deeply
inside the pore (Kurata et al., 2010; Stanfield et al., 1994). The blockage in the shallow sites is
stronger in Kir2.2 than Kir2.3 when considering the rectification and steep components (Panama &

Lopatin, 2006).

Chloroquine is used as a primary treatment for malaria and therapy for inflammatory disorders.
However, despite its clinical benefits, it has a narrow safety margin, meaning that the difference
between the practical and potentially harmful doses is relatively tiny. Chloroquine has a general
blocking effect on cardiac potassium (K') channels and can block sodium (Na®) channels at

concentrations higher than 20 mM (Orta-Salazar et al., 2002).

Evidence has shown that it led to the prolongation of QT (Heart's ventricular contraction and
relaxation time (repolarization phase)) and QRS (Ventricular activation and recovery on ECG
(depolarization phase)) in humans (Rodriguez-Menchaca et al., 2008). At higher doses, chloroquine
can cause ventricular ectopy and ventricular arrhythmias (Riou et al., 1988). These clinical
consequences are due to the prolongation of the cardiac AP duration, automaticity enhancement,
and reduction in maximum diastolic potential at the cellular level (Rodriguez-Menchaca et al.,
2008). These cellular changes occur due to the /i1, Ikr (Sanchez-Chapula et al., 2001), and also /Na
blockage (Orta-Salazar et al., 2002). Similar to the other pore blockers previously mentioned here,
chloroquine also blocks the Kir2.x channels in a voltage- and K-dependent manner; this blockage
happens from the cytoplasmic surface of Kir2.x channels (Rodriguez-Menchaca et al., 2008). Even
when polyamines blocked the Kir2.x channels, chloroquine still can reach its binding site, it has
been suggested that there is another binding site for chloroquine that is distinct from the polyamines

site. However, chloroquine has a lethal potential, but in certain cardiac diseases patients with

25



persistent atrial fibrillation who had been prescribed chloroquine (14 days) showed a decrease in the
atrial fibrillation which might be a result of blockage of k1, Kach and INa current to prolong the AP
of the heart atrium (Orta-Salazar et al., 2002; Takemoto et al., 2018).

1.1.4. Kir2.x channels and regulation by membrane lipids

Kir2.x channels are highly regulated by various membrane lipids, including phosphoinositide,
secondary anionic phospholipids, cholesterol, long-chain CoA, and arachidonic acid (Fiirst,
Mondou, et al., 2014; Levitan, 2009; Shumilina et al., 2006; Wang et al., 2008). In the last decades,
signaling lipids came to be considered a main regulator of Kir channels in a variety of tissues
including but not limited to neural and heart tissue whose function depends on cell excitability.
Studies have shown that neither as a signalling molecule nor as a ligand, but these hydrophobic
molecules directly regulate the function of many ion channels in the membrane (Hilgemann, 2007;
Huang, 2007). The mechanism of action of the lipids and how they can change the conformation of
the protein is poorly understood. The lack of binding between ion channels and lipids makes it more

challenging to investigate more about the regulatory role of lipids.

i. Phosphatidylinositol 4,5-bisphosphate (PIP»)

In 1998, for the first time, D’ Avanzo in Doyle’s laboratory has shown that lipids can directly activate
Kir channels. One of the well-studied signaling lipids is 4,5-bisphosphate (PIP2), a minor
phospholipid in eukaryot membranes (<1%), is necessary and enough to activate K" channels
(D'Avanzo, Cheng, Doyle, et al., 2010; D'Avanzo, Cheng, Wang, et al., 2010; Huang et al., 1998).
Kir2.1 channels are highly dependent on the binding of PIP2 (Fan & Makielski, 1997). The
interaction between Kir2.x channels and PIP2 occurs through electrostatic attractions between
positively charged amino acids in the cytoplasmic domain and negatively charged phosphate groups

in the head group of PIP2 (Suh & Hille, 2008).

Binding of PIP: initiates a conformational shift in the tetrameric channel, leading to the opening of
the channel and the flow of ions. The crystal structure of Kir2.x has identified critical, preserved

amino acid residues across the separate monomers that play a vital role in facilitating PIP2 binding
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(Hansen et al., 2011). It is unsurprising that mutations in this conserved residue lead to KCNJ2-
related diseases, which will be further studied later on (Ballester et al., 2007; Lopes et al., 2002).
The following section discusses a set of drugs that can modify the regulation of Kir2.x by changing

its binding capacity with PIP>.

ii. PIP; Interference factor

Thus, PIP2 is necessary for the function of the Kir2.1 channels. There is a variety of pharmacological
compounds that show their effects through interaction and interference with PIP2-Kir channels.
Quinacrine, which was first discovered as an antimalarial drug, has been shown to inhibit Kir2.x
channels in neurons of guinea pig (Evans & Surprenant, 1993). One of the important features of
Quinacrine is that this pharmacological agent is highly lipophilic, thus interacting with membrane
lipids directly. More evidence to prove this suggestion shows that the affinity of PIP> has been
changed after addition of Quinacrine. However, the mechanism of blocking is not clear, but it is
proposed that it can disrupt PIP2-Kir channel interaction. Moreover, the application of both PIP2 and
Quinacrine demonstrated a decrease in the inhibition of Kir2.x channels (Evans & Surprenant,

1993).

Carvedilol is a popular 3 blocker that has been used for the treatment of high blood pressure, angina
and heart failure (Dunn et al., 1997; Ruffolo & Feuerstein, 1997). In addition to its high potential
treatment, it also has been considered as a multichannel blocker such as Katp, Ixs, and /kr with
different potency (Cheng et al., 1999; Yokoyama et al., 2007). In vitro studies have shown that

carvedilol can block the Kartp and Kacn channels without any effect on /ki directly.

It could be explained by the structure of the carvedilol which is highly lipophilic and has an alpha-
hydroxyl secondary amine as a functional group. This leads to the insertion of carvedilol into the
membrane which disrupts with PIP2-channel complex interaction and resulting to the inhibition of
Kir2.x channels (Ferrer et al., 2011). Kir2.3 has a higher affinity for the PIP> compared to Kir2.1 as
we can see from their ICso around 0.50 uM for Kir2.3 while >50 uM for Kir2.1 (100-fold difference).
Inhibition was calculated based on voltage and concentration; by increasing the affinity of Kir2.3

for PIP2, the degree of inhibition also decreased with carvedilol (Ferrer et al., 2011).
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Interestingly, gambogic acid is another pharmacological agent (anti-cancer), which interferes with
both PIP2 and the blocking of the pore-loop of ion channels (Scherer et al., 2017). It showed a low

inhibition effect on the Kir2.x channels when at low micromolar concentrations.

Dronedarone with the trade name of Multaq, is a new class (III) of antiarrhythmic agent that is really
used to treat atrial fibrillation (AF) (V Naccarelli & R Kowey, 2014). In vivo studies have implicated
that this antiarrhythmic drug also acts as a multichannel inhibitor that blocks the current of a variety

of channels including /ca-L, /s, and Ixr (Gautier et al., 2003).

Ix1 was inhibited but not completely by dronedarone in guinea pig ventricular myocytes in a
concentration-dependent manner from 10 to 30 uM. Expression of Kir2.1 in the Xenopus oocytes
revealed a blocking effect from dronedarone while this effect was not seen in other subunits such as
Kir2.2 and Kir2.3; The blockage was slow and also reversible, and it was not voltage-dependent

(Xynogalos et al., 2014).

One of the mutations in Kir2.1 (E224), located in the cytoplasmic pore region, resulted in the loss
of the blocking effect of dronedarone. This suggests that the E224 site is responsible for the drug
binding and mediating its effects. Data suggesting that /ki is sensitive through modulation of

pharmacological agents that blocks the ion channels Review in (Reilly & Eckhardt, 2021).

iii. Cholesterol

Cholesterol is a sterol synthesized in all animals. It is produced in hepatic cell of vertebrate. It plays
a very important role in several functions of the body. Constituting 10 to 45% of total lipids,
cholesterol is a major component of the lipid membrane. The different levels of membrane
cholesterol have been shown to be involved in regulation of membrane proteins such as receptors
and ion channels (Rosenhouse-Dantsker, 2019). Most of the Kir channels have been shown to be
cholesterol sensitive. The most common effect of cholesterol on Kir channels is the reduction of
their activity, which has been suggested to occur due to a decrease in the open probability of the
channels. However different effects of cholesterol have been reported on the different type of ion
channels including, BK channels (Bukiya et al., 2011), the nicotinic acetylcholine receptor (Addona
et al., 2003), and TRPV1(Transient Receptor Potential Cation Channel Subfamily V Member 1)

channels (Picazo-Juarez et al., 2011). The increased level of cholesterol has been shown to suppress
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the function of the Kir2 channels (Fiirst, Nichols, et al., 2014; Romanenko et al., 2004; Romanenko
et al., 2002; Rosenhouse-Dantsker et al., 2010). Cholesterol interacts with the binding site of Kir
channels directly within the cell membrane, specifically through sterol-protein interaction
(D'Avanzo et al., 2011). There are some residues that create structural belts which surround the
cytoplasmic domain, close to the TM domain, and are responsible for the modulatory effect of the
sterol on Kir channels (Fiirst, Nichols, et al., 2014; Rosenhouse-Dantsker et al., 2010; Rosenhouse-

Dantsker et al., 2011; Rosenhouse-Dantsker & Levitan, 2012).

It has been suggested that the mechanism of cholesterol-induced suppression might be due to its
interaction with Kir channels and PIP>. However, further studies showed that the cholesterol
sensitivity of Kir2.1 and Kir2.3 was not altered by the reducing of the PIP2 concentration (Epshtein
et al., 2009). The suppressive effect of cholesterol was not influenced by anionic phospholipids as

well (D'Avanzo et al., 2011).

The first mechanism of cholesterol on membrane came while comparing its two stereoisomers, 3[3-
hydroxy-5-cholestene (native cholesterol) and 3a-hydroxy-5-cholestene (epicholesterol). However,
these enantiomers are different in terms of rotational angle of hydroxyl group in position 3, both
have demonstrated a comparable impact on the membrane, affecting lipid packing (Xu & London,
2000). However, further studies determined that, two of these isoforms have a different effect on the
Kir channels. As we described above, Kir2.x channels current will be suppressed by cholesterol, the
other isoform, epicholesterol, in contrast increased the current of the Kir2.x channels. Recently, it
has been identified that, there are two important regions in Kir2.1 which are mainly responsible for
the sensitivity of the Kir2.1 to the cholesterol (Fiirst, Nichols, et al., 2014). Unexpectedly these
regions are not in the CD (Cytoplasmic Domains), but they are located in the cytosolic C-terminus
domain. Precisely, the sensitivity regions of the channels is in CD loops a certain region of the C-
terminus of the cytosolic domain of the Kir 2.1 channel. Mutations in this loop (L222I) was shown
to abolish the sensitivity of Kir2.1 to cholesterol. Two other mutations, N216D and K219Q in the
CD loop of Kir2.1 could partially change the cholesterol sensitivity. So they offered that the L2221
residue in CD-loop plays an important role in “docking” of the C-terminus of Kir2.1 to the inner
leaflet of the membrane thus facilitating its interaction with cholesterol (Levitan, 2009). Other
mutations in Kir2.1 (S95H and [171L) have also been reported to significantly decrease the effects
of cholesterol depletion (Fiirst, Nichols, et al., 2014). Docking analysis has been shown that there is
one location that cholesterol bound frequently to the Kirs 2 channel between TM1 and TM2 (Fiirst,
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Nichols, et al., 2014) and it has been suggested that there are some residues which are crucial for
channel gating of the Kir2.x channels and probably cholesterol sensitivity belt does not involve in

the formation of the binding site (Fiirst, Nichols, et al., 2014; Rosenhouse-Dantsker et al., 2011).

iv.  Other membrane lipids

Other phospholipids in the membrane can also affect the sensitivity of the Kir channels (2.1 and 2.2)
when it is activated by PIP2 (Cheng et al., 2011). Experimental studies demonstrated that the
sensitivity of the Kir2.1 and 2.2 to PIP2 will increase 100 times when they are in the presence of
25% secondary anionic phospholipids (PA, PG, PS, PI, DGS-NTA) compared to PIP2 alone; the
impact of modulation of PIP2-Kir2.1 and -Kir2.2 was dependent on the concentration of these
anionic phospholipids. This evidence implies that however anionic lipids cannot affect the Kir
channel’s function when PIP: is absent, but it seems they have a synergistic effect when they are in
the presence of PIP2 in the membrane. Interestingly, increasing the concentration of the secondary
anionic phospholipids from 15 to 25% POPG in the presence of 1% PIP2resulted in an increase in
the open probability of the Kir channels as well as unitary conductance (Cheng et al., 2011).
According to the computational data, it seems there is a binding site at the end of the slide helix for
secondary anionic phospholipids (D'Avanzo et al., 2013; Lee et al., 2013; Schmidt et al., 2013),
which is far from the binding pocket of PIP2 in Kir2.2 and Kir3.2 (Hansen et al., 2011; Whorton &
MacKinnon, 2011). Anionic phospholipids are necessary for channel gating since they probably
increase the stabilization of the interaction of the slide helix and cytoplasmic domain (Robertson et

al., 2008).

1.1.5. Clinical diseases associated with in KCNJ2 (Kir2.1 gene)

It has been confirmed for more than two decades that mutations of KCNJ2 has been linked with
many cardiac diseases such as Anderson-Tawil syndrome (ATS) or Long QT syndrome type 7
(LQT?7), (Plaster et al., 2001), short QT syndrome type 3 (SQT3), (Priori et al., 2005), familial atrial
fibrillation (FAF) (Xia et al., 2005), and catecholaminergic polymorphic ventricular tachycardia
(CPVT) (Tester et al., 2006; Vega et al., 2009). SQT3 and FAF are both very rare phenotypic
diseases associated with a gain-of-function for Kir2.1. Patients with SQT3 show both ventricular

and atrial fibrillation symptoms. In addition, the resting ECG has determined extremely short
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repolarization, with QT <300 ms (Priori et al., 2005). As the prevalence of these diseases is very
low, their clinical courses are barely understood. It has been revealed experimentally that KCNJ2
gene gain of function mutation significantly shortens the action potential duration and therefore the

ventricular and atrial refractory period.

ATS is considered a rare form of cardiac disease (affects one person in a million) and affects many
parts of the body. This genetic syndrome is characterized by periodic paralysis (muscle weakness),
ventricular arrhythmia (changes in heart rhythm), and developmental abnormalities (dysmorphic
features) (Plaster et al., 2001). Therefore, high expression of Kir2.1 in all excitable cells leads to a
great overlapping of Kir2.x mutations with skeletal muscle abnormalities and neurological

symptoms in ATS patients (Tristani-Firouzi & Etheridge, 2010).

The result of the electrocardiogram of patients with ATS shows QT prolongation, bigeminy,
ventricular ectopy, or bidirectional ventricular tachycardia or polymorphic, and sudden cardiac death
(SCD) (Tristani-Firouzi & Etheridge, 2010). Moreover, it seems that more sustained ventricular
arrhythmia linked with ATS includes bidirectional ventricular tachycardia (BiVT) and polymorphic
ventricular tachycardia (Tristani-Firouzi & Etheridge, 2010). The report of BiVT in patients with
ATS is interesting since this is a sign of arrhythmia for CPVT (Figure 5).
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Figure 5. Representational graphs of ECGs from Anderson-Tawil Syndrome patients. A) Prolonged QT intervals. B)
Unsuitable polymorphic ventricular tachycardia. C) Bidirectional ventricular tachycardia (BiVT) D) Continuous U
wave pointed by arrows. From (Tristani-Firouzi et al., 2002).

1.2. Kir4.1 inwardly rectifying potassium channels subfamily

Kir channel subunit 4.1 is specifically expressed in astrocytes. Kir4.1 subunits are also expressed in

the kidney (distal tubular epithelia) and retina or Miiller cells.

The constructs Kir4.1 and Kir4.1/5.1 channels are responsible for mediating the spatial K™ buffering
astrocyte's action potential. The KCNJI10 gene encodes the Kir4.1 subunit which is located on

chromosome 1 (Chrl) in humans. This gene codes for 379 amino acids.

The distinctive molecular structure of Kir4.1 subunits is attributed to the ion-selective signature
sequence (GYG) and transmembrane regions. By interacting with Kir5.1, they form both homo- and
hetero-tetramers. These channels exhibit inward rectification, selectively enabling inward potassium
currents Similar to other Kir channels, Kir4.1 channels conduct substantial inward and negligible

outward K" currents. Ba?" ions can trigger Kir4.1 channels as well (Ohno et al., 2018b) (Figure 6).
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Figure 6. The structure of Kir4.1 channels and their properties. A) Having two TM domains with one extracellular loop
which contains a signature (GYG) sequence which participates in ion-selectivity (K*). B) Two forms of Kir4.1 channels
are Kir4.1, the homo-tetramer of Kir4.1, and Kir4.1/5.1, the hetero-tetramer of Kir4.1 and Kir5.1. C) Kir4.1 channels
also conduct large inward and little outward K currents (alike other Kir channels). Kir4.1 is also sensitive to Ba*". From
(Ohno et al., 2018a).

It is also known that intracellular substitutes such as polyamines (e.g., spermine) with relatively high
concentrations and cations like Mg®" have active roles in the rectifying properties of Kir4.1 and
Kir4.1/Kir5.1 channels through deactivation of the channel gating at depolarized membrane

potentials (Butt & Kalsi, 2006; Hibino et al., 2010).

Mediating the spatial K buffering by astrocytes is important to control the extracellular
concentration of K at synapses and neuronal excitability (Figure 7) (Hibino et al., 2010; Kofuji &
Newman, 2004; Steinhduser et al., 2012). Neural cells release great amounts of K* during the action
potential repolarization phase and, if this trend is not modulated, extracellular K™ concentration

shoots up to 10 mM or even more, which generates eccentric neuronal discharges and finally causes
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depression. The action of spatial K" buffering by astrocytes leads to the removal of excess
extracellular K™ concentration and stocks it in areas with lower extracellular K concentrations such
as micro vessels (Figure 7). Spatial buffer of K is associated with glutamate uptake by glutamate
transporters such as the excitatory amino acid transporter EAAT1 and EAAT2. Part of the
aforementioned mechanism is aquaporin-4 (AQP4) involved in water transport into the astrocytes

(Hibino et al., 2010; Kofuji & Newman, 2004; Steinhduser et al., 2012).
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Figure 7. The mediating role of spatial K* ion buffering of Kir4.1 channels in astrocytes. The mediating role of spatial
K" ion buffering of Kir4.1 channels in astrocytes. From (Ohno, 2018).

As part of the previously mentioned spatial K* buffering, Kir4.1 and Kir4.1/5.1 channels can remove
excessive extracellular K* locally raised at synapses; this action depends on the difference between
native Ex and astrocytes membrane potential (Hibino et al., 2010; Ishii et al., 1997; Kofuji &
Newman, 2004; Poopalasundaram et al., 2000; Steinhduser et al., 2012). If the function of Kir4.1
channels is interrupted under certain conditions like disease or by drug interactions, it will enhance
the neuron's excitability via elevating extracellular K™ concentrations and the level of extracellular

glutamate (Figure 7) (Djukic et al., 2007; Ohno et al., 2015).
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1.2.1. Pharmacology of Kir4.1

There are many agents that can affect Kir4.1 channels. Screening analysis of CNS drugs has shown
that Kir4.1 channels which were expressed in the HEK293 cell line were reversibly blocked after
treatment with anti-depressant drugs. Findings showed that tricyclic antidepressants (TCAs) drugs
such as imipramine, desipramine, amitriptyline, and nortriptyline, inhibited Kir4.1 channel through a
voltage-dependent way (Su et al., 2007). Moreover, selective serotonin reuptake inhibitors (SSRIs),
fluoxetine, sertraline, and fluvoxamine, also blocked the activity of Kir4.1 channels, but not in a
voltage-dependent manner (Ohno et al., 2007). The inhibitory role of fluoxetine was observed only
for Kir4.1 while it did not have any blocking effect on other Kir channels like Kirl.1 and Kir2.1. The
inhibitory concentration effect on Kird.1, for drugs like fluoxetine, was reported close to the
concentration used in patients as antidepressants. In addition, alanine site-direct mutagenesis studies
on Kir4.1 in drug-binding studies have shown that SSRI compounds interact within the central cavity
of Kir4.1 channels specifically (Furutani et al., 2009). Residues E158 and T128, which are located in
the pore region of the Kir4.1 channel, were identified to coordinate the drugs. Moreover, docking
simulation analysis revealed that Kir4.1 channels have a pocket, where E158 interacts with the amine
moiety of the antidepressant agents with an ionic bond, and the other residue, T128 binds to their

benzene ring, hydrogen bond acceptor, with a hydrogen bond (Figure 8).
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Figure 8. The action mechanism of fluoxetine as an antidepressant drug is through astrocyte brain-derived
neurotrophic factor (BDNF) and Kir4.1 channel. From (Ohno et al., 2018a).

Regardless of the blocking effect of antidepressant drugs on Kir4.1, there are other pharmacological
agents that can interact with Kir4.1 channels. These groups include chloroquine and quinacrine
which are anti-malarial drugs (Marmolejo-Murillo, Aréchiga-Figueroa, Cui, et al.,, 2017,
Marmolejo-Murillo, Aréchiga-Figueroa, Moreno-Galindo, et al., 2017), pentamidine which is a anti-
protozoal drug (Aréchiga-Figueroa et al., 2017), and VU0134992, which is a new compound
discovered recently (Kharade et al., 2018). Surprisingly, the drugs with the highest inhibitory effect
on Kir4.1 like chloroquine, quinacrine, and pentamidine, bind to the T128 and E158, the same
location as antidepressant drugs. However, the VU0134992 compound mainly interacted with
residues E158 and 1159. This finding will help better understand the activity of Kir4.1 channels for
developing new ligands in the future (Kharade et al., 2018).
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1.2.2. Kir4.1 and lipid regulation

i.  PIP; regulation of Kir4.1

However, all the Kir channels have been shown to be regulated by the PIP2, but the affinity of the
channels is different depending on the Kir studied. PIP2 has been shown to increase the Kir4.1/5.1
channel open probability (Yang et al., 2000). Interestingly, none of these effects was seen in the
homeric Kir4.1 which shows the strongest interactions with PIP2 in comparison with all other Kir
channels (Du et al., 2004). Some studies suggested that PIP2 in Kir4.1/5.1 is also responsible for an
increase in proton sensitivity (Yang et al., 2000). The addition of 10 pM PIP2 has led to a shift of
0.22 pH units and reducing sensitivity to pH as well.

ii. Cholesterol

Researchers have found that Kir4.1 is also an the inward rectifier channel (Hibino & Kurachi, 2007).
Compared to Kir2.x, Kir4.1 has demonstrated to be inhibited by cholesterol depletion in its methyl-
b-cyclodextrin (MbCD) form and led to a loss of current. This lack of current might be due to
dissociation of PIP2, known to act as a regulator and seems to be for many of the ion channels

including inward rectifier channels (Hilgemann et al., 2001; Logothetis et al., 2007).

1.2.3. Clinical diseases associated with mutations in KCNJ10

The findings of genetic screening analyses have shown that the mutants of KCNJI0 have led to
many neural diseases such as epilepsy, depressive disorders, and other CNS disorders like autism.
In addition, studies have also shown that inflammation, central trauma, and ischemia are all linked
to a decrease in astrocytic Kir4.1-specific currents. Other neurogenerative diseases like Alzheimer's
disease, amyotrophic lateral sclerosis (ALS) and Huntington’s disease are associated with an

aberrant activity of Kir4.1 (Nwaobi et al., 2016).
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1.2.4. The role of Kir4.1 in epilepsy

Genome sequencing in humans also reported that loss-of-function mutations in the KCNJI0 gene
result in epileptic disorders called EAST/ SeSAME syndrome (Bockenhauer et al., 2009; Scholl et
al., 2009).

Patients with EAST all typically show identical symptoms such as ataxia, generalized tonic-clonic
seizures, sensorineural deafness, and also renal tubulopathy. Mutations of Kir4.1 in the EAST
syndrome were often in the different regions of the cytoplasmic domain such as R65P, G77R, T1641,
and A167V, R175Q, R297C and R199X (Reichold et al., 2010; Sala-Rabanal et al., 2010; Tang et
al., 2010).

