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of Medicine, The Hebrew University of Jerusalem, Jerusalem, Israel, * Department of Anesthesiology and Intensive Care
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Targeted delivery of therapeutic compounds to particular cell types such that they only affect
the target cells is of great clinical importance since it can minimize undesired side effects.
For example, typical chemotherapeutic treatments used in the treatment of neoplastic
disorders are cytotoxic not only to cancer cells but also to most normal cells when exposed
to a critical concentration of the compound. As such, many chemotherapeutics exhibit
severe side effects, often prohibiting their effective use in the treatment of cancer. Here, we
describe a new means for facilitated delivery of a clinically used chemotherapy compound'
doxorubicin, into hepatocellular carcinoma cell line (BNL1 ME). We demonstrate that these
cells express a large pore, cation non-selective transient receptor potential (TRP) channel
V2. We utilized this channel to shuttle doxorubicin into BNL1 ME cells. We show that
co-application of either cannabidiol (CBD) or 2-APB, the activators of TRPV2 channels,
together with doxorubicin leads to significantly higher accumulation of doxorubicin in BNL1
ME cells than in BNL1 ME cells that were exposed to doxorubicin alone. Moreover, we
demonstrate that sub-effective doses of doxorubicin when co-applied with either 2-APB
or CBD lead to a significant decrease in the number of living BNL1 ME cell and BNL1 ME
cell colonies in comparison to application of doxorubicin alone. Finally, we demonstrate
that the doxorubicin-mediated cell death is significantly more potent, requiring an order
of magnitude lower dose, when co-applied with CBD than with 2-APB. We suggest that
CBD may have a dual effect in promoting doxorubicin-mediated cell death by facilitating
the entry of doxorubicin via TRPV2 channels and preventing its clearance from the cells by
inhibiting P-glycoprotein ATPase transporter. Collectively, these results provide a foundation
for the use of large pore cation-non selective channels as “natural” drug delivery systems
for targeting specific cell types.

Keywords: TRPV2 channels, targeted delivery, hepatocellular carcinoma, BNL1 ME cells, membrane permeation,
doxorubicin, cannabidiol, 2-APB
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Facilitated Delivery of Doxorubicin Into Tumor Cells

INTRODUCTION

Inhibition of specific enzymes, formation of protein complexes,
or modification of transcription factors' activity affects either
cell state, such as excitability or activity, or even cell fate, by
modulating survival, growth, division, etc. Therefore, it can
be useful to alter the function of cells in diverse ways for
the treatment of many different disease states. Some of the
anticancer chemotherapeutics—for example, affect tumor
cells by acting on enzymes that are involved in replication or
uncoiling of DNA together with activation of various complex
molecular signals, which ultimately induces apoptosis (Tacar
et al., 2013; Dobbelstein and Moll, 2014). A limitation of this
approach is that it is not cell-type-specific, resulting in damage
to healthy tissue. The effect on DNA or the enzymes, or their
isoforms, which are widely expressed in many cell types implies
that chemotherapy also produces undesired effects. Hence, the
relative effectiveness of chemotherapeutics should always be
considered together with the underlying chemotherapeutic-
mediated toxicity. This toxicity may affect both rapidly dividing
and postmitotic non-cancer cells, thus leading to substantial
side effects (Bagnyukova et al., 2010). The ultimate goal in
anticancer drug development is to target only cancer cells,
sparing normal cells. Several approaches are currently being
used to enhance the effect of anticancer drugs on tumor cells.
Some of these strategies are tuned to target cancer-specific
cellular machinery. Others, by using polymeric drug carriers,
liposomes, and other nanoparticles, enhance the delivery of
non-specific chemotherapeutics to the tumor cells by modifying
the drug tissue biodistribution (Gabizon et al., 2014). Here, we
unveil a different method for the selective targeting of tumor
cells. We target otherwise membrane-impermeable hydrophilic
chemotherapy agents into cancer cells via the pore of cation
non-selective transient receptor potential (TRP) channels,
expressed in a differential manner by many types of tumor
cells. These channels such as TRPV1, TRPV2, as well as other
numerous members of TRP channel family play a critical role in
tumorigenesis, tumor vascularization, and the ability of tumor
cells to proliferate and migrate (Prevarskaya et al., 2007; Santoni
and Farfariello, 2011; Fiorio Pla and Gkika, 2013; Chen et al.,
2014). Here, we hypothesized that TRP channels could be utilized
as cell-specific “natural” drug delivery system for targeting
charged molecules that are cytotoxic or anti-proliferative when
inside the cells, but relatively innocuous outside, specifically
into cancer cells. Recently, we showed that the pore of the
TRPV1 and TRPA1 channels, members of TRP channel family,
which are expressed by pain- and itch-related neurons but not
by other peripheral neurons, is large enough to allow passage of
a charged derivative of lidocaine, QX-314. QX-314 was shown
to be ineffective when applied extracellularly but blocks sodium
channels and consequently neuronal excitability when it gains
access to the inside of cells (Binshtok et al., 2007; Roberson et al.,
2011). We have shown that activation of TRPV1 and TRPA1
channels provides a pathway for selective entry of QX-314 into
pain-related (nociceptive) neurons and therefore inhibition
of pain signals without effecting non-nociceptive sensory and
motor neurons (Binshtok et al., 2007; Binshtok et al., 2009b;

Binshtok et al., 2009a). We also have demonstrated that this
approach is not limited to nociceptive neurons and could be
used to selectively block other types of cells that express TRP
channels (Roberson et al., 2013). We and others have suggested
that this method could also be used for targeted delivery of
charged cytotoxic compounds into tumor cells that express large
cationic channels (Bean et al.,, 2007; Santoni and Farfariello,
2011; Nabissi et al., 2013). Here, we tested this hypothesis by
targeting mouse hepatocellular carcinoma BNL1 ME cells with
a clinically used chemotherapy drug, doxorubicin. Doxorubicin
is one of the most commonly used chemotherapeutic drugs for
the treatment of hepatocellular carcinoma (HCC (Bruix and
Sherman, 2011) and other cancers such aslymphomas, leukemia,
breast, lung, ovarian, gastric and thyroid malignancies (Lal et al.,
2010). However, due to its relatively high dissociation constant
(pKa), doxorubicin resides in part in its protonated, membrane
impermeant form even in physiological pH (Webb et al., 2011).
Considering that the tumor cell environment is of a lower than
normal physiological extracellular pH (Gallagher et al., 2008;
Webb et al., 2011), the protonated fraction of doxorubicin in
the vicinity of tumor cells is even higher. Hence, its relative
membrane impermeability is lower. Therefore, in order to
increase the probability of drug permeation into tumor cells, the
application of high doses is required when applying the standard
therapeutic strategy. The usage of high doses, however, promotes
drug off-target side effects.

Here, we show that, differently from non-cancerous liver
and heart cells, mouse hepatocellular carcinoma BNL1 ME
cells express a large-pore cationic channel receptor, TRPV2.
Application of compounds that activates and opens TRPV2
channels facilitates the entry of doxorubicin into BNL1 ME cells,
leading to its substantial accumulation within BNL1 ME cells.
Moreover, we show that low sub-effective doses of doxorubicin,
which do not lead to cell death, become effective and sufficient to
cease proliferation and induce cell death of BNL1 ME cells when
doxorubicin is co-applied with TRPV2 activators. Such CBD- or
2-APB-mediated facilitated entry will minimize the off-target
effect of doxorubicin and therefore will substantially reduce
adverse side effects.

MATERIALS AND METHODS

Cell Culture

Murine BNL1 ME A.7R.1 cells (American Type Culture
Collection, Manassas, VA) were plated on y-irradiated mouse
embryonic fibroblasts or 0.1% gelatin-coated six-well plates
and maintained in DMEM (high glucose, Invitrogen) with 10%
FBS, 2mM L-glutamine, 100 U/ml penicillin, and 100 U/ml
streptomycin. Medium was changed every other day.

HEK293T cells were grown at 37°C with 5% CO, in DMEM
with 10% FCS and 1% penicillin-streptomycin (Biological
Industries). HEK293T cells were transfected using TRPV2 cDNA
and DsRed ¢cDNA (Clontech). Transfections were performed
with the TransIt (Mirus) Transfection Reagent, with equal
amounts of cDNA, according to the manufacturer’s instructions
and protocol.
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qPCR

Total RNA was extracted with TRI Reagent (Sigma), and 2 pg
of total RNA was reverse transcribed using the M-MLV reverse
transcriptase (Promega). Quantitative PCR was performed on the
c¢DNA using SYBR Green (Roche) and the CFX96 (Bio-Rad) real-
time PCR machine. TRPV2 mRNA levels were examined from
mouse liver, heart tissues, and mouse HCC BNL1 ME. Samples
were compared to a standard curve, which was established by
serial dilutions of a known concentration of cDNA. GAPDH was
used from normalization. Primers: TRPV2: 5-TAC GGT CCT
GCT CGA GTG TC-3’ and 5°-TGG CTC TAA AAC CAC CAT
GC-3) GAPDH: 5-CCC AGC ACA ATG AAG ATC AA-3’ and
5-TAG AAG CAT TTG CGG TGG AC-3.

Immunoblotting

Cells were lysed in Laemmli buffer and analyzed for total protein
concentration as described (Karni et al., 2007). Fifty micrograms
of total protein from each cell lysate was separated by SDS-PAGE
and transferred onto a nitrocellulose membrane. The membranes
were blocked with 5% milk and probed with specific antibodies.
Bands were visualized using enhanced chemiluminescence
detection. Primary antibodies were as follows: RL-1 antibody
(1:1,000, Santa Cruz) human origin (Caprodossi et al., 2008;
Nabissi et al., 2010) and B-tubulin (1:2,000, Sigma). Secondary
antibodies used were as follows: HRP-conjugated goat anti-
mouse, goat anti-rabbit, and donkey anti-goat IgG (1:10,000
Jackson Laboratories).

Ratiometric Calcium Imaging

Cultured BNL1 ME cells were loaded for 45 min with 1 uM
FURA-2 AM dye (stock in DMSO) in a standard external
solution (SES) composed of (in mM) 5 KCI, 145 NaCl, 2 CsCl,
1 MgCl, 10 HEPES, and 10 glucose and then rinsed for 45
min for de-esterification of intracellular acetoxymethyl esters.
Cells were perfused continuously at a rate of ~1 ml per min
with SES and examined with an inverted microscope equipped
with Epi-Fl attachment, perfect focus system (Nikon) and EXi
Aqua monochromator (Q-imaging) and X40 lens. Intracellular
Ca?* concentrations were measured fluorometrically as the
absorbance ratio at 340 and 380 nm (AF340/380, 510 nm for
emission, Lambda DG4, Sutter Instruments). Images were
taken every 1 s, monitored online, and analyzed offline using
Nikon Elements AR Software (Nikon). 2-Aminoethoxydiphenyl
borate (2-APB, 200 uM) or cannabidiol (CBD, 10 pM) were
briefly bath applied (as indicated in the figures) using a fast-
step valve control perfusion system. In some experiments, CBD
was applied after cells were pre-treated with 1 pM doxorubicin.
For a positive control of imaging, an ionophore, ionomycin
(1 uM, Sigma), was briefly bath applied, at the end of the
experiment. In some experiments, cells were treated with 1 uM
thapsigargin for 5-15 min, in order to deplete endoplasmic
reticulum Ca?* stores (Thastrup et al., 1990). We considered the
cells as responsive only if the changes in ratio (AF) following
application of 2-APB (200 uM) or CBD (10 uM) were larger
than 0.1AF and were easily distinguishable from optic noise
which was about 0.02 AF.

Doxorubicin Imaging

Cultured BNL1 ME cells were perfused continuously at 2
ml per min with DMEM and examined with an inverted
microscope equipped with Epi-Fl attachment, perfect focus
system (Nikon) and EXi Aqua monochromator (QImaging).
Doxorubicin fluorescence was measured as absorbance at 480
nm (580 nm for emission, Lambda DG4, Sutter Instruments).
Images were taken every 10 min, monitored online, and
analyzed offline using Nikon Elements AR Software (Nikon).
2-APB (200 uM) or CBD (10 uM) and doxorubicin (1 and 5
uM) were bath applied using a fast-step valve control perfusion
system, at a rate of ~1 ml per min.

In Vitro Cell Growth Assay

This assay was carried out as previously described (Shneor et al.,
2017). Briefly, BNL1 ME cells were plated in 96-well plates for
24 h. Then, each one of the treatment groups was added. Dose
responses of doxorubicin and each one of the activators were used
to find the optimal doses for the drugs. Cells were then incubated
with DMEM with one of the drugs for 24, 48, and 72 h. Then,
cells were incubated for 30 min with substrate of CellTiter-Fluor
Cell Viability Assay (Promega; excitation: 380-400 nm; emission
505 nm). Live cells took up the substrate, and constitutive protease
activity cleaved it to the fluorescent form, which generated a
fluorescent signal proportional to the number of live cells. The
fluorescent signal was detected in a flow cytometer.

Clonogenic Cell Survival Method

BNLI ME cell populations were prepared by trypsinization.
Cells were counted using a hemocytometer, and appropriate cell
numbers were seeded in six-well plates and treated for 24 h with
doxorubicin alone or together with TRPV2 activators. Colonies
were fixed and stained with methylene blue (Karni et al., 1999;
Karni et al., 2007); for quantification, the number of colonies in
each well was calculated using a stereomicroscope. Digital images
of the colonies were obtained using a CCD camera (Nikon,
Japan). Colonies were counted using Image] analysis software
(Fiji version 1.44a). Due to the high confluence of the colonies
after the treatment with DMSO or CBD alone, the examined
parameters of the number of colonies, the size of the individual
colony, and the inner density of each colony were undetectable.
Treatment with 2 uM doxorubicin alone completely prevented
colony formation. Therefore, only colonies following treatment
with doxorubicin and colonies treated with both CBD and
doxorubicin were analyzed and compared.

Doxorubicin Uptake Assay

Intracellular doxorubicin concentrations were measured with or
without TRPV?2 activators. BNL1 ME cells were plated on six-
well plates at concentrations of 2 x 10° cells/well and treated with
DMEM for 24 h, after incubation at 37°C for 1 h. With each one
of the treatments, each culture medium was removed, and cells
were washed three times with PBS. The cells were lysed in 1 ml
HCL-acidified isopropanol for 24 h (centrifuged at 2,000 rpm
for 10 min). For fluorometric analysis, total cellular doxorubicin
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in BNL1 ME cells was determined by measuring the fluorescent
emission of the solution (A, =480 nm, A, =590 nm) in the cell
lysate with a fluorometer, as described elsewhere (Patil et al.,
2018). The drug concentration was calculated with the standard
curve of doxorubicin.

Calcein Accumulation Assay

BNL1 ME cells were seeded at 20 x 104 cells/well in 24-well plates.
Experiments were performed 2 days after achieving confluent
monolayers. Before the experiment, cells were incubated for 1 h
with 1 ml DMEM, supplemented with 5 mM HEPES, pH 7.3, in
the presence or the absence of a P-gp inhibitor, verapamil (200
uM). In the accumulation phase, cells were co-incubated with
0.25 uM calcein-AM in the presence or absence of the inhibitor.
Control cells were incubated with equal volumes of solvents of all
substances (DMSO). After 1 h, the cells were washed three times
with ice-cold PBS. Intracellular fluorescence of calcein-AM was
measured within 1 h with A, =485 nm and A, =528 nm using a
plate reader (Synergy HT, BioTek, Winooski, VT, USA).

Chemicals

Doxorubicin and 2-APB were purchased from Sigma. CBD was
kindly provided by the lab of Prof. Raphael Mechoulam, School
of Pharmacy, Hebrew University of Jerusalem, Hadassah Ein
Kerem. Calcein was kindly provided by the lab of Dr. Sara Eyal,
School of Pharmacy, Hebrew University of Jerusalem, Hadassah
Ein Kerem.

Experimental Design and Statistical
Analysis

Data are shown as mean + S.E.M. Differences between groups
were analyzed using a two-tailed Students f-test or one-way
ANOVA analysis of variance followed by Bonferroni post hoc
tests, when appropriate. The criterion for statistical significance
was p < 0.05.

Sample size calculation: we did not carry out a power analysis
because we were studying the effect of a new drug combination
and had no way to estimate the effect size.

The number of replicates (n for cells and n for the number
of plates/repetitions) for each experiment is given either
in the Figure legends or in the Results. For each treatment
group, we calculated the average value for the repetitions and
ran the statistical comparisons between the treatments. If a
representative example is shown, we explain how representative
it is, i.e., how many cells/plates showed a similar effect. When
relevant, the inclusion criteria for the experiments are described
in the Materials and Methods section above.

RESULTS

Mouse Hepatocellular Carcinoma BNL1 ME
Cells Express Functional TRPV2 Channels

Amongst the large pore-cation non-selective ion channels, the
TRP vanilloid subtype 2 channel (TRPV2), a member of the

TRP superfamily, is highly expressed by a variety of tumor cells
(Santoni and Farfariello, 2011; Liberati et al., 2014). It has been
shown that urothelial carcinoma cells (Caprodossi et al., 2008;
Mizuno et al., 2014), human leukemic cells (Pottosin et al., 2015),
prostate cancer cells (Monet et al., 2010), esophagus squamous
cell carcinoma cells (Zhou et al., 2014), and hepatocellular
carcinoma cells (Liu et al., 2010) overexpress TRPV2 channels.
Here, we sought to examine whether a pore of TRPV2 channels
expressed by a murine model of hepatocellular carcinoma
cells [BNL1 ME (Kuriyama et al, 1999; Tatsumi et al., 1999;
Ogunwobi and Liu, 2011)] could be used to shuttle doxorubicin
into these cells selectively. First, we examined whether BNLI
ME cells overexpress TRPV2 similarly to previous reports of
hepatocellular carcinoma cells (Liu et al., 2010). We compared
the expression levels of TRPV2 in BNL1 ME cells to a mouse
embryonic fibroblast cell line (MEF), which served as a negative
control, and to normal mouse liver cells from a direct, first
passage culture. We used RT-qPCR and showed that BNL1 ME
cells possess significantly higher levels of TRPV2 mRNA than
MEF and normal liver cells (Figure 1A). We next compared the
protein level of TRPV2 channel in BNL1 ME, dissociated mouse
liver cells, and pheochromocytoma 12 cell line (PC12) transfected
with TRPV2 as a positive control (Figure 1B). We demonstrated
that, while the levels of the TRPV2 protein are undetectable in
liver cells, BNL1 ME cells express substantial levels of TRPV2.

Considering that cardiotoxicity is one of the significant side
effects of doxorubicin (Singal and Iliskovic, 1998; Chatterjee
et al, 2010) and that expression of TRPV2 was previously
shown in a variety of heart cells e.g., cardiomyocytes, fibroblasts,
endothelial cells, and vascular smooth muscle cells (Watanabe
et al,, 2009), we also compared the levels of TRPV2 mRNA and
TRPV2 channel protein in short-term cultured heart cells from
mouse heart to BNL1 ME cells. Indeed, we confirmed that heart
cells express TRPV2 mRNA (Figure 1A); however, these cells
did not show expression of the TRPV2 protein (Figure 1B). This
inconsistency implies posttranslational modulation, which is a
common mechanism to strictly regulate protein levels (Maier
et al, 2009; Vandewauw et al, 2013). This posttranslational
regulation is also true for TRPV2 regulation (Uhlen et al., 2015).
These data indicate that mouse BNL1 ME cells express TRPV2
channel protein, unlike liver or heart cells.