These in vivo studies imply that a decrease in the channels expression level of Kir4.1 channels
influences spatial K™ buffering of astrocytes and leads to hyperexcitation in amygdala neurons
(Harada et al., 2013; Morimoto et al., 2004). Several clinical research have also been done in humans
such as patients with temporal lobe epilepsy (TLE) that demonstrated down-regulation and
dysfunction of Kir4.1, which seems to be a causative factor in TLE (Das et al., 2012; Heuser et al.,

2012; Steinhduser et al., 2012; Zurolo et al., 2012).

i. Depressive disorders syndrome

Depressive disorder are complex psychiatric disorders with different symptoms that not only have
negative mood and behavioral effects, but also cause cognitive impairments, somatic symptoms, and
sleep disturbances. It has been documented that depressive syndrome development is the result of a

reduction in monoamines in the brain, in particular, 5-HT and noradrenaline (Hirschfeld, 2000).

Clinical studies have not yet reported the pathophysiological role of Kir4.1 channels in depressive
diseases in humans. However, there are some studies that examined the action of antidepressant
drugs in astrocytes, particularly in relationship with Kir4.1 channels (Kinboshi et al., 2017; Ohno,
2018) and suggest the hypothesis that Kir4.1 channels modulate depressive diseases (Su et al., 2007).
The crucial action mechanism of Kir4.1 channels in depressive diseases could be explained through

different scenarios: 1) the neural excitability regulation through spatial K™ buffering and 2) BDNF
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expression regulation in astrocytes. Studies have shown that the blockage or downregulation of
Kird.1 channels reduces said buffering, and will also increase neuronal excitability through
enhancing the extracellular concentration of K* and glutamate levels. They in turn modify BDNF

expression and ultimately could all lead to the improvement of depressive diseases.

ii. Other related Kir4.1 CNS disorders

Besides mentioned disorders, several studies also have demonstrated that the expression level of the
Kird4.1 channels of satellite glial cells surrounding sensory neurons was decreased in a model of
chronic pain (Vit et al., 2008). This reduction also has been seen in a herpetic neuralgia model.
Moreover, the knockdown of Kir4.1 in the trigeminal ganglion induced facial pain-like behaviors

(Silva et al., 2017).

Astrocytic Kir4.1 channels also have shown that play an important role in the initial phase and the
development of Huntington’s disease (Khakh et al., 2017). Interestingly, the astrocytic Kir4.1
expression level of channels shown downregulated in Huntington’s disease models, which results in

increased extracellular K™ levels in the striatum in vivo (Tong et al., 2014).

1.3. Kir7.1 inwardly rectifying potassium channels subfamily

One of the latest channels to be included in the Kir channel family is the Kir7.1 subunits. Kir7.1 was
separately identified in three different labs for the first time in 1998, its presence is higher in the
secretory epithelial cells of the choroid plexus (Doring et al., 1998), small intestine (Fulford et al.,

1998), and central neural cells (Krapivinsky et al., 1998).

Kir7.1’s amino acid sequence is the most divergent among the classical subunits of the Kir channel
family, sharing only 50% homology with its closely related Kir4.1 and Kir4.2 ion channels (Doring
et al., 1998; Krapivinsky et al., 1998). Another significant feature of Kir7.1 is the phosphorylation
sites located in the cytoplasmic regions and are suggested to contribute actively to protein trafficking
(Schwalbe et al., 1995). Kir7.1 channels exhibit unique current behaviour in terms of voltage-
dependence. When comparing their [-V curves to other Kir channels, the current increases in the

outward direction with negative potentials. This means that as the membrane potential becomes
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more negative, the outward current through Kir7.1 channels becomes larger, which is unlike the
typical inward rectification observed in other Kir channels. Heterologous expression studies have
shown that these channels have a very small single-channel conductance (501fS) as well (Hibino et

al., 2010).

The retinal pigment epithelium (RPE), an essential layer of the retina (Figure 9.A). This layer is
between the choroids and the neuroretina and contains potassium channel Kir7.1. It is essential for
maintaining the ionic equilibrium required for appropriate photoreceptor (PR) function and the
processing of visual signals, as it controls potassium ion flux Shifting of the membrane potential
towards negative voltages (left shift) is mainly because of the reduction in the concentration of the
extracellular K from 5 mM to 2 mM which leads to an increase in pure potassium current (Figure
9.B). Moreover, Kir7.1 inward rectification is weak when the extracellular concentration of K" is
low but strongly rectifies in high K* (Figure 9.B). They have shown low sensitivity to the common
Kir channel blockers like Ba?" and Cs*". This is due to the presence of M125 in the pore region of
the Kir7.1 channel. Upon substituting M125 with an arginine, the conductance of the channel and

sensitivity to Ba®" increases around 20 and 10-folds respectively (Hibino et al., 2010).

A B
PR E)
£
2
=
©,
RPE

-60 0 60
Voltage (mV)

Figure 9. A) Diagram of a normal retinal system. (B) The hyperpolarizing shift of Kir7.1 current in membrane potential
by switching extracellular concentrations of K*. Changing the extracellular K concentration causes the current
activation which is close to the resting membrane potential of the retinal pigmented epithelium (grey triangle). From
(Kumar & Pattnaik, 2014).
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1.3.1 Pharmacology of Kir7.1

1.3.2 Regulators of Kir7.1

Similar to all members of the Kir family, Kir7.1 is also regulated by PIP2 (Pattnaik & Hughes, 2009).
In contrast with all Kir channels family, Kir 7.1 and Kirl.l have shown different sensitivities to
cholesterol. Enrichment of cholesterol led to the enhancement of the activity of the Kir7.1 rather

than decrease as observed for Kir2.1 (Rosenhouse-Dantsker et al., 2010).

There are a group of membrane components which interact with intrinsic amino acid residues and
can modulate the Kir7.1 channel. One of the studies has shown that cAMP-dependent protein kinase
A (PKA) and protein kinase C can regulate the Kir7.1 ion channel of the kidney (Zhang et al., 2008).
Findings implied that there was an increase in the current of Kir7.1 which was correlated with
increasing of intracellular concentration of cAMP. Consequently, the current of Kir7.1 decreased
with the mutation of PKA at the sole site S287. Findings also confirmed that Kir7.1 current are
inhibited by the mutation site S201 in PKC while the S169 and S14 sites of PKC do not change the
Kir7.1 sensitivity to this phosphorylase.

One of the other factors that can affect the function of Kir7.1 is pH, both extracellular and
intracellular. However, extracellular pH can alter the conductance of Kir7.1; for instance, between
the range of 6.5 to 9, the conductance of Kir7.1 is almost independent of the pH, while lower ranges
below 6.0 strongly inhibit the conductance. It seems that minimal acidification of the cytoplasm (pH
7.2-6.8) activates the current of the Kir7.1 channel and further lowering of the pH (6-5.5) leads to
the inactivation of the current offering a biphasic response of Kir7.1’s conductance to the pH (Yuan

et al., 2003).

During alkalization of the cytoplasm, the effects on the Kir7.1 involves a reversible but fast
inhibition (Hughes & Swaminathan, 2008; Yuan et al., 2003). Mutations H26R and H26A in Kir7.1
affect both proton-induced inhibition and activation informing that this position is a pH sensor for

the ion channel (Thumann, 2001).
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1.3.3 Clinical diseases associated with mutations in Kir7.1

One of the regions with the highest expression of Kir7.1 is the retinal pigment epithelium (RPE).
Kir7.1 channel dysregulation has been held responsible for the visual impairment which is probably
accompanying pathogenic mutations (Kumar & Pattnaik, 2014; Sepulveda et al., 2015; Vera et al.,
2019). Kir7.1 is localized at the membrane of the RPE apically and it contributes to the homeostasis
of extracellular K* in the subretinal space (La Cour, 1985). There is a link between mutations in
KCNJ13 which encodes Kir7.1 channels in humans with retinal diseases and congenital blindness.
Various autosomal-recessive pathogenic variants of KCNJ1 3, in addition to compound heterozygous
mutations, are linked with leber congenital amaurosis (LCA16) (Khan et al., 2015; Pattnaik et al.,
2015; Sergouniotis et al., 2011) and snowflake vitreoretinal degeneration (SVD), an eye altering the
retina and vitreous functions. Here we will focus on SVD syndrome. SVD is one of the progressive
and developmental hereditary eye syndromes that impact the retina and vitreous (Gheiler et al.,
1982). SVD is considered vitreoretinal degeneration which will be characterized by early onset
cataract, vitreous humor congenital liquefaction, and aberration of the interface between the vitreous
and retina resulting in an increased risk of retinal detachment and the formation of tiny crystalline
deposits in the peripheral retina (Lee et al., 2003). A single point mutation in the KCNJI13, R162W
is linked with an inherited autosomal-dominant SVD form with symptoms such as vitreous
degeneration, Fuchs corneal dystrophy, high risk of retinal detachment, and mild degeneration of
the retina (Hejtmancik et al., 2008). It has been shown that aforementioned mutation led to the
accumulation of Ca®" in the cells and consequently, cell death due to premature depolarization
(Hagemeister & Sheridan, 2008). However, the mechanism involved in SVD is not clear; it could
probably be due to the insufficient activity of Kir7.1 channels. Researchers suggested that Kir7.1
mutations happen close to a hot spot that seem to contribute to the activation of the Kir7.1 channel

by PIP2 (Hagemeister & Sheridan, 2008).

LCA is another syndrome that is a loss-of-function of KCNJI3 that in turn leads to blindness.
Unfortunately, the mutation of Kir7.1 which cause LCA is not characterized very well (Pattnaik et
al., 2015). Researchers have demonstrated that the LCA16 mutations can influence the cytoplasmic
domain or the selectivity sequence (G-Y-G). This mutation impairs the protein trafficking to the

membrane and consequently, lack of Kir7.1 current leads to cell death (Sergouniotis et al., 2011).
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1.4. New class of lipids and ion channel regulation

1.4.1. Endocannabinoids:

Cannabinoids are a class of molecules, whether they are naturally occurring in plants or artificially
created through synthesis or semi-synthesis, are considered ligands that bind to specific cannabinoid
receptors (CBR1 and CBR2) (Harry, 2022). Cannabinoids are categorized into three classes,
phytocannabinoids, synthetic cannabinoids, and endocannabinoids (endogenous cannabinoids).
Plant-derived cannabinoids are synthesized in the plants such as Cannabis sativa. One of the
principal phytocannabinoid with psychoactive effects is A-’-tetrahydrocannabinol (THC). Synthetic
cannabinoids are not naturally occurring; this man-made product can be used for drugs development
for a therapeutic effect. Endogenous cannabinoids which are naturally produced in the mammalian
cell are lipid signaling molecules; they can mimic the activity of the THC. Anandamide and 2-
arachidonoylglycerol, are two important classes of endocannabinoids synthesized from

phospholipids of the membrane in the heart and other cardiovascular tissues (Atakan, 2012).

The Endocannabinoid system (ESC) plays a crucial role in the development of the central neuron
system in our body. It also has an impressive contribution in the modulation of mature neurons for
their function and networking activity. ESC also plays an active role in reducing heart activity,
especially causing a relaxation of coronary arteries. Endocannabinoids are also activated in the stress
response system in circulatory shock and myocardial infarction where they will be upregulated under
acute stress circumstances. They are very well-known due to their protective properties as they were
shown to decrease arrhythmias and reduce tissue damage in myocardial infarction (Pacher et al.,
2006). Endocannabinoids can modulate vascular function through reduction of oxidative stress, and
inflammation which are the main underlying mechanisms in development and progression of
atherosclerosis (F Tuma & Steffens, 2012); these impacts might be helpful in the reduction of
atherosclerosis progression. It has been shown that the stimulation of the CBR2 could inhibit lesion
progression. Inactivation of one of the endocannabinoids (FAAH) in mice has led to the reduction
of cardiac dysfunction compared to the control group. However, the mechanisms of action of the
endocannabinoids are not fully understood but evidence has shown that they can affect gene

expression in inflammation (Pacher et al., 20006).
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ESC consists of proteins (enzymes in charge of the transportation, synthesis, and degradation of
endocannabinoids), cannabinoid receptors (CBRs), and endogenous cannabinoids, or so-called
endocannabinoids (Figure 10). Interestingly, almost all the components of the ESC are
multifunctional. Thus, this open system can influence various systems in our body while it can be
influenced by many signaling pathways. This property is very important, and it needs to take into

consideration when ECS is targeted by drugs (Lu & Mackie, 2016).
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Figure 10. The endocannabinoid system in neurons. The crucial role of the cannabinoids, endocannabinoids,
cannabinoid receptors and enzymes involved in the synthesis and degradation, built the neural endocannabinoid system.
The secretion of neurotransmitters in CNS has been done by most of the CB1 receptors. They are generally found in
preterminal axon segments and axon terminals while expressed sparsely in the active zone of synapses. From (Lu &
Mackie, 2016).

i. Endocannabinoids and their specific receptors (CBR1 and CBR2)

However, it has been already thought that due to the lipophilic nature of endocannabinoids, they can

bind to the membrane non-specifically and lead to various signaling pathways (Figure 11).
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Endocannabinoids have a specific binding site known as CBRs, which is similar to the GPCR
structure. These endocannabinoid receptors possess seven transmembrane domains, in addition to
an intracellular C-terminal tail and extracellular N-terminal tail. It has been shown that these
receptors are pretty much activated by three classes of ligands including 1) cannabinoids and related
synthetic compounds, 2) eicosanoids (AEA and 2-AG), and the last antagonist 3) aminoalkyl
indoles. In addition, there are a couple of other compounds which have been designed either as

agonists, inverse agonists, antagonists, or modulators of these receptors (just for CBR1).

CBR1 is encoded by the CNR1 gene which is mostly dependent on cannabis (Hartman et al., 2009).
This receptor with three known isoforms is predominantly expressed in the brain (human). It is also
expressed in other tissues such as skeletal muscles, the liver, and pancreatic islets (Gonzalez-
Mariscal et al., 2016). In most parts of the brain, CBR1 is expressed in presynaptic terminals of
neurons of both gamma-aminobutyric acid (GABA)-ergic and glutamatergic neurons (Iannotti et al.,
2016). While researchers have reported that homomeric CBR1 expresses in presynaptic neurons as
well as form heterodimers with other GPCRs including dopamine D2, orexin type-1 receptors or
adenosine A2 (Ferré et al., 2010). CBRI1 is also expressed on the surface of the non-neuronal cells
of the brain (astrocyte) where its deactivation leads to the release of the neurotransmitters (Ward et
al., 2011). The activation of the CBR1 results in the release of intracellular Ca®", this high
intracellular Ca?* also promote the release of the glutamate and consequently activation of
presynaptic metabotropic glutamate receptors (Navarrete & Araque, 2010). Any endogenous or
exogenous stimulus on CBR1 can inhibit the adenylate cyclase activity and subsequently lead to a
decrease in the level of the cyclic adenosine monophosphate (cCAMP) or induce the activity of the
mitogen-activated protein kinase (MAPK). Some studies have demonstrated that CBR1 in some
specific cell types can regulate adenylyl cyclase (AC) (Turu & Hunyady, 2010). The AC/ cAMP
signals can play important role in many physiological processes such as differentiation,
proliferation, and cell survival. In addition, cAMP is involved in regulating many classes of ion
channels and transporters like Na* and Ca** ion channels (Sanchez et al., 2003). The modifications
of cAMP occur through various mechanisms, including direct activation of CNG (Cyclic Nucleotide
Gated) ion channels (Biel & Michalakis, 2009), and modulation of voltage gated ion channels (Ca*")
by increasing the open probability (Catterall, 2011). This receptor can also modulate the activity of
Kir3.x ion channels (Robbe et al., 2001).
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These reports show the importance of CBR1 in cell fate and its function on neural electrical activity
as an important player in the neurotransmitter-releasing cascades. The crucial role of this receptor
is maintaining cellular homeostasis (Iannotti et al., 2016). Moreover, CBR1 receptors are suggested
to trigger the effects of the endocannabinoids in the myocardium of humans (Bonz et al., 2003), rats

(Batkai et al., 2004), and mice (Pacher et al., 2005).

Another GPCR of endocannabinoids is CBR2 which is encoded by the CNR2 gene and is
functionally related to CBR1. In contrast with CBR1, low levels of it are expressed in the brain,
mainly restricted to the microglia and astrocytes (Demuth & Molleman, 2006). Further evidence has
also shown that CBR2 is predominantly expressed in immune cells such as macrophages,
monocytes, and B- and T-cells (Staiano et al., 2016). It can control the migration of the immune
cells, which shows the regulatory inflammatory and nociceptive response (Malan Jr et al., 2003).

The overexpression of CBR2 can also cause inhibition of the Ca** channels (Demuth & Molleman,

2006).
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Figure 11. Overview of the main components of the endocannabinoid system and the metabolizing routes of eCBs.
From (Navarrete et al., 2020).
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ii. Endocannabinoids interaction with ion channels independently of CBR1
and CBR2

As we mentioned above, the interaction of the cannabinoids and cannabinoids receptor has been
widely studied. While the huge body of recent studies showing that endocannabinoids can also
interact with membrane proteins directly independent of their downstream signaling effect with
CBRI1 and CBR2 (Iannotti et al., 2014; Poling et al., 1996; Rimmerman et al., 2013; Ryan et al.,
2009).

1.4.2. Ton channels
i. Ca’" channels interactions

It has already been reported that even before the discovery of the AEA (Devane et al., 1992), a
specific isolated lipid from the bovine brain can affect the function of low voltage-gated calcium
channels (L-type) in rat cardiac membranes and in GH3 pituitary cells which cause the block Ca*"
currents (Janis et al., 1988). Further studies suggested that these lipophilic endogenous compounds
which are necessary as modulators of the L-type VGCC in cortical membranes (Johnson et al.,
1993). T-tubules are one of the sources of the said channel, which plays a very important role in
contractions (Oz & Frank, 1991). Studies have shown that AEA can disrupt the binding of some
Ca" channels agonists such as dihydropyridine (DHP) ([3H]PN200-110), phenylalkylamine ([3H]
D888), and 1,5-benzothiazapine ([3H]diltiazem) with I1Cso values of 4 uM, 8 uM, and 29 uM,
respectively (Shimasue et al., 1996). In other studies, AEA and its analog methanandamide (mAEA)
in the T-tubule membrane showed that they can inhibit the depolarization-induced Ca" fluxes (Oz
et al., 2000). Further studies also demonstrated that 2-AG with its ICso value of 1-10 uM inhibited
Ca*" fluxes and disrupted the binding of the DHP on Ca** channel (Oz et al., 2004). In another study,
it was reported that AEA can have an inhibitory effect on T-type VGCC which was expressed in
many cell lines including HEK-293, neuroblastoma NG108-15, COS, CHO, and also in Xenopus
oocytes (Chemin et al., 2001). The currents of high voltage-activated Ca*>" channels inhibited with
a concentration of 100 nM of AEA in dorsal root ganglion neurons of rats, while the L-type Ca*"

channels were not sensitive to SR141716A (Evans et al., 2004).
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ii. Transient receptor potential (TRPV) channels

Within the mammalian TRP superfamily, 28 cation-permeable TRP channels are highly conserved
membrane proteins. Following how closely the sequences of these channels matched up, they

divided into six subfamilies.

The classical TRP (TRPC) subfamily of TRP channels contains the first mammalian TRP channel
to be identified. Due to the founding member's heat sensitivity, the TRPV subfamily has received
much research. Unique ion channels in the TRPM subfamily are bifunctional since they have
functional enzymatic domains. One chemo-nociceptor channel related to the TRPA subfamily has
been suggested as a potential analgesic drug target. The fourth type of mucolipidosis (ML-IV) is
predominantly caused by TRPML subfamily channels, primarily in intracellular compartments. The
TRPP subfamily, which includes a variety of proteins, is also connected to autosomal dominant

polycystic kidney disease (Samanta et al., 2018).

The TRPV1 has shown that is regulated by a variety of molecules including vanilloids and capsaicin
(naturally occurring) (Caterina & Julius, 1999). There are similarities between the structure of
capsaicin and AEA; based on these similarities many studies have reported that AEA can also
regulate the activity of the TRPV1 with ECso in the range of 0.7-10 uM (Smart et al., 2000; Zygmunt
et al., 1999). AEA did not have any effects on the antagonists of CBR1 and CBR2, while the effects
of AEA can be blocked by capsazepine (a TRPV1 antagonist) in TRPV1-expressing Xenopus
oocytes or in mammalian cell lines that are transfected with TRPV1 without endogenous CBR1 and
CBR2 (Zygmunt et al., 1999). Further studies have also shown that the regulatory effects on TRPV1
is not limited to AEA, for other lipid molecules such as lipoxygenase (LOX), a metabolite of AA
and members of fatty acid amides have also shown agonistic modulation (Benham et al., 2002;
Hardie, 2003). The TRPV4 channel, another member of the TRPV channels with 45% sequence
identity with TRPV1 is activated by several subsets of endogenous compounds in particular AA
(Nilius et al., 2004). AEA and 2-AG within the range of 1-10 uM caused the increase in intracellular
levels of Ca*" and activation of the whole cell current. It is considered that this current change is due
to the production of AA as a metabolite of AEA and 2-AG (Watanabe et al., 2003). Conversely,
AEA and 2-AG up to a concentration of 10 uM did not have any effects on TRPA1 channels, another
member of the TRP family (Jordt et al., 2004); which suggests that different subtypes of that family

could have different sensitivity to endocannabinoids.
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It is worth mentioning that the Nobel Prize in Physiology or Medicine for 2021 was granted to David
Julius and Ardem Patapoutian in recognition of their groundbreaking discoveries related to receptors
for temperature and touch. Their work led to identifying TRPV1 and PIEZO1/2, essential receptors

involved in sensing temperature and tactile stimuli (Reeh & Fischer, 2022).

iii. Na" Channels

The common effect of endocannabinoids on the voltage-gated Na" channels has been the inhibition
of its current by way of blockage (Duan et al., 2008; Okada et al., 2005). Endocannabinoid 2-PG
was reported to decrease the Na* current of the parathyroid cells in frogs that do not express any
cannabinoid receptors. These findings imply that endocannabinoids can bind sites that are not
exclusive to known cannabinoid receptors leading to whole cell current alteration. Applying 50 uM
of 2-PG did not change the basal properties of the parathyroid frog cells but the peak of the Na*
current decreased significantly (36%) at -24 mV (Okada et al., 2005). An aminoalkylindole
derivative compound that acts like THC and CBD was also applied on the Nav channels and resulted
in a left-shift of the voltage (Okada et al., 2005). The study found that various cannabinoids and
endocannabinoids had a similar effect of decreasing the current when applied to the extracellular
environment. However, the effect of CBD was not tested in this particular study (Duan et al., 2008).
Further studies have shown that CBD does not have any inhibitory effect on Nav channels.
Generally, except CBD, these findings suggest that cannabinoids and endocannabinoids affect the

biophysical properties of the Nav channels and also its current density.

iv. K’ channels

To support the idea of direct interaction of the cannabinoids and endocannabinoids compound and
ion channels, other membrane proteins have also been studied. For example, the Kv1.2 channels
which was transfected in B82 fibroblasts were fully inhibited by applying 750 nM of anandamide.
That study eliminated CBR1’s functional effect using a common CBRI inhibitor (SR141716A)
(Poling et al., 1996).
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The effect of the endocannabinoids and cannabinoids was tested on ligand-gated K channels.
Application of the anandamide has been shown to account for reduced Karp currents during the
cromakalim experiments by 50%. The latter induces outward current in follicle-enclosed oocytes
when transfected with Katp in the presence of 8.1 uM anandamide. The channel was blocked by

applying 100 uM (Oz et al., 2007).
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1.5. Hypothesis and Aims:

This dataset suggests that endocannabinoids can directly regulate the function of numerous ion
channels independently of CBRs. This work will show how some of the two different classes of
endocannabinoids’ fatty acid ethanolamides (FAEs) and two 2-Monoacylglycerols (2-MGs) will

regulate inward rectifier K™ channels.

Since inward rectifier K™ channels are highly regulated by membrane lipids, we hypothesized that
endocannabinoids are a novel class of Kir regulatory lipids. The specific aims of this study are as

follows:
-Aim 1: To assess if Kir2.1 channels are regulated by endocannabinoids, independently of CBRs?
-Aim 2: Do endocannabinoids have an effect on mutants responsible for ATS/ LQT?7.