To assess whether TRPV2 channels expressed by BNLI
ME cells are functional, we examined changes in intracellular
Ca?* [(Ca?"),] in BNL1 ME cells loaded with the Ca?* indicator
FURA-2AM, following bath application of the TRPV2 channel
activator, 2-aminoethoxydiphenyl borate [2-APB (Hu et al,
2004; Juvin et al., 2007)]. We first perfused the cells with a
bath solution containing nominally free Ca** (Ca?*—free bath
solution) in order to examine possible 2-ABP-mediated release
of Ca?* from internal stores, as previously shown (Maruyama
et al., 1997). In these conditions, bath application of 2-APB
produced a small increase in [Ca?']; (Figure 1C). Reperfusion
of cells with bath solution containing 2 mM Ca?* (SES) led to a
slow, gradual increase in [Ca*']; reaching a plateau after about
4 min, as expected. The second application of 2-APB in these
conditions led to a substantial increase in [Ca?']; in all monitored
cells (Figure 1C). These data suggest that 2- APB produces a large
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FIGURE 1 | Mouse hepatocellular carcinoma BNL1 ME cells, but not liver or heart cells express functional TRPV2 channels. (A) Bar graph depicting relative

expression levels, assessed by RT-PCR, of TRPV2 mRNA in BNL1 ME cells compared to MEF, non-cancerous mice liver, and mice heart cells (GAPDH was used

for normalization; see Methods). *—p < 0.05; ***—p < 0.001, one-way ANOVA with post hoc Bonferroni, n = 3 replications. (B) Western blot analysis of TRPV2
protein levels in BNL1 ME cells compared to pheochromocytoma 12 cell line (PC12) constitutively expressing TRPV2 (PC12/TRPV2), non-cancerous mice liver cells,
and mice heart cells. B-Tubulin served as a control (for a blot containing all the lanes; see Supplementary Figure 1). The size of the proteins (95 kD for TRPV2 and
51 kD for B-tubulin) was determined relative to pre-stained size markers. Representative of five experiments. (C) Left, Mean + SEM of changes in cytosolic [Ca®*];
following bath application of 200 pM 2-APB. Note that application of 2-APB leads to a small increase in intracellular Ca?* when external solution contains nominal Ca*
concentration (Ca?* free) but produces a substantial and significant (**—p < 0.001, one-way ANOVA) increase in intracellular Ca?* when calcium is present in the bath
solution (standard external solution, SES), n = 26 cells. For a positive control of imaging, 1 M ionomycin (lono) was added to the bath solution at the end of each
experiment. Right, bar graph comparing peak changes in cytosolic [Ca?*]; following application of 2-APB in Ca?* free-solution with changes in cytosolic [Ca?*]; following
application of 2-APB in 2 mM Ca?* containing SES; ***—p < 0.001, paired Student t-test, n = 43 cells, from three plates. (D) Same as in C, but with SES containing
thapsigargin. Note that, under these conditions, the increase in intracellular Ca?+ occurs only when calcium is present in the external solution (SES) n = 28 cells. Right,

***—p < 0.001, paired Student t-test, n = 34 cells, from three plates. ns, not significant.

transmembrane Ca?* influx into BNL1 ME cells, in addition to
a small 2-APB-mediated increase, possibly via 2-ABP-mediated
activation of IP; receptors (Maruyama et al., 1997). To examine
the latter possibility, we treated BNL1 ME cells for 5-15 min
with 1 uM thapsigargin to deplete endoplasmic reticulum Ca?*
stores (Thastrup et al., 1990). 2-APB applied on thapsigargin-
treated cells, perfused with Ca**—free bath solution did not

produce any change in [Ca?*],. Changing the bath to a solution
containing 2 mM Ca?* did not result in the rise of intracellular
Ca?*. However, the second application of 2-APB in cells treated
with bath solution containing 2 mM Ca?* led to a substantial
increase in [Ca?']; (Figure 1D), suggesting that the 2-APB-
induced [Ca?']; rise is due to TRPV2 and not store-operated
channels. Collectively, these data suggest that 2-APB induces a
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transmembrane Ca?* influx, indicating that BNL1 ME express
functional TRPV2 channels on their plasma membrane.

To further study the functionality of TRPV2 channels,
we measured changes in [Ca?*]; in BNLI ME cells following
bath application of another well-established TRPV2 activator,
cannabidiol (CBD, (Qin et al., 2008). It was previously
demonstrated that CBD leads to [Ca?*]; increase, mainly due
to TRPV2-mediated Ca?" influx, since CBD-mediated Ca?*
transients via TRPV2 were abolished when extracellular Ca?*
was removed from the external solution (Eubler et al., 2018).
First, we showed that 10 uM CBD applied onto HEK293T
cells, transfected with human TRPV2 (hTRPV2) led to an
increase in [Ca?]; only in the TRPV2 transfected HEK cells,
which were labeled with DsRed-expressing fluorescent protein
(Supplementary Figure 2). Application of CBD on HEK293T
cells, which were not labeled with DsRed, and therefore do
not express hTRPV2, did not produce a change in [Ca*']; (n =
19 cells, data not shown). Bath applications of 10 uM CBD
onto BNL1 ME cells, similarly to the effect of 2-APB, led to a
robust increase in [Ca?']; (Supplementary Figure 3), further
supporting the functional expression of TRPV2 on the plasma
membrane of BNL1 ME cells.

2-APB- or CBD-Mediated Activation of
TRPV2 Channels Is Sufficient to Produce
Entry and Accumulation of Doxorubicin
Into BNL1 ME Cells

In developing our platform for facilitated entry of charged
compounds into cancer cells, through TRP channels, we
used the relatively small (543 Da) chemotherapeutic drug,
doxorubicin, which in physiological pH resides mostly in
the charged form (Webb et al, 2011). We first examined
whether activation of TRPV2 channels is sufficient to allow

the entry of doxorubicin into BNL1 ME cells. To that end,
we exploited the endogenous fluorescence property of
doxorubicin (Scalori et al., 1988) and measured the intensity
of its intracellular fluorescence, that reflects doxorubicin
“trapped” in the cytoplasm. To ensure that the fluorescence
originates from doxorubicin which is “trapped” inside the cell
and does not originate from doxorubicin in the extracellular
solution, we performed the measurements of doxorubicin-
induced intracellular fluorescence after 1 h of doxorubicin
washout. This time frame is sufficient to allow an exchange
of all extracellular solution about 50 times, suggesting that all
extracellular doxorubicin is washed out. In these conditions,
bath application (see Methods) of either 1 uM doxorubicin
alone (Figures 2A, left, B) or 200 uM 2-APB alone (Figure
2B) did not cause any changes in the fluorescent levels, beyond
basal control levels (Figure 2B). However, the co-application of
doxorubicin, together with 2-APB, led to a significant increase
in intracellular fluorescence (Figures 2A, right, B), implying
that doxorubicin enters the cells only in conjunction with the
activation of TRPV2.

Next, we examined whether CBD-mediated activation of
TRPV2 is also sufficient to shuttle doxorubicin into BNL1
ME cells. The previously described method of measuring
doxorubicin fluorescence following treatment with CBD
could be inappropriate, due to CBD-mediated inhibition of
the P-glycoprotein ATPase transporter (Zhu et al, 2006).
This transporter has been shown to participate in the removal
of doxorubicin from the cells (Giavazzi et al., 1984; Ferry,
1998) and appears to be present in BNL1 ME cells (see below
and Supplementary Figure 6). Thus, increased fluorescence
following the application of doxorubicin and CBD could result
not only because of facilitated entry of doxorubicin but also due
to its accumulation following the inhibition of the transporter.
We, therefore, examined the CBD-mediated doxorubicin entry

A Doxorubicin alone

2APB + doxorubicin B

*

FIGURE 2 | Co-application of 2-APB with doxorubicin leads to facilitated entry of doxorubicin into mouse BNL1 ME cells. (A) Representative epifluorescent images
of cultured BNL1 ME cells, 5 min after application 1 pM doxorubicin alone (left) and co-application of 200 uM 2-APB with 1 uM doxorubicin (right). Note that
doxorubicin-based fluorescence (see Methods) was detected only when co-applied with 2-APB. (B) Bar graph depicting means + SEM of changes in intensity

of intracellular fluorescence following application of vehicle, 2-APB alone, doxorubicin alone, or doxorubicin together with 2-APB at the indicated concentrations.
The values for vehicle and 2-APB alone were measured 30 min after application. 2-APB was then washed out for 30 min, and the values for doxorubicin alone or
doxorubicin together with 2-APB were measured after 60 min each. Note that doxorubicin-based intracellular fluorescence was above the noise levels (0.05 F/F()
only after the co-application of doxorubicin with 2-APB. ***p < 0.001, compared to doxorubicin alone, paired t-test, ns, not significant, n = 60 cells, three repetitions.
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into BNL1 ME cells by measuring changes in the Ca?* fluxes
following the application of doxorubicin together with CBD.
We hypothesized that, if doxorubicin permeates through the
pore of TRPV2 channels, it would impair the penetration of
Ca?" and therefore would lead to a decrease in the FURA2-
induced fluorescence, similarly to other charged molecules such
as QX-314 (Puopolo et al,, 2013). Accordingly, we loaded BNL1
ME cells with FURA-2AM and compared CBD-induced increase
in [Ca?'], in cells treated with standard bath solution (SES;
see Methods) with cells treated with bath solution containing
doxorubicin. When cells were perfused with SES, the application
of 10 uM CBD produced a substantial increase in [Ca?']; in all
cells (Figure 3; see also Supplementary Figure 3). Application
of CBD onto cells treated with SES containing 1 uM doxorubicin
led to significantly smaller increase in [Ca?*']; (p < 0.001, n = 30
cells; Figure 3). When the doxorubicin-containing bath solution
was washed out, CBD-mediated increase in [Ca®']; partially
recovered (Figure 3). It is noteworthy that, when cells were
perfused with SES, consecutive applications of CBD produced a
similar increase in [Ca?*]; (p > 0.05, n = 36 cells; Supplementary
Figure 3).

Because CBD has been shown to activate other Ca?* permeable
ion channels (Bisogno et al., 2001), we examined whether TRPV2
channels specifically provide a pathway for the doxorubicin to
enter the cells following CBD-mediated activation. To that end,
we measured how doxorubicin, when added to SES, changes
CBD-mediated Ca?* influx into HEK293T cells, transfected with
human TRPV2 (hTRPV2). Similar to our results from BNL1 ME
cells, the addition of doxorubicin to the SES leads to a significant

decrease in CBD-mediated Ca?* influx (Supplementary Figure
4A). When doxorubicin was not added to the SES, subsequent
applications of CBD produced similar increases in [Ca?'];
(Supplementary Figure 4B). These results from the minimally
reconstituted system of TRPV2-expressing HEK cells indicate
that CBD-activated TRPV2 channels is sufficient to shuttle
doxorubicin into the cells.

Collectively, these data imply that doxorubicin enters BNLI
ME cells via active TRPV2 channels. Importantly, these data also
suggest that doxorubicin enters BNL1 ME cells via the pore of
TRPV2 channels.

Finally, to examine directly whether activation of TRPV2
channels would lead to increased accumulation of doxorubicin
in BNL1 ME cells, we measured the intracellular concentration
of doxorubicin. We used an in vitro uptake method in which
intracellular doxorubicin concentrations were measured in BNL1
ME cells by fluorometric analysis. We assessed the intracellular
concentration of doxorubicin at different time points after
treating BNL1 ME cells with 1 uM doxorubicin alone or together
with activation of the TRPV2 channels. To prevent the possible
effect of enhanced doxorubicin accumulation caused by CBD-
mediated inhibition of P-glycoprotein ATPase transporter on
doxorubicin concentrations, we activated TRPV2 channels using
200 uM 2-APB. We found that at all measured time points, the
total cellular concentration of doxorubicin in BNL1 ME cells,
was significantly higher when doxorubicin was co-applied with
2-APB than when doxorubicin was applied alone (Figure 4).
These data suggest that activation of TRPV2 channels enhances
the accumulation of doxorubicin in BNL1 ME cells.
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FIGURE 3 | Co-application of CBD with doxorubicin attenuates TRPV2-mediated Ca?+ entry into BNL1 ME cells. (A) Mean + SEM of changes in cytosolic [Ca2+];
following bath application of 10 uM CBD in SES, 10 uM CBD in SES containing 1 uM doxorubicin, and 10 uM CBD in after washout of doxorubicin, n = 36 cells. Insets,
photomicrographs of blue-green-red pseudocolor radiometry images (taken at the time points indicated by arrows) demonstrated a decrease of F/F, after treatment

of doxorubicin. Bar, 50 pm. The pseudocolor scale depicts changes in F/F, between O (blue) to 1.5 (red)). For a positive control of imaging, 1 uM ionomycin (lono) was
added to the bath solution at the end of each experiment. (B) Bar graph depicting mean + SEM of changes in peak FURA-2AM fluorescence following bath application
of 10 uM CBD in SES, 10 pM CBD in SES containing 1 M doxorubicin, and 10 uM CBD in after washout of doxorubicin. Note a significant decrease in response to
CBD when doxorubicin is present in the extracellular solution. Note also that the response to CBD is partially rescued after doxorubicin is washed out. **—p < 0.001,
ns, not significant; RM one-way ANOVA with post hoc Bonferroni, n = 54 cells, from three plates.
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FIGURE 4 | Co-application of doxorubicin with 2-APB leads to an increased amount of intracellular doxorubicin in BNL1 ME cells. Bar graphs depicting the amount
of doxorubicin in BNL1 ME cells (in ng/108 cells) measured using fluorometric analysis, 1, 6, 12, and 24 h following treatment with 1 uM doxorubicin alone (gray)

or with 1 uM doxorubicin co-applied with 200 uM 2-APB (red). Note that the amount of intracellular doxorubicin was significantly increased when doxorubicin was
co-applied together with 2-APB, *—p < 0.05, **—p < 0.01, Student’s t-test, n = 3 repetitions for 1-, 6-, and 12-h time points, n = 2 repetitions for 24-h time point,
n = 3 repetitions, for each treatment group.

Activation of TRPV2 by 2-APB Leads to had a substantial effect on the number of living cells such that
Facilitated Entry of Doxorubicin Into BNL1 there was no facilitated effect of co-application of 2-APB and
ME Cells doxorubicin (Supplementary Figures 5A, B). These data show

that the optimal effect of 200 pM 2-APB-mediated facilitated
entry of 2 uM doxorubicin on cell vitality is achieved 24 h after
initiation of treatment.

We hypothesized that activation of TRPV2 by virtue of opening
aqueous pores, which are permeable for the protonated fraction
of doxorubicin, will facilitate the permeation of doxorubicin
and therefore augment its cytotoxic effect on TRPV2-expressing
cancer cells, while sparing other cell types and therefore .
minimizing oft-target side effects, as the effective concentration CBD Facilitates Both the Entry and

of doxorubicin can be lowered. To examine this hypothesis, we Accumulation of Doxorubicin in BNL1

used a cell survival assay that measures cell viability expressed ~ ME Cells

by the level of fluorescence (see Methods). We first determined a ~ CBD has been shown to inhibit the P-glycoprotein ATPase
concentration range at which the application of doxorubicin alone  transporter (Zhu et al., 2006), which participates in the removal
does not affect the viability of BNL1 ME cells. We show here that ~ of doxorubicin from the cells (Giavazzi et al., 1984; Ferry, 1998).
24-h treatment of BNL1 ME cells at concentrations of upto 2 uM  We therefore hypothesize that CBD may amplify the efficacy of
doxorubicin do not lead to significant cell death (Figure 5A).  the doxorubicin-mediated effect specifically in cancer cells by
Treatment with higher than 2 uM doxorubicin led to a significant (1) providing selective entry of doxorubicin into cancer cells via
decrease in the number of live cells (Figure 5A). We then chose =~ TRPV2activation (see Figure3) and by (2) enhancing doxorubicin
the maximal sub-effective concentration of doxorubicin (2 uM) accumulation by P-gp ATPase inhibition. To examine the latter
and co-applied it with 2-APB, which by itself did not affect cell  notion, we examined whether BNL1 ME cells express functional
viability in a concentration range of 25 to 200 uM, when treated ~ P-gp ATPase by measuring the accumulation of the P-gp ATPase
for 24 h (Figure 5B). Co-application of 2 uM doxorubicin with substrate, calcein, (Hollo et al., 1994) in BNL1 ME cells following
200 uM 2-APB led to a significant decrease in cell viability after ~ application of the well-established P-gp antagonist, verapamil
24 h (Figures 5C, D). The observed effect of co-application  (Cornwell et al., 1987). We show that the application of verapamil
of doxorubicin and 2-APB showed a ~70% decrease after 24 significantly increases the intracellular concentration of calcein
h. This decrease was higher than the additive effect of the two  (Supplementary Figure 6), suggesting that BNL1 ME cells
treatments (~ 40% after 24 h, Figure 5D). These results suggest  express functional P-gp ATPase. Accordingly, the co-application
that activation of the TRPV2 channels leads to facilitated entry ~ of verapamil and doxorubicin significantly increases intracellular
of doxorubicin into BNL1 ME cells such that previously sub-  doxorubicin concentrations, compared with doxorubicin alone
effective doses of doxorubicin alone when co-applied with the  (Figure 6A). Notably, doxorubicin accumulation following
activator of the TRPV2 channels are sufficient to significantly =~ co-application with CBD was significantly higher than the
affect cell viability. At these concentrations, at the later time  accumulation following co-application of verapamil with
points of 48 and 72 h, both doxorubicin and 2-APB applied alone  doxorubicin (Figure 6A), implying that, in addition to a possible
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FIGURE 5 | Continued

FIGURE 5 | Application of sub-effective dose of doxorubicin together with
2-APB leads to a decrease in living BNL1 ME cells. (A) Live-cell fluorescence
measurements from cultured BNL1 ME cells 24 h after treatment with
doxorubicin alone at the indicated doses. Note that only treatment with
doses higher than 2 pM leads to a significant reduction in the number of live
cells (measured as a relative level of fluorescence; see Methods). (B) Same
as in A but cells were treated for 24 h with 2-APB at the indicated dosed.
Note that 2-APB does not affect cell viability at all examined doses. (C) Live-
cell fluorescence measurements from cultured BNL1 ME cells show 24-h
treatment with previously ineffective 2 uM doxorubicin applied together with
200 UM 2-APB leads to a significant decrease tumor cells viability, *p < 0.05,
**p < 0.01, **p < 0.001, ns, not significant; one-way ANOVA, comparison
between the vehicles to all other groups, n = 6 wells for each group, three
repetitions.

effect of CBD on P-gp ATPase, CBD facilitates doxorubicin
accumulation by other mechanisms, possibly, as our data suggest,
by promoting its entry via TRPV2 channels. These results also
suggest that CBD co-applied with doxorubicin may be beneficial,
compared to 2-APB, in causing cell death. Indeed, we were able
to achieve about 40% facilitative effect (40% ASyn) using 10 pM
CBD (Supplementary Figure 7A), which by itself did not affect
cell viability (Supplementary Figure 7B), when co-applied
with 0.1 pM doxorubicin (Figure 6B). A similar facilitative
effect was achieved with 2-APB when co-applied with 2 uM
doxorubicin (see Figure 5). Interestingly, higher concentrations
of doxorubicin together with 10 uM CBD did not significantly
change this facilitative effect (Supplementary Figure 7A).

Co-Application of Doxorubicin With CBD
Inhibits the Formation of BNL1 ME Cell
Colonies

A decrease in the number of viable cells measured using cell
survival assay may be attributed to a decrease in cell proliferation,
an increase in cell death, or both. We therefore examined if
facilitated entry of doxorubicin affects cell proliferation, using
the clonogenic cell survival method (see Methods). We analyzed
the colony formation of BNL1 ME cells treated with DMSO,
0.1 uM 2-APB alone, 10 uM CBD alone, and doxorubicin alone,
at two different sub-effective doses (0.1 and 2 pM), which were
used in the cell viability experiments in combination with
either CBD or 2-APB, respectively. The number of colonies that
developed 10-15 days post-treatment was quantified. The size
of the individual colonies and inner density of each colony were
analyzed as well. Treatment with DMSO (data not shown) as well
as CBD led to similar high confluences of the colonies such that
it was impossible to determine specific parameters describing the
properties of the single colony (Figure 7A, left). Treatment with
2 uM doxorubicin alone, which we previously used together with
2-APB in the cell viability assay, completely prevented colony
formation (data not shown). Therefore, we did not examine the
effect of 2 uM doxorubicin co-applied with 2-APB and analyzed
only the colonies treated with doxorubicin and those treated
with a combination of CBD and doxorubicin. Treatment with
0.1 uM doxorubicin alone substantially reduced the number of
colonies, the average size of the colonies, and the inner density of
the colonies (Figures 7A, middle, and B-D). The co-application
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of 0.1 uM doxorubicin and 10 uM CBD, which by itself did not
affect colony formation (Figure 7A, left), enhanced the effect of
doxorubicin, reducing by about 20-fold the number of colonies
and significantly decreasing the size and the inner density of the
colonies (Figures 7A, right, B-D). These results suggest that,
following co-application of doxorubicin and CBD, fewer cells
propagate from a single surviving cell in a given time, implying
that this approach reduces cell proliferation, possibly affecting
also doxorubicin-resistant cell population.

Collectively, our results show that activation of TRPV2
channels provides a pathway for facilitated entry of doxorubicin
into BNL1 ME cells. Our data suggest that doxorubicin, in doses
that do not affect cell viability, when co-applied with TRPV2
activators, significantly reduces viability and proliferation of
cancer cells.

DISCUSSION

The ultimate goal of developing an anticancer drug is to target
cancer cells in a selective and specific manner while sparing
healthy cells. To achieve this goal, some strategies are tuned
to develop new drugs targeting cancer cell-specific molecular
machinery. Other strategies aim at achieving specificity by
using nanomedicines polymeric drug carriers such as liposomes
and nanoparticles, restricting the delivery of non-specific
chemotherapeutics primarily to the tumor tissues (Gabizon et al,
2014). In this study, we introduced a method of targeted delivery
of cytotoxic compounds into cells harboring large-pore cation
non-selective channels such as the TRPV2 channel. TRPV2 is a
member of the TRP channel family. TRP channels were shown
to be overexpressed by many tumor cells, playing critical roles
in tumorigenesis, tumor vascularization, and the ability of the
tumor cell to proliferate and migrate (Prevarskaya et al., 2007;
Santoni and Farfariello, 2011; Fiorio Pla and Gkika, 2013; Chen
et al., 2014). Here, we exploited these channels as cell-specific
“natural” drug delivery systems for targeted application of
charged molecules which are cytotoxic or antiproliferative, when
inside the cells, but relatively non-toxic when outside the cells,
to cancer cells, minimizing unwanted effects on other, non-TRP
expressing cells.

Doxorubicin and other anthracyclines are widely used
in chemotherapy, due to their efficacy in treating a broad
spectrum of cancer types, such as sarcomas, carcinomas, and
hematological cancers. However, their use is limited, particularly
by their cardiac toxicity (Swain et al., 2003). Doxorubicin causes
cumulative and mostly irreversible damage to the cardiac muscle
(Ewer et al., 2004), restricting the repeated use of this drug. In
addition, doxorubicin is also a prominent myelosuppressive
agent. Therefore, the concentration of doxorubicin used must be
strictly limited to avoid those and other doxorubicin’ side effects.

However, the weak base chemical properties of doxorubicin
will reduce the rate of drug uptake, particularly in the acidic
environment of cancer cells, in which doxorubicin will persist
mostly in the charged form. This property of doxorubicin
substantially impedes doxorubicin permeation across the
membrane, such that its concentration may be around three-fold

higher outside of the cell than on the inside, as suggested by some
studies (Webb et al., 2011). Here, we utilized the usually ineffective
charged fraction of doxorubicin and shuttled it into cancer cells
via cation permeable TRPV2 channels, allowing us to achieve the
desired effect using substantially lower doses of doxorubicin.

We and others have previously demonstrated that the pore
of TRPV1 and TRPA1 channels, which are predominantly
expressed by pain- and itch-related peripheral neurons, are
large enough to allow passage of QX-314, a charged derivative
of lidocaine that is ineffective when applied extracellularly
but blocks sodium channels and consequently neuronal
excitability when inside of cells (Binshtok et al., 2007; Puopolo
et al, 2013; Roberson et al., 2013). By showing QX-314-
mediated decrease of TRPV1-induced inward current, it was
previously suggested that that activation of TRPV1 channels
provided a pathway for entry of QX-314 into pain-related
neurons, with QX-314 acting as a permeant blocker (Puopolo
et al.,, 2013). Co-application of TRPV1 or TRPA1 activators
enabled specific inhibition of pain and itch transmission
without affecting other sensory and motor neurons (Binshtok
et al., 2007; Binshtok et al., 2009b; Binshtok et al., 2009a;
Roberson et al., 2013). Here, we demonstrated that the
application of doxorubicin inhibited TRPV2-induced Ca?*
influx, which implies that doxorubicin permeates into BNLI
ME cells via the pore of the TRPV2 channels.

TRPV2 is overexpressed by a variety of cancer cells and
plays a functional role in hepatocellular carcinoma, prostate
cancer, bladder cancer, and glioblastoma development (Liu et
al., 2010; Monet et al., 2010; Nabissi et al., 2013). It also is one
of the factors of dystrophic cardiomyopathy (Iwata et al., 2003;
Lorin et al., 2015). The latter implies that, if heart cells express
functional TRPV2 channels on their membrane, the activation
of TRPV2 may lead to entry of doxorubicin into heart cells and
thus enhance doxorubicin-based cardiotoxicity. We, however,
demonstrated that, although heart cells express a high level of
TRPV2 mRNA, the expression of the TRPV2 protein in heart
cells was barely detectable. Importantly, we also did not detect
the expression of TRPV?2 protein in liver cells.

Several explanations can be provided for the difference
in expression of TRPV2 at the mRNA and protein levels.
Accumulating evidence shows a weak correlation between
mRNA and protein levels. Different post-transcriptional
regulatory mechanisms involving cis-acting and trans-acting
mechanisms generate different systems that enhance or repress
the synthesis of proteins from a certain copy number of mRNA
molecules (Maier et al., 2009). Moreover, mRNA levels do not
always correlate with the relative expression of TRP channels at
the protein level or in their functional state (Vandewauw et al,,
2013). Therefore, while mRNA expression values are used in the
diagnosis and classification of cancers, the abundance of proteins
and their interactions are far more critical in determining cellular
functionality (Greenbaum et al., 2003). However, it is noteworthy
that, in order to retain normalization of the liver and heart cells,
we used here normal liver and heart tissue and compared the
TRPV2 expression between cell line (hepatocellular carcinoma)
and these tissues. Such a comparison between cell lines and
cultures tissues can by itself cause discrepancies.
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**p < 0.01, **p < 0.001, ns, not significant; one-way ANOVA, comparison between the vehicle to all other groups, n = 6 wells for each group, three repetitions.
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To activate TRPV2 channels, we used the well-known
activators of TRPV2-2-APB (Hu et al., 2004; Juvin et al., 2007)
and CBD (Qin et al., 2008). We showed that the application of
2-APB onto BNL1 ME cells leads to Ca?* influx in the presence of
thapsigargin only when Ca®* is present in the external solution.
This rules out the possibility that 2-APB leads to an increase of
intracellular Ca?* via intracellular mechanisms. Notably, 2-APB
activates mouse and rat TRPV2 channels with different potencies,
while the human TRPV2 channel is insensitive to 2-APB when
expressed in HEK293 (Neeper et al., 2007). To emphasize on the
translational aspect of our findings, we have also examined other
activators of TRPV2 and demonstrated that CBD-mediated
activation of TRPV2 allows facilitated entry of doxorubicin into
BNL1 ME cells. However, neither 2-APB nor CBD are selective
TRPV2 agonists, activating other large pore channels (Bisogno
et al., 2001; Hu et al., 2004; DeHaven et al., 2008). The similar
effects shown here by two separate TRPV2 agonists suggest
TRPV2 involvement in facilitated entry of doxorubicin into
BNL1 ME cells. At this stage, we cannot exclude other possible
mechanisms for doxorubicin penetration.

We show that the effect of 24-h co-treatment of doxorubicin
and 2-APB on cell viability led to a decrease of about 70% in the
number of living cells, while application of each of the drugs
separately did not produce any significant cell death, suggesting a
facilitative effect of 2-APB (see Figure 5D). However, considering
that prolonged treatment with 2-APB or doxorubicin did
produce a toxic effect (as shown in Supplementary Figure 5),
an alternative explanation could be that the 24-h application
of 2-APB and/or doxorubicin did not kill the cells but stressed
them in a way which was not detected by the live essay. In this
case, the cumulative effect of co-application might have led to cell

death. Our data showing that the substantial facilitative effect,
which was achieved using a relatively less toxic activator, CBD,
suggests that the latter explanation is less likely and implies that
co-application of TRPV2 activators with doxorubicin leads to
facilitative entry of doxorubicin and thus increased BNL1 ME
cell death.

The effect of 2-APB and doxorubicin, applied alone, on the
cell viability after 48 and 72 h, suggests that that the optimal
effect of 2-APB-mediated facilitated entry of doxorubicin on cell
vitality is achieved at 24 h after initiation of treatment. Systemic
application of doxorubicin reaches maximal concentrations
within 30 to 60 min and is cleared very quickly from the organism
(Gabizon et al., 2003). Thus, the 24-h facilitative window could
be achieved by either prolonged infusion of doxorubicin together
with the channel activators or by using slow-released pegylated
liposomal doxorubicin (Tahover et al., 2015), paired with
prolonged infusion of the channel agonist.

Importantly, according to the human protein atlas database
(Uhlen et al., 2015), TRPV2 is highly expressed in many
organs, such as endocrine tissues, kidneys, and skin, but not
in the liver cells. These data imply that, in translation from our
proof-of-concept results to the clinic, local liver application of
the treatment would assure a specific effect on hepatocellular
carcinoma cells but not an off-target effect of normal liver cells
(as they do not express TRPV2 protein), and no other tissues, by
virtue of its local application.

Our data from transfected HEK293T cells expressing TRPV2
demonstrate that CBD-mediated activation of TRPV2 channels
leads to doxorubicin entry into TRPV2 expressing HEK293T
cells via the pore of TRPV2 channels, emphasizing that TRPV2
could be utilized as natural drug delivery system. Importantly,
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FIGURE 7 | Co-application of doxorubicin with CBD, but not alone, inhibits
the formation of BNL1 ME cell colonies. (A) A collage image of BNL1 ME

cell colonies 24 h after treatment with 10 pM CBD alone (left), 0.1 uM
doxorubicin (middle), and 10 uM CBD with 0.1 uM doxorubicin (right). (B-D)
Bar graphs plotting the number of colonies (B), averaged size of colonies
(C), and inner density of colonies (D) treated with either 0.1 uM doxorubicin
(gray) or 10 uM CBD with 0.1 uM doxorubicin (red). ***—p < 0.001, Student’s
t-test, n = 6 colonies for each treatment.

since CBD is widely used in the clinic (Kogan and Mechoulam,
2007), our results showing CBD-mediated facilitated entry of
doxorubicin opens up the possibility of clinical utilization of the
platform we describe here.

The observed effect of CBD together with doxorubicin on
BNL1 ME cell viability was significantly stronger than the effect
of 2-APB together with doxorubicin. We, therefore, assumed
that CBD might have an additional facilitative effect on tumor
cell death. We ruled out an effect of CBD alone on cell viability.
Our next assumption was that, in addition to the facilitation of
doxorubicin entry, CBD might also affect doxorubicin removal
from cells. Indeed, CBD was demonstrated to inhibit the P-gp
ATPase, which affects the removal of doxorubicin from the
cells (Zhu et al., 2006). Using the well-described P-gp ATPase
antagonist verapamil (Cornwell et al., 1987), we show that (1)
BNL1 ME cells, similarly to many tumor cells (Kartner et al.,
1983), express functional P-gp ATPase, and (2) blockade of
P-gp ATPase by verapamil leads to increase in doxorubicin
concentration. These results render P-gp ATPase as a possible
target for CBD inhibition, thus underlying the substantial effects
of previously ineffective 0.1 uM doxorubicin on cell viability.

Moreover, our data showing that the application of CBD
together with doxorubicin leads to an increase in doxorubicin
concentration which was significantly higher than when
doxorubicin was co-applied with verapamil emphasizes the
importance of CBD-induced, TRPV2-mediated facilitated entry
of doxorubicin into BNL1 ME cells.

The effect of TRPV2-mediated entry of doxorubicin on colony
survival, in addition to its effects on cell viability, may also be
significant in terms of drug resistance to doxorubicin (Broxterman
et al., 2009). It is possible that the colonies which survived the
application of doxorubicin alone were generated from cells with
resistance to doxorubicin. Importantly, these colonies were
annulled when doxorubicin was co-applied with CBD, implying
that this combined platform could potentially be beneficial against
doxorubicin drug resistance. Since P-gp transporter expression
was correlated with drug resistance in cancer cells (Kartner et al.,
1983), CBD-mediated inhibition of P-gp ATPase could underlie
this effect of CBD and doxorubicin on inhibition of cell colonies
in addition to TRPV2-mediated entry of doxorubicin.

In summary, we have demonstrated here a platform for
facilitated entry of doxorubicin into cancer cells. Such facilitated
entry may allow the use of lower doses of the cytotoxic agent
minimizing the off-target toxic effects and therefore may allow
an improved therapeutic index. The methodology proposed here
is based on the biological properties of specific cells harboring
large cationic channels. These large-pore cationic channels are
expressed at high levels by cancer cells provide a “natural” drug
delivery system. This drug delivery system, when activated, could
be used to introduce cytotoxic drugs selectively into cancer cells.
Thus, our approach suggests a novel method for the delivery
of a variety of drugs that are (1) selective to the target cells and
(2) will not require complex manipulations of cells or drugs.
Another important aspect of the strategy is that it promises to
open up a large new chemical space of potential anti-cancer
agents (cytotoxic, antiproliferative, as well as anticancer peptides
and nucleic acid medicines), i.e., cationic molecules that are
poorly cell-permeant, to be effectively introduced by permeation
through large cationic channels. The results of our work may
provide a basis for the development of novel tools to modulate
intracellular signal transduction and metabolic pathways and
thereby to treat cancer with significantly fewer side effects
and higher efficacy. The data we show, in conjunction with the
differential expression profile of large pore cation non-selective
channels, as seen in the human protein atlas database (Uhlen
et al,, 2015), and data related to differential expression of these
channels in cancer cells (de novo, expression, upregulation, or
downregulation; see for example Shapovalov et al., 2016), would
suggest that the translation of our platform is not trivial. It implies
the need for careful profiling when considering this strategy for
different cancers.
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Changes of cholesterol level in the plasma membrane of cells have been shown to
modulate ion channel function. The proposed mechanisms underlying these modulations
include association of cholesterol to a single binding site at a single channel conformation,
association to a highly flexible cholesterol binding site adopting multiple poses, and
perturbation of lipid rafts. These perturbations have been shown to induce reversible
targeting of mammalian transient receptor potential C (TRPC) channels to the cholesterol-
rich membrane environment of lipid rafts. Thus, the observed inhibition of TRPC channels
by methyl-p-cyclodextrin (MBCD), which induces cholesterol efflux from the plasma
membrane, may result from disruption of lipid rafts. This perturbation was also shown to
disrupt multimolecular signaling complexes containing TRPC channels. The Drosophila
TRP and TRP-like (TRPL) channels belong to the TRPC channel subfamily. When the
Drosophila TRPL channel was expressed in S2 or HEK293 cells and perfused with MBCD,
the TRPL current was abolished in less than 100 s, fitting well the fast kinetic phase of
cholesterol sequestration experiments in cells. It was thus suggested that the fast kinetics
of TRPL channel suppression by MpCD arise from disruption of lipid rafts. Accordingly,
lipid raft perturbation by cholesterol sequestration could give clues to the function of lipid
environment in TRPC channel activity and its mechanism.

Keywords: TRP-like (TRPL) channel, lipid rafts, methyl-$-cyclodextrin, cholesterol recognition amino acid
consensus sequence (CRAC), caveolae

INTRODUCTION

Cholesterol molecules are intercalated among the phospholipids of cell membrane forming an
integral part of the plasma membrane, which is essential for the proper function of ion channels.
Plasma membrane cholesterol includes domains known as lipid rafts (Pike, 2006). However,
cholesterol is located in both rafts and non-raft fractions.

An efficient method to modulate the content of plasma membrane cholesterol is by methyl-p-
cyclodextrin (MPCD), which is a cyclic oligosaccharide (Ohtani et al., 1989; Davis and Brewster,
2004). The B-cyclodextrins (seven glucose units) have high affinity for encapsulating cholesterol
(Ohtani et al., 1989). MBCD is quite specific for cholesterol, allowing enrichment or a relatively rapid
sequestration of cholesterol from living cells. Cholesterol-saturated MPCD is efficient as cholesterol
donor. The degree of cholesterol enrichment is between ~30% to ~threefold, according to the type
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of cell (Christian et al., 1997; Levitan et al., 2000). When cells
are incubated with high concentration of “empty” MBCD (5-10
mM) for hours (> 2 h), 80-90% of total cellular cholesterol can
be sequestered (Kilsdonk et al., 1995; Levitan et al., 2000). The
amount of cholesterol sequestration from different cell types
is a highly variable parameter (Matthews et al., 1985; Kilsdonk
et al., 1995; Christian et al., 1997; Niu et al., 2002). Cholesterol
sequestration leads to dis-association of proteins from lipid rafts
(Scheiffele et al., 1997; Kabouridis et al., 2000; Predescu et al.,
2005) and to decrease in clustering of raft-associated molecules
(Harder et al., 1998). Cholesterol depletion also disrupts caveolae
structure; it does not result in the disappearance of caveolin but
leads to a shift of caveolin from raft to non-raft fractions (Hissa
et al.,, 2017) and to ruffling (Grimmer et al., 2002). It was shown
that BCDs sequestered cholesterol from both cholesterol-rich and
cholesterol-poor membrane domains (Ottico et al., 2003; Gaus
et al., 2005; Rouquette-Jazdanian et al., 2006; Tikku et al., 2007).

In this mini-review, we discuss physiological effects of
modulating plasma membrane cholesterol. We focus on
modulations of transient receptor potential C (TRPC) channels
activity following application MPCD, with emphasis on fast
modulations (in less than 100 s).

THE KINETICS OF CHOLESTEROL
REMOVAL BY MgCD

Cholesterol sequestration by BCD from several cell types revealed
bi-exponential kinetics, when monitored with radiolabeled [H?]
cholesterol: a fast (7 1/2 of 19-23 s) and a slow (7 1/2 of 15-30
min) kinetics, suggesting the existence of two separate pools of
cholesterol (Yancey et al., 1996). It was further suggested that
the “fast” pool of cholesterol corresponds to the outer leaflet of
the plasma membrane, while the identity of the slow pool was
unclear (Yancey et al., 1996). Recently, imaging studies showed
that cholesterol level in the inner leaflet of the plasma membrane
was ~12-fold smaller than cholesterol concentration in the
outer leaflet (Liu et al., 2017). Interestingly, two pools of MBPCD
extracts were observed, with half-lives similar to those reported
previously (Yancey et al., 1996; Haynes et al., 2000). However, it
was also found that the slower cholesterol efflux (from the “slow”
pool) was absent from energy-depleted cells (Hao et al., 2002).

The existence of a fast-modulated pool of cholesterol
is important for the interpretation of studies showing fast
responses of ion channels to modulations of cholesterol (see
below). Unfortunately, most studies used prolonged incubations
of cells and tissues with cyclodextrins, thus precluding the ability
to observe fast kinetics of cholesterol modulations.

MODULATION OF MAMMALIAN TRPC
CHANNEL ACTIVITY BY CHOLESTEROL

Cholesterol-ion channels interactions have been studied both
computationally and experimentally. Earlier studies identified two
types of cholesterol binding motifs: the cholesterol consensus motif
(CCM) and the cholesterol recognition amino acid consensus

sequence (CRAC), as well as the so-called CARC motif, in which
the amino acid sequence appears in reverse. These motifs have
been found in many ion channels, such as nicotinic acetylcholine
receptor (nAChR), BK, P2X7, Kv1.3, as well as TRPV1 channels
(Picazo-Juarez et al., 2011; Singh et al., 2012; Balajthy et al., 2017;
Murrell-Lagnado, 2017). However, a recent analysis of the solved
crystal structures of 24 cholesterol-protein complexes with 38
distinct cholesterol binding sites showed that fewer than 40% of
these sites contained a CRAC or CARC motif, indicating that these
motifs at best form only a subset of potential cholesterol binding
sites (Rosenhouse-Dantsker, 2017). Furthermore, the relatively
loose definition of the motif, (L/V)-X,_s-(Y)-X,_5-(K/R), where X
can be one to five residues of any kind, has raised concerns about
the predictive nature of the motif and the risk of identifying false
positives (Epand, 2006; Jaipuria et al., 2018). Notably, while for
many channels, there is little or no experimental confirmation
for cholesterol interacting with these motifs, it was shown that a
CRAC motif has a significant effect on cholesterol modulation of
TRPV1 channel activity (Picazo-Judrez et al., 2011).

Because the above cholesterol binding motifs represent only
a subset of potential cholesterol binding sites, there is a risk in
using this approach. Consequently, more recent strategies for
identifying binding sites have utilized computational approaches
such as docking analyses and molecular dynamics simulations
to identify potential sites in an unbiased manner. In particular,
cholesterol binding sites were identified on nAChR, as well as on
inwardly rectifying potassium (Kir) channels, voltage-dependent
anion channel (VDAC), and GABA , receptors (Brannigan et al.,
2008; Rosenhouse-Dantsker et al., 2013; Hénin et al., 2014;
Weiser et al., 2014). In these studies, docking analyses were
first used to predict a set of candidate binding sites, which were
then refined through short atomistic simulations and tested
experimentally. Importantly, these binding sites did not contain
the previously described cholesterol binding motifs. A limitation
of this approach, however, is that atomistic simulations usually
are not long enough to observe the dynamic behavior of the
cholesterol molecule moving from the bilayer to the binding site.
This limitation is addressed most recently, with the development
of coarse-grained force fields such as the Martini force field, long
(ps) time-scale simulations of membrane proteins allowing for the
dynamic binding and unbinding of cholesterol to target proteins,
providing deeper insight into the mechanisms of cholesterol
regulation (Cang et al.,, 2013; Genheden et al., 2017; Rouviere
et al., 2017; Barbera et al., 2018). Using these approaches, most
recent studies discovered that in contrast to most other ligands,
cholesterol binding is highly flexible and cholesterol dynamically
explores its binding site, adopting multiple poses in a “cloud,
rather than occupying a single conformation (Gimpl, 2016;
Genheden et al., 2017; Rouviere et al., 2017; Barbera et al., 2018).
Recently electron cryo-microscopy structure of zebra fish TRPC4
(TRPC4y) channel in its unliganded closed state, at an overall
resolution of 3.6 A was published (Vinayagam et al.,, 2018). The
transmembrane S1-S6 helices structure revealed that in the
pre-S1 elbow domain inside the membrane, a cavity is formed
with helices S1 and S4, in which a density corresponding to a
sterol is formed (Figure 1). Since the authors added cholesteryl
hemisuccinate (CHS) during the purification of TRPC4y;, they
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FIGURE 1 | A sterol binding pocket in the TRPC44 structure. Electron cryo-microscopy structure of zebra fish TRPC4 (TRPC4pz) channel in its unliganded closed
state, at an overall resolution of 3.6 A. The transmembrane S1-S6 helices structure revealed that in the pre-S1 elbow domain inside the membrane, a cavity is
formed with helices S1 and S4, in which a density corresponding to a sterol is formed. (Reproduced from Vinayagam et al. (2018) with permission from eLife.)

fitted this molecule into the density. This density in the S1-54
cavity is consistent with the above notion that sterol binding to
channel proteins is flexible.

Cholesterol changes in the plasma membrane of cells have been
shown to modulate ion channels function, and these modulations
include perturbation of specific lipid environments. Experimental
observations have suggested reversible targeting of mammalian
TRPC channels to cholesterol-rich membrane environment of
lipid rafts. This led to the suggestion that the observed inhibition
of mammalian TRPC channels by MBCD-inducing cholesterol
efflux may result in part from disruption of lipid rafts, including
disruption of multimolecular signaling complexes (Svobodova
and Groschner, 2016). Below we give examples for the role of lipid
rafts in several types of TRPC channels.