-Aim 3: To assess if the regulation of Kir2.1 by endocannabinoids is conserved among other Kirs.
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2. Methods and Materials

2.1. Endocannabinoids panels and reagents

The two classes of endocannabinoids (Cayman Chemicals Company; USA), fatty acid
ethanolamides (FAEs) and 2-monoacylglycerols (2-MGs) were diluted in 99.8% ethanol at a
concentration of 10 mg/mL from stock to a working concentration of 10 mM and stored at -

20°C. The horse serum, penicillin-streptomycin, and kanamycin stock solutions (ThermoFisher

Scientific, Gibco Cell Culture, USA) were used pure and undiluted.

2.2. Expression of recombinant Kir channels in Xenopus oocytes

cDNA from human wild-type Kir2.1 and its mutants G144S and V302M, Kir4.1 and Kir7.1 were
successfully subcloned into the Xenopus oocyte expression vector pGEM-HE or pGEM-SH, as
previously described (1,2). Briefly, to obtain polyadenylated mRNA for injection, Mlul digestion
(New England Biolabs, MA, USA) was performed to linearize all the pPGEM-Kir plasmids. Standard
in vitro transcription synthesis using ~1.0 pg of linearized ¢cDNA was achieved with the
mMMESSAGE mMACHINE™ T7 Transcription kit (ThermoFisher, LifeTechnologies, USA).

Extracted and purified RNA samples were validated by absorbance measurements at 260 nm.

Mutations of hKir2.1 (cloned in pGEM-HE) were generated by oligonucleotide-mediated site-
directed mutagenesis with the Q5 2X Master Mix kit (M0491S, New England Biolabs). The
mutagenesis primers were: G144S forward: CCCAGACAACCATAAGCTATGGTTTCAGATG,
G144S reverse: CATCTGAAACCATAGCTTATGGTTGTCTGGG, V302M forward: TACTGG-
AAGGCATGATGGAAGCCACTGCCAT, V302M reverse: ATGGCAGTGGCTTCCATCA-
TGCCTTCCAGTA.

2.3. Oocyte expression

All electrophysiological experiments were carried out on unfertilized oocytes (stages V and VI).
Preparation and handling of Xenopus oocytes were performed as described. Defolliculation was

performed with collagenase type 1A (C9891 Sigma, Oakville, Canada) in a Ca®*-free solution (1
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mg/ml). Then oocytes were injected with 4.6-9.2 of mRNA hKir (1ug/uL) by a Drummond Nanoject
IT injector (Drummond Scientific, Broomall, PA). The Kir2.1 mutations were also typically co-

expressed with wild-type Kir2.1 in a 1:1 ratio which led to a 20-50% reduction of wild-type current.

Before injecting RNA, oocytes are stored in an incubator at 18 °C in Barth supplemented with
antibiotic medium (90 mM NaCl, 3 mM KCl, 0.41 mM CaCl2.2H20, 5 mM HEPES, 0.82 MgSQO4.7
H20, 100 U/mL of penicillin-streptomycin, 10 mg/mL of kanamycin). Post-injection oocytes were
placed in the previous media supplemented with 2-5% horse serum. One to two days later, channel-

expressing oocytes was assessed by two-electrode voltage clamp.

2.4. Electrophysiological recordings

Briefly, electrophysiological recordings of oocytes’ currents were recorded at 22-25°C with 0.5-2
MQ microelectrode pipettes (30-30-1, FHC Inc, ME, USA). Pipettes were filled with a 1 M KCl
solution and oocytes bathed in a MES-buffered high [K*] solution (96 mM KCI, 2 mM NacCl, 1.0
mM CaClz,1 mM MgClz, and 5 mM Na-HEPES, pH 7.4). The microscopic currents of inward
rectifier K™ channels were recorded by the Oocyte Voltage Clamp amplifier (OC-725C, Warner
Instruments, CT, USA) and the currents were digitized using the Digidata 1322A data acquisition
apparatus (Molecular Devices, CA, USA). Data acquisition was obtained using Clampex 10.5
software at a sampling rate of 5 kHz, filtered at 1 kHz.

Electrophysiology recordings were performed before and after the incremental addition of different
endocannabinoids from both FAE and 2-MG classes to the bath solution. Cells were voltage-
clamped at different holding potentials in the range from +150 mV to -150 mV until the current
traces were stable (did not changed by addition of the endocannabinoids). Oocytes expressing
mutant Kir2.1 were recorded in the same MES-buffered high [K'] solution. Briefly, oocytes were

held at voltages ranging from +150 to -150 mV in incremental steps of +10 mV (Figure 12).
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Figure 12. The top figure represents inward current records, and the bottom recordings the voltage steps applied by
TEVC.

2.5. Data analysis and statistics

Data were analyzed using the Clampfit software and Origin v8.0 (Northampton, MA, USA) for post-

analysis and data plotting.

Current-voltage (I-V) relationships were measured using the built-in pClamp software outputting

voltage and current traces. [-V curves are fitted to a Boltzmann equation (Equation 1):
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Equation 1: Boltzmann equation

_ (Vin — Vrev)gmax
- V’n_Vl
2
1—e k

Where 7 denotes the current amplitude, V:» the membrane voltage, Ve the reversal potential, V1.2 the
voltage at half-maximal current, and Gmax is the maximal slope of the curve.

Currents recorded in each cell were then normalized to the control current value (0 uM
endocannabinoid) recorded at -150 mV enabling pair-wise evaluation of the changes in currents
induced by each condition to be averaged across cells. The resulting I-V curve and its standard error
of the mean (SEM) is presented in the figures.

To investigate the concentration-dependent effects of specific subsets of endocannabinoids on Kir
channel currents, a pair-wise comparison methodology was utilized. The relative increase in the Kir
function induced by each endocannabinoid at a given concentration (X uM) was determined by
evaluating 1 — [Gmax(X UM)/Gmax(0 pM)] ensuring the appropriate propagation of errors. This
relative increase in Gmax was plotted against the concentration for each endocannabinoid to establish

a dose-response curve. ECso and Emax values were obtained by fitting the Hill equation (Equation 2);

AGnax= (Emax * [L]") / (ECso" + [L]")

Where Emaxis the maximum response, and L is the ligand concentration, in our case,
endocannabinoids (uM), n, the Hill coefficient, and ECso, the effective concentration providing half

a response. Fitting our data to a Hill equation (Origin v8), we determined

*After calculation of the ECso and the Emax value, a 5% increase in relative Gmax was established as
a threshold to identify endocannabinoids that have an effect on Kir2.1 function based on the slight
increase in current observed at high concentrations of the vehicle (ethanol) used as a solvent.
Therefore, a two-sample T-test was used to test the hypothesis that Emax of a particular cannabinoid

was greater than that of ethanol.
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3. Results

3.1 Kir2.1 channels, regulated by endocannabinoids, independently of CBRs.

This study uses Xenopus laevis oocytes as model since it does not express cannabinoid receptors
(Hejazi et al., 2006). By way of TEVC, we evaluated if Kir2.1 currents are modulated by
endocannabinoids, independently of cannabinoid receptors’ influence.

1.1.1 Regulatory effect of fatty acid ethanolamides (POEA and OEA) on Kir2.1

currents

We observed a remarkable increase in the total Kir2.1 channel current following the incremental
addition of POEA and OEA. Maximal Kir2.1 currents at -150 mV (Figure 13 &14) were observed
through the addition of 20 uM POEA. Upon the addition of 10 uM POEA, we observe a small
increase in the Kir2.1 currents compared to the control. Greater concentrations (30-50 uM) also
increased the current (Figure 13.D). Similarly, different concentrations of OEA produced an increase
in Kir2.1 channel current, which showed the almost same effect similar to the POEA effect. The
addition of 40 uM and 50 uM OEA at -150 mV produced the maximal increase in inward rectifying
current, observable at -150 mV (Figure 14.D). The addition of 30 uM NEA obtained the maximum
Kir2.1current. There was no significant enhancement in the current of Kir2.1 currents upon the

addition of 40 and 50 uM of NEA, compared to 30 uM NEA (Figure 15.D).
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Figure 13. Effects of fatty acid ethanolamides: POEA on Kir2.1 channels currents expressed in Xenopus laevis oocytes.
A) Control condition involving the recording of Kir2.1 channels without endocannabinoid treatment. B) Recording
currents of Kir2.1 channels following treatment with various concentrations of POEA. C) Application of the voltage
protocol (-150 to +150 mV). D) Current-voltage (I-V) relationship of Kir2.1 channels following the incremental addition
of POEA. For each cell, currents were normalized to the current elicited at -150 mV for control conditions (0 pM
endocannabinoid). This enabled the averaging of pair-wise data from different cells. The extracellular solution used
during the recordings contained 89 mM K*. Each cell recording took 6-8 hours per day (6<n<9).
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Figure 14. Effects of fatty acid ethanolamides: OEA on Kir2.1 channels currents expressed in Xenopus laevis oocytes.
A) Control condition involving the recording of Kir2.1 channels without endocannabinoid treatment. B) Recording
currents of Kir2.1 channels following treatment with various concentrations of OEA. C) Application of the voltage
protocol (-150 to +150 mV). D) -V relationship of Kir2.1 channels following the incremental addition of OEA. For
each cell, currents were normalized to the current elicited at -150 mV for control conditions (0 uM endocannabinoid).
This enabled the averaging of pair-wise data from different cells The extracellular solution used during the recordings
contained 89 mM K*. Each cell recording took 6-8 hours per day (6<n<9).
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Figure 15. Effects of fatty acid ethanolamides: NEA on Kir2.1 channels currents expressed in Xenopus laevis oocytes.
A) Control condition involving the recording of Kir2.1 channels without endocannabinoid treatment. B) Recording
currents of Kir2.1 channels following treatment with various concentrations of NEA. C) Application of the voltage
protocol (-150 to +150). D) I-V relationship of Kir2.1 channels following the incremental addition of NEA. For each
cell, currents were normalized to the current elicited at -150 mV for control conditions (0 pM endocannabinoid). This
enabled the averaging of pair-wise data from different cells. The extracellular solution used during the recordings
contained 89 mM of K*. Each cell recording took 6-8 hours per day (6<n<9).
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1.1.2 Regulatory effect of 2-MG endocannabinoids (1-AG) on Kir2.1 currents

A remarkable increase in the total Kir2.1 channel current following the incremental addition of 1-
AG was observed (Figure 16). The Maximum Kir2.1 current was obtained by the addition of 30 uM
1-AG. The addition of 40 and 50 uM of 1-AG did not result in any notable increase in Kir2.1
currents, when compared to the addition of 30 uM 1-AG (Figure 16.D).
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—a— Control

064 |—e—10uM1-AG
—a— 20 UM 1-AG
—v— 30 uM 1-AG
104 |——40uM1-AG
—<4— 50 UM 1-AG

Figure 16. Effects of fatty acid ethanolamides: 1-AG on Kir2.1 channels currents expressed in Xenopus laevis oocytes.
A) Control condition involving the recording of Kir2.1 channels without endocannabinoid treatment. B) Recording
currents of Kir2.1 channels following treatment with various concentrations of 1-AG. C) Application of the voltage
protocol (-150 to +150). D) I-V relationship of Kir2.1 channels following the incremental addition of 1-AG. For each
cell, currents were normalized to the current elicited at -150 mV for control conditions (0 pM endocannabinoid). This
enabled the averaging of pair-wise data from different cells. The extracellular solution -used during the recordings
contained 89 mM of K*. Each cell recording took 6-8 hours per day (6<n<9).
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1.1.3 Calculation of ECso and Maximal effect (Emax)

Concentration dependence curves were calculated for both classes of endocannabinoids, namely
POEA, OEA, 1-AG and NEA by plotting the relative increase in slope conductance (Gmax) compared
to the control (Figure 17). Data was then fitted to a dose-response function to determine ECso and
Emax of these compounds. Half-maximal effective concentration for POEA and OEA, was almost
9.30.7 uM. In addition, both endocannabinoids showed a comparable maximal effect value of 21and

23+1.3%, respectively (Table 1) (P<0.05).

Both 1-AG and NEA exhibited ECso values of 20.3 pM and 23.3 uM, respectively. Notably, NEA
demonstrated a significant increase in the maximal response, with a value close to 50% (48.2%+4.5),
while 1-AG exhibited relative increase in Gmax about 20% (20.3+0.6). The results indicated a
significant (P<0.05) enhancement on Kir2.1 channel function by both endocannabinoids of the 2-

MG class (Table 1).
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Figure 17. Concentration dependence curves were calculated for endocannabinoids POEA, OEA, 1-AG and NEA to

obtain the relative increase in G max compared to the control. Data was then fitted to a dose-response function to collect

the ECso and Emax (6<n<9).
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Endocannabinoids ECs) (uM) Emax (%0)
Ethanol (Vehicle) - 3.5+0.7
POEA 9.3 21.2°
OEA 9.2+0.0 23.5°
1-AG 20.0+0.9 20.30.6"
NEA 23.3 48.2"

Table 1. E.x and ECso obtained for 1-Ag, POEA, OEA and NEA. A 5% increase in current was established as a
threshold to identify endocannabinoids that have an effect on Kir2.1 function based on the slight increase in current
observed at high concentrations of the vehicle (Ethanol) used as a solvent. * (P<0.05, (6<n<09)).

1.2 Endocannabinoid regulation of /k; as a treatment for LQT7

To understand the effects of endocannabinoids of ATS/ LQT7 mutants of Kir2.1 channel on its
function, we examined two critical mutations linked to ATS/ LQT7 syndrome, G144S and V302M.
This study provides an essential foundation for the evaluation of potential treatments for ATS/LQT7
syndrome using endocannabinoids and whether these can restore normal Kir2.1 function in cells

expressing LQT7 mutants.

1.2.1 Regulatory effect of ArEA on Kir2.1 ATS/ LQT7 mutations

Additions of ArEA to the bath solution, led to a significant increase in the current of Kir2.1 G144S
mutation (Figure 18). By comparing the I-V curves to the control, it was found that a concentration

of 40 uM of ArEA at -150 mV generated the highest amplitude of inward current (Figure 18.D).

In addition, the endocannabinoid ArEA also had an increased effect on the current of Kir2.1 V302M
mutant channel (Figure 19). In general, an increase in the current was seen by the incremental

addition of the ArEA (Figure 19.D).
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Figure 18. The effect of endocannabinoid ArEA observed on the current of Kir2.1 mutant (G144S) expressed in Xenopus
laevis oocytes. A) Control condition involving the recording of Kir2.1 mutation (G144S) without endocannabinoid
treatment. B) Recording currents of Kir2.1 channels mutation (G144S) following treatment with various concentrations
of ArEA. C) Application of the voltage protocol (-150 to +150). D) I-V relationship of Kir2.1 channels mutation
(G144Y) following the incremental addition of ArEA. For each cell, currents were normalized to the current elicited at
-150 mV for control conditions (0 uM endocannabinoid). This enabled the averaging of pair-wise data from different
cells. The extracellular solution used during the recordings contained 89 mM of K*. Each cell recording took 6-8 hours
per day (5<n<7).
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Figure 19. The effect of endocannabinoid ArEA observed on the current of Kir2.1 mutant (V302M) expressed in
Xenopus laevis oocytes. A) Control condition involving the recording of Kir2.1 mutation (V302M) without
endocannabinoid treatment. B) Recording currents of Kir2.1 channels mutation (V302M) following treatment with
various concentrations of ArEA. C) Application of the voltage protocol (-150 to +150). D) I-V relationship of Kir2.1
channels mutation (V302M) following the incremental addition of ArEA. For each cell, currents were normalized to the
current elicited at -150 mV for control conditions (0 uM endocannabinoid). This enabled the averaging of pair-wise data
from different cells. The extracellular solution used during the recordings contained 89 mM of K*. Each cell recording
took 6-8 hours per day (5<n<7).

3.2.2. Regulatory effect of 2-PG on Kir2.1-V302M currents
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There was an increase in the current Kir2.1 mutation (V302M) following the incremental addition
of endocannabinoids 2-PG (Figure 20). However, the first concentrations from 20 to 30 pM of 2-
PG led to a small increase in the inward current of the mutation, but the current increased

significantly after the addition of 40 and 50 uM of 2-PG (Figure 20.D).

current
(HA)
T L
|
|
|
|
|
|
‘
|

| ) Voltage(mV)

S_104 —m— Control

; —@— 10 UM 2-PG
= —A— 20 UM-2PG
£ 5 v 30 uM 2-PG
e 9 40uM 2-PG
é -4 50uM 2-PG
=-2.0

-2.5 o

_30 -

Figure 20. The effect of endocannabinoid 2-PG observed on the current of Kir2.1 mutant (V302M). A) Control
condition involving the recording of Kir2.1 mutation (V302M) without endocannabinoid treatment. B) Recording
currents of Kir2.1 channels mutation (V302M) following treatment with various concentrations of 2-PG. C) Application
of the voltage protocol. D) Current-voltage (I-V) relationship of Kir2.1 channels mutation (V302M) following the
incremental addition of 2-PG. For each cell, currents were normalized to the current elicited at -150 mV for control
conditions (0 uM endocannabinoid). This enabled the averaging of pair-wise data from different cells. The extracellular
solution used during the recordings contained 89 mM of K*. Each cell recording took 6-8 hours per day (5<n<7).

3.2.1.1 Calculation of endocannabinoid dose dependence on ATS/ LQT7 mutant
Kir2.1 channels
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The potency and maximal effect of endocannabinoid ArEA were calculated for the mutation of
Kir2.1 G144S An ECso value of 1.4+ 2.1 uM was calculated by plotting the dose-dependent curve
for ArEA (Figure 21). A significant maximal effect was calculated which was 59% + 0.44 (P<0.05)
(Table 2). We also calculated the potency and maximal effect of endocannabinoid ArEA and 2-PG
for the Kir2.1 V302M mutation (Figure 19). An ECso value of 1.29+ 1.44 and 3.78+6.64 uM were
obtained by plotting the dose-dependent curve of ArEA and 2-PG, respectively. The concentration
required for maximum effect for 2-PG was 116% (+0.68), while this value for ArEA was 20%

(£0.17) (Table 2).
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Figure 21. Concentration dependence curves of Kir2.1 mutations (V302M and G144S) calculated for endocannabinoids:
ArEA and 2-PG to obtain the relative increase in G max compared to the control. Data was then fitted to a dose-response
function to collect the ECsp and Epax (5<n<7).

Endocannabinoids ECso (uM) Emax (%)
Ethanol (Vehicle) - 3.5+£0.7
ArEA (V302M mutation) 1.29+ 1.44 494+0.17*
2-PG 3.78 6.64 123+0.68*
ATEA (G144S mutation) 1.41+2.19 59+ 0.44%*

Table 2. Emax and EC50 obtained for ArEA and 2-PG tested for mutation of the Kir2.1 V302M. A 5% increase in current was
established as a threshold to identify endocannabinoids that have an effect on Kir2.1 function based on the slight increase
in current observed at high concentrations of the vehicle (Ethanol) used as a solvent (data was not shown). A 5% increase
in current was established as a threshold to identify endocannabinoids that have an effect on Kir2.1 function based on
the slight increase in current observed at high concentrations of the vehicle (Ethanol) used as a solvent.*(P<0.05, 5<n<7).
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1.3 . Is Kir2.1 regulation by other endocannabinoids conserved among Kirs?

Lipid effects on Kir channels are complex and vary among family members. Moreover, the amino
acid sequences of the transmembrane helices in Kir channels differ significantly, particularly in
regions that are likely to form potential binding pockets. Considering these differences, we
investigated the impact of endocannabinoids on other Kir channels first among the family,
specifically Kir7.1 and Kir4.1, which are classified as a weak and intermediate inward rectifier,
respectively. These channels often exhibit distinct responses to membrane lipids when compared to

Kir2.1 currents.

1.3.1 Regulatory effect of Kir4.1 by different concentrations of
endocannabinoid ArEA

Upon addition of two different concentration ranges (5-20 uM and 10-50 uM) of ArEA to Kir4.1
channels, a significant increase in the inward current was observed (Figure 22 & 23). These results
were obtained at various time intervals, yet a consistent increase was observed for each

concentration of ArEA (Figure 22.D & 23.D).
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Figure 22. The effect of endocannabinoid ArEA, 10-50 pM on Kir4.1 current expressed in Xenopus laevis oocytes. A)
Control condition involving the recording of Kir4.1 channels without endocannabinoid treatment. B) Recording currents
of Kir4.1 channels following treatment with various concentrations of ArEA. C) Application of the voltage protocol (-
150 to 100mV). D) I-V relationship of Kir4.1 channels following the incremental addition of ArEA endocannabinoids.
For each cell, currents were normalized to the current elicited at -150 mV for control conditions (0 pM
endocannabinoid). This enabled the averaging of pair-wise data from different cells. The extracellular solution used
during the recordings contained 89 mM K*. Each cell recording took 6-8 hours per day (5<n<7).
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Figure 23. The effect of endocannabinoid ArEA, 5-20 uM on Kir4.1 current expressed in Xenopus laevis oocytes. A)
Control condition involving the recording of Kir4.1 channels without endocannabinoid treatment. B) Recording currents
of Kir4.1 channels following treatment with various concentrations of ArEA. C) Application of the voltage protocol (-
150 to +100mV)). D) I-V relationship of Kir4.1 channels following the incremental addition of ArEA endocannabinoids.
For each cell, currents were normalized to the current elicited at -150 mV for control conditions (0 pM
endocannabinoid). This enabled the averaging of pair-wise data from different cells. The extracellular solution used
during the recordings contained 89 mM K*. Each cell recording took 6-8 hours per day (5<n<7).
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1.3.2 Regulatory effect of Kir4.1 by different concentrations of
endocannabinoid 2-PG

Incremental addition of the 2-PG on Kir4.1 channels showed a great increase in the current of Kir4.1
(Figure 24). After the addition of the first concentration of 2-PG on Kir4.1, a substantial increase in

the current was observed (Figure 24.D).
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Figure 24. The effect of endocannabinoid: 2-PG on Kir4.1 current channels currents expressed in Xenopus laevis
oocytes. A) Control condition involving the recording of Kir4.1 channels without endocannabinoid treatment. B)
Recording currents of Kir4.1 channels following treatment with various concentrations of 2-PG. C) Application of the
voltage protocol (-150 to 100mV)). D) Current-voltage (I-V) relationship of Kir4.1 channels following the incremental
addition of 2-PG endocannabinoids. For each cell, currents were normalized to the current elicited at -150 mV for control
conditions (0 uM endocannabinoid). This enabled the averaging of pair-wise data from different cells. The extracellular
solution used during the recordings contained 89 mM K™. Each cell recording took 6-8 hours per day (5<n<7).
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1.3.3 Calculation of ECs¢ and Emax

A dose-response curve was plotted by calculating the relative increase in Gmax of ArEA and 2-PG
on the Kir4.1 channel (Figure 25). Additionally, the half-potency (ECso0) and maximal effect of the
endocannabinoid ArEA (at regular and lower concentrations) and 2-PG were calculated and are
presented in Table 3. The maximal effect of 2-PG was extraordinarily high, reaching 810% with an
ECso value of around 3 uM (£1.1). On the other hand, ArEA exhibited a highly significant maximal
potency of 163% (£1.01) with an ECso value of 9.96 uM (£0.96)."
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Figure 25. Concentration dependence curves were calculated for endocannabinoid ArEA with 2 concentrations to obtain
the relative increase in G max compared to the control. Data was then fitted to a dose-response function to collect the
ECso and Epmax (55<n<7).

Endocannabinoids ECso (uM) Emax (%)
ArEA 9.96+0.96 163+1.01%
2-PG 3.0 810+ 0.01*

Table 3. Emax and EC50 for ArEA and 2-PG tested for Kir4.1. A 5% increase in current was established as a
threshold to identify endocannabinoids that have an effect on Kir4.1 function based on the slight increase in current
observed at high concentrations of the vehicle (Ethanol) used as a solvent. A 5% increase in current was established as
a threshold to identify endocannabinoids that have an effect on Kir2.1 function based on the slight increase in current
observed at high concentrations of the vehicle (Ethanol) used as a solvent. (*(P<0.5, (5<n<7)).
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1.3.4 Regulatory effect of Kir7.1 by endocannabinoids 2-PG and OEA

The effect of 2-PG on the current of Kir7.1 channels was investigated, and it was found that it led
to a change in the current. Unlike the results observed with other Kir channels such as Kir2.1 and
Kir4.1, where exposure to endocannabinoids resulted in changes in the inward rectification current,
Kir7.1 exhibited different responses. In some cases, the current remained unaffected, while in others,
it even decreased upon incremental addition of the endocannabinoids. For instance, the addition of
different concentrations of 2-PG did not affect the inward current of the Kir channel (Figure 26. D).
On the other hand, the incremental addition of OEA led to a decrease in the Kir7.1 channel current

(Figure 27. D).