TRPCA1

The mammalian TRPC1 was shown to interact with caveolin-1
(Cav-1), which is a scaffolding protein that binds cholesterol
(Lockwich et al., 2000). This interaction is mediated via both
N-terminal Cav-1 binding motif and C-terminal Cav-scaffolding
consensus. The important role of caveolae in TRPCI activation
was supported by the finding that TRPCI activity was dependent
on Cav-1 (Murata et al., 2007), while TRPC1 was found mainly
in caveolae (Lockwich et al., 2000). The experiments indicated
that TRPC1 mainly resides in lipid rafts and exposed to the
cholesterol-rich membrane of caveolae (Lockwich et al., 2000).
Inhibition of TRPC1 currents by MBCD-induced cholesterol
sequestration may result from both disruption of lipid raft
architecture, including impaired local assembly of signaling
molecules, and inhibition of a gating mechanism. The above
two effects of cholesterol on TRPCI function (i.e. disruption
of lipid raft architecture and inhibition of a gating mechanism)

was demonstrated for several cell types (Bergdahl et al., 2003;
Brownlow and Sage, 2005; Kannan et al., 2007).

TRPC3

Cholesterol sensitivity of the TRPC3 channel was demonstrated
by using acute administration of cholesterol-saturated MBCD to
modify membrane cholesterol content. Cholesterol application
elevated conductance in TRPC3-expressing HEK293 cell culture.
The membrane conductance derived from I-V curves was typical
for phospholipase C (PLC)-mediated TRPC3 currents, showing
fast rise time of several seconds. Thus, increased cholesterol
concentrations induced a relatively fast TRPC3-mediated current
in HEK293 cells (Graziani et al., 2006). Surface biotinylation
experiments revealed a significant increase of TRPC3 level at
the plasma membrane caused by cholesterol addition. This result
suggests that TRPC3-mediated current and the ensuing Ca?*
influx that were induced by cholesterol elevation may resulted
from a cholesterol-induced expression of TRPC3 in the surface
membrane (Graziani et al., 2006).

Like TRPC1, the TRPC3 channels reside in caveolae. The
significance of caveolae in mediating inositol 1,4,5 trisphosphate
(IP,)-induced non-selective cation current (Io,) activation
and arterial smooth muscle constriction was studied in
smooth muscles of cerebral arteries (Adebiyi et al, 2011).
Immunoprecipitation and immunoFRET experiments revealed
that Cav-1, TRPC3, and IP, receptorl (IP,R1-1) formed a
multimolecular signaling complex via Cav-1 scaffolding domain
that was reversibly disrupted by MPCD and by a peptide with
Cav-1 scaffolding domain. These experiments revealed close
association of the signaling proteins in smooth muscles of
cerebral arteries. In other experiments, caveolae disassembly was
obtained by: (1) MBCD, (2) Cav-1 knockdown using RNAI, or (3)
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application of Cav-1 scaffolding domain. Caveolae disassembly
inhibited the I, currents and vasoconstriction. The data thus
indicated that the multimolecular signaling complex via Cav-1
scaffolding domain allowed signal-induced vasoconstriction
(Adebiyi et al., 2011).

TRPC6

Podocytes are multipolar cells that cover the external surface
of glomerular capillaries and form an essential component of
the kidney ultrafiltration apparatus (Pavenstddt et al., 2003).
Importantly, in order for podocytes to respond to distending
forces, their Ca?*-dependent contractile elements must be
coupled to a Ca?* signaling pathway. The major source of regulated
Ca?* influx into podocytes is Ca?'-permeable TRPC6 channel,
which like other mammalian TRPC channels are activated via
PLC-mediated signaling cascade (Dryer and Reiser, 2010; Katz
et al.,, 2017). Several mutations in the TRPC6 channel result in
autosomal-dominant nephrotic syndromes (Reiser et al., 2005;
Winn et al., 2005; Heeringa et al., 2009). Podocin is a cholesterol
binding protein, which interacts, in a still unclear manner, with
the TRPC6 channel (Reiser et al., 2005; Huber et al., 2006).
The ability of podocin, which resides in lipid raft domains (Lei
et al., 2014), to bind cholesterol may be central to TRPC6 gating
(Huber et al., 2006). Inhibition of TRPC6 channels by application
of MBCD or by expression of dominant-negative Cav-1 isoform
indicated that TRPC6 activation requires lipid rafts regions at
the surface membrane (Lei et al., 2014), suggesting that podocin
coordinates TRPC6 channel activity (Anderson et al., 2013).

FAST INHIBITION OF THE DROSOPHILA
TRP-LIKE CHANNEL ACTIVITY BY MBCD

The Drosophila light-sensitive TRP and TRP-like (TRPL)
channels are the first members of the TRPC subfamily that were
discovered (review Katz et al., 2017). It is well established that the
TRP/TRPL channels are the target of the rhodopsin-activated-
phosphoinositide cascade, which leads to production of lipids
that may function as second messenger in a variety of cells and
tissues. Cyclodextrins, both a-cyclodextrin and MPBCD, are
known to sequester phospholipids (Ohtani et al., 1989) that are
involved directly or indirectly in gating of TRPC channels.

Light activation of PLC in Drosophila photoreceptors leads
to the formation of diacylglycerol (DAG) and IP;, which are
then recycled back to form phosphatidylinositol 4,5-bisphosphate
[PtdIns(4,5)P,, designated the phosphoinositide (PI) cycle,
Figure 2A). The mechanism by which the PI cycle activates the
TRP/TRPL channels is not entirely clear (e.g. see Hardie, 2003).
Nevertheless, the involvement of lipids in TRP/TRPL channel
activation may account for the effects of MBCD on the TRPL
channel (see below).

To characterize the Drosophila light-sensitive channels, TRPL
channels were expressed in tissue-cultured S2 (Hardie et al., 1997;
Chyb et al., 1999; Parnas et al., 2009; Lev et al., 2012b; Peters et al.,
2017) and HEK293 cells (Hambrecht et al., 2000; Lev et al., 2012b;

Peters et al., 2017). TRPL channels expressed in the Drosophila S2
cells showed basal activity that could be amplified by polyunsaturated
fatty acid [PUFA, e.g. linoleic acid (LA), Lev and Minke, 2010; Lev
etal,, 2012a; Lev et al., 2012b]. The pronounced basal TRPL current
obtained at positive voltage was virtually abolished by MPCD, in
less than 100 s (Figures 2B-D). This quick effect of cholesterol
sequestration is in marked contrast to the previously shown slow
effect (of many minutes) of cholesterol sequestration (Singh et al.,
2011). Inhibition of the TRPL current persisted long after removal
of MBCD, excluding direct inhibition of TRPL by MBCD (Figure
2C). In further experiments, cholesterol was first depleted by
means of MPBCD in S2 cells expressing TRPL; then the excess of
MPBCD was washed out, and the cells were perfused with the TRPL
channel activator LA. This protocol initially resulted, as expected,
in reduction of TRPL currents (see Figure 2), but surprisingly, LA
could activate the TRPL channels independent of MPCD. These
results suggest that in S2 cells, MPCD does not affects the TRPL
channels directly but affected G-protein coupled related signaling
proteins upstream of TRPL in the cascade. Also, it is possible that
cholesterol and LA share common mechanism of action, or that LA
activation does not require cholesterol for its action.

To further examine at what stage of the transduction cascade
MPBCD operates, we expressed the Pleckstrin Homology domain
of PLC-9 attached to the green fluorescent protein (GFP) in tissue
culture cells. The Pleckstrin Homology domain, which binds
specifically PtdIns(4,5)P, (and IP;), marks plasma membrane
PtdIns(4,5)P, in living cells (Balla and Varnai, 2002; Suh et al.,
20065 Lev et al., 2012b). Since it is technically difficult to perform
these experiments in S2 cells, HEK293 cells were used. In HEK293
cells expressing TRPL, no basal (constitutive) TRPL current was
observed [(Figure 3A), unlike the situation in S2 cells (Figures
2B, C, Lev et al., 2012a)]. Under control conditions, the Pleckstrin
Homology domain—-GFP was associated with PtdIns(4,5)P, of the
surface membrane (Figures 3C-H). However, when PtdIns(4,5)
P, concentrations were reduced [e.g. by PLC-dependent
hydrolysis of PtdIns(4,5)P,], the GFP-associated peptide diffused
to the cell body (Figures 3C-H). PLC was activated by the
expressed muscarinic receptor (hM1, which was activated by
carbachol, CCH, Figures 3C, D), before (Figure 3C) and after
application of MPCD (Figure 3D). These experiments showed
that MBCD had no effect on PtdIns(4,5)P, hydrolysis by PLC,
thus indicating that inhibition of TRPL-dependent current by
cholesterol sequestration takes place after activation of PLC in
the transduction cascade in HEK293 cells. Strikingly, application
of LA, which is a highly potent activator of the TRPL channels,
acting directly on the channels (Parnas et al., 2009) had virtually
no effect (Figure 3B). Thus, in HEK293 cells, LA applied after
response suppression by MPCD had virtually no effect on TRPL
channel activity, suggesting that in HEK293 cells unlike S2 cells,
cholesterol depletion suppress directly TRPL channel activation.

CONCLUSION

Cholesterol molecules are essential for the proper function of ion
channels, including TRPC channels. Sequestration of cholesterol
by MBCD from the plasma membrane of cells expressing TRPC
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FIGURE 2| (A) The phosphoinosite (Pl) cycle. In the phototransduction cascade, light triggers the activation of phospholipase Cp (PLCB, encoded by norpA). This catalyzes
hydrolysis of the membrane phospholipid PI(4,5)P, (PIP,) into IP; and diacylglycerol (DAG). DAG is transported by endocytosis to the endoplasmic reticulum and inactivated
by phosphorylation converting it into phosphatidic acid (PA) via DAG kinase (DGK, encoded by rdgA) and to CDP-DAG via CDP-DAG synthase. Subsequently, CDP-DAG is
converted into phosphatidyl inositol (P1), which is transferred back to the microvillar membrane, by the Pl transfer protein (encoded by ragB). PIP and PIP, are produced at the
microvillar membrane by Pl kinase and PIP kinase, respectively. PA can also be converted back to DAG by lipid phosphate phosphohydrolase (Lpp, encoded by laza). PA is
also produced from phosphatidyl choline (PC) by phospholipase D (PLD). DAG is also converted in two enzymatic stages, one of them is by DAG lipase (encoded by inaF), into
polyunsaturated fatty acids (PUFASs). (B-D) MpCD blocks constitutive TRPL channels activity. (B) Current-voltage relationships (-V curves) measuring TRPL-dependent currents.
|-V curves obtained in response to voltage ramp (of 1 s duration) from S2 cells expressing TRPL and showing basal channel activity with strong outward rectification, typical for
TRPL-dependent current (1). The TRPL channel activity was highly reduced after perfusion with 10 mM methyl-p-cyclodextrin (MBCD) (2) and the effect was irreversible, even
after washout of MBCD (3) (n > 10). (C) Time course of the MBCD effects on TRPL currents in S2 cells. Current densities are shown as a function of time. Series of I-V curves
were derived from repeatedly applied voltage ramps every 5 s, and currents were measured at +120 mV holding potentials as a function of time under the various experimental
conditions as indicated. The numbers correspond to the numbers on the -V curves in (B). (D) Statistics of the cholesterol depletion experiments in S2 cells. (A) Cholesterol
depletion by MBCD had a significant effect on the positive TRPL currents at 120 mV (n = 5, values are average + SEM, paired Student t-test, *p < 0.05). Reproduced from Katz
and Minke, 2009 with permission from Frontiers. (B-D) Reproduced from Peters et al., 2017 with permission from Elsevier, license number 4676401165468.)
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channels suppressed channel activity. It is still not entirely clear
what is the mechanism underlying suppression of TRPC channels
activity by MPBCD. Possible mechanisms include association
of cholesterol to a highly flexible cholesterol binding site or
perturbation of specific lipid environments. Mammalian TRPC1
and TRPC6 channels require for their activity binding to scaffold
proteins located in cholesterol-rich lipid rafts. For these channels,

inhibition resulting from cholesterol sequestration by MPCD
possibly resulted from disruption of lipid rafts at the plasma
membrane, rather than direct inhibition of a gating mechanism.
Nevertheless, channel-cholesterol interactions similar to those
reported for Kir channels cannot be excluded. Future availability
of atomic structure of TRPC channel subfamilies nanodisks
can be very useful to determine the possibility that in contrast
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FIGURE 3 | (A-B) Cholesterol depletion suppressed receptor-activated TRPL-dependent current. (A) TRP-like—green fluorescent protein (TRPL-GFP) did not show
any spontaneous activity in HEK293 cells, but it could be readily activated via PLC and blocked by MBCD: current-voltage relationships measured from HEK293
cells expressing TRPL-GFP, showing no basal channel activity (1). However, coexpression of the hM1 muscarinic receptor and application of carbachol (CCH)
activated the expressed TRPL-GFP channels via endogenous PLC-mediated cascade (2) and the TRPL-dependent current in the presence of CCH was suppressed
by application of MBCD (3), while subsequent application of LA, a strong activator of TRPL channels, did not activate the channels after the application of MBCD (4).
(B) Time course of the receptor-activated TRPL-dependent current and the effect of cholesterol depletion on the receptor-activated TRPL currents in HEK293
cells. Current densities are shown as a function of time. Series of i~V curves were derived from repeatedly applied voltage ramps every 5 s, and currents were
measured at +120 mV holding potentials as a function of time under the various experimental conditions as indicated (C—H) Cholesterol depletion did not affect
receptor-induced PLC activity. No effects of cholesterol depletion on PLC activity as monitored by translocation of the PIP, sensor PH-GFP: representative series
of multiphoton images of HEK293 cells coexpressing eGFP-tagged PH domain and hM1 receptor. Application of CCH to the bathing solution, in a concentration
that activated the TRPL channels (10 pM CCH), induced similar translocation of the eGFP-tagged PH domain to the cell body, with and without MBCD, indicating
the PLC-mediated hydrolysis of PIP, is not affected by MBCD. (C) The time course of fluorescence changes measured in the cytosol before application of MBCD:
graph plotting the relative mean pixels’ intensity (red curve) as a function of time measured from multiphoton images of HEK293 cells expressing PH-GFP and

hM1 receptors. Before PLC stimulation by CCH application (white background), the GFP-PH is associated with the plasma membrane where most PIP, is located
and the cell body fluorescence is low (for quantification, see G, H). Once PLC is activated and PIP, is hydrolyzed (green background), the PH-GFP translocates

to the cytosol and there is a marked increase in fluorescence intensity at the cytosol. The individual single-cell measurements are shown by noisy dim gray traces.
(D) The time course of fluorescence changes measured in the cytosol after application of MBCD: similar graph as in (C), but measured following application

of MBCD. (E) Multiphoton images of HEK293 cells expressing PH-GFP and hM1 receptor without application of MBCD: Left: GFP fluorescence of cells before
application of CCH, little PH-GFP translocation was observed. Right: GFP fluorescence of cells after perfusion with the M1 agonist CCH. Translocation of PH-GFP
is observed. MpCD was not applied (n > 50). (F) Multiphoton images of HEK293 cells expressing PH-GFP and hM1 receptor after application of MBCD: Similar
images of HEK293 cells expressing TRPL PH-GFP and hM1 receptor before (left) and after application of CCH (right). MBCD was applied, but it did not affect PH-
GFP translocation (n > 50). (G, H) Graphs plotting the PH-GFP fluorescence intensity as a function of cell position: fluorescence intensity of images showing cross
sections of two representative cells along the red line, before application of CCH (red curve), and after application of CCH (black curve) in the absence of MpCD
(G) and after application of MBCD (H). (Reproduced from Peters et al., 2017 with permission from Elsevier, license number 4676401165468.)
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Traumatic brain injury (TBIl) commonly leads to development of seizures, accounting for
approximately 20% of newly diagnosed epilepsy. Despite the high clinical significance, the
mechanisms underlying the development of posttraumatic seizures (PTS) remain unclear,
compromising appropriate management of these patients. Accumulating evidence suggest
that thrombin, the main serine protease of the coagulation cascade, is involved in PTS genesis
by mediating inflammation and hyperexcitability following blood brain barrier breakdown. In
order to further understand the role of thrombin in PTS, we generated a combined mild TBI
(mTBI) and status epilepticus mice model, by injecting pilocarpine to mice previously
submitted to head injury. Interestingly, mTBI was able to reduce seizure onset in the
pilocarpine animal model as well as increase the death rate in the treated animals. In turn,
pilocarpine worsened spatial orientation of mTBl treated mice. Finally, thrombin activity as well
as the expression of IL1-B and TNF-a was significantly increased in the mTBI-pilocarpine
treated animals. In conclusion, these observations indicate a synergism between thrombin
and mTBl in lowering seizure in the pilocarpine model and possibly aggravating inflammation.
We believe that these results will improve the understanding of PTS pathophysiology and
contribute to the development of more targeted therapies in the future.

Keywords: mild traumatic brain injury, epilepsy, thrombin, Protease Activated Receptor 1 (PAR1), N-Methyl-D-
Aspartate (NMDA)

INTRODUCTION

Traumatic brain injury (TBI) significantly increases the risk of seizures and is a major cause of
intractable epilepsy (Hunt et al., 2013), accounting for nearly 20% of acquired epilepsy in the general
population (Garga and Lowenstein, 2006). Posttraumatic seizures (PTS) may occur with a long
delay of up to 20 years after the traumatic event (Piccenna et al., 2017) and involve a significant
heterogeneity of seizures (Piccenna et al., 2017). The variety of PTS events includes focal seizures
with or without generalization, a coexistence of both, or non-convulsive seizures (Agrawal et al.,
2006). In addition to the miscellany of seizures, up to 8% of patients with PTS develop Status
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Epilepticus (SE) (Peets et al., 2005), a neurological emergency
and significant cause of morbidity and mortality (Betjemann and
Lowenstein, 2015).

Alarmingly, PTS pathophysiology is yet to be fully understood,
thus management of patients and outcomes are compromised. To
better understand the underlying mechanism of PTS, prior studies
first tried to identify a number of risk factors involved. A major
one is TBI severity (Annegers et al., 1998), especially penetrating
injuries, with a significant 50% risk of epilepsy (Agrawal et al,
2006). Additional risk factors include subdural hematoma
(Verellen and Cavazos, 2010) and alcohol abuse (Xu et al.,
2017). However, none of them is categorical about the impact of
mild TBI (mTBI) to the pathophysiology of seizures and epilepsy.
As mTBI accounts for nearly 80% of the hospitalized head injury
cases in the United States (Kushner, 1998), and is also related to
seizure development (Webb et al., 2015), it is critical to identify the
role of mTBI in the onset and progression of PTS.

To study epileptogenesis following mTBI, animal models were
generated to replicate the complex implications of human mTBI
and PTS. A commonly used model is the closed weight free drop
mTBI rodent (Kalish and Whalen, 2016), which permits the
evaluation of a great spectrum of the biological changes involved
in PTS (Itsekson-Hayosh et al., 2016). Among those, blood brain
barrier (BBB) breakdown (Korn et al., 2005), blood vessel
disruption and vascular permeability changes (Gaetz, 2004) are
crucial for PTS development. As a consequence of this
circumstances, glutamate is released leading to calcium influx
and therefore to development of a hyperexcitable state (Xiong
et al., 2013), facilitating seizures. Additionally, intense
inflammatory response, diffuse axonal injury and cell death play
a central role in late structural modification and adaptive
neuroplasticity occurs following TBI (Povlishock and Christman,
1995; Ziebell and Morganti-Kossmann, 2010).

The hyperexcitable state found in PTS points toward possible
involvement of blood components, especially thrombin, as they
were recently found to be central mediators of seizures related to
BBB breakdown (Heinemann et al., 2012). Thrombin, a serine
protease participating in the coagulation cascade, is originated
from prothrombin cleavage by activated factor X
(Krishnaswamy, 2013). After binding to its protease activated
receptor (PAR1), Thrombin-PARI activation leads to NMDA
receptors potentiation and massive calcium influx, followed by a
glutamate mediated hyperexcitable state, and a lowered
threshold for seizure development (Gingrich et al., 2000;
Maggio et al., 2008) Critically, thrombin-PAR1 complex also
participates in mTBI mechanism, causing in vivo synaptic
disfunction and amnesia, effects that were reversed after the
administration of thrombin inhibitors (Itzekson et al., 2014).

As the participation of thrombin in epileptogenesis and in
BBB breakdown conditions is well known, here we chose to focus
on the possibility of a synergistic effect between thrombin and
mTBI in seizure development. Using a combined mice model of
mTBI (free weight drop) and temporal lobe epilepsy (pilocarpine
injection), we found that seizures intensity and death rate during
SE were increased in the animals exposed to both treatments
compared to those that experience a single one. In addition, the

expression of both thrombin as well as inflammatory markers
was higher in the former group than in the latter. We therefore
conclude that our findings highlight the importance of thrombin
in PTS pathophysiology, suggesting new directions in the
management and treatment of these patients.