73



gA

ES o

o
—
S —

-104 =

10—

EA

ES o

o
—
—

-150 -100 ) 50

-0.21Voltage (mV)

0.4

_0.6 4 —= Control

||—®—10 uM 2-PG
0.8 A 20 uM 2-PG
||—¥—30 uM 2-PG
1.0- —— 40 uM 2-PG
||[—€—50 uM 2-PG

-1.2-

171 Control (-150 mV)

Figure 26. The effect of endocannabinoid: 2-PG on Kir7.1 current channels currents expressed in Xenopus laevis
oocytes. A) Control condition involving the recording of Kir7.1 channels without endocannabinoid treatment. B)
Recording currents of Kir7.1 channels following treatment with various concentrations of 2-PG. C) Application of the
voltage protocol. D) I-V relationship of Kir7.1 channels following the incremental addition of 2-PG endocannabinoids.
For each cell, currents were normalized to the current elicited at -150 mV for control conditions (OpM endocannabinoid).
This enabled the averaging of pair-wise data from different cells. The extracellular solution used during the recordings
contained 89 mM K*. Each cell recording took 6-8 hours per day (6<n<9).

74



(HA)

current

current
(HA)
=4

voltage
(mV)

50
Voltage(mv)

—&— Control

06- —e— 10 uM OEA
—A— 20 uM OEA
—v— 30 uM OEA
—&— 40 uM OEA
|| —€—50 uM OEA

171 Control (-150 mV)

Figure 27. The effect of endocannabinoids: OEA on Kir7.1 current channels currents expressed in Xenopus laevis
oocytes. A) Control condition involving the recording of Kir7.1 channels without endocannabinoid treatment. B)
Recording currents of Kir7.1 channels following treatment with various concentrations of OEA. C) Application of the
voltage protocol. D) Current-voltage (I-V) relationship of Kir7.1 channels following the incremental addition of 2-PG
endocannabinoids. For each cell, currents were normalized to the current elicited at -150 mV for control conditions (0
uM endocannabinoid). This enabled the averaging of pair-wise data from different cells. The extracellular solution used
during the recordings contained 89 mM K*. Each cell recording took 6-8 hours per day (6<n<9).
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1.3.5 Regulatory effect of Kir7.1 by endocannabinoids NEA and LEA

When NEA was added to the bath solution, a significant decrease in the current of Kir7.1 was
observed (Figure 28). The final concentration of NEA (50 uM) resulted in a substantial decrease in

current compared to the control (Figure 28.D).

On the other hand, the regulatory effect of LEA on Kir7.1 did not cause any considerable change in
the current (Figure 29). The incremental addition of LEA did not affect the inward rectification

current of Kir7.1 channels (Figure 29. D).

Similarly, a minor change in the current of Kir7.1 was observed when the endocannabinoid ArEA

was introduced (Figure 30).
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Figure 28. The effect of endocannabinoid: NEA on Kir7.1 current channels currents expressed in Xenopus laevis
oocytes. A) Control condition involving the recording of Kir7.1 channels without endocannabinoid treatment. B)
Recording currents of Kir7.1 channels following treatment with various concentrations of NEA. C) Application of the
voltage protocol (-150 to +150mV). D) I-V relationship of Kir7.1 channels following the incremental addition of NEA
endocannabinoids. For each cell, currents were normalized to the current elicited at -150 mV for control conditions (0
uM endocannabinoid). This enabled the averaging of pair-wise data from different cells. The extracellular solution used
during the recordings contained 89 mM K*. Each cell recording took 6-8 hours per day (6<n<9).
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Figure 29.The effect of endocannabinoid: LEA on Kir7.1 current channels currents expressed in Xenopus laevis oocytes.
A) Control condition involving the recording of Kir7.1 channels without endocannabinoid treatment. B) Recording
currents of Kir7.1 channels following treatment with various concentrations of LEA. C) Application of the voltage
protocol (-150 to +150mV). D) I-V relationship of Kir7.1 channels following the incremental addition of LEA
endocannabinoids. For each cell, currents were normalized to the current elicited at -150 mV for control conditions (0
UM endocannabinoid). This enabled the averaging of pair-wise data from different cells. The extracellular solution used
during the recordings contained 89 mM K*. Each cell recording took 6-8 hours per day (6<n<9).

78



current
(BA)

current
(BA)

-204

+150

voltage @
(mV)
2

@ 0.2-_

-150

-100
0.2 Voltage (mV)

04' —&— Control
7 —e— 10 uM ArEA
06' —A— 20 uM ArEA
27 —w—30 uM ArEA
| —&—40 uM ArEA
-0.-81 | _¢—50 uM ArEA
|% 1.0
-1.2-

Figure 30. The effect of endocannabinoid: ArEA on Kir7.1 current channels currents expressed in Xenopus laevis
oocytes. A) Control condition involving the recording of Kir7.1 channels without endocannabinoid treatment. B)
Recording currents of Kir7.1 channels following treatment with various concentrations of ArEA. C) Application of the
voltage protocol (-150 to +150mV). D) I-V relationship of Kir7.1 channels following the incremental addition of ArEA
endocannabinoids. For each cell, currents were normalized to the current elicited at -150 mV for control conditions (0
UM endocannabinoid). This enabled the averaging of pair-wise data from different cells. The extracellular solution used
during the recordings contained 89 mM K*. Each cell recording took 6-8 hours per day (6<n<9).
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1.3.6 Calculation of ECs¢ and Enax for 2-PG and ArEA endocannabinoid

Concentration dependence curves were calculated for 2-PG, OEA, ArEA, LEA, and NEA
endocannabinoids by plotting the relative increase in slope conductance (Gmax) compared to the
control (Figure 31). Data was then fit to a dose-response function to determine ECso of 2-PG and
OEA, which were small amounts, 1.33+1.15 and 1.87+1.09 uM, respectively. In addition, both
mentioned endocannabinoids showed different values for maximal effect, which was 6.9% (+0.06)

for 2-PG and a negative value for OEA (-13+0.049) (P<0.5) (Table 4).

By plotting the dose-dependent curve, both ArEA and NEA need the amount of 5.8 and 6.1 pM,
respectively, to produce a 7.0% (+0.078) and -23% (+0.035) maximal effect. LEA also has shown a

minimal maximal effect (Table 4).
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Figure 31. Concentration dependence curves of Kir7.1 calculated for 2-PG NEA to obtain the relative increase G max
compared to the control. Data was then fitted to a dose-response function to collect the ECsp and Epax (6<n<9).
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Endocannabinoids ECso (uM) Emax (%)
2-PG 1.33+1.15 6.9+0.06"
LEA 1.22+1.34 3.1+0.06"
NEA 6.1£1.50 -23+0.035"
ArEA 5.8+0.0 7.0£0.078"
OEA 1.87+1.09 -130.049"

Table 4. Emax and EC50 for 2-PG, LEA, NEA, ArEA, and OEA endocannabinoid for the Kir7.1. Emax and ECs for 2-PG,
LEA, NEA, ArEA, and OEA endocannabinoid for the Kir7.1. A 5% increase in current was established as a threshold
to identify endocannabinoids that have an effect on Kir7.1 function based on the slight increase in current observed at
high concentrations of the vehicle (Ethanol) used as a solvent *(P<0.5, (6<n<9)).
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4. Discussion:

In the heart, /x1 stabilizes the resting membrane potential and is responsible for the shaping of the
initial depolarization phase and final repolarization phase of AP (Tourneur, 1986). ki plays a key
role in cell excitability of myocytes, especially in the ventricle (Ibarra et al., 1991). Heterogeneous
Ix1 is the result of Kir2 isoforms’ predominant current of which Kir2.1 shows a very strong inward
current and a tiny outward one in the repolarization phase of the AP. The Kir2.x family mediated
this current in both the atrium and ventricule, compared to the other inward rectifiers that contribute

to cardiac excitability.

Ix1 has been shown to undergo changes by endogenous lipophilic compounds through the
modulation of Kir2.x isoform function. Various membrane lipids, including phosphoinositides,
secondary anionic phospholipids, cholesterol, long-chain CoA, and arachidonic acid was shown to
affect Ix1 current through regulation of the Kir channels directly (Cheng et al., 2011; D'Avanzo,
Cheng, Doyle, et al., 2010; Fiirst, Mondou, et al., 2014; Levitan, 2009; Shumilina et al., 2006; Wang
et al., 2008). Alternation of Kir2.1 function is a critical determinant of proper heart function
(Veerapandiyan & Statland). Thus, any gain- and loss-of-function mutations of Kir2.1 would affect
Ix1 amplitude. /k1 is tightly downregulated in heart failure of human patients and genetically

suppressed in Andersen-Tawil syndrome (LQT?7).

Endocannabinoids are lipidic signalling molecules with strong therapeutic potential in many
diseases through the activation of CB1 and CB2. Apart from the activation of cannabinoid receptors,
they simultaneously have been shown to affect the function of ion channels independent of the
interaction with their receptors. Previous studies have proved that membrane lipids can modulate

the function of K™ channels (Forte et al., 1981; van Dalen & de Kruijff, 2004).

To understand the regulatory effect of the endocannabinoids on Kir2.1 using biochemical,
mutagenesis, and electrophysical techniques, we showed the following findings: 1) Kir2.1 is
activated by the endocannabinoids directly without affecting the cannabinoids receptor, 2) Some
endocannabinoids can increase the current of the Kir2.1 in the oocyte model which expressed the
mutations linked with LQT7 syndrome, 3) we observed that the endocannabinoids’ regulatory effect

is not conserved only in Kir2.1 channels, it also can modulate the function of Kir4.1 and Kir7.1 with

82



different sensitivities. In this section, we will discuss and compare our findings with other studies

that are either similar or different from our own.

It is also worth mentioning that in our study, we investigated the regulatory impact of
endocannabinoids on Kir channels with different concentrations. This exploration involved a range
of endocannabinoid concentrations 10 to 50 uM to understand their effects comprehensively. The
application of dose-response experiments allowed us to identify concentration ranges where
endocannabinoids significantly affect Kir channel behaviour. Using concentrations higher than
physiological levels was intentional, as it enables the detection of effects that might remain latent at
physiological concentrations. As dynamic signalling molecules, endocannabinoids are present in
human circulation; they are derived from various organs and tissues (brain, adipose tissue, muscle,
and circulating cells (Hillard, 2018). Their concentrations rely on numerous physiological and
pathophysiological factors within the body. For instance, serum concentrations of AEA typically
range from 1 to 5 nM, while 2-AG concentrations in serum span 10 to 500 nM (Hillard, 2018).
Higher ligand concentrations are used in experimental studies in the literature. For instance, research
involving exogenous PIP2 application on Kir2.1 channels in Xenopus oocytes has demonstrated
activation of the Kir2.1 at micromolar concentrations (10 uM) (Xie et al., 2005). Effective ligand
(PIP2) activation often requires concentrations beyond the physiological range (1-3%). By
embracing higher concentrations, the study navigated the complexities of ligand-channel
interactions and their implications for cellular responses. Thus, higher concentrations can facilitate
the effective delivery and interaction of exogenous endocannabinoids with Kir channels (Xie et al.,

2005).

4.1 Kir2.1 channels regulated by endocannabinoids, independently of CBRs

A large body of evidence supported that Kir2.x isoforms (Kir2.1, Kir2.2, Kir3.1) have well-defined
roles in biological (heart rhythm and muscle contraction) and pathological functions. Using the
TEVC technique, we have shown that the ionic current of Kir2.1 channels is activated by
endocannabinoids, fatty acid ethanolamides (FAEs), and 2-monoacylglycerols (2-MGs), on

Xenopus laevis oocytes, after the addition of different concentrations (10-50 uM).

Many ion channels of which Ca?* channels (Devane et al., 1992), Na* channels (Nicholson et al.,
2003), TRPV channels (Montell et al., 2002), and K" channels (Poling et al., 1996) have been shown
to be directly modulated by cannabinoids (reviewed (Oz, 2006)). The nature of the mechanism of
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action is suggested to be through lipophilic interactions. Specifically, a study in 1990 showed that
THC can decrease the inward current of Na* in neuroblastoma cells (Turkanis et al., 1991). Later on
another research group reported that Kir current was activated by WIN 55,212-2, a synthetic version
of anandamide, in A-2 cells (Mackie et al., 1995). Our findings are very consistent with this early
study, even though at the time, they believed that this regulation might be due to the presence of
CBRs in neural cells. In this present study, we show this regulatory effect of natural
endocannabinoids on Xenopus laevis oocyte cells which do not express CBRs. Furthermore, we
identified the Kir2.1 current in oocytes when using a low concentration of Ba** (2 uM), resulting in
the inhibition of the K" current. According to our results, Kir2.1 current was regulated only with a
handful of endocannabinoids, and they differ in their sensitivities. For instance, OEA and POEA
from FAEs increased the current of the Kir2.1 channels at -150 mV with ECso at about 9 uM, and
the maximal effect was 21.2% and 23.5% increase respectively. Half maximal effect for 1-AG, was
20.0 uM with a maximal effect around 20.3%, while with almost the same ECso (23.3 uM), NEA
showed a significant Emax with a value of 48.2%. Here in our study, we are reporting NEA as the
endocannabinoid with the greatest affinity for Kir2.1, the high affinity of 1-AG has previously been
reported by other groups for GPCR (Godlewski et al., 2009), but it was not reported for NEA.

Activation of Kir2.1 current facilitates quick repolarization and excitability in cardiac cells.

In addition, endocannabinoids are metabolic product of the polyunsaturated fatty acids (PUFAs),
and the role of PUFAs is critical for maintaining cell membrane structure and function. In the human
body, two essential PUFAs, linoleic acid and alpha-linolenic acid, are involved in the synthesis of
omega-6 and omega-3 fatty acids, respectively. This process involves adding of a double bond
between two carbon atoms (saturation) and addition of two carbon atoms (elongation) (Ander et al.,
2003). Omega-6 fatty acids mainly contribute the synthesis of two main endocannabinoids, namely
AEA and 2-AG. Dietary omega-3 fatty acids are necessary to form prostaglandins and leukotrienes,
as well as some classes of omega-3 derived endocannabinoids including
docosahexaenoylethanolamide (DHEA), eicosapentanoyl ethanolamide (EPEA) (Watson et al.,
2019). Moreover, endocannabinoid of AEA or arachidonoylethanolamine is the ethanolamide
conjugate of arachidonic acid (ARA; 20:4n-6) which shows its close structure to PUFAs
(Komarnytsky et al., 2021). A subset of PUFAs (omega-3 and omega) can also interact and modulate
the function of most ion channels (Kahn-Kirby et al., 2004). PUFAs affect the function of many ion
channels with specific mechanisms. In order to alter the function of ion channels, it is necessary for

them to have a carboxyl group that is charged and two double bonds in cis geometry (Elinder &
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Liin, 2017). In 1990, it has been reported by a research group that PUFA has a direct mechanism of
action on the function of the K channels such as activation of Kv channels (Rouzaire-Dubois et al.,
1991). PUFAs showing a direct regulatory effect have been observed to induce the current of the K*
channels (Ferroni et al., 2003; Horimoto et al., 1997 {Ferroni, 2003 #470). A most recent study has
also investigated the interactions of KCNQI channels with PUFAs, demonstrating the direct
interaction of the KCNQ1-PUFA through two different binding sites, including the voltage sensor
and the pore domain. This research suggested that binding pockets of the KCNQ1 channel secure or
hold the negative charge of PUFAs by interacting with specific amino acids of the channel (Yazdi
et al., 2021). Therefore, in our study, this information supports our idea that endocannabinoids as a
signalling derivative of PUFAs can regulate the function of Kir channels and possibly interact

directly behind the pore domain as PUFAs have been shown to do for other K™ channels.

4.2 Endocannabinoid regulation of Ik; as a treatment for LQT7

Since activation of Kir2.1 leads to faster repolarization in the heart, we examined if
endocannabinoids can be used to treat LQT7/ATS which is associated with the deficit of the KCN.J2
gene (Tawil et al., 1994). Using electrophysiology techniques combined with biochemical and
mutagenesis techniques, we showed that the mutants G144S and V302M when co-expressed with
wild-type channels in a ratio 1:1 actively decreased the ionic current of the endogenous K measured
at -150 mV. ATS is an autosomal-dominant disorder associated with loss-of-function KCN.J2
mutations (Plaster et al., 2001). Our observations indicated that mutations of the Kir2.1 channel did
not exhibit functional activity unless they were co-expressed with an equal concentration of Kir2.1
WT mRNA in a 1:1 ratio. This finding implies that the presence of Kir2.1 WT mRNA is essential
for restoring functional properties to the mutated Kir2.1 channel. These findings are in line with
initial studies on Kir2.1-G144S mutant (Plaster et al., 2001) and another study on mutation V302M
(Ma et al., 2007) that confirms the introduction of the equal amount of Kir2.1 WT mRNA alongside
the mutant counterpart seemed to be a prerequisite for the proper functioning of the mutated Kir2.1

channel.

Moreover, another study has provided valuable information about the functional consequences of
the G144S mutation. This study demonstrated that when the G144S mutation was transfected into
inner ear hair cells alongside Kir2.1 wild type, a significant effect was observed on /ki current in

utricle hair cells in mice. This impact stemmed from the loss of function of the Kir2.1 channel, which

85



was attributed to the G144S mutation's dominant-negative effect. Specifically, the G144S mutation
resulted in a defective selectivity filter within the Kir2.1 channel. This defect led to the abolishment
of Kir2.1 currents and, consequently, the /xi1 current. The study clarified the role of the G144S
mutation in disrupting the normal function of Kir2.1 channels while highlighting how the interaction
between mutated and wild-type components influences channel activity (Levin & Holt, 2012). When
we observed the Kir2.1-G144S mutant density was smaller than the Kir2.1 wild type (20-40%).
According to early studies, mutation G144S is an important mutant linked to ATS that does not
generate measurable currents and leads to current density smaller than wild type (Ballester et al.,
2006). G144S disrupts the selectivity filter GYG domain function, a signature sequence of K*
channels and position 144 is considered a highly conserved K channel residue thus, not surprisingly
leading to a non-functional channel (Plaster et al., 2001). Other relevant mutations in the M1 pore
region (G144A, G156D) have been characterized in ATS patients (Zhang et al., 2005). These
findings are also consistent with the dominant negative effects of these mutations, which our studies

align with.

Mutation V302M is in the C-terminus region and it has been reported that residue 302 is in the G-
loop (Ma et al., 2007) and considered as a flexible side chain (barrier) for K permeation at the
cytoplasmic pore through the G-loop (Pegan et al., 2006). V302M has been shown to also disrupt
current of Kir2.1 channels compared to the wild-type (Ma et al., 2007) which is consistence with
our electrophysiological recording for this mutation as well. Because based our recordings the
current of the mutant Kir2.1 was lower compared to the wild-type, mainly due to the dominant

negative effects mutation.

Our findings showed that the incremental addition of ArEA to the co-assembly of Kir2.1-wt/G144S
channels increased the maximal effect by approximately 59%. The half-maximal effect was only 1.4
uM. Exposing the V302M mutation to varying concentrations of ArEA resulted in an increase in the
inward rectifier of K current, with a maximal effect value of 20% for ArEA (evaluated at -150 mV).
However, with an ECso of 3.78 uM, 2-PG showed a sizeable maximal effect of approximately 116%
and significantly enhanced the current of the Kir2.1-V302M mutant at hyperpolarized voltage.

Regarding physiological relevance, we can highlight that the voltage range of -150 to 150 mV used
in our study encompasses the physiological voltages experienced by cells. This range includes cells
with resting potentials like cardiac myocytes, which are approximately -90 mV (Grant, 2009). By

employing higher physiological concentrations of extracellular K*, we aimed to shift the equilibrium
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potential for potassium (EK=0) to more positive potentials. This adjustment enabled us to investigate
the effects of specific endocannabinoids on Kir2.1 channels at more negative potentials.
Consequently, under physiological conditions, Kir channels exhibit a significant K™ conductance at
potentials negative to EK while generating reduced current flow at potentials positive to EK
(outward current) (Hibino et al., 2010). This dynamic suggests that changes in Kir channel behaviour
due to endocannabinoid effects may carry physiological importance. So, we believe that certain
endocannabinoids' observed significant maximal effect on Kir channels could indicate a notable
alteration in channel behaviour. This degree of change could potentially affect cellular excitability
and resting membrane potential, particularly in cells expressing a substantial Kir current. Such cells
are anticipated to possess a resting membrane potential (Eres) close to EK, which in turn can impact
the overall electrical characteristics of excitable cells, including their firing patterns and

responsiveness to various stimuli (Hibino et al., 2010).

Based on our findings, we propose that these heterozygous mutations G144S and V302M might
have the potential for modulation by certain endocannabinoids. However, it is essential to note that
our study provides initial evidence suggesting the feasibility of such rescue. However,
comprehensive investigation, including detailed mechanistic studies, is required to understand the
potential interaction between these mutations (G144S and V302M) and certain endocannabinoids

we examined in our study.

We lack evidence of a specific mechanism that can explain the action of endocannabinoids on Kir2.1
mutations. Exploring the underlying mechanisms behind these interactions remains an intriguing
subject for future research. However, according to several studies on mutations in specific regions
of KCNJ2; it has been suggested that diminishing of Kir2.1 affinity for PIP2 binding site is a key
mechanism involved in many ATS mutations (Bendahhou et al., 2003; Donaldson et al., 2004; Lopes
et al., 2002). Any changes in the amino acid sequence in the vicinity of valine-302 residue affects
the channels activity and PIP2 sensitivity which is strongly sensitive to changes in size and
hydrophobicity of the side chain in the C-terminus position (Ma et al., 2007). Other associated ATS
mutants such as N216H, and P186L showed an altered function of the Kir2.1 channel within the
region binding the signalling phospholipid PIP2 (Tinker et al., 1996; Zhang et al., 1999). These early
studies strongly present evidence that the cytoplasmic structure of Kir2.1 possesses clusters of amino
acid sequences which form regulatory domains that interact with cellular metabolites to control the

opening and closing of the channel (Pattnaik et al., 2012).
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Another possible explanation is that the Kir2.1-G144S mutant has already been shown to disrupt the
function of the selectivity filter, which leads to the inhibition of /ki. This disruption is caused by
alterations or modifications in the selectivity filter, resulting in abnormal function of the Kir2.1
channel (Levin & Holt, 2012). Based on both our findings and previous studies, it is likely that the
observed active endocannabinoids may modulate the sensitivity of Kir2.1 channel mutations G144S
and V302M. Interactions with the PIP2 binding site, which promote channel opening, could represent
a potential mechanism. Another possibility is that active endocannabinoids possess direct and
specific binding sites on Kir2.1 channels independent of other binding sites, such as PIP2. While
our research has provided preliminary data on the regulatory effects of certain endocannabinoids,
we acknowledge the lack of direct experimental proof to definitively support this mechanism of
action. Future investigations are necessary to confirm and elucidate the underlying mechanisms
governing the effects of endocannabinoids on Kir channel behavior, particularly in the context of

these specific mutations, G144S and V302M.

Moreover, it has already been reported that agonists PUFAs or DHA bind a specific site on ion

channels, as seen in pLGICs on the channel’s outer helices (Basak et al., 2017).

In addition, PUFAs, as endogenous and exogenous amphipathic molecules, have been suggested to
have an antiarrhythmic effect (Endo & Arita, 2016), especially on the LQT syndrome. PUFAs have
been shown to modulate /ks currents in cardiac cells and have a therapeutic effect on the LQT
syndrome through the interaction of ion channels such as Kv7.1, along with KCNE1 as an auxiliary
subunit to mediate the K* currents in the heart (Deal et al., 1996; Noble & Tsien, 1969). In cardiac
cells, PUFAs (DHA and EPA) can bind to Nav and Cav channels and lead to inhibition of the activity
of these channels through binding to their voltage-sensing S4 segments, which are almost

homologous (Kang et al., 1995).

They have suggested that analogues of PUFAs, which exhibit selectivity for Kv7.1/KCNEI1
channels, might have the capacity to decrease the duration of ventricular action potentials in human-
induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) (Bohannon et al., 2020). These
findings align with our results and support the potential effects of endocannabinoids in cardiac

syndromes such as ATS/ LQT7 syndrome.
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4.3 Is the regulation of Kir2.1 by endocannabinoids conserved among Kirs?