MATERIALS AND METHODS

Experimental Setting

The experiments were approved by the Institutional Animal Care
and Use Committee of the Sheba Medical Center which obeys to
national and NTH approved rules (ANIM 1089-17). The minimal
number of animals was used and all efforts were made to
minimize suffering. The study was carried out in 8 weeks old
male C57BL/6] mice and mTBI was induced using a free weight
drop concussive device as previously described (Itzekson et al.,
2014). Briefly, the device consisted of an 80-cm high metal tube
(13 mm in diameter) placed vertically over the head of the
mouse. Minutes prior to the injury, the animals were slightly
anesthetized by isoflurane (gaseous), as previously described
(Edut et al., 2014). Trauma was induced by a 50-gr metal
weight dropped down the metal tube on the right anterolateral
side of the head (just anterior to the right ear). The mouse was
placed on a sponge immobilization board which allowed head
rotation following the impact thus mimicking the natural
condition of head rotation in a whiplash injury. Control mice
underwent a similar procedure, however, were un-injured.
Twenty-four hours after the trauma, SE was induced by a
single intraperitoneal (i.p.) injection of pilocarpine
hydrochloride. The trauma effect on SE development was
tested in experimental settings of 250 mg/kg (low dose
pilocarpine) and 350 mg/kg (high dose pilocarpine). In order
to avoid side effects induced by peripheral cholinergic activation,
mice were treated with atropine sulphate monohydrate (1 mg/kg,
i.p.) 30 min before pilocarpine injection. Seizures were
monitored and scored every 10 min using a modified Racine’s
scale (0—no response, 1—freezing, 2—head nodding, 3—
orofacial seizure, 4—clonic seizure, and 5—tonic seizure)
(Racine, 1972), during 90 min following pilocarpine
administration. After 90 min mice received diazepam (3 mg/
kg; i.p.) to halt convulsions, or before in case of tonic seizure. All
experimental groups received both atropine and diazepam
similarly to pilocarpine treated mice.

Open Field

Open field was performed to evaluate cognitive function and
anxiety in mice upon 24 h from low pilocarpine administration.
This task takes advantage of rodents aversions to large, brightly
lit, open, and unknown environment. Mice were placed in the
middle of the open field apparatus consisted of square box (47
cm x 47 cm x 29 cm) and given 5 min to explore. Time in the
center and crossing center frequencies were recorded and
analyzed using EthoVision software (Noldus information
technology). The mobility index was defined as: Total duration
in the center/Crossing center frequency.
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Thrombin Activity

Mice were anesthetized with pentobarbital (0.8 mg/kg) and rapidly
decapitated for hippocampi dissections. Right hippocampus was
dissected, and dorsal hippocampus used for thrombin activity.
Thrombin enzymatic activity was measured using a fluorometric
assay based on the cleavage rate of the synthetic substrate Boc-Asp
(OBzl)-ProArg-AMC (I-1560; Bachem, Bubendorf, Switzerland)
and defined by the linear slope of the fluorescence intensity versus
time, as previously described (Bushi et al., 2013). The hippocampal
tissue placed into 96-well black microplate (Nunc, Roskilde,
Denmark) containing the substrate buffer. Measurements were
carried out using a microplate reader (Tecan; Infinite 200;
Switzerland) with excitation and emission filters of 360 nm + 35
nm and 460 nm + 35 nm, respectively. Reported values are
normalized to protein concentration of each sample and
normalized to control group values ( +SEM).

Gene Expression

Right hemisphere hippocampi were dissected and prepared as
described before (Maggio and Segal, 2007). The RNA tissue was
extracted using the TRIzol (Thermo Fisher 15596026)
solubilization method followed by phase separation with
chloroform. Samples were placed in 1 ml TRIzol and
homogenized with bullet blender homogenizer (Next Advance) at
a maximum speed for 1 min. RNA phase cleaning was performed
using Bio-Rad Aurum Kit (Bio-Rad Laboratories 732-6820,
Hercules, CA, USA). Total RNA (2 pg) was used for reverse
transcription using high-capacity cDNA reverse transcription kit
(Applied Biosystems). Quantitative real-time polymerase chain
reaction was performed on the StepOne™ Real-Time PCR
System (Applied Biosystems, Rhenium, Israel) using Fast SYBR
Green Master (ROX) (Applied Biosystems). Hypoxanthine guanine
phosphoribosyltransferase (HPRT) served as a reference gene
(primers list). A standard amplification program was used (1
cycle of 95°C for 20 s and 40 cycles of 95°C for 3 s and 60°C for
30 s). The primers used in this analysis are listed in Table 1. The
results were normalized to reference gene expression within the
same cDNA sample and calculated using the ACt method with
results reported as fold changes relative to control brains of sham
animals and reported as mean + SEM Table 1.

RESULTS

mTBI Lowers Threshold for Seizures in a
Pilocarpine Animal Model of SE

Administration of pilocarpine in rodents is commonly used to
model SE induction and subsequent mechanisms leading to

epileptogenesis (Scorza et al,, 2009; Vezzani, 2009). Similarly,
the weight drop model in rodents is an established mTBI model,
since it mimics important characteristics of human mTBI,
including PTS (Glushakov et al., 2016). In our study, we chose
to combine those well-known models in order to examine the
possibility that mTBI may lower seizure under epileptic prone
conditions. To better examine the effect of the combined model,
we used both a high dose (350 mg/kg) and a low dose (250 mg/kg)
of pilocarpine.

Primarily, we focused on the effect of both pilocarpine doses,
and the consequent death that might result from those
treatments. The experimental timeline included 50-gr weight
drop followed by pilocarpine administration and seizure analysis
(Figure 1A). As expected, the Racine score, used to evaluate
seizure severity, was found to be worse in the high dose
pilocarpine group compared to the low dose group (3.8 + 0.45
vs. 1.9 + 0.09, respectively, p < 0.005, at 70 min post injection,
Figures 1B, C). Next, we chose to repeat our assessment with the
mTBI and pilocarpine combined group. Interestingly, the
combination of high dose pilocarpine group with mTBI did
not result in a higher Racine score (Figure 1C). However, on the
other hand, a significant difference was found when the low dose
pilocarpine group was combined with mTBI (Figure 1B).
Indeed, a low dose pilocarpine group only showed a mild
seizure severity (as seen in Racine score). In contrast, the
combination of low dose pilocarpine group with mTBI resulted
in a higher seizure score at the onset with the highest seizures
severity score achieved upon 20 min post injection (2.8 + 0.24 vs.
1.6 + 0.18, respectively, p < 0.004, Figure 1B). Strikingly, in this
animal group, seizures severity dropped significantly toward the
end of the experimental time window (70 min: 1.4 £ 0.22 vs. 1.9 +
0.09 p < 0.03; 80 min: 1.2 + 0.17 vs. 1.9 £ 0.12 p < 0.03; 90 min:
1.2 +0.17 vs. 1.8 £ 0.11, p < 0.05, respectively). While the groups
treated with low dose pilocarpine both with and without the
combination of mTBI survived the procedure (Figure 1D), the
high dose pilocarpine combined mTBI group experienced a
higher mortality rate when compared to the correspective high
dose pilocarpine group (31% vs. 8.6%, Figure 1E). Altogether,
these data show that mTBI may facilitate seizures and severity as
well as worsen the epilepsy related mortality in SE.

mTBI Worsen Cognitive Abilities in
Pilocarpine Treated Animals

Pilocarpine treatment as well as exposure to mTBI are both
known to affect cognitive functions, i.e., spatial orientation both
in humans (de Freitas Cardoso et al., 2019) and in animal models
(Chauviere et al., 2009). In a previous study, the cognitive effects
of an mTBI only protocol were thoroughly characterized, and

TABLE 1 | Set of primers used for real-time PCR analysis.

Gene Forward Reverse
HPRT GATTAGCGATGATGAACCAGGTT CCTCCCATCTCCTTCATGA CA
Fx (factor X) GTGGCCGGGAATGCAA AACCCTTCATTGTCTTCGTTAATGA
TNFo. GACCCTCACACTCAGATCATCTTCT CCTCCACTTGGTGGTTTGCT
IL1B CTGGTGTGTGACGTTCCCATTA CCGACAGCACGAGGCTTT
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FIGURE 1 | Minimal traumatic brain injury (mTBI) lowers the threshold of seizure in the pilocarpine mouse model of status epilepicus. (A) Timeline of the
experimental procedure. (B) mTBI increased seizure severity upon treatment with a subthreshold low dose concentration of pilocarpine (n = 15 mice/group) while (C)
no effect was detected when mTBI and high dose of pilocarpine were combined (n = 22-23 mice/group). While mTBI did not affect mortality in a setting of
subthreshold low dose concentration of pilocarpine (D), a higher mortality rate (E) was detected when mTBI was combined with a high dose concentration. Data is
presented as mean + SEM, x p < 0.05, s p < 0.01.

showed deficits in spatial orientation (Heim et al., 2017). In this center of the arena (7.2 + 1.46 vs. 5.0 s +0.89 s, p = 0.1,
study, we studied whether a synergistic effect of both pilocarpine  respectively, Figure 2A) as well as in an increased frequency of
and mTBI might occur in worsening spatial coordination. We  entries in this compartment (6.1 + 1.22 vs. 4.2 + 1.01, p = 0.15,
decided to test our hypothesis by evaluating exploratory behavior ~ respectively, Figure 2B). In parallel, treatment with pilocarpine
in an open field setting. Here, mTBI animals exhibited a higher = resulted in a lower exploratory behavior compared to untreated
exploratory behavior resulting in both a higher time spent at the ~ controls. Interestingly, a combined pilocarpine and mTBI
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FIGURE 2 | Minimal traumatic brain injury (mTBI) worsens cognitive abilities in pilocarpine treated animals. mTBI animals (n = 7—10 mice/group) exhibited a higher
exploratory behavior resulting in both a higher time spent at the center of the arena (A) as well as in increased frequency of entries in the compartments (B). In
parallel, a pilocarpine treatment (n = 11 mice) resulted in a lower exploratory behavior. (C) A combined mTBI pilocarpine treatment (n = 6 mice) dramatically reduced
the mobility index of the animals. Data is presented as mean + SEM « p < 0.05.
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treatment resulted in a worsening of spatial orientation for mTBI
treated animals (3.8 £ 0.94 vs. 7.2 s £ 1.46 s, p = 0.06; 4.6 + 1.14
vs. 3.0 £ 0.40, p = 0.05, Figures 2A, B) with a dramatic reduction
in their mobility index (0.7 + 0.17 vs. 2.1 £ 0.73, respectively, p =
0.05, Figure 2C). These results indicate that a combined mTBI
pilocarpine treatment worsens spatial orientation.

PTS Occurrence Is Related to

Thrombin Activity

To investigate the possible mechanisms involved in PTS using
our mice model, we focused on thrombin which is known to play
a key role both in epilepsy (Maggio et al., 2013b) and in mTBI (Xi
et al, 2002). In order to investigate whether thrombin might be
related to the effects of mTBI on seizures severity, thrombin
activity was measured in the hippocampi of mice treated either
with pilocarpine or mTBI alone, or in a combination of both.
Thrombin was upregulated in all the experimental groups
(Figure 3A) with the highest activity found in the combined
groups compared to the others, (3.0 £ 0.40 and 2.0 + 0.25 fold
increase in the mTBI combined with high pilocarpine and low
pilocarpine groups respectively, compared to 2.0 + 0.27 and 1.3 +
0.15 in the non-mTBI corresponding groups, p < 0.05) either
mTBI or pilocarpine alone. Interestingly, the expression of
Factor X, an enzyme responsible for the rate limiting reaction
for thrombin activity, was significantly enhanced the combined
group (11.98 + 6.66 p = 0.03, Figure 3B). These data, might

suggest a synergistic effect of mTBI and epileptic activity in
upregulating thrombin levels.

Seizures Severity Correlates With the
Expression of Inflammatory Markers
Thrombin upregulation in the combined group can lead to
harmful downstream effect, as thrombin has been pointed out
as an important mediator of neuroinflammation and vascular
disruption (Popovic et al., 2012). To examine the possible effects
of the thrombin upregulation, we measured the levels of
proinflammatory mediators, TNF- alpha and IL1- beta that
were shown to enhance brain tissue damage following trauma
(Xiong et al., 2018). Interestingly, high dose of pilocarpine either
alone or combined with mTBI resulted in an increased
expression of both TNF-alpha (70.9 + 27.49 and 125.1 + 24.60
fold increase, respectively, p < 0.005) as well as IL1-beta (7.9 +
2.80 and 9.4 + 3.32 fold increase, respectively, p < 0.007, Figures
3C, D), suggesting an intense inflammatory response occurring
in this setting. Contrarily, the exposure to a lower dose of
pilocarpine resulted in a higher expression of inflammatory
markers only in combination with mTBI (TNF-alpha: 2.8 +
1.87 and 10.7 + 6.50, p = 0.9, and p = 0.7, respectively; IL1-beta:
1.1 £ 0.10 and 2.2 + 1.07, p = 0.9, and p = 0.7, respectively,
Figures 3C, D). Altogether, these findings might highlight the
possibility that seizures severity correlates with a higher
expression of inflammatory markers in the brain.
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FIGURE 3 | Thrombin and proinflammatory markers expression correlate with seizure severity. Thrombin activity (A) as well as Factor X mRNA expression (B) were
increased in animals that underwent a combined treatment with minimal traumatic brain injury (mTBI) and pilocarpine. The mRNA expression of proinflammatory
markers such as TNFa (C) and IL1b (D) were also enhanced in the same group (n = 5-19 mice/group). Data is presented as mean + SEM, = p < 0.05.
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DISCUSSION

In this study, we evaluated the impact of mTBI on seizure
outcomes in an animal model of seizures and epilepsy. While
it is known that TBI significantly increases the risk of seizures
and is a major cause of intractable epilepsy (Hunt et al., 2013), no
information is currently available concerning the impact of
mTBI on seizures and epilepsy. By combining two animal
models, the pilocarpine model with the drop weight model of
mTBI, we found that mTBI worsens seizures severity and
increases epilepsy related death upon induction of SE. In
addition, animals that underwent a combined treatment
exhibited an impaired spatial orientation. Finally, the proteases
thrombin and Factor X as well as additional inflammatory
markers were upregulated in the hippocampi of the mice that
underwent a combined treatment compared to the respective
controls (as summarized in Figure 4).

Interestingly, our data show that mTBI was able to affect the
seizure onset in the pilocarpine animal model of SE. While a low
dose of pilocarpine is usually associated to a lower seizure’s
severity score, the combination of this treatment with mTBI
resulted in a faster onset, higher severity of seizures compared to
controls. This finding supports the possibility that mTBI could
predispose the brain such that an additional low threshold
stimulus, ie., a low dose of pilocarpine, might result in a
bigger effect than if the same stimulus would have been
delivered alone. In other words, mTBI could act as a
“conditioning stimulus” (Statler et al., 2008; Pitkdnen and
Immonen, 2014) and thus affect seizures in our setting.
However, if preexposure to mTBI may result in a faster seizure
onset in animals treated with a low dose of pilocarpine, in the
same group of animals the decay of seizure severity seems
quicker. While this result may seem puzzling, a possible
explanation for this phenomenon might be linked to a higher

inhibitory tone in this group of animals. Indeed, as a response to
the faster onset of seizures, inhibitory networks may be quickly
recruited in order to shunt the over-excitatory response.
Alternatively, a lower seizure onset in the low dose pilocarpine
treated group might be less efficient in recruiting inhibitory
networks and thus an asymptote response could arise.
Additional experiments are needed to be performed in order to
address this intriguing hypothesis.

Mortality due to seizures is also affected by a previous
exposure to mTBIL This is an interesting observation which
guarantees further exploration due to its potential clinical
impact: could patients that have been exposed to mTBI and
then developed epilepsy be more prone to SUDEP?

The combination of both mTBI and seizures seems to affect
spatial orientation as well. Indeed, while in mTBI, spatial
orientation seems to be preserved, the advent of seizures
worsens it. A possible explanation of this observation may lie
in the hyperexcitable state of the hippocampal network
following pilocarpine treatment. As the hippocampus is the
major brain area involved in spatial orientation (Burgess et al.,
2002), upon seizures, the hyperexcitability of the hippocampal
network might saturate the molecular and cellular mechanisms
responsible for spatial orientation and memory functions (Ben
Shimon et al., 2015; Maggio et al., 2017; Maggio et al., 2018) In
this respect, it could be interesting to speculate about the longer
time scale of this phenomenon. Our behavioral experiments
were carried a day after the exposure to pilocarpine and two
days after mTBI induction. Previous reports indicated that
mTBI mice develop long term neuropsychiatric condition of
increased anxiety and later depression (Guida et al., 2017;
Belardo et al,, 2019). In this sense, could a bigger time lag
from the seizures restore the hippocampal abilities of the mTBI
treated animals? Would the impairment in spatial orientation
observed in mTBI animals upon seizure be reversible? Would a

Status Epilepticus
Pilocarpi

@ + Factor X
‘? Thrombin

Seizures

i

NMDA PAR1

FIGURE 4 | Minimal traumatic brain injury (mTBI) lowers the threshold of seizures in the pilocarpine mouse model of status epilepticus through Thrombin-PAR1
mediated excitatory pathway. Thrombin is known to rise in the brain both in hyperexcitable state as well as upon BBB breakdown following mTBI. Thrombin at high
concentrations leads to the activation of NMDA receptor through a pathway mediated by PAR1. NMDA receptor activation and the subsequent massive influx of

calcium lead to hyperexcitability and lower threshold for seizures to occur.
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long term follow up of the impacted animals show a different
behavioral phenotype, which was not observed in an mTBI only
model? Future experiments are required in order to assess
these hypotheses.

In several, previous contributions, we have highlighted the
role of thrombin, a serine protease, in the pathogenesis of
epilepsy and mTBI (Itsekson-Hayosh et al., 2016). Therefore,
in this study, we aimed at assessing both thrombin activity and
the expression of inflammatory markers in the mTBI-pilocarpine
setting. The rationale of our assumption was that thrombin is
known to rise in the brain both in hyperexcitable state as well as
upon BBB breakdown following mTBI (Ben Shimon et al., 2017;
De Luca et al, 2017). In the present study, thrombin was
upregulated in all the experimental groups with the highest
activity found in the combined mTBI-pilocarpine groups
compared to the respective others. This observation was
followed by the increased expression of inflammatory markers
such as TNF-alpha and IL1-beta in the same group of animals,
thus suggesting that this setting may cause an intense
inflammatory response. Therefore, it is interesting to speculate
about the possible mechanism that may link thrombin with the
“conditioning” effect of mTBI on seizures. Following BBB
breakdown, thrombin enters into the brain and binds to its
protease activated receptor (PAR1) (Maggio et al., 2013a).
Thrombin-PAR1 activation leads to NMDA receptors
potentiation and massive calcium influx, followed by a
glutamate mediated hyperexcitable state, and a lowered
threshold for seizure development (Gingrich et al., 2000;
Maggio et al., 2008). Activation of the inflammatory response
may reverberate the BBB breakdown (Chodobski et al., 2011;
Krenzlin et al,, 2016) causing more thrombin efflux into the
brain. Critically, the thrombin-PAR1 complex could also cause
the impairment of spatial orientation in the treated mice due to
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C. elegans PVD neurons are conserved for morphology, function and molecular
determinants with mammalian polymodal nociceptors. Functions of polymodal
nociceptors require activities of multiple ion channels and receptors including members
of the TRP family. GTL-1, a member of the TRPM subclass of TRP channels, was
previously shown to amplify PVD-mediated responses to optogenetic stimuli. Here we
characterize effects of GTL-1 on PVD-mediated behavioral responses to noxious stimuli.
We show that GTL-1 is required within PVD for the immediate and enduring response to
thermal (cold) stimuli. But, find no significant reduction in percent animals responding to
single or to repeated noxious mechanical stimuli. Nevertheless, PVD specific knockdown
of gtl-1expression reduces the magnitude of responses to noxious mechanical stimuli. To
understand GTL-1’s mechanism of action we expressed it in HEK293 cells. Our results
show GTL-1-dependent currents induced by activation of a Gag-coupled Designer
Receptor Exclusively Activated by Designer Drugs (DREADD). In addition, using excised
patches we show that GTL-1 can be activated by internal calcium. Our results are
consistent with indirect, calcium dependent, activation of GTL-1 by noxious stimuli. This
mechanism explains the GTL-1-dependent ampilification of responses to multiple stimuli
optogenetic and sensory in PVD.

Keywords: TRPM, C. elegans, nociceptors, calcium, behavior

INTRODUCTION

Responding appropriately to noxious, potentially injurious or injurious signals is essential for
survival. This response requires polymodal nociceptors, multi dendritic sensory neurons
innervating the skin or internal organs and responding to high threshold thermal and
mechanical stimuli and to noxious chemicals (Woolf and Ma, 2007; Smith and Lewin, 2009).
C. elegans PVD neurons are multi dendritic neurons, conserved for structure, function, and
molecular determinants with mammalian polymodal nociceptors (Chatzigeorgiou et al., 20105
Albeg et al.,, 2011). These neurons respond to high threshold mechanical stimuli and to cold
temperatures, responses mediated, respectively, by the DEG/ENaC channel subunits, MEC-10 and
DEGT-1, and the TRPA channel, TRPA-1 (Chatzigeorgiou et al., 2010).

Transcriptomic analysis of PVD neurons identified multiple ion channel subunits likely to
express in these neurons (Smith et al., 2010). Several of these channel subunits were examined for
their effects on the behavioral response to optogenetic activation of PVD (Husson et al., 2012); this
study identified GTL-1 as an ion channel needed within PVD for amplification of the behavioral
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response to optogenetic stimuli. GTL-1, Gon-Two Like protein,
belonging to the TRPM subfamily of the TRP superfamily was
previously shown to function together with GON-2 in
maintaining Mg®" homeostasis in the C. elegans intestine, as
well as in controlling IP;-dependent Ca®" oscillations to control
defecation (Teramoto et al., 2005; Kwan et al., 2008; Xing et al.,
2008; Xing and Strange, 2010). However, roles of GTL-1 in
responses to PVD-mediated, physiological, noxious stimuli have
not been studied.

Members of the TRP superfamily play key roles in
nociception (Clapham, 2003; Dhaka et al., 2006; Julius, 2013).
TRP proteins form nonspecific cation channels shown to
respond to noxious heat, noxious cold, pH, and mechanical
stimuli. For example, TRPV1, also known as the capsaicin
receptor, is expressed in mammalian nociceptors and is
important for mediating responses to heat, acid and vanilloid
toxins (Caterina and Julius, 1999; Caterina et al., 2000); TRPM3
functions as a noxious heat sensor (Vriens et al., 2011); and
TRPMS functions as a cold sensor (Dhaka et al., 2007). Functions
of TRPs in polymodal nociceptors are not limited to nociception
as they were also shown to modulate nociceptor activity. For
example, in the Drosophila DA-IV polymodal nociceptors, TRP
channels functioning downstream to hedgehog signaling
sensitize responses to noxious stimuli (Babcock et al., 2009).
Indeed, several TRPs, including TRPM channels, were shown to
be activated by intracellular Ca**, suggesting that in certain cases
they function downstream to Goq-coupled GPCRs, other TRP
channels, or voltage activated calcium channels (Launay et al.,
2002; Zurborg et al., 2007).

Here, we examine whether, GTL-1-dependent amplification
of optogenetic stimuli (Husson et al., 2012) represents a
physiological role for this channel in enhancing responses to
noxious stimuli. For this, we examined effects of loss-of-function
mutation or PVD-specific knockdown of this gene on PVD-
dependent responses to thermal and mechanical stimuli. Results
of this analysis show defects in these responses, supporting a role
for GTL-1 in PVD-mediated responses. In addition, we
expressed GTL-1 in HEK293 cells to show that, like other
TRPM channels, it is activated by internal calcium and can
function downstream to Goq-coupled GPCRs.

MATERIALS AND METHODS

Strains

The wild type is N2. The gtl-1(0k375) mutation is a loss-of-
function mutation due to a deletion of 2.7Kb encoding for all the
transmembrane domains of GTL-1, the strain carrying this
mutation is referred to as gtl-1(If). The trpa-1(0k999) mutation
encodes a loss-of-function mutation of trpa-1 due to a deletion of
1.3KDb, encoding for most of the intracellular N-terminal domain.
The mec-4(1611) mutation is a gain-of-function mutation
leading to degeneration of the six touch receptor neurons
(AVM, ALM, PVM, PLM). This strain was crossed with the
gtl-1(If) strain for the high threshold mechanical stimulation
assay, and also served as a control in that assay. The integrated

ser-2prom3::deg-3(N2931) transgene which eliminates PVDs via
degeneration (-P animals), was previously described in (Albeg
et al., 2011).

Plasmids
To knockdown expression of gtl-1 in PVD we used the method
developed in (Esposito et al,, 2007) for expressing double
stranded RNA of genes of interest in specific cells. Specifically,
coding inserts of gtl-1 were amplified from the C. elegans RNAi
library (Source BioScience, clone IV-6A13,(Kamath et al., 2003))
using primers L4440F (5° CGACGGTATCGATAAGCTTGAT-
’3) and L4440R (‘5- CGACGGTATCGATAAGCTTGAT-3)
each containing a HindIII site. The resulting 1.1 Kb fragment
was cloned in both orientations downstream to a 1.7 Kb ser-
2prom3 promoter (expressing in PVD and OLL (Tsalik et al,
2003)) in the pBluescript SKII(-) HindIII site. The plasmids
expressing both orientations were injected at 50 ng/ul each with a
ser-2prom3::GFP plasmid as a marker into wild-type N2 animals.
A full length cDNA of gtl-1 cloned into pGEM-T was a kind
gift from Howard Baylis (University of Cambridge). For
expression of GTL-1 in HEK293 cells, a 5kb KpnIl-BamH1
cDNA fragment containing gt/-1 was cloned into pPCDNA4/TO.

Behavioral Analysis

Response to Cold Temperature Following Prolonged
Exposure

The assay was performed as previously described (Albeg et al.,
2011; Cohen et al, 2014). In brief, for movement analysis
animals were transferred as L4 larvae to fresh plates and grown
overnight to adulthood at 20°C. Prior to locomotion analysis
single adults were transferred to a fresh NGM plate pre-
equilibrated at 20°C or 15°C and having a thin layer of OP50
bacteria as food (overnight growth) and allowed to acclimate for
10 min at 20°C or 15°C. Movement of each animal was then
recorded at a 25x magnification and at a rate of 10 frames per
second. Animals were recorded for 60 sec or until they moved
out of the frame. These movies were analyzed using software
developed for this purpose [(Albeg et al., 2011), detailed
description of this software is provided in http://www.cs.huji.
ac.il/~feit/worms/user-manual.pdf] .

Immediate Response to Cold

For rapid and precise temperature control of a thin agar surface
on which the animal’s movement is recorded we developed the
following experimental setup: one animal was transferred to a
small piece of NGM agar. To keep the animal within the imaging
field it was placed on a dot (approximately 2mm in diameter) of
bacteria. The agar was placed on a cover slip and put on top of a
thermoelectric plate (peltier, European Thermodynamics ET-
127-20-25) and a thermocouple unit (National Instruments
TCO01) was inserted in the agar. The peltier unit was connected
to a programmable power supply unit (Thurlby Thandar
Instruments PL-155-P) and a digital microscope (DinoLite Pro
AMA413T). The power supply unit, the thermocouple unit and
the microscope were connected to a PC running a Matlab
program that can record the movement of the worm, receive
the information from the thermocouple and adjust the voltage of
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the power supply, thus, maintaining or changing the
incubation temperature.

The automated protocol to test the effects of cooling on animal
behavior was as follows. First the temperature of the agar was
equilibrated to 20°C. 10 min after this temperature was achieved
and stabilized, the temperature was dropped to 15°C or
maintained at 20°C for control purposes. The animal remained
at this temperature for 10 min, followed by a return of the
temperature to 20°C. Recording and analysis of control and
temperature drop experiments were randomized and blind to
the animal’s genotype. Using this imaging setup we were only able
to examine reversal frequency (direction changes from forward to
backward movement) and this analysis was done manually.
Reversals were counted for a period of 30 sec just before the
temperature drop, immediately after the temperature reached 15°
C, after 10 min at 15°C, immediately after the temperature
returned to 20°C, or at the same time frames for control animals
maintained at 20°C,.

Mechanical Stimuli

For response to high threshold mechanical stimulus young adult
(picked as L4 to fresh plates, 10 animals per plate, and grown at
20°C overnight) mec-4(el611) and mec-4(el611); gtl-1(0k375)
animals were examined for their response to prodding with a
platinum wire pick. Animals reversing or increasing their
forward speed were considered as having responded (Way and
Chalfie, 1989). To test adaptation to high threshold mechanical
stimulus, young adults (picked as L4 to fresh plates and grown at
20°C overnight) N2, gtl-1(0k375), and -PVD animals were
examined for their response to prodding with a platinum wire
pick every 10 sec (Husson et al., 2012).

Prolonged response to noxious mechanical stimulus (transfer
with a wire pick) was examined as described in (Cohen et al.,
2012). Briefly, animals were grown at 20°C on standard
nematode growth media (NGM) plates seeded with the E. coli
strain OP50. For each assay, L4 animals were transferred for
overnight growth to fresh NGM plates and examined as young
adults. At the start of each experiment a single animal was
transferred with a platinum wire pick to a fresh newly seeded
NGM plate and worm tracking was initiated at the moment that
the animal’s image was captured, up to half a minute following
transfer. All movies track the animals for 20 min.

Cell Culture (HEK293T) and Transfection
Cell culture and transfection were performed as described
(Geron et al., 2018). Briefly, human embryonic kidney 293T
(HEK293T) cells were transfected with a total of 1 pug of DNA
(GTL-1 pCNA4/TO alone or GTL-1 pCNA4/TO + hM3D(Gq)
(a gift from Bryan Roth (Addgene plasmid # 45547; Gq/Dreadd))
and with pCDNA3.1(+) using Mirus LT1 transfection reagent
(Mirus Bio, Madison, WI) according to manufacturer’s protocol.
Co-transfection with EGFP in the pCDNA3.1(+) vector was
carried for quick identification of successful transfection.
Transfections were performed in 12-well plates containing
3x10° cells 48h before analysis. Cells were plated on 0.05 mg/
ml PDL-coated glass coverslips (12 mm) and incubated at 37°C
(5% CO2) for at least 16h before electrophysiological analysis.

Patch Clamp Recordings

Voltage-clamp recordings from transfected HEK293T cell were
carried out as previously described (Kumar et al., 2017; Geron
etal,, 2018). Briefly, membrane currents were recorded under the
voltage-clamp using an Axopatch 200B patch-clamp amplifier
(Molecular Devices, Sunnyvale, CA, USA). Membrane currents
were digitized using a Digidata 1440A interface board and
pCLAMP 10.6 software (Molecular Devices, Sunnyvale, CA,
USA) with sampling frequency set to 5 kHz and were low-pass
filtered at 2 kHz. Holding voltage was —40 mV for transfected
HEK293T. Patch electrodes were fabricated from borosilicate
glass using the P1000 Micropipette Puller (Sutter Instrument)
and fire-polished using the Microforge MF-900 (Narishige, Japan)
to a resistance of 2-4 MQ for both the inside-out and perforated
patch recordings.

The inside-out configuration was performed as previously
described (Kumar et al., 2017). Briefly, both the pipette solution
and intracellular solutions constituted (mM): 150 NaCl, 2.8 KCI, 2
CaCl,, and 10 HEPES, adjusted to pH 7.4 with NaOH. Following
the establishment of the excised inside-out multichannel patch,
patches were continuously superfused with extracellular solutions
with or without calcium via the ValveBank perfusion system
(AutoMate Scientific, Berkeley, CA, USA).

The perforated-patch configuration was carried out as
previously described (Priel and Silberberg, 2004; Kumar et al,,
2017). Briefly, the pipette solution constituted (mM): 75 K,SO,, 55
KCl, 5 MgSOy, 10 HEPES, adjusted to pH 7.2 with KOH. Nystatin
(Sigma, St. Louis, MO, USA) was used for patch perforation at a
working concentration of 200 uM. To this end, it was dissolved in
Dimethyl Sulfoxide (DMSO; Sigma, St. Louis, MO, USA) to obtain
a 55 mM stock solution, which following 1 min ultra-sonication
was diluted in pipette solution to obtain working solution.
Nystatin solutions were freshly prepared in the dark every 2 h.
Only cells with series resistance of <15 MQ were used for analysis.
The extracellular solution contained (mM): 140 NaCl, 2.8 KCl, 2
MgSO,, 1.8 CaCl,, 10 HEPES, 10 D-glucose, adjusted to pH 7.4
with NaOH (Ringer solution). Once the perforated-patch or the
standard whole cell configuration was established, cells were
continuously superfused with extracellular solutions. To avoid
effects from pre-exposure of the recorded cells to the applied
agonist, cells were exposed to them once, allowing the recording of
a single cell from each coverslip.

Statistical Analysis

Statistical analyses were performed using the Matlab statistical
analysis toolbox and Prism 7 (GraphPad Software, La Jolla, CA,
USA). Student’s t-test and ANOVA were used to determine
statistical significance. Electrophysiological analysis was
performed by using pClamp 10.6 software.

RESULTS

GTL-1 Participates in the Response to
Cold Temperatures

Previous analysis showed that PVD neurons respond to
temperature downshift via the TRP channel, TRPA-1, as
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demonstrated by findings showing that trpa-1(If) animals have an
impaired response to rapid cooling. Specifically, in response to
cooling trpa-1(If) animals show no calcium transients within PVD
and no increase in omega turns when examined in a liquid drop
(Chatzigeorgiou et al., 2010). We have previously shown that
TRPA-1 is required for the altered locomotion of animals at cold
(15°C) relative to warm (20°C) temperatures (Cohen et al., 2014).
To examine the role of GTL-1 in this behavioral response we used
the same locomotion assay (Cohen etal., 2014). At 20°C, wild-type
(N2) animals moved at an average speed of 0.225mm/sec and had
a low rate of pauses and direction reversals (Figure 1). After 10
min at 15°C wild-type (N2) animals’ speed was significantly
reduced and the rate of pauses was significantly increased
relative to 20°C (Figures 1A, B, black bars vs. grey bars). In gtl-1
mutants effects of temperature on speed were smaller, although
significant; no significant effect of temperature on speed was
detected in trpa-1 mutants; and, no significant effect of
temperature on the rate of pauses was seen in gtl-1 and trpa-1
loss of function mutants (Figures 1A, B). Temperature affected
the rate of reversals similarly to its effect on the rate of pauses, but,
in none of the strains was this effect significant (Figure 1C). The
similar effects of GTL-1 and TRPA-1 in reducing the response to

cold temperature relative to the response of wild-type animals are
consistent with GTL-1, like TRPA-1, being required for this
response (Figures 1A, B). We note that gtl-1(If) also affects
locomotion at 20°C; having significantly reduced speed and
increased rate of pauses relative to wild-type (N2) animals (p <
0.0001 two-way ANOVA). However, contribution of genotype to
the variance in locomotion is only significant when examining the
rate of pauses (two-way ANOVA, p <0.0001).

Effects of GTL-1 on the Response to Cold
Temperature Require Its Expression in
PVD

Results in Figures 1A-C show altered locomotion of gtl-1(If)
animals at normal growth temperature (20°C). Such differences
may mask the effect of temperature reduction on locomotion.
Moreover, gtl-1 is widely expressed and some of its effects may
not depend on PVD expression. To examine whether the
reduced response to cold temperatures depends on function of
GTL-1 in PVD cells, we specifically knocked down its expression
in PVD neurons using cell specific dsSRNA-mediated knockdown
(Esposito et al., 2007). Indeed, results in Figures 1D, E show that
effects of GTL-1 on locomotion at 20°C do not depend on its
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expression in PVD. Moreover, genotype does not significantly
contribute to the variance in locomotion when comparing wild-
type animals to animals in which gtl-1 was specifically silenced in
PVD (two-way ANOVA). Importantly, effects of cold
temperature on locomotion are eliminated in the transgenic
animals in which gtl-1 was specifically knocked-down in PVD.
In addition, the residual effects of temperature on locomotion
speed seen in gtl-1(If) animals are not seen when gtl-1 is
specifically silenced in PVDs (compare Figures 1A-D). Thus,
GTL-1’s function in PVD is required for the behavioral response
of C.elegans to cold temperatures while effects of GTL-1 on
locomotion under normal growth temperature are independent
of PVD expression.

Effects of GTL-1 on the Immediate
Response to Cold

Results described above (Figure 1) show locomotion following
adaptation to cold temperatures (10 min after transfer to 15°C)
and may also include an enduring response to transfer, a strong
mechanical stimulus (Cohen et al.,, 2012). To examine whether
gtl-1 participates in the immediate response to temperature
downshift we used a setup that allows us to rapidly cool the
agar surface on which the animals is placed while recording the
animal’s locomotion (see Methods). Due to poor image quality in
this setup movies were manually analyzed. Therefore, only one
parameter was tested, the number of reversals. Reversals were
counted during a 30 sec interval immediately before temperature
downshift and immediately after temperature downshift and
compared to the number of reversals in animals that were
continuously maintained at 20°C. To reduce effects of transfer
to the test surface on locomotion, animals were allowed to
recover from the noxious mechanical stress (transfer with a
wire pick) for 10 min before being examined.

After 10 min at 20°C, wild-type (N2) animals had a reversal
rate of 4.25 + 0.73 reversals/minute, when maintained at 20°C for
another 10 min this rate slightly increased (5.25 + 0.69 reversals/
minute (Figures 2A, B, black bars)). Immediately after the
temperature drop to 15°C wild-type animals reduced their rate
of reversals (a 3.4-fold reduction to 1.25 + 0.4 reversals/minute;
Figure 2A), a reduction likely to represent an escape response
i.e., increased forward speed, reduced pauses and reduced
reversals (Cohen et al., 2012). This reduction is maintained for
10 min at the noxious temperature of 15°C (Figure 2B). Since,
the response observed using this assay differs from the response
to lower temperature seen in the previous assay [Figure 1 and
(Cohen et al., 2014)] we examined whether it represents a PVD-
mediated response to temperature downshift. For this, we
examined animals lacking PVD neurons [-PVD animals (Albeg
etal.,, 2011)]. Indeed, -PVD animals exhibit a weaker, statistically
insignificant reduction in reversals immediately after the
temperature downshift (Figure 2A) and no reduction in the
rate of reversals following 10 min at 15°C (Figure 2B). Thus,
reduced rate of reversals following temperature downshift
requires PVD neurons allowing us to use this assay to examine
the role of GTL-1 in the immediate response to thermal stimuli.
Indeed, this assay demonstrates the similarity between gtl-1(If)
and -PVD animals in their immediate and enduring responses to
temperature downshift (Figures 2A, B). Together, our results
(Figures 1 and 2) demonstrate an important role for GTL-1 in
the response to cold temperatures.

GTL-1 and the Response to Mechanical
Stimuli

GTL-1 was shown to amplify optogenetic stimuli to PVD, a
result suggesting that it functions downstream to nocisensors
(Husson et al., 2012). Thus, GTL-1 is unlikely to function
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FIGURE 2 | GTL-1 is required for the immediate and enduring response to cold temperatures. Number of reversals was counted over 30 sec immediately after the
temperature drop (A) and 10 min later (B). n = 16 each. Significant differences relative to controls, maintained at 20°C (black bars) throughout the experiments, were
examined using two-way ANOVA **-p< 0.01).
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specifically in the response to thermal stimuli and is likely to
also affect the response to noxious mechanical stimuli. To
examine the role of GTL-1 in the response to mechanical
stimuli we first examined its effects on percent animals
responding to single noxious mechanical stimulus (prodding
with a platinum wire pick). Since this response depends on both
PVD and touch receptor neurons (Way and Chalfie, 1989) we
compared responses of mec-4(el611) animals, in which touch
receptor neurons degenerate (Driscoll and Chalfie, 1991), to
responses of gtl-1(If);mec-4(e1611) lacking GTL-1 and touch
receptor neurons. Using this assay we found a small but
insignificant effect of GTL-1 on percent animals responding
to noxious mechanical stimuli (Figure 3A). Thus gtl-1 is not
essential for a reliable response to a single high-threshold
mechanical stimulus.

Responses to noxious stimuli habituate to a lower extent
relative to responses to similar non noxious stimuli; as shown
when comparing responses to repeated optogenetic activation of
PVD neurons relative to responses to repeated optogenetic
activation of the low threshold touch receptor neurons
(Husson et al., 2012). To examine whether GTL-1 is required
for maintaining the response to repeated mechanical stimuli we
compared decay in percent animals responding to repeated
noxious mechanical stimuli between wild-type, gtl-1(lf) and -
PVD animals. Results of this analysis are consistent with PVD
neurons being needed for maintaining the response to repeated
mechanical stimuli as, animals lacking PVD neurons show a
stronger decay in the response to repeated prodding with a
platinum wire pick relative to wild type animals (Figure 3B). Our
results, however, show that GTL-1 is not required for
maintaining the response to repeated noxious mechanical
stimuli as its responses to repeated prodding are
indistinguishable from these of wild-type animals (Figure 3B).

Results in Figure 3 show that GTL-1 is not required for
producing a reliable behavioral response to high threshold
mechanical stimuli or for maintaining a reliable response to
repeated high threshold mechanical stimuli. However, these
assays did not examine magnitude of the response to such
stimuli. To examine whether GTL-1 affects response
magnitude to mechanical stimuli, we imaged locomotion of
animals for 20 min following transfer of the animal to a new
plate with a platinum wire pick; this assay provides a sensitive
and quantitative measure for roles of genes and neurons in the
response to mechanical stimuli (Cohen et al., 2012). Results of
this analysis show that both N2 and gtl-1(If) animals show
similar reduction of forward speed over time and a similar
ratio between speed at the start point and the end point (1.59
and 1.68, respectively). However, the starting speed of gtl-1(If) is
lower then that of wild-type animals (Figure 4A). Analysis of
two other locomotion parameters, percent time moving forward
and percent time pausing (Figures 4B, C) show a similar starting
point but larger changes over time relative to wild-type. To better
understand the role of PVD expressed GTL-1 in locomotion
following noxious mechanical stimuli we examined animals
following PVD-specific knockdown of gtl-1 expression, as
described above (Figures 1D-F). Results of this analysis show
reduced initial speed following transfer of the animal with a
platinum wire pick, a difference that is maintained 3 to 4 min
following transfer (Figure 4D). Other parameters examined
show no difference between wild-type animals and transgenic
animals (Figures 4E, F). These results demonstrate a role for
PVD-expressed GTL-1 in determining the magnitude of the
escape response (enhanced forward speed) following a noxious
mechanical stimulus. Other effects of GTL-1 on locomotion in
this assay are likely to depend on its expression in yet
unidentified cells. Previously published results show that
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animals lacking PVD show a similar reduction in the escape
response, relative to wild-type animals, i.e. reduced speed
immediately following transfer with a wire pick, a reduction
that lasts for a few min (Cohen et al., 2012). Thus, GTL-1 is likely
to be an important determinant of this PVD-mediated escape
response to noxious mechanical stimuli.