While Kir4.1 and Kir7.1 are not primarily found in the heart tissue, studying their response to
endocannabinoids helped us better understand the regulatory mechanisms of Kir channels. This
broader perspective enhances our understanding of these endogenous lipids' action on other Kir
channels beyond cardiac contexts. Here we have found that endocannabinoids also can regulate the
inward current of other Kir channels (Kir4.1 and Kir7.1) with different sensitivities. Several studies
have shown that membrane lipids affect different family members of the Kir channels in terms of
channel gating with different sensitivities to the agonist (Hilgemann & Ball, 1996; Huang et al.,
1998; Logothetis et al., 2015). Our interpretation of the results of these and earlier studies is that the
regulation effect of the endocannabinoids on Kir2.1 channel function is not conserved among other
members of the Kir family (Kir4.1 and Kir7.1). For instance, phosphoinositides (PIPs) are critical
for the activation of Kir channels and previous studies have shown that different Kir channel
subfamilies could be categorized based on the stereospecificity and affinity to PIPs. Some Kir
channels are reported to have the highest sensitivity to PIP2 such as Kir2.1, Kir2.4, and Kir4.1, while
others, the likes of Kir6, Kir7 and Kir3, are less specific or have lower affinities (Lopes et al., 2002).

In addition to PIP: regulation, there is evidence to suggest that PUFAs, such as arachidonic acid,
which are also constituents of cell membrane lipids, can modulate K* conductance (Hamilton &
Kamp, 1999). The effects of arachidonic acid are conserved only for some of the Kir channels. For
instance, arachidonic acid only affects the Kir3 family (Rogalski & Chavkin, 2001) and its
metabolites, 11,12-epoxyeicosatrienoic acid (11,12-EET), has been shown to activate the Kir6.1
channel (Ye, 2005). Among the Kir2.x family, the only member affected by arachidonic acid is
Kir2.3 (Liuet al., 2001). In line with our study, this lipid component has also been shown to directly
regulate Kir2.3 (Liu et al., 2002) with an ECso value of 0.59 uM, but only in the presence of PIP>.
Indeed, arachidonic acid alone is not enough to induce current in Kir2.3 channels. It requires the
synergistic effect of PIP2, as well as either an isoleucine or leucine in the Kir2.3 in the interaction
site of Kir2.3-PIP2 (Wang et al., 2008). Previous studies have shown that, arachidonic acid has no
significant regulatory effect on Kir2.1 (wild type or mutants), Kir2.2 or Kir2.4 channels which are
known as strong rectifiers (Liu et al., 2001; Liu et al., 2002). Based on earlier studies, it seems that
the reason arachidonic acid cannot affect the current of Kir2.1 (Liu et al., 2001) is due to the strong
sensitivity of Kir2.1 to PIP2. This is because arachidonic acid shares structural features with PIP2.

One of the other explanations is that there are certain binding sites for arachidonic acid in the
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transmembrane domain that affects the regulation of Kir2.3. However, the effect of arachidonic acid

on /k1 has not been tested yet (Wang et al., 2008).

Furthermore, the impact of cholesterol on Kir channels is unique. While cholesterol reduces the
current density of Kir2.1 channels, Kir4.1 exhibits decreased activity as a result of cholesterol

depletion (Levitan, 2009).

While our study needs additional work, based on these and earlier studies, it seems that
endocannabinoids are enough for the direct regulation of Kir channels, with differing sensitivities

among members (further data and experiments are needed to confirm these findings.

Kir4.1 channels in astrocytes mediate the K* buffering action, a process by which astrocytes regulate
the extracellular potassium level (Ohno, 2018). However, several studies have reported increased
Kir4.1 current due to human loss-of-function mutations (Nwaobi et al., 2016; Ohno, 2018; Schirmer
et al., 2018). Surprisingly, a few recent studies have claimed a significant decrease in Kir4.1 protein
expression in a Huntington's disease mouse model compared to the control group (Tong et al.,
2014). Furthermore, a more recent study conducted in 2023 by the same research group has shown
that the dysregulation of Kir4.1 in glial cells leads to a reduction in Kir4.1 current. To investigate
this further, they treated ischemic mice with luteolin, a natural flavonoid, and observed an increase
in Kir4.1 current in glial cells of type 2 (NG2 glia or oligodendrocyte progenitor cells). These new
findings have resulted in the promotion of axon remyelination, reduction in infarction area, and
increased lifespan of the ischemic mice (Hong et al., 2023). The findings of this recent study (Hong
et al., 2023) suggest that endocannabinoids may also play a role in Kir4.1 mutations associated with
Huntington's disease. Our study has demonstrated that endocannabinoids significantly increase the
ionic current of Kird.1 channels, which might support their involvement in disease-associated

mutations.

In contrast to increases in the current of Kir4.1, the addition of a subset of endocannabinoids
decreased or barely changed the current of Kir7.1 compared to the active endocannabinoids which
regulated the Kir2.1 strongly. It can be explained based on the findings of previous studies in which
researchers assessed the strength of Kir channel interactions with PIP2, focusing on the most robust
interacting channel, Kir4.1. According to this analysis, Kir channel subfamilies have been ranked in
the following order (from strongest to weakest PIP2 interaction): Kir4 > Kirl ~ Kir2 > Kir6 > Kir7

> Kir3 (Du et al., 2004; Lopes et al., 2002). These studies go along with our results and our
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interpretation withhold the regulatory effect hypothesis of endocannabinoids meaning that it could

be close to the effect that has already been shown for PIP2 (Pattnaik & Hughes, 2009).

Following other research (Lammel et al., 2012; Sartorius et al., 2010), PIP2 predominantly interacts
with Kir channels featuring leucine at this position, including Kir2.1, Kir2.4, Kir4.1, Kir4.2, and
Kirl.1. Conversely, channels like Kir2.2, Kir2.3, Kir3 family, and Kir6 family, which possess

isoleucine at this position, generally exhibit weaker or moderate affinity for PIPa.

The presence of either leucine or isoleucine at this position is crucial in affecting Kir channel
interactions with PIP2. However, Kir7.1 channels could be an exception. Despite having leucine at
this position, they demonstrate weak affinity interactions with PIP2 (Du et al., 2004), these findings

are in line with our data.

In contrast to our observations, cholesterol also has shown a distinct effect on the Kir7.1 channel as
it led to an increase of the current of Kir7.1, and it emphasizes the complex effect of lipids on Kir
channels. Among the group of endocannabinoids, we tested (2-PG, OEA, NEA, LEA, and ArEA),
only ArEA and 2-PG showed significant modulatory effects, with highest maximal effects observed
at only 7%. ArEA had an ECso value of 5.8 uM, while NEA requiring only 1.3 uM to produce half
of the maximal effect, indicating a significant effect of 2-PG on Kirs. The maximal effect of LEA

was very small, around 3.1%. On the other hand, NEA and OEA showed negative maximal effects.

Moreover, numerous studies corroborate our findings, indicating that Kir7.1 lacks pronounced
rectification characteristics. Evidence suggests that Kir7.1 exhibits minimal sensitivity to variations
in external K" concentration, conducting a minute K current (Doring et al., 1998); These

conclusions align with our own results.

Another factor that can impact the weak rectification of Kir7.1, leading to unusual and unique K+
permeation, is the pore region of Kir7.1. Adjacent to the conserved G-Y-G motif in all Kirs, there
are two other residues in Kir7.1 that make them more similar to Kv channels than other Kirs. In the
pore region of Kir7.1 at position 125 (or +2 after GYG), there is a methionine, while other Kir
channels have an arginine at this position. Additionally, there is a proline at position +4 after G-Y-
G, which is absent in other Kirs but present in all Kv channels. It has been suggested that this position
plays a critical role in K permeability (Doring et al., 1998). These key factors also can lead to the

weak rectification of Kir7.1 channels compared to other Kirs.
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Distinct specificities of Kir channels are mostly due to the different binding pockets which are at the
end of the slide helix, and it contains basic amino acids for each subunit of Kir channels. These
findings suggest that different patterns of phospholipid binding lead to different phospholipid
specificities, resulting in specific interactions that are crucial for the activation or inhibition of Kir
channels by these phospholipids (Fiirst, Mondou, et al., 2014). A crystallization study of PIP> has
proven that TMD and CTD are fully involved in the membrane slide helix interaction (Hansen et
al., 2011). It has been reported that the complexity of anionic phospholipids, such as PIP2, is
dependent on Kir channels. This implies that different levels of PIP2 are required to activate the Kir
channels. These lipids uniformly affect all Kirs channels in the same manner, but they also
significantly change the function in a different way even within a subfamily (Logothetis et al., 2015).
This current research presents evidence of the complex effects of a subset of endocannabinoids,
which have demonstrated different effects on different members of Kir channels. This emphasizes
the need for further investigation to understand the mechanisms and binding site interactions

between endocannabinoids and Kir channels.

4.4 Limitations:

While our presented research sheds light on the regulatory effects of endocannabinoids on Kir
channels, specifically Kir2.1 and its mutations, Kir4.1, and Kir7.1 channels, it is necessary to
acknowledge the most obvious limitations that arise to consideration—firstly, using Two-Electrode
Voltage-Clamp (TEVC) technique as an electrophysiological method for functional assessments.
One of our limitations in the present study is that using TEVC does not enable us to translate these

findings into the pharmacological environment, such as in vivo.

In addition, we did not have an adequate sample size for some of the tests, which could affect

variation in our results.

Furthermore, higher extracellular K™ concentrations in our experiments made the tests more
sensitive. While this allowed us to see the potential effects of endocannabinoids in a more negative
possible range, it might not entirely reflect the conditions these Kir channels experience in the body.
Despite this, our study emphasizes the need for more research in different physiological situations

and provides valuable insights into how endocannabinoids influence Kir channels. We additionally
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acknowledge the possibility for further investigation, including studying different Kir channel
subtypes, including more mutations connected to Kir4.1 and Kir7.1. Future research may expand on
these limitations to fill in the gaps and improve our comprehension of the intricate regulatory

functions of endocannabinoids on numerous Kir channels.

4.5 Future Direction:

4.5.1 Short term

i. Other family of Kir channels

Kir channels are potential drug targets for treating various medical conditions, such as hypertension,
cardiac arrhythmias, and neurological diseases (Weaver & Denton, 2021). In addition, there is an
association between mutations in Kir channel genes and certain genetic disorders, including Bartter's
syndrome , Andersen-Tawil syndrome, EAST/SeSAME syndrome, Cantu syndrome and congenital
hyperinsulinism (Denton & Delpire, 2023). On the other hand, endocannabinoids as endogenous
lipid components contribute to several physiological processes, including pain modulation, appetite
regulation, mood, and inflammation (Atakan, 2012). Studying how these endocannabinoids regulate
the function of Kir channel family could give us a better understanding of their complex role in
targeting various pathogenic signals. However, Kir 2.1 and also Kir4.1 are very well-known in terms
of function due to their different physiological role in the cardiac and central nervous systems,
respectively (Hager et al., 2022; Ohno et al., 2021). We still recommend an investigation of other
subunits of these families, such as 2. 2, 2. 3, 2. 4, 2. 6 and Kir4. 2. Regardless of their effect, which
may or may not show the same sensitivity due to their complex interaction with endocannabinoids,
this investigation could provide a deep understanding between endocannabinoids and different
members of Kirs. We also recommend examining the interaction of other subsets of
endocannabinoids on different Kir family members. It is necessary to emphasize the essential
mutations related to these Kir channels. For instance, the Kir6. 2 (KCNJ11) mutation is one of the
critical mutations linked to congenital hyperinsulinism. This rare genetic disorder causes low blood
sugar levels in infants and children (Loechner et al., 2011). Additionally, according to our findings

we have seen a significant effect of some of the endocannabinoids on Kir4. 1, we also advise looking
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at this effect on Kir4. 1 mutations which are associated with various neurological disorders,

including seizures, would be valuable.

In conclusion, further examination of the broader subsets of the endocannabinoids on different
isoforms of the Kir channels and important related mutations gives us a deeper comprehensive
function of their interaction. It can help us set other pharmacological goals to help patients in near

future.

4.5.2 Long term

i. Patch-clamp electrophysiology

There are several essential advantages in studying ion channels; we can examine the Kir channel's
function using the patch clamp technique instead of the TEVC. The patch clamp allows us to record
Kir channels at boosted resolution, one of the most notable advantages. The above technique easily
simplifies the examination of single-cell behaviour. Furthermore, it enables us to use several
configurations, including whole-cell and cell-attached. Ion channel activity can be easily monitored
while the integrity of the cell membrane uses cell-attached patching. Also, the whole-cell

configuration could give us data regarding detailed intracellular signalling.

Last but not least, it has been seen as a valuable approach for drug screening and discovery, helping
us measure accurate current. A patch clamp enables us to investigate how various endocannabinoids
affect Kir channel activation. As a result, research employing patch clam enables us to assess the
potential of certain endocannabinoids proposed by this present study. Thus, we recommend precise
electrophysiological recordings better to understand the impact of screened endocannabinoids on
Kir currents. Here is a summary of the methodology: It involves the transfection of Kir2. 1 cDNA-
containing plasmid into an external expression system like CHO-K1 or HEK293 cells, which have
minimal inherent ion channel expression and do not naturally exhibit endocannabinoid receptors.
These cells are commonly used to study various cardiac and neurological diseases and can be utilized
to investigate /k1’s current components through a patch-clamp electrophysiological technique. The
effects of screened endocannabinoids on endogenous potassium currents in HEK293 cells can be
examined using the whole-cell version of the voltage-clamp technique. The bath solution will have

a composition of NaCl 137 mM, KCI 5.4 mM, CaCl; 1.8 mM, MgClx 1 mM, D-glucose 10 mM,
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HEPES 10 mM, and pH (NaOH) 7.40, while the pipette solution will contain KCI 130 mM, MgCl
1 mM, MgATP 5 mM, HEPES 10 mM, EGTA 5 mM, and pH (KOH) 7.20. Kir2.1 currents will be
measured by applying voltage ramps between -120 mV and +60 mV, with a holding potential of -
60 mV. Cells will continuously be perfused with a mixture of extracellular solution and screened

endocannabinoids or incubated with the selected endocannabinoid before recording.

ii.  Structural study

The mechanism of action of endocannabinoids with the channels within the membrane remains
unclear. Although several structural studies have identified the binding interaction site of Kir2.1 and
PIP2, further research is needed to fully understand the mechanisms of activation of the Kir channels
(Cukras et al., 2002; Pegan et al., 2005; Rohacs et al., 2003). These studies have shown that there
are some positively charged residues, including R67, R82, H53, K182, K185, K187, K188, R189,
R218, K219, K228, and R312 in the C- and N-terminals of Kir channels that play a very important
role in the activation of Kir-PIP2 (Huang et al., 1998; Rohécs et al., 1999). Most of the Kir channels
are sensitive to polyamines, spermine, and spermidine, with micromolar concentrations underlying
the molecular mechanism of Kir channels. Specific residues (e.g. Kir2.1 E224, F254, E299, D255
and, D259, D172) from the transmembrane pore domain are targeted by polyamines (De Boer et al.,
2010), with an exact mechanisms recognized for Mg?" but with weaker potency. The exact
interaction mechanism between Kir2.1 channels and active endocannabinoids is still unknown. To
gain a better understanding of how these endocannabinoids activate Kir channels, it is suggested that
a combination of computational and structural approaches, along with electrophysiological and
biochemical methods, is necessary. These approaches will help assess the potential binding sites of
endocannabinoids to Kir2.1 channels and identify the location and structure of these binding sites.
It is likely that specific residues within Kir2.1 interact with these endogenous lipids, leading to the
regulatory effects observed. Further studies involving structural analysis, biochemical experiments,
and mutagenesis studies are needed to investigate the binding site residues and unravel the specific
mechanisms through which endocannabinoids interact with Kir2.1 channels. For instance, there are
several techniques that can be used to analyze the protein-protein interactions between Kir channels
and endocannabinoids, such as Western blot, binding assays like ELISA or radioactivity,
crosslinking, and crystallization. These methods can offer significant insights into the binding

mechanisms and potential functional implications of these interactions. Our findings that Kir2.1 is
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directly regulated by endocannabinoids may have broader implications on the function of cardiac,

neuronal, and immune cells.

ili. Computational studies

In the future, one possible approach to studying how endocannabinoids directly regulate Kir
channels (Kir2.1, Kir4.1) could involve using molecular dynamics simulations. By examining the
atomic-level interaction between endocannabinoids and Kirs channels and assessing its impact on
channel function, we could potentially identify binding sites for endocannabinoids on Kirs (Kir2.1,

Kir4.1) channels and determine how binding affects channel gating and ion selectivity.

Another method for investigating endocannabinoid modulation of Kir channels could involve virtual
screening, in which an extensive database of endocannabinoid compounds is screened against a Kirs
channel model to identify compounds that can modulate the activity of the channel. Promising
compounds could then be further validated through experimental testing to determine their efficacy.
Finally, machine learning algorithms could be used to develop predictive models for Kir channel
activity and regulation by endocannabinoids based on the channel's structural and sequence

information.

4.6 Conclusion

The critical endocannabinoid system's role in our body is undeniable. However, the evidence has

shown that the endocannabinoid system's regulatory effect on cardiovascular function is not strong.

However, we are reporting the potential promising effects of selected endogenous lipids on Kir2.1
channels on oocytes; concerning all differences, it can apply in the striated muscles of atrial and
ventricular heart cells, where these channels are highly expressed. We believe that this perspective
can help us to understand the connection between the endocannabinoid system and heart function

more effectively.

Kir 2.1 channels regulate the resting membrane potential and contraction of cardiac and smooth
muscle cells by generating the current /ki1. Conversely, endocannabinoids have distinctive heart

effects, such as heart rate changes, blood pressure, and contractility. The relaxation of coronary and
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other arteries is aided by endocannabinoids, which significantly reduce the cardiac workload.
However, they do not play a role in regulating cardiovascular function in a consistent manner. These
effects are modulated through the interaction of endocannabinoids with several receptors, including
CBRs, TRPV1, PPARs and other ion channels expressed in the heart. Our results suggest that the
direct interaction of endocannabinoids with Kir2.1 channels could contribute to cardiac function as

a promising treatment for cardiac syndromes such as ATS/ LQT?7.

In our study, we used a subset of the endocannabinoids from two classes of endocannabinoids, fatty
acid ethanolamides (FAEs) and 2-monoacylglycerols (2-MGs), to study the regulatory effects on
Kir2.1 and its mutation (G144S and V302M). We used an electrophysiological technique called a
two-electrode voltage clamp (TEVC) on Xenopus oocytes. By incrementally adding some of the
endocannabinoids, we observed a significant increase in the K* current in both wild-type and Kir2.1
mutation channels. Among these endocannabinoids, NEA and 2- induced the largest increase in
Kir2.1 function, while 2-PG showed a maximal increase in the current in Kir2.1 mutations (V302M).
Our findings confirm that the direct regulation of endocannabinoids is not only conserved in Kir2.1
channels but also in Kir4.1 channels, where some selected endogenous lipids increase the K* current
significantly more than Kir2.1. However, the inward current of Kir7.1 channels did not change with
the micromolar concentration of several endocannabinoids. This finding could have broad
implications in the fields of neurology and cardiology, particularly in the development of drugs for
treating Andersen-Tawil syndrome (ATS). ATS is caused by loss-of-function mutations in the
Kir2.1 channel, and our findings suggest that targeting the Kir2.1 mutations by endocannabinoids

could potentially be used to treat this condition.

97



5. References

Addona, G. H., Sandermann Jr, H., Kloczewiak, M. A., & Miller, K. W. (2003). Low chemical specificity of
the nicotinic acetylcholine receptor sterol activation site. Biochimica et Biophysica Acta (BBA)-

Biomembranes, 1609(2), 177-182.

Amin, A. S., Tan, H. L., & Wilde, A. A. (2010). Cardiac ion channels in health and disease. Heart Rhythm,
7(1), 117-126.

Ander, B. P., Dupasquier, C. M., Prociuk, M. A., & Pierce, G. N. (2003). Polyunsaturated fatty acids and

their effects on cardiovascular disease. Experimental & Clinical Cardiology, 8(4), 164.

Anumonwo, J. M., & Lopatin, A. N. (2010). Cardiac strong inward rectifier potassium channels. Journal of

molecular and cellular cardiology, 48(1), 45-54.

Aréchiga-Figueroa, I. A., Marmolejo-Murillo, L. G., Cui, M., Delgado-Ramirez, M., van der Heyden, M. A.,
Sanchez-Chapula, J. A., & Rodriguez-Menchaca, A. A. (2017). High-potency block of Kir4. 1
channels by pentamidine: Molecular basis. European journal of pharmacology, 815, 56-63.

Atakan, Z. (2012). Cannabis, a complex plant: different compounds and different effects on individuals. Ther

Adv Psychopharmacol, 2(6), 241-254. https://doi.org/10.1177/2045125312457586

Ballester, L. Y., Benson, D. W., Wong, B., Law, I. H., Mathews, K. D., Vanoye, C. G., & George Jr, A. L.
(2006). Trafficking-competent and trafficking-defective KCNJ2 mutations in Andersen syndrome.
Human mutation, 27(4), 388-388.

Ballester, L. Y., Vanoye, C. G., & George, J., Alfred L. (2007). Exaggerated Mg2+ Inhibition of KCNJ2 as
a Consequence of Reduced PIP2 Sensitivity in Andersen Syndrome. Channels, 1(3), 209-217.

Basak, S., Schmandt, N., Gicheru, Y., & Chakrapani, S. (2017). Crystal structure and dynamics of a lipid-
induced potential desensitized-state of a pentameric ligand-gated channel. Elife, 6, e23886.

98



Batkai, S., Pacher, P., Osei-Hyiaman, D., Radaeva, S., Liu, J., Harvey-White, J., Offertaler, L., Mackie, K.,
Rudd, M. A., & Bukoski, R. D. (2004). Endocannabinoids acting at cannabinoid-1 receptors regulate
cardiovascular function in hypertension. Circulation, 110(14), 1996-2002.

Beeler Jr, G., & Reuter, H. (1970). Voltage clamp experiments on ventricular myocardial fibres. The Journal

of physiology, 207(1), 165-190.

Bendahhou, S., Donaldson, M. R., Plaster, N. M., Tristani-Firouzi, M., Fu, Y.-H., & Ptacek, L. J. (2003).
Defective potassium channel Kir2. 1 trafficking underlies Andersen-Tawil syndrome. Journal of

biological chemistry, 278(51), 51779-51785.

Benham, C., Davis, J., & Randall, A. (2002). Vanilloid and TRP channels: a family of lipid-gated cation
channels. Neuropharmacology, 42(7), 873-888.

Bichet, D., Haass, F. A., & Jan, L. Y. (2003). Merging functional studies with structures of inward-rectifier
K" channels. Nature Reviews Neuroscience, 4(12), 957-967. https://doi.org/10.1038/nrn1244

Biel, M., & Michalakis, S. (2009). Cyclic nucleotide-gated channels. Handb Exp Pharmacol(191), 111-136.
https://doi.org/10.1007/978-3-540-68964-5 7

Bockenhauer, D., Feather, S., Stanescu, H. C., Bandulik, S., Zdebik, A. A., Reichold, M., Tobin, J., Lieberer,
E., Sterner, C., & Landoure, G. (2009). Epilepsy, ataxia, sensorineural deafness, tubulopathy, and
KCNIJ10 mutations. New England Journal of Medicine, 360(19), 1960-1970.

Bodendiek, S. B., Mahiecux, C., Hansel, W., & Wulff, H. (2009). 4-Phenoxybutoxy-substituted heterocycles—
A structure—activity relationship study of blockers of the lymphocyte potassium channel Kvl. 3.

European journal of medicinal chemistry, 44(5), 1838-1852.

Bohannon, B. M., de la Cruz, A., Wu, X., Jowais, J. J., Perez, M. E., Dykxhoorn, D. M., Liin, S. ., & Larsson,
H. P. (2020). Polyunsaturated fatty acid analogues differentially affect cardiac NaV, CaV, and KV

channels through unique mechanisms. Elife, 9, €51453.

Bonz, A., Laser, M., Kiillmer, S., Kniesch, S., Babin-Ebell, J., Popp, V., Ertl, G., & Wagner, J. A. (2003).
Cannabinoids acting on CB1 receptors decrease contractile performance in human atrial muscle.