Heterologous Expression of GTL-1

Behavioral analysis (above) together with the previously
published optogenetic analysis (Husson et al., 2012) show that
GTL-1 functions in PVDs to enhance responses to multiple
modalities. Previous studies suggest that GTL-1 might be a
calcium-activated non-selective cation channel (CAN) (Xing
et al., 2008; Xing and Strange, 2010), a mode of gating similar
to that of TRPM4 and TRPM5 (Launay et al., 2002; Hofmann
etal,, 2003). Activation by cytosolic calcium may explain the role
of GTL-1 in amplifying responses to multiple distinct stimuli
activating PVDs.

To examine whether internal calcium activates GTL-1-
dependent currents we used the multi-channel inside-out
configuration of the patch clamp technique in HEK293 cells;
excised patches were exposed to Ca®" at different membrane
voltages; this analysis showed voltage and internal calcium
dependent gating of GTL-1 (Figures 5A, B). Specifically, in
cells expressing GTL-1 and in the presence of internal calcium

we observed outwardly rectifying currents (Figure 5A).
Although, these currents were small they were significantly
larger then currents seen in the absence of calcium (Figure
5B). No difference was observed between effects of 0.1 mM and 1
mM calcium on current amplitudes (Figure 5B); a result
consistent with results obtained in the C. elegans intestine
where GTL-1 and GON-2 function together to produce
calcium oscillations and the defecation rhythm; these calcium
oscillation were attributed to calcium having two opposing
effects on these channels; activation at low concentrations and
inhibition at higher concentrations (Estevez and Strange, 2005).
Importantly, activation of GTL-1 by internal calcium enables its
activation by receptors and channels affecting cytosolic calcium
levels, directly or indirectly (Figure 6).

In the intestine GTL-1 was suggested to function downstream
to PLC and IP5, known to function as part of signaling pathways
leading to calcium release from internal stores (Xing and Strange,
2010). To examine whether G,q-dependent signaling, leading to
PLC activation and IP; signaling, activates GTL-1 we used a
Designer Receptor Exclusively Activated by Designer Drugs
(DREADD) developed for expression in HEK293 cells (Lee
et al., 2014; Roth, 2016). Previously published results show that
in HEK293 cells CNO-dependent currents are only detected
when this DREADD receptor is co-expressed with a TRP
channel and are abolished in the presence of a PLC inhibitor
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(Kumar et al., 2017). Thus, results (Figures 5C, D) showing
reproducible CNO-activated currents when co-expressing GTL-
1 with this DREADD receptor are a clear indication for GTL-1
being activated downstream to G,q-dependent signaling and are
consistent with results obtained in the C. elegans intestine (Xing
and Strange, 2010).

FIGURE 6 | Activation of GTL-1 by internal calcium enables amplification of sensory stimuli. (A) Sensory stimuli via nocisensor activation directly (TRPA-1) or
indirectly (GPCRs and MEC-10/DEGT-1) elevate cytosolic calcium. (B) Elevated cytosolic calcium activates GTL-1 channels to amplify the calcium signal.

DISCUSSION

GTL-1, a member of the TRPM family of ion channels, was
previously shown to amplify behavioral responses to optogenetic
activation of PVD (Husson et al., 2012). Here, we set out to
characterize the role of GTL-1in PVD-mediated responses to
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noxious, physiological, stimuli. PVD cells mediate the response
to temperature downshift, a response requiring PVD expression
of TRPA-1 (Chatzigeorgiou et al., 2010). Our results demonstrate
similar defects in the behavioral responses to cold temperatures
in gtl-1(If) animals, trpa-1(If) animals, and animals lacking PVD.
Analysis of the PVD mediated response to mechanical stimuli,
however, shows milder GTL-1-dependent behavioral effects.
Specifically our results show reduced response magnitude to a
noxious mechanical stimulus. But, no significant reduction in the
reliability of the response (percent animal responding) to a single
or to repeated mechanical stimuli. To understand the
mechanism enabling effects of GTL-1 on responses to thermal,
mechanical, and optogenetic stimuli, we examined its gating
using electrophysiology in HEK293 cells. Results of this analysis
show that internal calcium and Gouq-signaling gate this channel.
Thus, GTL-1 like other TRPM channels, and as described in
Figure 6, enables amplification of responses to receptors and
channels that, directly or indirectly, enhance internal calcium
levels (Launay et al., 2002; Zurborg et al., 2007).

Our results suggest that GTL-1 is mainly required for
responses to immediate and enduring cold temperatures while
having a relatively minor role in the response to high threshold
mechanical stimuli. Non-sensor channels that are required for a
specific modality within a polymodal nociceptor have previously
been reported. For example, inhibition of the voltage-gated
potassium channel, k1.1, leads to severe mechanical allodynia
(i.e., lowers the threshold and causes non-painful stimuli to be
sensed as painful) without affecting the threshold for noxious
heat (Hao et al., 2013); the voltage-gated sodium channel,
Na,1.8, on the other hand, has been shown to specifically affect
transmission of cold sensation, by being the only voltage-gated
sodium channel active at low temperatures (Matthews et al.,
2006; Zimmermann et al., 2007). Additional analysis of GTL-1
channel’s properties is needed to better understand its modality
specific effects.

In mammals, the TRPM family consists of 8 different
channels TRPM1-8. Members of this family are implicated in
various biological processes, e.g., regulation of Ca** oscillations
following T-lymphocyte activation (TRPM4) (Launay et al.,
2004), regulation of magnesium absorption in kidneys and the
intestine (TRPM6) (Voets et al., 2004; Vriens et al.,, 2011),
gustatory transduction (TRPM5) and innocuous and noxious
thermal sensing (TRPM3 and 8)(Zhang et al., 2003; Bautista
et al., 2007; Dhaka et al., 2007; Vriens et al., 2011). C. elegans
expresses three TRPM channels, gon-2, gtl-1, and gtl-2. These
channels express widely including the intestine, the gonad,
excretory cells, and the nervous system. Functions of these
channels include, maintaining Ca®>* and Mg”* homeostasis in
the intestines and in extracellular fluids (Teramoto et al., 2005;
Stawicki et al., 2011), controlling defecation rhythm (Kwan et al.,
2008; Xing et al., 2008), and regulating the onset and
continuation of post-embryonic mitotic cell divisions in the
somatic gonad (Sun and Lambie, 1997; West et al., 2001). Our
results combined with the results in (Husson et al., 2012) show
for the first time a neuronal function for GTL-1; enhancing
responses to noxious stimuli.

Previous work showed that in the C. elegans intestine GTL-1
functions together with GON-2 to produce a strong inwardly
rectifying current, Iorc,. The role of GTL-1 in this current was
deduced from comparing currents in gtl-1, gon-2, or gon-2;gtl-1
loss of function animals to wild-type animals. These studies
suggested that GTL-1 has a minor role in Iorc, and that it is
likely to be activated by cytosolic Ca®* and to function
downstream of PLC signaling (Teramoto et al., 2005; Xing
et al.,, 2008; Xing and Strange, 2010). This study, for the first
time, characterizes properties of the GTL-1 channel in a
heterologous expression system. Results of this analysis are
consistent with the in-vivo results, showing mild outward
rectification of the GTL-1 dependent currents, activation by
internal calcium and by Goq signaling. Importantly, our
findings suggest a mechanism, summarized in Figure 6,
whereby GTL-1 is activated downstream of channels, receptors
and signaling pathways whose activation directly or indirectly
increases cytosolic calcium; thus enabling GTL-1 dependent
enhancement of multiple and distinct sensory modalities as
demonstrated by its effects on behavioral responses to thermal
and mechanical stimuli.
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Catecholaminergic polymorphic ventricular tachycardia (CPVT) is an inherited, stressed-
provoked ventricular arrhythmia. CPVT is treated by B-adrenergic receptor blockers, Na*
channel inhibitors, sympathetic denervation, or by implanting a defibrillator. We showed
recently that blockers of SK4 Ca®*-activated K* channels depolarize the maximal diastolic
potential, reduce the heart rate, and attenuate ventricular arrhythmias in CPVT. The aim of
the present study was to examine whether the pacemaker channel inhibitor, ivabradine
could demonstrate anti-arrhythmic properties in CPVT like other bradycardic agents used
in this disease and to compare them with those of the SK4 channel blocker, TRAM-34.
The effects of ivabradine were examined on the arrhythmic beating of human induced
pluripotent stem cells derived cardiomyocytes (hiPSC-CMs) from CPVT patients, on
sinoatrial node (SAN) calcium transients, and on ECG measurements obtained from
transgenic mice model of CPVT. Ivabradine did neither prevent the arrhythmic pacing of
hiPSC-CMs derived from CPVT patients, nor preclude the aberrant SAN calcium
transients. In contrast to TRAM-34, ivabradine was unable to reduce in vivo the
ventricular premature complexes and ventricular tachyarrhythmias in transgenic CPVT
mice. In conclusion, ivabradine does not exhibit anti-arrhythmic properties in CPVT, which
indicates that this blocker cannot be used as a plausible treatment for CPVT
ventricular arrhythmias.

Keywords: ivabradine, SK4, potassium channel, catecholaminergic polymorphic ventricular tachycardia, cardiac
arrhythmia, ventricular arrhythmias, pacemaker

INTRODUCTION

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a rare, potentially fatal, inherited
arrhythmia disease. It is often triggered by stress leading to polymorphic ventricular tachycardia in
otherwise structurally normal hearts (Priori and Chen, 2011; Lieve et al., 2016). The
pathophysiological mechanism of this disorder is suggested to involve diastolic Ca®* leakage from
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the sarcoplasmic reticulum (SR), thereby producinglocal increase
in cytosolic Ca** that is extruded by the Na'-Ca®" exchanger
NCXI. The increased NCX1 depolarizing activity generates early-
or delayed-afterdepolarizations (EADs or DADs) that trigger
premature beats and fatal polymorphic ventricular tachycardia
(Prioriand Chen, 2011). CPVT is a heterogeneous genetic disease,
including autosomal dominant mutations in ryanodine receptor
type 2 (RyR2, CPVT1), autosomal recessive mutations in
calsequestrin 2 (CASQ2, CPVT2), and more rarely mutations in
triadin or calmodulin. While CASQ2 mutants are “loss of
function” mutations, the RyR2 mutations are “gain of function”
mutations, both of which lead to diastolic Ca®" leakage (Priori
etal., 2002; Chopra and Knollmann, 2011; Priori and Chen, 2011;
Arad et al., 2012; Lieve et al., 2016; Roston et al., 2017).

In addition to P-adrenergic receptor blockers, CPVT
treatment includes inhibitors of Na® channels such as
flecainide, implantable defibrillator, and sympathetic
denervation (Priori et al., 2002; Hayashi et al., 2009; Lieve
et al.,, 2016; Roston et al., 2017). We have recently showed that
SK4 K* channels could be an additional therapeutic target for
ventricular arrhythmias in CPVT (Haron-Khun et al, 2017).
Recently, we found that TRAM-34, a selective blocker of SK4 K*
channels, decreased the P-adrenergic-triggered DADs and
arrhythmic Ca" transients in human induced pluripotent stem
cells derived cardiomyocytes (hiPSC-CMs) of CPVT2 patients
bearing a mutation in calsequestrin 2 (CASQ2-D307H) and in
sinoatrial node (SAN) from CASQ2-D307H knock-in (CASQ2
KI) mice (Haron-Khun et al., 2017). In vivo telemetric
electrocardiograms (ECG) measurements showed that
treatment with the SK4 channel blockers, TRAM-34 and
clotrimazole, triggered sinus bradycardia and greatly reduced
the ventricular arrhythmias of CASQ2-D307H KI and CASQ2
knockout mice at rest and following exercise (Haron-Khun
et al,, 2017).

Recently, the pacemaker channel inhibitor ivabradine was
found to decrease digitalis-induced ventricular arrhythmias and
short QT-induced arrhythmic features in Langendorft-perfused
rabbit heart preparations (Frommeyer et al., 2017a; Frommeyer
etal.,2017b). Ivabradine is usually prescribed to treat stable angina
pectoris and in association with B-blockers to cure heart failure
with left ventricular systolic dysfunction (Koruth et al., 2017).
Ivabradine inhibits the pacemaker or funny current (If) in the SAN
tissue, which is conveyed by hyperpolarization-activated, cyclic
nucleotide-gated cation 4 (HCN4) channels and results in a
decrease in the rate of diastolic depolarization and,
consequently, the heart rate. Ivabradine also inhibits the human
cardiac human ether-a-go-go related gene (hERG) K" channel
(IKr current), in a use-dependent manner, thereby prolonging the
ventricular repolarization (Melgari et al., 2015). Overall, this
causes an increase in the effective refractory period and in the
post repolarization refractoriness, thus preventing premature
excitations, which are usually a prelude of ventricular tachycardia.

The aim of the present work was to examine whether
ivabradine could decrease the occurrence of arrhythmias found
in cellular and animal model of CPVT. Results indicate that
ivabradine was unsuccessful in reducing the occurrence of DADs

in hiPSC-CMs derived from a CPVT2 patient. Similarly,
ivabradine was unable to prevent the aberrant Ca** transients
found in SAN and to reduce the ventricular arrhythmias
observed in the ECG from CASQ2-D307H KI mice.

METHODS
Drugs

Isoproterenol, clotrimazole, and ivabradine hydrochloride were
purchased from Sigma, while TRAM-34 from Tocris. For in-vivo
telemetric recordings, ivabradine-HCl was dissolved in saline
while TRAM-34 was solubilized into peanut oil.

Animals

SvEv mice (3-6 months old) homozygous for the CASQ2 D307H
mutation (CASQ2 D307H KI) and matched wild-type (WT)
mice were used in this study (Song et al,, 2007). Mice were
maintained and bred in a pathogen-free facility on regular rodent
chow with free access to water and 12-h light and dark cycles.
The procedures followed for experimentation and maintenance
of the animals were approved by the Animal Research Ethics
Committee of Tel Aviv University (M-14-063) in accordance
with Israeli law and in accordance with the Guide for the Care
and Use of Laboratory Animals (1996, National Academy of
Sciences, Washington, DC).

Human Induced-Pluripotent Stem Cell
Culture and Cardiac Differentiation

Human induced pluripotent stem cells (hiPSC) derived from
normal healthy individuals and from patients bearing the CASQ2
D307H mutation (CPVT2) were grown on mitomycin C-
inactivated mouse embryonic fibroblasts (MEF), in order to
maintain them in an undifferentiated state. Cells were maintained
pluripotent in a culture medium containing 80% Dulbecco’s
modified Eagle medium (DMEM) F-12 (Biological Industries),
20% Knock Out SR (Invitrogen), 2 mM L-glutamine, 0.1 mM f-
mercaptoethanol (Gibco), and 1% nonessential amino acids (NEA)
(Gibco), supplemented with 4 ng/ml basic fibroblast growth factor
(bFGF) (Invitrogen). The medium was replaced daily until the
colonies were ready to passage (every 4-5 days). For embryoid
bodies (EBs) induction (d0), hiPSC colonies were removed from
their MEF feeder by collagenase IV treatment and collected. After
centrifugation, the cells were resuspended in EBs medium
containing 80% DMEM (Gibco), 20% fetal bovine serum (FBS)
(Biological Industries), 1% NEA, and 1 mM L-glutamine and plated
on 58-mm Petri dishes. After 7 days of culture in suspension, EBs
were plated on 0.1% gelatin-coated plates and checked daily until a
spontaneous beating activity was visible. Because CASQ?2 is lately
expressed in hiPSC-CMs, 25 days-old EBs were used. The beating
clusters were mechanically dissected from EBs, following a three-
step dissociation protocol (Weisbrod et al., 2013). The hiPSC-CMs
were isolated and plated on Matrigel-coated glass coverslips (13
mm diameter) in 24-well plates. The coverslips were then incubated
at 37°C, and a recovery period of 2 days was given before any
electrophysiological experiment was performed.
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Mouse Sinoatrial Node Dissection and
Calcium Transient Measurements

WT and CASQ2 D307H KI mice were anesthetized with
isoflurane and sacrificed by cervical dislocation. The heart was
rapidly removed and transferred into Tyrode solution containing
heparin. After the atria were pinned and the superior and inferior
vena cava localized, the ventricles were removed. The SAN was
anatomically identified between the superior and inferior vena
cava, the crista terminalis, and the interatrial septum. SAN tissue
preparations were dissected ex vivo from WT and CASQ2-
D307H KI mice as previously described (Torrente et al., 2015).
The dissected whole SAN tissue was pinned on a hand-made
chamber and was incubated in a Tyrode solution containing 10
uM Fluo-4 AM (Thermo Fisher Scientific) and pluronic acid for
1 h at 37°C in the dark. The SAN tissue was washed in Tyrode at
37°C in the dark for 10 min before experiments. Fluorescence of
calcium transients was recorded using a photomultiplier (PTi D-
104) at 35°C and the analog signals were digitized using Digidata
1440 (Molecular Devices) and analyzed with pCLAMP
10.5 software.

Electrophysiology

In all experiments, the coverslips were perfused at 33°C with an
external solution containing (in mM): 140 NaCl, 4 KCl, 11
glucose, 1.2 MgCl2, 1.8 CaCl2, 5.5 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) titrated to pH 7.4 with
NaOH and adjusted at 320 mOsm with sucrose. Whole-cell
patch-clamp recordings were performed with an Axopatch 700B
amplifier (Molecular Devices) and pCLAMP 10.5 software
(Molecular Devices). Signals were digitized at 5 kHz and
filtered at 2 kHz using microelectrodes with resistances of 4-7
MQ were pulled from borosilicate glass capillaries (Harvard
Apparatus) and filled with an intracellular solution containing
(in mM): 130 KCl, 5 MgATP, 5 ethylene glycol-bis(B-aminoethyl
ether)-N,N,N',N’-tetraacetic acid (EGTA), 10 HEPES titrated to
pH 7.3 with KOH and adjusted at 290 mOsm with sucrose.
Unless otherwise stated, internal free calcium concentrations
were 100 nM for current-clamp experiments and were titrated
with EGTA and CaCl2 using the MaxChelator software (www.
stanford.edu/~cpatton/maxc.html).

In Vivo Telemetric Recordings

Telemetric ambulatory long-term ECG recordings, analogous to
Holter monitoring in humans, were obtained with implantable
transmitters. The investigator was blinded for the mice
genotypes. WT, CASQ2-D307H KI SvEv mice were
anesthetized with ketamine (75-90 mg/kg) and xylazine (5-8
mg/kg) intraperitoneally (IP) (Kepro, Holland), and a midline
incision was made along the spine. An implantable 3.5 g wireless
radiofrequency transmitter (DSI MM USA, device weight 3.8 g)
was aseptically inserted into a subcutaneous tissue pocket in the
back as previously described (Katz et al.,, 2010). Animals were
allowed to recover after surgery at least 6 days before any
experiments. Baseline ECG were obtained 15 min after IP
injection of the appropriate vehicle (saline for ivabradine or
peanut oil for TRAM-34). For pharmacological experiments, the

same mouse was used a few hours after baseline ECG recordings
(vehicle injection) and for subsequent ECG recordings upon IP
injection of 6 mg/kg ivabradine or 20 mg/kg TRAM-34.
Telemetered ECG tracings were obtained in conscious mice at
rest for 1 min and during peak exercise (i.e. the first minute of
recovery). In the treadmill exercise, mice were forced to exercise
on a rodent treadmill; gradually increasing the speed up to a
maximum of 15 m/min. Ventricular tachycardia (VT) was
defined as four or more consecutive ventricular beats. If this
phenotype was consecutively observed for more than 15 s, it was
defined as “sustained” ventricular tachycardia (SVT). Shorter
VTs were characterized as “non-sustained” (NSVT). All other
ventricular arrhythmias, such as premature beats, ventricular
bigeminy, couplets, and triplets were all defined as ventricular
premature contractions (VPCs) (Katz et al., 2010).

Data Analysis

Rate, DADs, and calcium transients were analyzed with the
Clampfit program (pCLAMP 10.5; Molecular Devices). Sinus
rhythm, PR interval, and ECG arrhythmic features were
analyzed with the LabChart 8 Reader (ADInstruments). Data
were analyzed with Excel (Microsoft) and Prism 5.0 (GraphPad
Software) and are expressed as mean + SEM. Statistical analysis
was performed using the two-tailed paired Student t test and the
linear regression for correlation or by one way ANOVA followed
by Tukey’s or Bonferroni’s multiple comparison test. P values of
less than 0.05 were assumed significant.