Journal of cardiovascular pharmacology, 41(4), 657-664.

99



Bouchard, R., Clark, R. B., Juhasz, A. E., & Giles, W. R. (2004). Changes in extracellular K+ concentration
modulate contractility of rat and rabbit cardiac myocytes via the inward rectifier K+ current IK1. The

Journal of physiology, 556(3), 773-790.

Bukiya, A. N., Belani, J. D., Rychnovsky, S., & Dopico, A. M. (2011). Specificity of cholesterol and analogs
to modulate BK channels points to direct sterol-channel protein interactions. Journal of General

Physiology, 137(1), 93-110.

Butt, A. M., & Kalsi, A. (20006). Inwardly rectifying potassium channels (Kir) in central nervous system glia:
a special role for Kir4. 1 in glial functions. Journal of cellular and molecular medicine, 10(1), 33-

44.

Caterina, M. J., & Julius, D. (1999). Sense and specificity: a molecular identity for nociceptors. Current

opinion in neurobiology, 9(5), 525-530.

Catterall, W. A. (2011). Voltage-gated calcium channels. Cold Spring Harbor perspectives in biology, 3(8),
a003947.

Chemin, J., Monteil, A., Perez-Reyes, E., Nargeot, J., & Lory, P. (2001). Direct inhibition of T-type calcium
channels by the endogenous cannabinoid anandamide. The EMBO journal, 20(24), 7033-7040.

Chen, Z.-Y., Hu, Y.-T., Yang, W.-S., He, Y.-W_, Feng, J., Wang, B., Zhao, R.-M., Ding, J.-P., Cao, Z.-]., &
Li, W.-X. (2012). Hgl, novel peptide inhibitor specific for Kvl. 3 channels from first scorpion
Kunitz-type potassium channel toxin family. Journal of biological chemistry, 287(17), 13813-13821.

Cheng, J., Niwa, R., Kamiya, K., Toyama, J., & Kodama, 1. (1999). Carvedilol blocks the repolarizing K+
currents and the L-type Ca2+ current in rabbit ventricular myocytes. European journal of

pharmacology, 376(1-2), 189-201.

Cheng, W. W., D'Avanzo, N., Doyle, D. A., & Nichols, C. G. (2011). Dual-mode phospholipid regulation of
human inward rectifying potassium channels. Biophysical journal, 100(3), 620-628.

Choe, S. (2002). Potassium channel structures. Nature Reviews Neuroscience, 3(2), 115-121.

https://doi.org/10.1038/nrn727

100



Ciani, S., Krasne, S., & Hagiwara, S. (1980). A model for the effects of potential and external K"
concentration on the Cs” blocking of inward rectification. Biophysical journal, 30(1), 199-204.

Cukras, C. A., Jeliazkova, 1., & Nichols, C. G. (2002). The role of NH2-terminal positive charges in the
activity of inward rectifier KATP channels. The Journal of general physiology, 120(3), 437-446.

D'Avanzo, N., Cheng, W. W., Doyle, D. A., & Nichols, C. G. (2010). Direct and specific activation of human
inward rectifier K" channels by membrane phosphatidylinositol 4, 5-bisphosphate. Journal of
biological chemistry, 285(48), 37129-37132.

D'Avanzo, N., Cheng, W. W., Wang, S., Enkvetchakul, D., & Nichols, C. G. (2010). Lipids driving protein

structure? Evolutionary adaptations in Kir channels. Channels, 4(3), 139-141.

D'Avanzo, N., Hyrc, K., Enkvetchakul, D., Covey, D. F., & Nichols, C. G. (2011). Enantioselective protein-
sterol interactions mediate regulation of both prokaryotic and eukaryotic inward rectifier K" channels

by cholesterol. PLoS One, 6(4), €19393.

D'Avanzo, N, Lee, S.-J., Cheng, W. W., & Nichols, C. G. (2013). Energetics and location of phosphoinositide
binding in human Kir2. 1 channels. Journal of biological chemistry, 288(23), 16726-16737.

Dahal, G. R., Rawson, J., Gassaway, B., Kwok, B., Tong, Y., Ptacek, L. J., & Bates, E. (2012). An inwardly
rectifying K* channel is required for patterning. Development, 139(19), 3653-3664.

Dart, C., Leyland, M., Spencer, P., Stanfield, P., & Sutcliffe, M. (1998). The selectivity filter of a potassium
channel, murine kir2. 1, investigated using scanning cysteine mutagenesis. The Journal of

physiology, 511(Pt 1), 25.

Das, A., Wallace IV, G. C., Holmes, C., McDowell, M. L., Smith, J. A., Marshall, J. D., Bonilha, L., Edwards,
J. C., Glazier, S. S., & Ray, S. K. (2012). Hippocampal tissue of patients with refractory temporal
lobe epilepsy is associated with astrocyte activation, inflammation, and altered expression of

channels and receptors. Neuroscience, 220, 237-246.

De Boer, T., Houtman, M., Compier, M., & Van der Heyden, M. (2010). The mammalian KIR2. x inward
rectifier ion channel family: expression pattern and pathophysiology. Acta physiologica, 199(3), 243-
256.

101



Deal, K. K., England, S. K., & Tamkun, M. M. (1996). Molecular physiology of cardiac potassium channels.
Physiological reviews, 76(1), 49-67.

Demuth, D. G., & Molleman, A. (2006). Cannabinoid signalling. Life sciences, 78(6), 549-563.

Devane, W. A., Hanus§, L., Breuer, A., Pertwee, R. G., Stevenson, L. A., Griffin, G., Gibson, D., Mandelbaum,
A., Etinger, A., & Mechoulam, R. (1992). Isolation and structure of a brain constituent that binds to
the cannabinoid receptor. science, 258(5090), 1946-1949.

Dhamoon, A. S., & Jalife, J. (2005). The inward rectifier current (IK1) controls cardiac excitability and is
involved in arrhythmogenesis. Heart Rhythm, 2(3), 316-324.
https://doi.org/https://doi.org/10.1016/j.hrthm.2004.11.012

Djukic, B., Casper, K. B., Philpot, B. D., Chin, L.-S., & McCarthy, K. D. (2007). Conditional knock-out of
Kir4. 1 leads to glial membrane depolarization, inhibition of potassium and glutamate uptake, and

enhanced short-term synaptic potentiation. Journal of Neuroscience, 27(42), 11354-11365.

Donaldson, M., Yoon, G., Fu, Y. H., & Ptacek, L. (2004). Andersen-Tawil syndrome: a model of clinical
variability, pleiotropy, and genetic heterogeneity. Annals of medicine, 36(supl), 92-97.

Doring, F., Derst, C., Wischmeyer, E., Karschin, C., Schneggenburger, R., Daut, J., & Karschin, A. (1998).
The epithelial inward rectifier channel Kir7. 1 displays unusual K+ permeation properties. Journal

of Neuroscience, 18(21), 8625-8636.

Du, X., Zhang, H., Lopes, C., Mirshahi, T., Rohacs, T., & Logothetis, D. E. (2004). Characteristic interactions
with phosphatidylinositol 4, 5-bisphosphate determine regulation of kir channels by diverse
modulators. Journal of biological chemistry, 279(36), 37271-37281.

Duan, Y., Liao, C., Jain, S., & Nicholson, R. A. (2008). The cannabinoid receptor agonist CP-55,940 and
ethyl arachidonate interfere with [3H] batrachotoxinin A 20 a-benzoate binding to sodium channels
and inhibit sodium channel function. Comparative Biochemistry and Physiology Part C: Toxicology

& Pharmacology, 148(3), 244-249.

Dunn, C. J.,, Lea, A. P., & Wagstaff, A. J. (1997). Carvedilol: a reappraisal of its pharmacological properties

and therapeutic use in cardiovascular disorders. Drugs, 54, 161-185.

102



Durell, S. R., & Guy, H. R. (2001). A family of putative K ir potassium channels in prokaryotes. BMC
evolutionary biology, 1, 1-9.

Elinder, F., & Liin, S. I. (2017). Actions and mechanisms of polyunsaturated fatty acids on voltage-gated ion

channels. Frontiers in physiology, 8, 43.

Endo, J., & Arita, M. (2016). Cardioprotective mechanism of omega-3 polyunsaturated fatty acids. Journal
of cardiology, 67(1), 22-27.

Epshtein, Y., Chopra, A. P., Rosenhouse-Dantsker, A., Kowalsky, G. B., Logothetis, D. E., & Levitan, I.
(2009). Identification of a C-terminus domain critical for the sensitivity of Kir2. 1 to cholesterol.

Proceedings of the National Academy of Sciences, 106(19), 8055-8060.

Evans, R., & Surprenant, A. (1993). Effects of phospholipase A2 inhibitors on coupling of alpha 2-
adrenoceptors to inwardly rectifying potassium currents in guinea-pig submucosal neurones. British

Jjournal of pharmacology, 110(2), 591.

Evans, R. M., Scott, R. H., & Ross, R. A. (2004). Multiple actions of anandamide on neonatal rat cultured

sensory neurones. British journal of pharmacology, 141(7), 1223-1233.

F Tuma, R., & Steffens, S. (2012). Targeting the endocannabinod system to limit myocardial and cerebral

ischemic and reperfusion injury. Current pharmaceutical biotechnology, 13(1), 46-58.

Fan, Z., & Makielski, J. C. (1997). Anionic phospholipids activate ATP-sensitive potassium channels.
Journal of biological chemistry, 272(9), 5388-5395.

Ferré, S., Lluis, C., Justinova, Z., Quiroz, C., Orru, M., Navarro, G., Canela, E. 1., Franco, R., & Goldberg,
S. R. (2010). Adenosine—cannabinoid receptor interactions. Implications for striatal function. British

Jjournal of pharmacology, 160(3), 443-453.

Ferreira, G., Yi, J., Rios, E., & Shirokov, R. (1997). Ion-dependent inactivation of barium current through L-
type calcium channels. The Journal of general physiology, 109(4), 449-461.

103



Ferrer, T., Ponce-Balbuena, D., Lopez-Izquierdo, A., Aréchiga-Figueroa, I. A., de Boer, T. P., van der
Heyden, M. A., & Sanchez-Chapula, J. A. (2011). Carvedilol inhibits Kir2. 3 channels by interference
with PIP2-channel interaction. European journal of pharmacology, 668(1-2), 72-77.

Ferroni, S., Valente, P., Caprini, M., Nobile, M., Schubert, P., & Rapisarda, C. (2003). Arachidonic acid
activates an open rectifier potassium channel in cultured rat cortical astrocytes. Journal of

neuroscience research, 72(3), 363-372.

Forte, M., Satow, Y., Nelson, D., & Kung, C. (1981). Mutational alteration of membrane phospholipid
composition and voltage-sensitive ion channel function in paramecium. Proceedings of the National

Academy of Sciences, 78(11), 7195-7199.

Fulford, G. R., Katz, D. F., & Powell, R. L. (1998). Swimming of spermatozoa in a linear viscoelastic fluid.
Biorheology, 35(4-5), 295-309.

Fiirst, O., Mondou, B., & D'Avanzo, N. (2014). Phosphoinositide regulation of inward rectifier potassium
(Kir) channels. Frontiers in physiology, 4, 404.

Fiirst, O., Nichols, C. G., Lamoureux, G., & D’Avanzo, N. (2014). Identification of a cholesterol-binding
pocket in inward rectifier K (Kir) channels. Biophysical journal, 107(12), 2786-2796.

Furutani, K., Ohno, Y., Inanobe, A., Hibino, H., & Kurachi, Y. (2009). Mutational and in silico analyses for
antidepressant block of astroglial inward-rectifier Kir4. 1 channel. Molecular pharmacology, 75(6),

1287-1295.

Gihwiler, B., & Brown, D. A. (1985). GABAB-receptor-activated K+ current in voltage-clamped CA3
pyramidal cells in hippocampal cultures. Proceedings of the National Academy of Sciences, 82(5),
1558-1562.

Gautier, P., Guillemare, E., Marion, A., Bertrand, J.-P., Tourneur, Y., & Nisato, D. (2003). Electrophysiologic
characterization of dronedarone in guinea pig ventricular cells. Journal of cardiovascular

pharmacology, 41(2), 191-202.

Gheiler, M., Pollack, A., Uchenik, D., Godel, V., & Oliver, M. (1982). Hereditary snowflake vitreoretinal
degeneration. Birth defects original article series, 18(6), 577-580.

104



Godlewski, G., Offertaler, L., Wagner, J. A., & Kunos, G. (2009). Receptors for acylethanolamides—GPR55
and GPR119. Prostaglandins & other lipid mediators, 89(3-4), 105-111.

Gonzalez-Mariscal, 1., Krzysik-Walker, S. M., Doyle, M. E., Liu, Q.-R., Cimbro, R., Santa-Cruz Calvo, S.,
Ghosh, S., Ciedla, L., Moaddel, R., & Carlson, O. D. (2016). Human CB1 receptor isoforms, present

in hepatocytes and B-cells, are involved in regulating metabolism. Scientific reports, 6(1), 1-12.

Grant, A. O. (2009). Cardiac ion channels. Circulation: Arrhythmia and Electrophysiology, 2(2), 185-194.

Gui, L., LaGrange, L. P., Larson, R. A., Gu, M., Zhu, J., & Chen, Q.-H. (2012). Role of small conductance
calcium-activated potassium channels expressed in PVN in regulating sympathetic nerve activity and
arterial blood pressure in rats. American Journal of Physiology-Regulatory, Integrative and

Comparative Physiology, 303(3), R301-R310.

Hagemeister, A. L., & Sheridan, M. A. (2008). Somatostatin inhibits hepatic growth hormone receptor and
insulin-like growth factor | mRNA expression by activating the ERK and PI3K signaling pathways.
American Journal of Physiology-Regulatory, Integrative and Comparative Physiology, 295(2),
R490-R497.

Hager, N. A., McAtee, C. K., Lesko, M. A., & O’Donnell, A. F. (2022). Inwardly rectifying potassium
channel Kir2. 1 and its “Kir-ious” regulation by protein trafficking and roles in development and

disease. Frontiers in Cell and Developmental Biology, 9, 796136.

Hagiwara, S., Miyazaki, S., & Rosenthal, N. (1976). Potassium current and the effect of cesium on this current
during anomalous rectification of the egg cell membrane of a starfish. The Journal of general

physiology, 67(6), 621-638.

Hagiwara, S., & Takahashi, K. (1974). The anomalous rectification and cation selectivity of the membrane

of a starfish egg cell. The Journal of membrane biology, 18(1), 61-80.

Hamilton, J. A., & Kamp, F. (1999). How are free fatty acids transported in membranes? Is it by proteins or
by free diffusion through the lipids? Diabetes, 48(12), 2255-2269.

Hansen, S. B., Tao, X., & MacKinnon, R. (2011). Structural basis of PIP2 activation of the classical inward
rectifier K+ channel Kir2. 2. Nature, 477(7365), 495-498.

105



Harada, Y., Nagao, Y., Shimizu, S., Serikawa, T., Terada, R., Fujimoto, M., Okuda, A., Mukai, T., Sasa, M.,
& Kurachi, Y. (2013). Expressional analysis of inwardly rectifying Kir4. 1 channels in Noda epileptic
rat (NER). Brain research, 1517, 141-149.

Hardie, R. C. (2003). Regulation of TRP channels via lipid second messengers. Annual review of physiology,
65(1), 735-759.

Harry, G. J. (2022). Chapter One - Cannabinoids. In W. Slikker, M. Aschner, & L. G. Costa (Eds.), Advances
in Neurotoxicology (Vol. 8, pp. 1-48). Academic Press.
https://doi.org/https://doi.org/10.1016/bs.ant.2022.06.001

Hartman, C. A., Hopfer, C. J., Haberstick, B., Rhee, S. H., Crowley, T. J., Corley, R. P., Hewitt, J. K., &
Ehringer, M. A. (2009). The association between cannabinoid receptor 1 gene (CNR1) and cannabis
dependence symptoms in adolescents and young adults. Drug and alcohol dependence, 104(1-2), 11-
16.

Hebert, S. C., Desir, G., Giebisch, G., & Wang, W. (2005). Molecular diversity and regulation of renal
potassium channels. Physiological reviews, 85(1), 319-371.

Heginbotham, L., Lu, Z., Abramson, T., & MacKinnon, R. (1994). Mutations in the K+ channel signature
sequence. Biophysical journal, 66(4), 1061-1067.

Hejazi, N., Zhou, C., Oz, M., Sun, H., Ye, J. H., & Zhang, L. (2006). A9-Tetrahydrocannabinol and
endogenous cannabinoid anandamide directly potentiate the function of glycine receptors. Molecular

pharmacology, 69(3), 991-997.

Hejtmancik, J. F., Jiao, X., Li, A., Sergeev, Y. V., Ding, X., Sharma, A. K., Chan, C.-C., Medina, 1., &
Edwards, A. O. (2008). Mutations in KCNJ13 cause autosomal-dominant snowflake vitreoretinal

degeneration. The American Journal of Human Genetics, 82(1), 174-180.

Heuser, K., Eid, T., Lauritzen, F., Thoren, A. E., Vindedal, G. F., Taubgll, E., Gjerstad, L., Spencer, D. D.,
Ottersen, O. P., & Nagelhus, E. A. (2012). Loss of perivascular Kir4. 1 potassium channels in the
sclerotic hippocampus of patients with mesial temporal lobe epilepsy. Journal of Neuropathology &

Experimental Neurology, 71(9), 814-825.

106



Hibino, H., Inanobe, A., Furutani, K., Murakami, S., Findlay, 1., & Kurachi, Y. (2010). Inwardly rectifying
potassium channels: their structure, function, and physiological roles. Physiological reviews, 90(1),

291-366.

Hibino, H., & Kurachi, Y. (2007). Distinct detergent-resistant membrane microdomains (lipid rafts)
respectively harvest K™ and water transport systems in brain astroglia. European Journal of

Neuroscience, 26(9), 2539-2555.

Hilgemann, D. W. (2007). Local PIP 2 signals: when, where, and how? Pfliigers Archiv-European Journal
of Physiology, 455, 55-67.

Hilgemann, D. W., & Ball, R. (1996). Regulation of cardiac Na’, Ca*" exchange and KATP potassium
channels by PIP2. science, 273(5277), 956-959.

Hilgemann, D. W., Feng, S., & Nasuhoglu, C. (2001). The complex and intriguing lives of PIP2 with ion
channels and transporters. Science's STKE, 2001(111), re19-rel9.

Hillard, C. J. (2018). Circulating endocannabinoids: from whence do they come and where are they going?

Neuropsychopharmacology, 43(1), 155-172.

Hille, B. (1978). lonic channels in excitable membranes. Current problems and biophysical approaches.

Biophysical journal, 22(2), 283-294.

Hille, B., & Schwarz, W. (1978). Potassium channels as multi-ion single-file pores. The Journal of general

physiology, 72(4), 409-442.

Hirschfeld, R. M. (2000). History and evolution of the monoamine hypothesis of depression. Journal of
clinical psychiatry, 61(6), 4-6.

Ho, K., Nichols, C. G., Lederer, W. J., Lytton, J., Vassilev, P. M., Kanazirska, M. V., & Hebert, S. C. (1993).
Cloning and expression of an inwardly rectifying ATP-regulated potassium channel. Nature,
362(6415), 31-38.

Hong, X., Jian, Y., Ding, S., Zhou, J., Zheng, X., Zhang, H., Zhou, B., Zhuang, C., Wan, J., & Tong, X.
(2023). Kir4. 1 channel activation in NG2 glia contributes to remyelination in ischemic stroke.

Ebiomedicine, 87, 104406.

107



Horimoto, N., Nabekura, J., & Ogawa, T. (1997). Arachidonic acid activation of potassium channels in rat

visual cortex neurons. Neuroscience, 77(3), 661-671.

Huang, C.-L. (2007). Complex roles of PIP2 in the regulation of ion channels and transporters. American

Journal of Physiology-Renal Physiology, 293(6), F1761-F1765.

Huang, C.-L., Feng, S., & Hilgemann, D. W. (1998). Direct activation of inward rectifier potassium channels

by PIP2 and its stabilization by Gfy. Nature, 391(6669), 803-806.

Hughes, B. A., & Swaminathan, A. (2008). Modulation of the Kir7. 1 potassium channel by extracellular and
intracellular pH. American Journal of Physiology-Cell Physiology, 294(2), C423-C431.

lannotti, F. A., Di Marzo, V., & Petrosino, S. (2016). Endocannabinoids and endocannabinoid-related
mediators: Targets, metabolism and role in neurological disorders. Progress in lipid research, 62,

107-128.

lannotti, F. A., Silvestri, C., Mazzarella, E., Martella, A., Calvigioni, D., Piscitelli, F., Ambrosino, P.,
Petrosino, S., Czifra, G., & Bir6, T. (2014). The endocannabinoid 2-AG controls skeletal muscle cell
differentiation via CB1 receptor-dependent inhibition of Kv7 channels. Proceedings of the National

Academy of Sciences, 111(24), E2472-E248]1.

Ibarra, J., Morley, G. E., & Delmar, M. (1991). Dynamics of the inward rectifier K* current during the action
potential of guinea pig ventricular myocytes. Biophysical journal, 60(6), 1534-1539.

Ishii, M., Horio, Y., Tada, Y., Hibino, H., Inanobe, A., Ito, M., Yamada, M., Gotow, T., Uchiyama, Y., &
Kurachi, Y. (1997). Expression and clustered distribution of an inwardly rectifying potassium
channel, KAB-2/Kir4. 1, on mammalian retinal Miiller cell membrane: their regulation by insulin

and laminin signals. Journal of Neuroscience, 17(20), 7725-7735.
Janis, R., Shrikhande, A., Johnson, D., McCarthy, R., Howard, A., Greguski, R., & Scriabine, A. (1988).

Isolation and characterization of a fraction from brain that inhibits 1, 4-[3H] dihydropyridine binding

and L-type calcium channel current. FEBS letters, 239(2), 233-236.

108



Jenkins, D. P., Strebzk, D., Hougaard, C., Jensen, M. L., Hummel, R., Segrensen, U. S., Christophersen, P.,
& Wulff, H. (2011). Negative gating modulation by (R)-N-(benzimidazol-2-yl)-1, 2, 3, 4-tetrahydro-
1-naphthylamine (NS8593) depends on residues in the inner pore vestibule: pharmacological

evidence of deep-pore gating of KCa2 channels. Molecular pharmacology, 79(6), 899-909.

Johnson, D., Heald, S., Dally, R., & Janis, R. (1993). Isolation, identification and synthesis of an endogenous
arachidonic amide that inhibits calcium channel antagonist 1, 4-dihydropyridine binding.

Prostaglandins, leukotrienes and essential fatty acids, 48(6), 429-437.

Jordt, S.-E., Bautista, D. M., Chuang, H.-h., McKemy, D. D., Zygmunt, P. M., Hogestitt, E. D., Meng, I. D.,
& Julius, D. (2004). Mustard oils and cannabinoids excite sensory nerve fibres through the TRP
channel ANKTMI1. Nature, 427(6971), 260-265.

Kang, J. X., Xiao, Y. F., & Leaf, A. (1995). Free, long-chain, polyunsaturated fatty acids reduce membrane
electrical excitability in neonatal rat cardiac myocytes. Proc Natl Acad Sci U S A, 92(9), 3997-4001.
https://doi.org/10.1073/pnas.92.9.3997

Katz, B. (1949). Les constantes electriques de la membrane du muscle. Arch Sci Physiol, 3, 285-299.

Khakh, B. S., Beaumont, V., Cachope, R., Munoz-Sanjuan, 1., Goldman, S. A., & Grantyn, R. (2017).
Unravelling and exploiting astrocyte dysfunction in Huntington’s disease. Trends in neurosciences,

40(7), 422-437.

Khan, A. O., Bergmann, C., Neuhaus, C., & Bolz, H. J. (2015). A distinct vitreo-retinal dystrophy with early-
onset cataract from recessive KCNJ13 mutations. Ophthalmic Genetics, 36(1), 79-84.

Kharade, S. V., Kurata, H., Bender, A. M., Blobaum, A. L., Figueroa, E. E., Duran, A., Kramer, M., Days,
E., Vinson, P., & Flores, D. (2018). Discovery, characterization, and effects on renal fluid and
electrolyte excretion of the Kir4. 1 potassium channel pore blocker, VUO0134992. Molecular
pharmacology, 94(2), 926-937.

Kinboshi, M., Mukai, T., Nagao, Y., Matsuba, Y., Tsuji, Y., Tanaka, S., Tokudome, K., Shimizu, S., Ito, H.,
& Ikeda, A. (2017). Inhibition of inwardly rectifying potassium (Kir) 4.1 channels facilitates brain-

derived neurotrophic factor (BDNF) expression in astrocytes. Frontiers in molecular neuroscience,

10, 408.

109



Kofuji, P., & Newman, E. (2004). Potassium buffering in the central nervous system. Neuroscience, 129(4),

1043-1054.

Komarnytsky, S., Rathinasabapathy, T., Wagner, C., Metzger, B., Carlisle, C., Panda, C., Le Brun-Blashka,
S., Troup, J. P., & Varadharaj, S. (2021). Endocannabinoid system and its regulation by
polyunsaturated fatty acids and full spectrum hemp oils. International Journal of Molecular Sciences,

22(11), 5479.

Krapivinsky, G., Medina, 1., Eng, L., Krapivinsky, L., Yang, Y., & Clapham, D. E. (1998). A novel inward
rectifier K channel with unique pore properties. Neuron, 20(5), 995-1005.

Kroigaard, C., Dalsgaard, T., Nielsen, G., Laursen, B. E., Pilegaard, H., Kohler, R., & Simonsen, U. (2012).
Activation of endothelial and epithelial KCa2. 3 calcium-activated potassium channels by NS309
relaxes human small pulmonary arteries and bronchioles. British journal of pharmacology, 167(1),

37-47.

Kubo, Y., Adelman, J. P., Clapham, D. E., Jan, L. Y., Karschin, A., Kurachi, Y., Lazdunski, M., Nichols, C.
G., Seino, S., & Vandenberg, C. A. (2005). International Union of Pharmacology. LIV. Nomenclature
and molecular relationships of inwardly rectifying potassium channels. Pharmacological reviews,

57(4), 509-526.

Kubo, Y., Baldwin, T. J., Nung Jan, Y., & Jan, L. Y. (1993). Primary structure and functional expression of

a mouse inward rectifier potassium channel. Nature, 362(6416), 127-133.

Kuffler, S. W., & Nicholls, J. G. (1966). The physiology of neuroglial cells. Ergebnisse der physiologie

biologischen chemie und experimentellen pharmakologie, 57(1), 1-90.

Kumar, M., & Pattnaik, B. R. (2014). Focus on Kir7. 1: physiology and channelopathy. Channels, 8(6), 488-
49s.
Kurachi, Y. (1995). G protein regulation of cardiac muscarinic potassium channel. American Journal of

Physiology-Cell Physiology, 269(4), C821-C830.

110



Kurata, H. T., Cheng, W. W., Arrabit, C., Slesinger, P. A., & Nichols, C. G. (2007). The role of the
cytoplasmic pore in inward rectification of Kir2. 1 channels. The Journal of general physiology,

130(2), 145-155.

Kurata, H. T., Zhu, E. A., & Nichols, C. G. (2010). Locale and chemistry of spermine binding in the
archetypal inward rectifier Kir2. 1. Journal of General Physiology, 135(5), 495-508.

La Cour, M. (1985). The retinal pigment epithelium controls the potassium activity in the subretinal space.

Acta Ophthalmologica, 63(S173), 9-10.

Lammel, S., Lim, B. K., Ran, C., Huang, K. W., Betley, M. J., Tye, K. M., Deisseroth, K., & Malenka, R. C.
(2012). Input-specific control of reward and aversion in the ventral tegmental area. Nature,

491(7423), 212-217.

Lee, M. M., Ritter III, R., Hirose, T., Vu, C. D., & Edwards, A. O. (2003). Snowflake vitreoretinal
degeneration: follow-up of the original family. Ophthalmology, 110(12), 2418-2426.

Lee, S.-J., Wang, S., Borschel, W., Heyman, S., Gyore, J., & Nichols, C. G. (2013). Secondary anionic
phospholipid binding site and gating mechanism in Kir2. 1 inward rectifier channels. Nature

communications, 4(1), 2786.

Levin, M. E., & Holt, J. R. (2012). The function and molecular identity of inward rectifier channels in

vestibular hair cells of the mouse inner ear. Journal of neurophysiology, 108(1), 175-186.

Levitan, L. (2009). Cholesterol and Kir channels. [UBMB life, 61(8), 781-790.

Lewis, D. L., Ikeda, S. R., Aryee, D., & Joho, R. H. (1991). Expression of an inwardly rectifying K" channel
from rat basophilic leukemia cell mRNA in Xenopus oocytes. FEBS letters, 290(1-2), 17-21.

Li, J., Xie, X., Liu, J., Yu, H., Zhang, S., Zhan, Y., Zhang, H., Logothetis, D. E., & An, H. (2014). Lack of
negatively charged residues at the external mouth of kir2. 2 channels enable the voltage-dependent
block by external mg2+. PLoS One, 9(10), e111372.

Li, X. N., Herrington, J., Petrov, A., Ge, L., Eiermann, G., Xiong, Y., Jensen, M. V., Hohmeier, H. E.,
Newgard, C. B., & Garcia, M. L. (2013). The role of voltage-gated potassium channels Kv2. 1 and

111



Kv2. 2 in the regulation of insulin and somatostatin release from pancreatic islets. Journal of

Pharmacology and Experimental Therapeutics, 344(2), 407-416.

Liu, Y., Liu, D., Heath, L., Meyers, D. M., Krafte, D. S., Wagoner, P. K., Silvia, C. P., Yu, W., & Curran,
M. E. (2001). Direct activation of an inwardly rectifying potassium channel by arachidonic acid.

Molecular pharmacology, 59(5), 1061-1068.

Liu, Y., Liu, D., & Krafte, D. S. (2002). Decrease of inward rectification as a mechanism for arachidonic

acid-induced potentiation of hKir2. 3. European Biophysics Journal, 31(7), 497-503.

Logothetis, D. E., Jin, T., Lupyan, D., & Rosenhouse-Dantsker, A. (2007). Phosphoinositide-mediated gating
of inwardly rectifying K+ channels. Pfliigers Archiv-European Journal of Physiology, 455, 83-95.

Logothetis, D. E., Mahajan, R., Adney, S. K., Ha, J., Kawano, T., Meng, X.-Y., & Cui, M. (2015). Unifying
mechanism of controlling Kir3 channel activity by G proteins and phosphoinositides. International

review of neurobiology, 123, 1-26.

Lopatin, A., & Nichols, C. (2001). Inward rectifiers in the heart: an update on IK1. Journal of molecular and
cellular cardiology, 33(4), 625-638.

Lopatin, A., Shantz, L., Mackintosh, C., Nichols, C., & Pegg, A. (2000). Modulation of potassium channels
in the hearts of transgenic and mutant mice with altered polyamine biosynthesis. Journal of molecular

and cellular cardiology, 32(11), 2007-2024.

Lopes, C. M., Zhang, H., Rohacs, T., Jin, T., Yang, J., & Logothetis, D. E. (2002). Alterations in conserved
Kir channel-PIP2 interactions underlie channelopathies. Neuron, 34(6), 933-944.

Lu, H.-C., & Mackie, K. (2016). An Introduction to the Endogenous Cannabinoid System. Biological
Psychiatry, 79(7), 516-525. https://doi.org/https://doi.org/10.1016/j.biopsych.2015.07.028

Lu, M., Wang, T., Yan, Q., Yang, X., Dong, K., Knepper, M. A., Wang, W., Giebisch, G., Shull, G. E., &
Hebert, S. C. (2002). Absence of small conductance K+ channel (SK) activity in apical membranes
of thick ascending limb and cortical collecting duct in ROMK (Bartter's) knockout mice. Journal of
biological chemistry, 277(40), 37881-37887.

112



Lu, Z., & MacKinnon, R. (1994). Electrostatic tuning of Mg2+ affinity in an inward-rectifier K+ channel.
Nature, 371(6494), 243-246.

Ma, D., Tang, X. D., Rogers, T. B., & Welling, P. A. (2007). An andersen-Tawil syndrome mutation in Kir2.

1 (V302M) alters the G-loop cytoplasmic K+ conduction pathway. Journal of biological chemistry,
282(8), 5781-5789.

Mackie, K., Lai, Y., Westenbroek, R., & Mitchell, R. (1995). Cannabinoids activate an inwardly rectifying
potassium conductance and inhibit Q-type calcium currents in AtT20 cells transfected with rat brain

cannabinoid receptor. Journal of Neuroscience, 15(10), 6552-6561.

Malan Jr, T. P., Ibrahim, M. M., Lai, J., Vanderah, T. W., Makriyannis, A., & Porreca, F. (2003). CB2
cannabinoid receptor agonists: pain relief without psychoactive effects? Current opinion in

pharmacology, 3(1), 62-67.

Marmolejo-Murillo, L. G., Aréchiga-Figueroa, 1. A., Cui, M., Moreno-Galindo, E. G., Navarro-Polanco, R.
A., Sanchez-Chapula, J. A., Ferrer, T., & Rodriguez-Menchaca, A. A. (2017). Inhibition of Kir4. 1

potassium channels by quinacrine. Brain research, 1663, 87-94.

Marmolejo-Murillo, L. G., Aréchiga-Figueroa, I. A., Moreno-Galindo, E. G., Navarro-Polanco, R. A.,
Rodriguez-Menchaca, A. A., Cui, M., Sanchez-Chapula, J. A., & Ferrer, T. (2017). Chloroquine
blocks the Kir4. 1 channels by an open-pore blocking mechanism. European journal of

pharmacology, 800, 40-47.

Mascher, D., & Peper, K. (1969). Two components of inward current in myocardial muscle fibers. Pfliigers
Archiv, 307(3), 190-203.

Matsuda, H., & Cruz, J. d. S. (1993). Voltage-dependent block by internal Ca2+ ions of inwardly rectifying
K+ channels in guinea-pig ventricular cells. The Journal of physiology, 470(1), 295-311.

Mazzanti, M., & DiFrancesco, D. (1989). Intracellular Ca modulates K-inward rectification in cardiac
myocytes. Pfliigers Archiv-European Journal of Physiology, 413(3), 322-324.

McAllister, R., & Noble, D. (1966). The time and voltage dependence of the slow outward current in cardiac
Purkinje fibres. The Journal of physiology, 186(3), 632-662.

113



Meera, P., Wallner, M., Song, M., & Toro, L. (1997). Large conductance voltage-and calcium-dependent K+
channel, a distinct member of voltage-dependent ion channels with seven N-terminal transmembrane
segments (S0-S6), an extracellular N terminus, and an intracellular (S9-S10) C terminus. Proceedings

of the National Academy of Sciences, 94(25), 14066-14071.

Miyazaki, S. 1., Takahashi, K., Tsuda, K., & Yoshii, M. (1974). Analysis of non-linearity observed in the
current—voltage relation of the tunicate embryo. The Journal of physiology, 238(1), 55-717.

Montell, C., Birnbaumer, L., Flockerzi, V., Bindels, R. J., Bruford, E. A., Caterina, M. J., Clapham, D. E.,
Harteneck, C., Heller, S., & Julius, D. (2002). A unified nomenclature for the superfamily of TRP
cation channels. Molecular cell, 9(2), 229-231.

Morimoto, K., Fahnestock, M., & Racine, R. J. (2004). Kindling and status epilepticus models of epilepsy:

rewiring the brain. Progress in neurobiology, 73(1), 1-60.

Navarrete, F., Garcia-Gutiérrez, M. S., Jurado-Barba, R., Rubio, G., Gasparyan, A., Austrich-Olivares, A., &
Manzanares, J. (2020). Endocannabinoid system components as potential biomarkers in psychiatry.

Frontiers in psychiatry, 11, 315.

Navarrete, M., & Araque, A. (2010). Endocannabinoids potentiate synaptic transmission through stimulation

of astrocytes. Neuron, 68(1), 113-126.

Nichols, C., & Lopatin, A. (1997). Inward rectifier potassium channels. Annual review of physiology, 59(1),
171-191.

Nicholson, R., Liao, C., Zheng, J., David, L., Coyne, L., Errington, A. C., Singh, G., & Lees, G. (2003).
Sodium channel inhibition by anandamide and synthetic cannabimimetics in brain. Brain research,

978(1-2), 194-204.

Niemeyer, B. A., Mery, L., Zawar, C., Suckow, A., Monje, F., Pardo, L. A., Stithmer, W., Flockerzi, V., &
Hoth, M. (2001). Ion channels in health and disease. EMBO reports, 2(7), 568-573.

Nilius, B., Vriens, J., Prenen, J., Droogmans, G., & Voets, T. (2004). TRPV4 calcium entry channel: a
paradigm for gating diversity. American Journal of Physiology-Cell Physiology.

114



Noble, D., & Tsien, R. (1969). Reconstruction of the repolarization process in cardiac Purkinje fibres based

on voltage clamp measurements of membrane current. The Journal of physiology, 200(1), 233-254.

North, R. A., Williams, J. T., Surprenant, A., & Christie, M. J. (1987). Mu and delta receptors belong to a
family of receptors that are coupled to potassium channels. Proceedings of the National Academy of

Sciences, 84(15), 5487-5491.

Nwaobi, S. E., Cuddapah, V. A., Patterson, K. C., Randolph, A. C., & Olsen, M. L. (2016). The role of glial-
specific Kir4. 1 in normal and pathological states of the CNS. Acta neuropathologica, 132, 1-21.

Ohno, Y. (2018). Astrocytic Kir4. 1 potassium channels as a novel therapeutic target for epilepsy and mood

disorders. Neural regeneration research, 13(4), 651.

Ohno, Y., Hibino, H., Lossin, C., Inanobe, A., & Kurachi, Y. (2007). Inhibition of astroglial Kir4. 1 channels

by selective serotonin reuptake inhibitors. Brain research, 1178, 44-51.

Ohno, Y., Kinboshi, M., & Shimizu, S. (2018a). Inwardly Rectifying Potassium Channel Kir4.1 as a Novel
Modulator of BDNF Expression in Astrocytes. International Journal of Molecular Sciences, 19(11),
3313. https:/www.mdpi.com/1422-0067/19/11/3313

Ohno, Y., Kinboshi, M., & Shimizu, S. (2018b). Inwardly rectifying potassium channel Kir4. 1 as a novel
modulator of BDNF expression in astrocytes. International Journal of Molecular Sciences, 19(11),

3313.

Ohno, Y., Kunisawa, N., & Shimizu, S. (2021). Emerging roles of astrocyte Kir4. 1 channels in the
pathogenesis and treatment of brain diseases. International Journal of Molecular Sciences, 22(19),

10236.

Ohno, Y., Tokudome, K., Kunisawa, N., Iha, H. A., Kinboshi, M., Mukai, T., Serikawa, T., & Shimizu, S.
(2015). Role of astroglial Kir4. 1 channels in the pathogenesis and treatment of epilepsy. Ther.
Targets Neurol. Dis, 2, e476.

Okada, Y., Imendra, K. G., Miyazaki, T., Hotokezaka, H., Fujiyama, R., Zeredo, J. L., Miyamoto, T., & Toda,
K. (2005). Biophysical properties of voltage-gated Na+ channels in frog parathyroid cells and their
modulation by cannabinoids. Journal of Experimental Biology, 208(24), 4747-4756.

115



Orta-Salazar, G., Bouchard, R. A., Morales-Salgado, F., & Salinas-Stefanon, E. M. (2002). Inhibition of
cardiac Na' current by primaquine. British journal of pharmacology, 135(3), 751.

Oz, M. (2006). Receptor-independent actions of cannabinoids on cell membranes: focus on

endocannabinoids. Pharmacology & therapeutics, 111(1), 114-144.

Oz, M., & Frank, G. B. (1991). Decrease in the size of tetanic responses produced by nitrendipine or by
extracellular calcium ion removal without blocking twitches or action potentials in skeletal muscle.

Journal of Pharmacology and Experimental Therapeutics, 257(2), 575-581.

Oz, M., Tchugunova, Y., & Dinc, M. (2004). Differential effects of endogenous and synthetic cannabinoids
on voltage-dependent calcium fluxes in rabbit T-tubule membranes: comparison with fatty acids.

European journal of pharmacology, 502(1-2), 47-58.

Oz, M., Tchugunova, Y. B., & Dunn, S. M. (2000). Endogenous cannabinoid anandamide directly inhibits
voltage-dependent Ca®" fluxes in rabbit T-tubule membranes. European journal of pharmacology,

404(1-2), 13-20.

Oz, M., Yang, K.-H., Dinc, M., & Shippenberg, T. S. (2007). The endogenous cannabinoid anandamide
inhibits cromakalim-activated K+ currents in follicle-enclosed Xenopus oocytes. Journal of

Pharmacology and Experimental Therapeutics, 323(2), 547-554.

Pacher, P., Batkai, S., & Kunos, G. (2006). The endocannabinoid system as an emerging target of
pharmacotherapy. Pharmacol Rev, 58(3), 389-462. https://doi.org/10.1124/pr.58.3.2

Pacher, P., Batkai, S., Osei-Hyiaman, D., Offertaler, L., Liu, J., Harvey-White, J., Brassai, A., Jarai, Z.,
Cravatt, B. F., & Kunos, G. (2005). Hemodynamic profile, responsiveness to anandamide, and
baroreflex sensitivity of mice lacking fatty acid amide hydrolase. American Journal of Physiology-

Heart and Circulatory Physiology, 289(2), H533-H541.

Panama, B. K., & Lopatin, A. N. (2006). Differential polyamine sensitivity in inwardly rectifying Kir2
potassium channels. The Journal of physiology, 571(2), 287-302.

116



Pattnaik, B. R., Asuma, M. P., Spott, R., & Pillers, D.-A. M. (2012). Genetic defects in the hotspot of inwardly
rectifying K* (Kir) channels and their metabolic consequences: a review. Molecular genetics and

metabolism, 105(1), 64-72.

Pattnaik, B. R., & Hughes, B. A. (2009). Regulation of Kir channels in bovine retinal pigment epithelial cells
by phosphatidylinositol 4, 5-bisphosphate. American Journal of Physiology-Cell Physiology, 297(4),
C1001-C1011.

Pattnaik, B. R., Shahi, P. K., Marino, M. J., Liu, X., York, N., Brar, S., Chiang, J., Pillers, D. A. M., &
Traboulsi, E. 1. (2015). A novel KCNJ13 nonsense mutation and loss of Kir7. 1 channel function
causes Leber congenital amaurosis (LCA16). Human mutation, 36(7), 720-727.

Pegan, S., Arrabit, C., Slesinger, P. A., & Choe, S. (2006). Andersen's syndrome mutation effects on the
structure and assembly of the cytoplasmic domains of Kir2. 1. Biochemistry, 45(28), 8599-8606.

Pegan, S., Arrabit, C., Zhou, W., Kwiatkowski, W., Collins, A., Slesinger, P. A., & Choe, S. (2005).
Cytoplasmic domain structures of Kir2. 1 and Kir3. 1 show sites for modulating gating and

rectification. Nature neuroscience, 8(3), 279-287.

Picazo-Juarez, G., Romero-Suarez, S., Nieto-Posadas, A., Llorente, 1., Jara-Oseguera, A., Briggs, M.,
Mclntosh, T. J., Simon, S. A., Ladron-de-Guevara, E., & Islas, L. D. (2011). Identification of a
binding motif in the S5 helix that confers cholesterol sensitivity to the TRPV1 ion channel. Journal

of biological chemistry, 286(28), 24966-24976.

Plaster, N. M., Tawil, R., Tristani-Firouzi, M., Canun, S., Bendahhou, S. d., Tsunoda, A., Donaldson, M. R.,
lannaccone, S. T., Brunt, E., & Barohn, R. (2001). Mutations in Kir2. 1 cause the developmental and
episodic electrical phenotypes of Andersen's syndrome. Cell, 105(4), 511-519.

Poling, J., Rogawski, M., Salem Jr, N., & Vicini, S. (1996). Anandamide, an endogenous cannabinoid,
inhibits Shaker-related voltage-gated K+ channels. Neuropharmacology, 35(7), 983-991.

Poopalasundaram, S., Knott, C., Shamotienko, O. G., Foran, P. G., Dolly, J. O., Ghiani, C. A., Gallo, V., &

Wilkin, G. P. (2000). Glial heterogeneity in expression of the inwardly rectifying K+ channel, Kir4.
1, in adult rat CNS. Glia, 30(4), 362-372.

117



Preisig-Miiller, R., Schlichthérl, G., Goerge, T., Heinen, S., Briiggemann, A., Rajan, S., Derst, C., Veh, R.
W., & Daut, J. (2002). Heteromerization of Kir2. x potassium channels contributes to the phenotype
of Andersen's syndrome. Proceedings of the National Academy of Sciences, 99(11), 7774-7779.

Priori, S. G., Pandit, S. V., Rivolta, 1., Berenfeld, O., Ronchetti, E., Dhamoon, A., Napolitano, C.,
Anumonwo, J., Di Barletta, M. R., & Gudapakkam, S. (2005). A novel form of short QT syndrome
(SQT?3) is caused by a mutation in the KCNIJ2 gene. Circulation research, 96(7), 800-807.

Reeh, P. W., & Fischer, M. J. (2022). Nobel somatosensations and pain. Pfliigers Archiv-European Journal
of Physiology, 474(4), 405-420.

Reichold, M., Zdebik, A. A., Lieberer, E., Rapedius, M., Schmidt, K., Bandulik, S., Sterner, C., Tegtmeier,
L., Penton, D., & Baukrowitz, T. (2010). KCNJ10 gene mutations causing EAST syndrome (epilepsy,
ataxia, sensorineural deafness, and tubulopathy) disrupt channel function. Proceedings of the

National Academy of Sciences, 107(32), 14490-14495.

Reilly, L., & Eckhardt, L. L. (2021). Cardiac potassium inward rectifier Kir2: Review of structure, regulation,
pharmacology, and arrhythmogenesis. Heart Rhythm, 18(8), 1423-1434.

Rimmerman, N., Ben-Hail, D., Porat, Z., Juknat, A., Kozela, E., Daniels, M., Connelly, P., Leishman, E.,
Bradshaw, H., & Shoshan-Barmatz, V. (2013). Direct modulation of the outer mitochondrial
membrane channel, voltage-dependent anion channel 1 (VDACI1) by cannabidiol: a novel

mechanism for cannabinoid-induced cell death. Cell death & disease, 4(12), €949-¢949.

Riou, B., Barriot, P., Rimailho, A., & Baud, F. J. (1988). Treatment of severe chloroquine poisoning. New
England Journal of Medicine, 318(1), 1-6.

Robbe, D., Alonso, G., Duchamp, F., Bockaert, J., & Manzoni, O. J. (2001). Localization and mechanisms
of action of cannabinoid receptors at the glutamatergic synapses of the mouse nucleus accumbens.

Journal of Neuroscience, 21(1), 109-116.

Robertson, J. L., Palmer, L. G., & Roux, B. (2008). Long-pore electrostatics in inward-rectifier potassium

channels. The Journal of general physiology, 132(6), 613-632.

118



Rodriguez-Menchaca, A. A., Navarro-Polanco, R. A., Ferrer-Villada, T., Rupp, J., Sachse, F. B., Tristani-
Firouzi, M., & Sanchez-Chapula, J. A. (2008). The molecular basis of chloroquine block of the
inward rectifier Kir2. 1 channel. Proceedings of the National Academy of Sciences, 105(4), 1364-
1368.

Rogalski, S. L., & Chavkin, C. (2001). Eicosanoids inhibit the G-protein-gated inwardly rectifying potassium
channel (Kir3) at the Na+/PIP2 gating site. Journal of biological chemistry, 276(18), 14855-14860.

Rohacs, T., Chen, J., Prestwich, G. D., & Logothetis, D. E. (1999). Distinct specificities of inwardly rectifying
K" channels for phosphoinositides. Journal of biological chemistry, 274(51), 36065-36072.

Rohacs, T., Lopes, C. M., Jin, T., Ramdya, P. P., Molnar, Z., & Logothetis, D. E. (2003). Specificity of
activation by phosphoinositides determines lipid regulation of Kir channels. Proceedings of the

National Academy of Sciences, 100(2), 745-750.
Romanenko, V. G., Fang, Y., Byfield, F., Travis, A. J., Vandenberg, C. A., Rothblat, G. H., & Levitan, I.
(2004). Cholesterol sensitivity and lipid raft targeting of Kir2. 1 channels. Biophysical journal, 87(6),

3850-3861.

Romanenko, V. G., Rothblat, G. H., & Levitan, I. (2002). Modulation of endothelial inward-rectifier K
current by optical isomers of cholesterol. Biophysical journal, 83(6), 3211-3222.

Rosenhouse-Dantsker, A. (2019). Cholesterol binding sites in inwardly rectifying potassium channels. Direct

Mechanisms in Cholesterol Modulation of Protein Function, 119-138.

Rosenhouse-Dantsker, A., Leal-Pinto, E., Logothetis, D. E., & Levitan, 1. (2010). Comparative analysis of
cholesterol sensitivity of Kir channels: role of the CD loop. Channels, 4(1), 63-66.

Rosenhouse-Dantsker, A., Logothetis, D. E., & Levitan, 1. (2011). Cholesterol sensitivity of KIR2. 1 is
controlled by a belt of residues around the cytosolic pore. Biophysical journal, 100(2), 381-389.

Rosenhouse-Dantsker, A., & Levitan, 1. (2012). Insights into structural determinants of cholesterol sensitivity

of Kir channels. Cholesterol Regulation of lon Channels and Receptors, 45-67.

119



Rougier, O., Vassort, G., & Stimpfli, R. (1968). Voltage clamp experiments on frog atrial heart muscle fibres
with the sucrose gap technique. Pfliiger's Archiv fiir die gesamte Physiologie des Menschen und der
Tiere, 301, 91-108.

Rouzaire-Dubois, B., Gérard, V., & Dubois, J.-M. (1991). Modification of K™ channel properties induced by
fatty acids in neuroblastoma cells. Pfliigers Archiv, 419, 467-471.

Ruffolo, R. R., & Feuerstein, G. Z. (1997). Pharmacology of carvedilol: rationale for use in hypertension,
coronary artery disease, and congestive heart failure. Cardiovascular drugs and therapy, 11, 247-

256.

Ryan, D., Drysdale, A. J., Lafourcade, C., Pertwee, R. G., & Platt, B. (2009). Cannabidiol targets

mitochondria to regulate intracellular Ca2+ levels. Journal of Neuroscience, 29(7), 2053-2063.

Sabirov, R. Z., Tominaga, T., Miwa, A., Okada, Y., & Oiki, S. (1997). A conserved arginine residue in the
pore region of an inward rectifier K channel (IRK1) as an external barrier for cationic blockers. The

Journal of general physiology, 110(6), 665-677.

Sakmann, B., Noma, A., & Trautwein, W. (1983). Acetylcholine activation of single muscarinic K" channels

in isolated pacemaker cells of the mammalian heart. Nature, 303(5914), 250-253.

Sakmann, B., & Trube, G. (1984). Conductance properties of single inwardly rectifying potassium channels

in ventricular cells from guinea-pig heart. The Journal of physiology, 347(1), 641-657.

Sala-Rabanal, M., Kucheryavykh, L. Y., Skatchkov, S. N., Eaton, M. J., & Nichols, C. G. (2010). Molecular
mechanisms of EAST/SeSAME syndrome mutations in Kir4. 1 (KCNJ10). Journal of biological
chemistry, 285(46), 36040-36048.

Samanta, A., Hughes, T. E. T., & Moiseenkova-Bell, V. Y. (2018). Transient Receptor Potential (TRP)
Channels. Subcell Biochem, 87, 141-165. https://doi.org/10.1007/978-981-10-7757-9 6

Sanchez-Chapula, J. A., Salinas-Stefanon, E., Torres-Jacome, J., Benavides-Haro, D. E., & Navarro-Polanco,
R. A. (2001). Blockade of currents by the antimalarial drug chloroquine in feline ventricular

myocytes. Journal of Pharmacology and Experimental Therapeutics, 297(1), 437-445.

120



Sanchez, M. a. G., Ruiz-Llorente, L., Sanchez, A. M., & Diaz-Laviada, 1. (2003). Activation of
phosphoinositide 3-kinase/PKB pathway by CB1 and CB2 cannabinoid receptors expressed in
prostate PC-3 cells. Involvement in Raf-1 stimulation and NGF induction. Cellular signalling, 15(9),
851-859.

Sartorius, A., Kiening, K. L., Kirsch, P., von Gall, C. C., Haberkorn, U., Unterberg, A. W., Henn, F. A., &
Meyer-Lindenberg, A. (2010). Remission of major depression under deep brain stimulation of the

lateral habenula in a therapy-refractory patient. Biological Psychiatry, 67(2), €9-el1.

Scherer, D., Schworm, B., Seyler, C., Xynogalos, P., Scholz, E. P., Thomas, D., Katus, H. A., & Zitron, E.
(2017). Inhibition of inwardly rectifying Kir2. x channels by the novel anti-cancer agent gambogic
acid depends on both pore block and PIP 2 interference. Naunyn-Schmiedeberg's Archives of
Pharmacology, 390, 701-710.

Schirmer, L., Mobius, W., Zhao, C., Cruz-Herranz, A., Ben Haim, L., Cordano, C., Shiow, L. R., Kelley, K.
W., Sadowski, B., & Timmons, G. (2018). Oligodendrocyte-encoded Kir4. 1 function is required for
axonal integrity. Elife, 7, €e36428.

Schmidt, M. R., Stansfeld, P. J., Tucker, S. J., & Sansom, M. S. (2013). Simulation-based prediction of
phosphatidylinositol 4, 5-bisphosphate binding to an ion channel. Biochemistry, 52(2), 279-281.

Scholl, U. 1., Choi, M., Liu, T., Ramackers, V. T., Hiusler, M. G., Grimmer, J., Tobe, S. W., Farhi, A.,
Nelson-Williams, C., & Lifton, R. P. (2009). Seizures, sensorineural deafness, ataxia, mental
retardation, and electrolyte imbalance (SeSAME syndrome) caused by mutations in KCNJ10.
Proceedings of the National Academy of Sciences, 106(14), 5842-5847.

Schram, G., Pourrier, M., Wang, Z., White, M., & Nattel, S. (2003). Barium block of Kir2 and human cardiac
inward rectifier currents: evidence for subunit-heteromeric contribution to native currents.

Cardiovascular Research, 59(2), 328-338.

Schreiber, M., Wei, A., Yuan, A., Gaut, J., Saito, M., & Salkoff, L. (1998). Slo3, a novel pH-sensitive K"

channel from mammalian spermatocytes. Journal of biological chemistry, 273(6), 3509-3516.

121



Schwalbe, R. A., Wang, Z., Wible, B. A., & Brown, A. M. (1995). Potassium Channel Structure and Function
as Reported by a Single Glycosylation Sequon (*). Journal of biological chemistry, 270(25), 15336-
15340.

Sepulveda, F. V., Pablo Cid, L., Teulon, J., & Niemeyer, M. 1. (2015). Molecular aspects of structure, gating,
and physiology of pH-sensitive background K2P and Kir K+-transport channels. Physiological
reviews, 95(1), 179-217.

Sergouniotis, P. 1., Davidson, A. E., Mackay, D. S., Li, Z., Yang, X., Plagnol, V., Moore, A. T., & Webster,
A. R. (2011). Recessive mutations in KCNJ13, encoding an inwardly rectifying potassium channel
subunit, cause leber congenital amaurosis. The American Journal of Human Genetics, 89(1), 183-

190.

Shealy, R. T., Murphy, A. D., Ramarathnam, R., Jakobsson, E., & Subramaniam, S. (2003). Sequence-
function analysis of the K+-selective family of ion channels using a comprehensive alignment and

the KcsA channel structure. Biophysical journal, 84(5), 2929-2942.

Shieh, R.-C., Chang, J.-C., & Arreola, J. (1998). Interaction of Ba®" with the pores of the cloned inward
rectifier K channels Kir2. 1 expressed in Xenopus oocytes. Biophysical journal, 75(5), 2313-2322.

Shimasue, K., Urushidani, T., Hagiwara, M., & Nagao, T. (1996). Effects of anandamide and arachidonic
acid on specific binding of (+)-PN200-110, diltiazem and (-)-desmethoxyverapamil to L-type Ca*"
channel. European journal of pharmacology, 296(3), 347-350.

Shioya, T., Matsuda, H., & Noma, A. (1993). Fast and slow blockades of the inward-rectifier K" channel by

external divalent cations in guinea-pig cardiac myocytes. Pfliigers Archiv, 422, 427-435.

Shumilina, E., Kldcker, N., Korniychuk, G., Rapedius, M., Lang, F., & Baukrowitz, T. (2006). Cytoplasmic
accumulation of long-chain coenzyme A esters activates KATP and inhibits Kir2. 1 channels. The

Journal of physiology, 575(2), 433-442.
Silva, J. R., Lopes, A. H., Talbot, J., Cecilio, N. T., Rossato, M. F., Silva, R. L., Souza, G. R., Silva, C. R.,

Lucas, G., & Fonseca, B. A. (2017). Neuroimmune—glia interactions in the sensory ganglia account

for the development of acute herpetic neuralgia. Journal of Neuroscience, 37(27), 6408-6422.

122



Silver, M. R., & DeCoursey, T. E. (1990). Intrinsic gating of inward rectifier in bovine pulmonary artery
endothelial cells in the presence or absence of internal Mg2+. The Journal of general physiology,

96(1), 109-133.

Smart, D., Gunthorpe, M., Jerman, J., Nasir, S., Gray, J., Muir, A., Chambers, J., Randall, A., & Davis, J.
(2000). The endogenous lipid anandamide is a full agonist at the human vanilloid receptor (hVR1).
British journal of pharmacology, 129(2), 227-230.

Staiano, R. 1., Loffredo, S., Borriello, F., Iannotti, F. A., Piscitelli, F., Orlando, P., Secondo, A., Granata, F.,
Lepore, M. T., & Fiorelli, A. (2016). Human lung-resident macrophages express CB1 and CB2
receptors whose activation inhibits the release of angiogenic and lymphangiogenic factors. Journal

of Leukocyte Biology, 99(4), 531-540.

Standen, N., & Stanfield, P. (1978). A potential-and time-dependent blockade of inward rectification in frog
skeletal muscle fibres by barium and strontium ions. The Journal of physiology, 280(1), 169-191.

Stanfield, P., Davies, N., Shelton, P., Sutcliffe, M., Khan, 1., Brammar, W., & Conley, E. (1994). A single
aspartate residue is involved in both intrinsic gating and blockage by Mg2+ of the inward rectifier,

IRK1. The Journal of physiology, 478(1), 1-6.

Steinhduser, C., Seifert, G., & Bedner, P. (2012). Astrocyte dysfunction in temporal lobe epilepsy: K+
channels and gap junction coupling. Glia, 60(8), 1192-1202.

Su, S., Ohno, Y., Lossin, C., Hibino, H., Inanobe, A., & Kurachi, Y. (2007). Inhibition of astroglial inwardly
rectifying Kir4. 1 channels by a tricyclic antidepressant, nortriptyline. Journal of Pharmacology and

Experimental Therapeutics, 320(2), 573-580.

Suh, B. C., & Hille, B. (2008). PIP2 is a necessary cofactor for ion channel function: how and why? Annu
Rev Biophys, 37, 175-195. https://doi.org/10.1146/annurev.biophys.37.032807.125859

Swale, D. R., Kharade, S. V., & Denton, J. S. (2014). Cardiac and renal inward rectifier potassium channel
pharmacology: emerging tools for integrative physiology and therapeutics. Current opinion in

pharmacology, 15, 7-15.

123



Takemoto, Y., Slough, D. P., Meinke, G., Katnik, C., Graziano, Z. A., Chidipi, B., Reiser, M., Alhadidy, M.
M., Ramirez, R., & Salvador-Montaiiés, O. (2018). Structural basis for the antiarrhythmic blockade
of a potassium channel with a small molecule. The FASEB Journal, 32(4), 1778.

Tang, X., Hang, D., Sand, A., & Kofuji, P. (2010). Variable loss of Kir4. 1 channel function in SeSAME

syndrome mutations. Biochemical and biophysical research communications, 399(4), 537-541.

Tawil, R., Ptacek, L. J., Pavlakis, S. G., DeVivo, D. C., Penn, A. S., Ozdemir, C., & Griggs, R. C. (1994).
Andersen's syndrome: potassium-sensitive periodic paralysis, ventricular ectopy, and dysmorphic
features. Annals of Neurology: Official Journal of the American Neurological Association and the

Child Neurology Society, 35(3), 326-330.

Tester, D. J., Arya, P., Will, M., Haglund, C. M., Farley, A. L., Makielski, J. C., & Ackerman, M. J. (2006).
Genotypic heterogeneity and phenotypic mimicry among unrelated patients referred for

catecholaminergic polymorphic ventricular tachycardia genetic testing. Heart Rhythm, 3(7), 800-805.

Thumann, G. (2001). Development and cellular functions of the iris pigment epithelium. Survey of

ophthalmology, 45(4), 345-354.

Tinker, A., Jan, Y. N., & Jan, L. Y. (1996). Regions responsible for the assembly of inwardly rectifying
potassium channels. Cell, 87(5), 857-868.

Tong, X., Ao, Y., Faas, G. C., Nwaobi, S. E., Xu, J., Haustein, M. D., Anderson, M. A., Mody, 1., Olsen, M.
L., & Sofroniew, M. V. (2014). Astrocyte Kir4. 1 ion channel deficits contribute to neuronal

dysfunction in Huntington's disease model mice. Nature neuroscience, 17(5), 694-703.

Tourneur, Y. (1986). Action potential-like responses due to the inward rectifying potassium channel. The

Journal of membrane biology, 90, 115-122.

Tristani-Firouzi, M., & Etheridge, S. P. (2010). Kir 2.1 channelopathies: the Andersen—Tawil syndrome.
Pfliigers Archiv-European Journal of Physiology, 460, 289-294.

Tristani-Firouzi, M., Jensen, J. L., Donaldson, M. R., Sansone, V., Meola, G., Hahn, A., Bendahhou, S.,

Kwiecinski, H., Fidzianska, A., & Plaster, N. (2002). Functional and clinical characterization of

124



KCNJ2 mutations associated with LQT7 (Andersen syndrome). The Journal of clinical investigation,

110(3), 381-388.

Turkanis, S., Partlow, L., & Karler, R. (1991). Delta-9-tetrahydrocannabinol depresses inward sodium current

in mouse neuroblastoma cells. Neuropharmacology, 30(1), 73-77.

Turu, G., & Hunyady, L. (2010). Signal transduction of the CB1 cannabinoid receptor. Journal of molecular
endocrinology, 44(2), 75-85.

V Naccarelli, G., & R Kowey, P. (2014). The role of dronedarone in the treatment of atrial fibrillation/flutter
in the aftermath of PALLAS. Current Cardiology Reviews, 10(4), 303-308.

Vaidyanathan, R., Markandeya, Y. S., Kamp, T. J., Makielski, J. C., January, C. T., & Eckhardt, L. L. (2016).
I Kl-enhanced human-induced pluripotent stem cell-derived cardiomyocytes: an improved
cardiomyocyte model to investigate inherited arrhythmia syndromes. American Journal of

Physiology-Heart and Circulatory Physiology, 310(11), H1611-H1621.

van Dalen, A., & de Kruijff, B. (2004). The role of lipids in membrane insertion and translocation of bacterial

proteins. Biochimica et Biophysica Acta (BBA)-Molecular Cell Research, 1694(1-3), 97-1009.

Veerapandiyan, A., & Statland, J. M. Andersen-Tawil Syndrome Synonym: Long QT Syndrome Type 7
(LQTS Type 7).

Vega, A. L., Tester, D. J., Ackerman, M. J., & Makielski, J. C. (2009). Protein kinase A-dependent
biophysical phenotype for V227F-KCNJ2 mutation in catecholaminergic polymorphic ventricular
tachycardia. Circulation: Arrhythmia and Electrophysiology, 2(5), 540-547.

Vera, E., Cornejo, 1., Burgos, J., Niemeyer, M. 1., Sepulveda, F. V., & Cid, L. P. (2019). A novel Kir7. 1
splice variant expressed in various mouse tissues shares organisational and functional properties with
human Leber amaurosis-causing mutations of this K* channel. Biochemical and biophysical research

communications, 514(3), 574-579.

Vit, J.-P., Ohara, P. T., Bhargava, A., Kelley, K., & Jasmin, L. (2008). Silencing the Kir4. 1 potassium
channel subunit in satellite glial cells of the rat trigeminal ganglion results in pain-like behavior in

the absence of nerve injury. Journal of Neuroscience, 28(16), 4161-4171.

125



Wang, C., Mirshahi, U. L., Liu, B., Jia, Z., Mirshahi, T., & Zhang, H. (2008). Arachidonic acid activates
Kir2. 3 channels by enhancing channel-phosphatidyl-inositol 4, 5-bisphosphate interactions.
Molecular pharmacology, 73(4), 1185-1194.

Ward, R. J., Pediani, J. D., & Milligan, G. (2011). Heteromultimerization of cannabinoid CB1 receptor and
orexin OX1 receptor generates a unique complex in which both protomers are regulated by orexin A.

Journal of biological chemistry, 286(43), 37414-37428.

Watanabe, H., Vriens, J., Prenen, J., Droogmans, G., Voets, T., & Nilius, B. (2003). Anandamide and
arachidonic acid use epoxyeicosatrienoic acids to activate TRPV4 channels. Nature, 424(6947), 434-

438.

Watson, J. E., Kim, J. S., & Das, A. (2019). Emerging class of omega-3 fatty acid endocannabinoids & their
derivatives. Prostaglandins & other lipid mediators, 143, 106337.

Weaver, C. D., & Denton, J. S. (2021). Next-generation inward rectifier potassium channel modulators:
discovery and molecular pharmacology. American Journal of Physiology-Cell Physiology, 320(6),
C1125-C1140.

Wei, A., Jegla, T., & Salkoff, L. (1996). Eight potassium channel families revealed by the C. elegans genome
project. Neuropharmacology, 35(7), 805-829.

Weingarth, M., Prokofyev, A., van der Cruijsen, E. A., Nand, D., Bonvin, A. M., Pongs, O., & Baldus, M.
(2013). Structural determinants of specific lipid binding to potassium channels. Journal of the

American Chemical Society, 135(10), 3983-3988.

Whorton, M. R., & MacKinnon, R. (2011). Crystal structure of the mammalian GIRK2 K" channel and gating
regulation by G proteins, PIP2, and sodium. Cell, 147(1), 199-208.

Williams, J., Colmers, W., & Pan, Z. (1988). Voltage-and ligand-activated inwardly rectifying currents in
dorsal raphe neurons in vitro. Journal of Neuroscience, 8(9), 3499-3506.

Wulff, H., Castle, N. A., & Pardo, L. A. (2009). Voltage-gated potassium channels as therapeutic targets.
Nature reviews Drug discovery, 8(12), 982-1001.

126



Xia, M., Jin, Q., Bendahhou, S., He, Y., Larroque, M.-M., Chen, Y., Zhou, Q., Yang, Y., Liu, Y., & Liu, B.
(2005). A Kir2. 1 gain-of-function mutation underlies familial atrial fibrillation. Biochemical and

biophysical research communications, 332(4), 1012-1019.

Xie, L.-H., John, S. A., Ribalet, B., & Weiss, J. N. (2005). Long polyamines act as cofactors in PIP2 activation
of inward rectifier potassium (Kir2. 1) channels. The Journal of general physiology, 126(6), 541-
549.

Xie, L.-H., John, S. A., & Weiss, J. N. (2002). Spermine block of the strong inward rectifier potassium
channel Kir2. 1: dual roles of surface charge screening and pore block. The Journal of general

physiology, 120(1), 53-66.

Xu, X., & London, E. (2000). The effect of sterol structure on membrane lipid domains reveals how

cholesterol can induce lipid domain formation. Biochemistry, 39(5), 843-849.

Xynogalos, P., Seyler, C., Scherer, D., Koepple, C., Scholz, E. P., Thomas, D., Katus, H. A., & Zitron, E.
(2014). Class III antiarrhythmic drug dronedarone inhibits cardiac inwardly rectifying Kir2. 1
channels through binding at residue E224. Naunyn-Schmiedeberg's Archives of Pharmacology, 387,
1153-1161.

Yang, D., MacCallum, D. K., Ernst, S. A., & Hughes, B. A. (2003). Expression of the inwardly rectifying K+
channel Kir2. 1 in native bovine corneal endothelial cells. Investigative ophthalmology & visual

science, 44(8), 3511-3519.

Yang, J., Jan, Y. N., & Jan, L. Y. (1995). Control of rectification and permeation by residues in two distinct

domains in an inward rectifier K" channel. Neuron, 14(5), 1047-1054.

Yang, Z., Xu, H., Cui, N., Qu, Z., Chanchevalap, S., Shen, W., & Jiang, C. (2000). Biophysical and molecular
mechanisms underlying the modulation of heteromeric Kir4. 1-Kir5. 1 channels by CO2 and pH. The
Journal of general physiology, 116(1), 33-46.

Yazdi, S., Nikesjo, J., Miranda, W., Corradi, V., Tieleman, D. P., Noskov, S. Y., Larsson, H. P., & Liin, S. L.
(2021). Identification of PUFA interaction sites on the cardiac potassium channel KCNQ1. Journal
of General Physiology, 153(6).

127



Yokoyama, A., Sato, N., Kawamura, Y., Hasebe, N., & Kikuchi, K. (2007). Electrophysiological effects of
carvedilol on rabbit heart pacemaker cells. International Heart Journal, 48(3), 347-358.

Yuan, Y., Shimura, M., & Hughes, B. A. (2003). Regulation of inwardly rectifying K" channels in retinal
pigment epithelial cells by intracellular pH. The Journal of physiology, 549(2), 429-438.

Zaza, A., Rocchetti, M., Brioschi, A., Cantadori, A., & Ferroni, A. (1998). Dynamic Ca**-induced inward
rectification of K current during the ventricular action potential. Circulation research, 82(9), 947-

956.

Zhang, H., He, C., Yan, X., Mirshahi, T., & Logothetis, D. E. (1999). Activation of inwardly rectifying K"
channels by distinct PtdIns (4, 5) P2 interactions. Nature cell biology, 1(3), 183-188.

Zhang, L., Benson, D. W., Tristani-Firouzi, M., Ptacek, L. J., Tawil, R., Schwartz, P. J., George, A. L., Horie,
M., Andelfinger, G., & Snow, G. L. (2005). Electrocardiographic features in Andersen-Tawil
syndrome patients with KCNJ2 mutations: characteristic TU-wave patterns predict the KCNJ2
genotype. Circulation, 111(21), 2720-2726.

Zhang, W., Zitron, E., Bloehs, R., Miiller-Krebs, S., Scholz, E., Zeier, M., Katus, H., Karle, C., & Schwenger,
V. (2008). Dual regulation of renal Kir7. 1 potassium channels by protein Kinase A and protein

Kinase C. Biochemical and biophysical research communications, 377(3), 981-986.

Zhou, H., Tate, S. S., & Palmer, L. G. (1994). Primary structure and functional properties of an epithelial K
channel. American Journal of Physiology-Cell Physiology, 266(3), C809-C824.

Zhou, Y., Zeng, X.-H., & Lingle, C. J. (2012). Barium ions selectively activate BK channels via the Ca*-
bowl site. Proceedings of the National Academy of Sciences, 109(28), 11413-11418.

Zobel, C., Cho, H. C., Nguyen, T. T., Pekhletski, R., Diaz, R. J., Wilson, G. J., & Backx, P. H. (2003).
Molecular dissection of the inward rectifier potassium current (IK1) in rabbit cardiomyocytes:
evidence for heteromeric co-assembly of Kir2. 1 and Kir2. 2. The Journal of physiology, 550(2), 365-
372.

128



Zurolo, E., de Groot, M., Iyer, A., Anink, J., van Vliet, E. A., Heimans, J. J., Reijneveld, J. C., Gorter, J. A.,
& Aronica, E. (2012). Regulation of Kir4. 1 expression in astrocytes and astrocytic tumors: a role for

interleukin-1 B. Journal of neuroinflammation, 9, 1-17.
Zygmunt, P. M., Petersson, J., Andersson, D. A., Chuang, H.-h., Sergard, M., Di Marzo, V., Julius, D., &

Hogestitt, E. D. (1999). Vanilloid receptors on sensory nerves mediate the vasodilator action of

anandamide. Nature, 400(6743), 452-457.

129