RESULTS

Ivabradine Does Neither Affect the Firing
Rate nor Prevent the Occurrence of
Delayed-Afterdepolarizations in Human
Induced Pluripotent Stem Cells Derived
Cardiomyocytes Derived From CPVT2
(CASQ2-D307H) Patients

Isolated spontaneously beating hiPSC-CMs (25 days-old EBs)
derived from normal (healthy) and CPVT?2 patients carrying the
CASQ2 D307H mutation (Novak et al., 2012) were used and
their spontaneous firing properties were examined as previously
shown (Haron-Khun et al., 2017). We recorded spontaneous
action potentials fired from single hiPSC-CM cells in the current-
clamp mode of the patch-clamp technique. Shown are
representative traces of a spontaneously beating CPVT2-
derived hiPSC-CM cell, which indicates that the application of
3 uM of ivabradine alone did not affect the beating rate (Figures
1A, C). In line with our previous findings (Haron-Khun et al,,
2017), 100 nM isoproterenol did not increase the beating rate of
CPVT2 hiPSC-CMs, in contrast to that of control healthy
patients, but instead triggered DADs (Figures 1A-C). The
number of DADs for each treatment was normalized to that
obtained in the same cell before the addition of any drug. The
records revealed a significant increase in the normalized number
of DADs in the presence of 100 nM isoproterenol versus control
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FIGURE 1 | Ivabradine does not prevent the occurrence of delayed-afterdepolarizations (DADs) in human induced pluripotent stem cells derived cardiomyocytes
(NiPSC-CMs) derived from CPVT2 (CASQ2-D307H) patients. (A) Representative traces of spontaneous action potential (AP) recorded in CASQ2 D307H hiPSC-CMs
are shown from the same cell in the absence of any drug (black trace, control), then in the presence of 3 uM ivabradine (orange trace), 100 nM of isoproterenol (red
trace), and both isoproterenol + ivabradine (purple trace). (B) Data summary for each treatment of the numbers of DADs, which were normalized to those obtained in
the same cell before the addition of any drug. Isoproterenol (100 nM) increased DADs by 3.56 + 0.96-fold [n = 19, P = 0.0147, one-way ANOVA (F = 3.402; P =
0.0147); Dunnett’s multiple comparisons test, P = 0.0406]; ivabradine (3 uM) + isoproterenol (100 nM) increased DADs by 5.67 + 3.47-fold, n = 4, one-way ANOVA
(F = 3.402; P = 0.0147); Dunnett’s multiple comparisons test, P = 0.0239; TRAM-34 (1 uM) + isoproterenol (100 nM) increased DADs by only 1.45 + 0.41-fold,
which is not significant (NS) compared to control; n = 15, one-way ANOVA (F = 3.402; P = 0.0147); Dunnett’s multiple comparisons test, P = 0.983. (C) Data
summary of the normalized beating rates for each treatment. Beating rates were normalized those obtained in the same cell before the addition of any drug
(control).The ANOVA test found no significant differences.
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[3.56 + 0.96-fold, n = 19, one-way ANOVA (F = 3.402; P =
0.0147); Dunnett’s multiple comparisons test, P = 0.0406]. When
3 uM ivabradine was added together with isoproterenol, no
bradycardic effect was seen and yet a significant increase in the
normalized number of DADs was observed when compared to
control [5.67 + 3.47-fold, n = 4, one-way ANOVA (F = 3.402; P =
0.0147); Dunnett’s multiple comparisons test, P = 0.0239]
(Figures 1A-C). Very similar results were obtained with a
rather selective blocker of the If current, ZD7288 (25 uM),
which in the presence of isoproterenol, was unable to prevent
the occurrence of DADs compared to control [3.58 + 0.8-fold,
n = 5, one way ANOVA (F = 7.14; P = 0.0029), Dunnett’s
multiple comparison test, P = 0.0224]. In agreement with our
previous data (Haron-Khun et al, 2017), when the SK4 K*
channel blocker TRAM-34 (1 uM) was added to isoproterenol,
no significant increase in the normalized number of DADs was
revealed when compared to control [1.45 + 0.46-fold, n = 15,
one-way ANOVA (F = 3.402; P = 0.0147); Dunnett’s multiple
comparisons test, P = 0.983] (Figure 1B). Taken together, our
data show that in contrast to SK4 channel blockade, ivabradine,
which inhibits Iy and hERG currents does not prevent the
occurrence of arrhythmic features like DADs that accompany

SAN KI (CASQ2 D307H)

Control

the spontaneous beating of CASQ2-D307H hiPSC-CMs in the
presence of isoproterenol.

Ivabradine Does Not Reduce the
Arrhythmic Phenotype of Calcium
Transients in Sinoatrial Node From
CASQ2-D307H Kl Mice

The spontaneous calcium transients of the SAN were investigated
by exposing intact SAN tissue preparations dissected ex vivo from
WT and CASQ2-D307H KI mice to Fluo-4 AM, as previously
described (Torrente et al., 2015; Haron-Khun et al., 2017). We
formerly showed that in SAN from WT mice, the rate of calcium
transients was significantly larger in presence of 100 nM
isoproterenol (Haron-Khun et al., 2017). Here, the exposure of
WT SAN to 100 nM isoproterenol increased the rate of Ca>*
transients (from 2.9 + 0.4 to 4.5+ 0.3 Hz,n=5,P =0.015, one-way
ANOVA and Tukey’s multiple comparison test). In contrast, the
calcium transient rate of SANs from CASQ2-D307H KI mice was
not significantly affected by the exposure to isoproterenol and/or
ivabradine (Figure 2A). Importantly, the pattern of the calcium
transients of SANs from CASQ2-D307H KI mice showed different

n=5 control Iva3 um Iso 100 nM Iso +Iva

100nM+3 pM
Local Ca2+ 5 5 5 5
release
Double hump 1 2 3 2
transients
Local Calcium Release c
= control ivabradine

W isoproterenol

Double hump transients ‘

u control

m isoproterenol+ivabradine

ivabradine

W isoproterenol M isoproterenol+ivabradine

n=10 control

Iso 100 nM

Iso + TRAM-34
100nM+2 pM

Local Ca2+ 5
release

9 5

Double hump []

4 [

Local Calcium Release

mcontrol  misoproterenol isoproterenol+TRAM 34

Double hump transients

m control misoproterenol m isoproterenol+TRAM 34

FIGURE 2 | lvabradine does not reduce the arrhythmic phenotype of calcium transients in sinoatrial node (SAN) from CASQ2-D307H Kl mice. (A) Representative
traces of calcium transients obtained from the same SAN of knock-in (KI) CASQ2 D307H mice under control (black trace), 100 nM isoproterenol (red trace), and
isoproterenol + ivabradine (purple trace). (B) Data summary of the aberrant calcium transients observed in SAN from KI CASQ2 D307H mice under the described
conditions (n = 5). (C) Data summary of the aberrant calcium transients observed in SAN from KI CASQ2 D307H mice under the described conditions (n = 10).
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abnormal features such as “local calcium release” (Figure 2A,
arrows) and “double humps transients” both in control and
isoproterenol conditions (Figures 2A, B). However, application
of 3 pM ivabradine either alone or in the presence of 100 nM
isoproterenol did not prevent the occurrence of “local calcium
release” and “double humps transients” (Figures 2A, B). In line
with our previous data (Haron-Khun etal., 2017), the SK4 channel
blocker TRAM-34 (2 uM) behaved differently by decreasing the
arrhythmic Ca®" transient features events in the presence of
isoproterenol (Figure 2C).

Ivabradine Does Not Decrease In Vivo the
Ventricular Arrhythmias Recorded in
Electrocardiogram From CASQ2-D307H

Kl Mice

To record continuously ECGs at rest and during treadmill exercise,
a heart telemetry device was implanted in WT and CASQ2-D307H
KI mice. For each session, continuous ECG recording was
performed with the same animals receiving first IP injection of
vehicle (saline or peanut oil) and then the blocker. In WT mice,
ivabradine (6 mg/kg) exhibited, as expected, a bradycardic effect at
rest, thereby decreasing the heart rhythm (from 771 £ 19t0 503 + 26
beats/min for saline and ivabradine injection, respectively; n = 4,
paired t-test P = 0.0003) and increasing the PR interval (from 29 + 1
to 32 + 1 ms, for saline and ivabradine injection, respectively; n = 4,
paired t-test P = 0.0045) (Figures 3A, B, see arrows). Ivabradine
produced similar bradycardic effects on WT mice during treadmill
exercise (heart rate of 747 + 35 and 518 * 28 beats/min, for saline
and ivabradine injection, respectively; n = 4, paired t-test P = 0.0068
and PRinterval of 29 + 2 versus 31 + 1 ms for saline and ivabradine
injection, respectively, n = 4, paired t-test P = 0.0217) (Figures 4A,
B). In CASQ2-D307H KI mice, ivabradine (6 mg/kg) still produced
bradycardic effect at rest (from 652 + 18 to 444 + 68 beats per min,
for saline and ivabradine injection, respectively n = 4, paired t-test
P =0.0192), but not following treadmill exercise. Ivabradine poorly
prevented the ECG arrhythmic features of CASQ2-D307H Kl mice,
where at rest three out of six mice still exhibited ventricular
tachycardia or premature ventricular complexes (Figures 3C, D,
Table 1). During treadmill exercise, ivabradine was completely
ineffective since all six ivabradine-treated CASQ2-D307H KI mice
showed ventricular tachycardia (Figures 4C, D, Table 1). In
contrast, 9 out of 12 TRAM-34-treated (20 mg/kg) CASQ2-
D307H KI mice exhibited normal sinus rhythm at rest, while
following treadmill exercise, 4 out of 12 animals remained with
normal sinus rhythm without significant ventricular arrhythmia
(Figures 3E, F and Figures 4E, F and Table 1). These results show
that ivabradine is unable to decrease the ventricular arrhythmias
observed in ECG of CASQ2-D307H Kl mice, as opposed to TRAM-
34, which greatly reduces them (Haron-Khun et al., 2017).

DISCUSSION

In a recent study, we showed that SK4 channel blockers decrease
the heart rate, depolarize the maximal diastolic potential (MDP),

and attenuate ventricular arrhythmias in transgenic CPVT mice.
In this work, we examined both in vitro and in vivo whether
ivabradine could exhibit anti-arrhythmic properties in CPVT as
other bradycardic agents such as B-adrenergic receptor blockers
or SK4 channel inhibitors. Ivabradine is a blocker of the
hyperpolarization-activated cyclic-nucleotide gated-channel,
which mediates the cation non-selective “funny” current If,
and is mainly encoded by the HCN4 protein in the sinoatrial
node (Bucchi et al., 2013). In the SAN tissue, the If current is
responsible for the cardiac pacemaker activity by generating the
diastolic depolarization. Ivabradine blocks the HCN4 inner pore
leading to a reduction in the slope of the diastolic depolarization,
thereby slowing the heart rate (Bucchi et al., 2013). Ivabradine
blocks the HCN channel in its open state and exhibits a use-
dependence effect, becoming more potent at faster heart rates. As
a bradycardic agent, ivabradine has been evaluated and is
currently used in selected patients with systolic heart failure
and stable angina (Koruth et al, 2017). Indeed, various
experimental and epidemiological studies have found that
atherosclerosis, heart failure, coronary artery disease, stroke,
and arrhythmias are linked to elevated heart rate (Koruth
et al, 2017). In addition to blocking HCN channels, studies
showed that ivabradine prolonged ventricular action potentials
by blocking the IKr current (hERG) in ventricular myocytes
(Melgari et al., 2015). Moreover, it was shown that ivabradine
blocks the recombinant hERG current over a range of
concentrations overlapping with those required to block HCN4
(Melgari et al., 2015). Because of its concurrent inhibitory action
on If and IKr currents, ivabradine was suggested to be a potential
antiarrhythmic drug thanks to an increase in both the effective
refractory period and the post-repolarization refractoriness
(Frommeyer et al., 2017a; Frommeyer et al., 2017b). The
bradycardic features of ivabradine raise the question of
whether it could be effective in ventricular arrhythmias.
Recently, ivabradine was found to decrease digitalis-induced
ventricular arrhythmias and short QT-induced arrhythmic
features in Langendorff-perfused rabbit heart preparations
(Frommeyer et al,, 2017a; Frommeyer et al., 2017b). Along
with this rationale, we asked in the present work whether
ivabradine could prevent the ventricular arrhythmias found in
cellular and animal models of CPVT2. We found that ivabradine
did not prevent the occurrence of DADs in the presence of
isoproterenol in hiPSC-CMs of CPVT2 patients (Figure 1). In
contrast, the SK4 channel blocker TRAM-34, significantly
reduced the number of DADs, in line with our recent data
(Haron-Khun et al,, 2017) (Figure 1). Similarly, we showed that
ivabradine was ineffective in preventing the arrhythmic calcium
transients recorded in the presence of isoproterenol in SAN
intact tissue from CASQ2 KI mice (Figure 2). However, TRAM-
34 significantly decreased the occurrence of local Ca** release
and double hump transient events in agreement with our
previous results (Haron-Khun et al., 2017). Along the same
line, ivabradine did not prevent the ventricular arrhythmias
revealed by telemetry in CASQ2-D307H KI mice at rest and
was totally ineffective during treadmill exercise (Figures 3 and 4,
Table 1). A contrasting picture was obtained with TRAM-34,
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FIGURE 3 | In contrast to TRAM-34, ivabradine does not prevent the ventricular arrhythmias recorded in ECG from CASQ2-D307H Kl mice at rest. (A)
Representative ECG recording following intraperitoneal (IP) injection of vehicle (saline, upper) and 6 mg/kg ivabradine (lower), in WT mice at rest. Sequential vehicle
and ivabradine injections were performed on the same animal. (B) Data summary of heart rate (paired t test, P = 0.0003, n = 4) and PR interval (paired t test, P =
0.0045, n = 4) after IP injection of ivabradine. (C) Representative ECG recordings following IP injection of vehicle (saline, upper) and 6 mg/kg ivabradine (lower) in
CASQ2 D307H knock-in (KI) mice at rest. (D) Data summary of the heart rate (paired t test, P = 0.0192, n = 4) and PR interval [not significant (NS), n = 4] after IP
injection of ivabradine. (E) Representative ECG recording following IP injection of vehicle (peanut oil, upper) and 20 mg/kg TRAM-34 (lower) in CASQ2 D307H Ki
mice at rest. (F) Data summary of heart rate (paired t-test; P < 0.0001, n = 12) and PR interval (paired t-test; P < 0.0001, n = 12) in CASQ2 D307H Kl mice at rest.
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FIGURE 4 | In contrast to TRAM-34, ivabradine does not prevent the ventricular arrhythmias recorded in ECG from CASQ2 D307H Kl mice following treadmill
exercise. (A) Representative ECG recording following intraperitoneal (IP) injection of vehicle (saline, upper) and 6 mg/kg ivabradine (lower), in WT mice following
treadmill exercise. (B) Data summary of heart rate (paired t test, n = 4, P = 0.0068) and PR interval (paired t test, n = 4, P = 0.0217) in WT mice after treadmill
exercise and IP injection of ivabradine. (C) Representative ECG recording following IP injection of vehicle (saline, upper) and 6 mg/kg ivabradine (lower) in CASQ2
D307H knock-in (Kl) mice following treadmill exercise. (D) Data summary of heart rate [not significant (NS), n = 4] and PR interval [not significant (NS), n = 4] after IP
injection of ivabradine. (E) Representative ECG recording following IP injection of vehicle (peanut oil, upper) and 20 mg/kg TRAM-34 (lower) in CASQ2 D307H Ki
mice following treadmill exercise. (F) Data summary of heart rate (paired t-test; P = 0.0004, n = 11) and PR interval (paired t-test; P = 0.0099, n = 11) in CASQ2
D307H KI mice following treadmill exercise.
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TABLE 1 | Comparative effects of ivabradine and TRAM-34 on the arrhythmogenic features of CPVT2 CASQ2-D307H knock-in (Kl) mice at rest or during treadmill

exercise.

Number of mice (n) Vehicle 6 Ivabradine (6 mg/kg) 6 Vehicle 12 TRAM-34 (20 mg/kg) 12
Kl at rest

Normal sinus rhythm 0 3 3 9
VPC 2 1 6 3
NSVT 0 0 3 0
SVT 4 2 0 0
Kl treadmill exercise

Normal sinus rhythm 0 0 1 4
VPC 1 0 2 4
NSVT 0 0 9 4
SVT 5 6 0 0

The data show the comparative effects of ivabradine and TRAM-34 on the arrhythmogenic features of CPVT2 CASQ2-D307H Kl mice at rest or during treadmill exercise. Ivabradine (6 mg/
kg) was dissolved in saline, while TRAM-34 (20 mg/kg) was prepared in peanut oil and were injected intraperitoneally into 100 il vehicle. VPC, ventricular premature complexes; NSVT, non-
sustained ventricular tachycardia; SVT, sustained ventricular tachycardia. The types of arrhythmic features were classified following their severity: sinusal rhythm (normal), ventricular

premature contractions (VPC), NSVT, and SVT.

which significantly reduced the occurrence of ventricular
arrhythmias at rest and to lesser extent upon treadmill exercise
(Figures 3 and 4, Table 1).

We and others previously showed that CASQ2 knockout
(CASQ2 KO) and CASQ2-D307H KI mice are significantly
bradycardic (Glukhov et al., 2015; Haron-Khun et al., 2017). It
is interesting to note that isoproterenol did increase neither
the beating rate of hiPSC-CMs derived from CPVT2 patients
nor the rate of Ca®* transients of SAN taken from CASQ2
KI mice upon isoproterenol application. Similarly, in the ECG
recording from CASQ2-D307H KI mice, the heart rate at
rest was not increased following treadmill exercise (652 + 18
and 658 + 15 beats/min, respectively). A recent work (Ho et al.,
2018) found that sympathetic stimulation failed to accelerate
heart rate in exercised CASQ2 KO mice, suggesting a
sympathetic-parasympathetic imbalance in CASQ2 KO and
CASQ2-D307H KI mice, possibly due to autonomic adaptation.

Therapies for CPVT include exercise restriction, 3-blockers,
additional drugs, primarily flecainide, implantable cardioverter
defibrillators (ICD) in high-risk patients to prevent sudden death,
and sympathetic denervation (Priori et al., 2002; Hayashi et al.,
2009; Lieve et al., 2016; Roston et al., 2017). Administration of 3-
blockers remains the longstanding cornerstone of treatment.
However, the response to P-blockers is partial and often
decreases with time because of an escape phenomenon (Priori
et al., 2002; Hayashi et al., 2009). In addition, B-blockers exhibit
undesirable side effects, including psychological depression,
bronchospasm, peripheral vasoconstriction, hypotension, leg
tiredness, and erectile dysfunction. Flecainide was recently
shown to possess antiarrhythmic properties in CPVT through
either a stabilizing effect on RyR2 by decreasing its opening
probability or by increasing the threshold for triggered activity
through its Na" channel blocking activity (Lieve et al., 2016;
Roston et al, 2017). However, routine use of flecainide
monotherapy is not recommended yet because of lack of
large retrospective studies. ICD implantation in young and
active patients necessitates routine device replacement and is
associated with device malfunction, including inappropriate

shocks, infection, and psychological problems. The major
clinical indications for left cardiac sympathetic denervation
(LCSD) are f3-blocker intolerance or refractoriness, high risk
of sudden death with $3-blocker treatment, or frequent ICD
shocks (Lieve et al., 2016; Roston et al., 2017). However, LCSD
is still rarely used as a supplementary therapy to {3-blocker
administration and ICD implantation. Although tremendous
progress has been made in the recent years in the treatment of
CPVT, there is still a great need to develop additional or
alternative new therapies. The gene therapy is of great potential
in this context but is not yet ready for clinical use (Kurtzwald-
Josefson et al., 2017).

A common feature of most pharmacological agents in use is
their negative chronotropic effect. In this context, ivabradine
treatment was a legitimate candidate drug to be tested in cellular
and animal models of CPVT. Despite its bradycardic action,
ivabradine was unable to prevent in vitro the occurrence of
DADs and abnormal Ca®" transients in the presence of
isoproterenol as well as in vivo the ventricular arrhythmias in
CASQ2-D307H KI mice. In contrast, we previously showed the
SK4 channel blockers TRAM-34 and clotrimazole, though
similarly reducing the heart rate and increasing the PR
interval, could successfully reduce the occurrence of ventricular
arrhythmias (Haron-Khun et al., 2017). This raises the question
of why ivabradine and the SK4 channel blockers (TRAM-34 and
clotrimazole) do not exert the same beneficial effect in CPVT
ventricular arrhythmias, although both are bradycardic agents.
First, it suggests that bradycardia and increase in the effective
refractory period and in the post repolarization refractoriness are
not sufficient to prevent ventricular arrhythmias in CPVT.
Second, although the precise mechanism of action of SK4 K*
channels in the cardiac SAN cycle remains to be determined,
normal SAN automaticity is regulated by coupling between an
“M clock,” the ensemble of surface membrane ion channels, and
a “Ca®* clock,” the SR (Lakatta and DiFrancesco, 2009).
According to the coupled-clock hypothesis, the M and Ca**
clocks should crosstalk. Ca®*-calmodulin-activated adenylyl
cyclase in pacemaker cells generates high cyclic AMP (cAMP)
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activity that activates the If channel by positively shifting the If
channel activation. In addition, cAMP production controls
protein kinase A (PKA)-dependent phosphorylation activity.
PKA, together with Ca*"-activated calmodulin-dependent
kinase II, phosphorylates various membrane clock channels
(e.g, L-type Ca®" channels and K* channels), as well as Ca**
clock proteins (Behar and Yaniv, 2016). Because of this coupling
mechanism, it is possible that treatment with ivabradine alone is
not sufficient to prevent ventricular arrhythmias in CPVT.
Nevertheless, it was previously shown that the bradycardic
effect of ivabradine was accompanied by reduced SR Ca** load,
slowed intracellular Ca** cycling kinetics, and prolongation of
the period of spontaneous local Ca** releases occurring during
diastolic depolarization (Yaniv et al.,, 2013). It is possible that
reduction in adenylate cyclase-cAMP/PKA activity (e.g., by -
blockers) in parallel to treatment with ivabradine could provide a
more effective anti-arrhythmic therapy in CPVT. In line with this
idea, a recent case report showed that ivabradine in combination
with the B-blocker nadolol, successfully suppressed non-
sustained polymorphic ventricular tachycardia in two patients
heterozygous for RyR2 mutation (CPVT1) (Vaksmann and Klug,
2018). We recently suggested by a numerical model that SK4
channel contribution becomes significant only at the late
repolarization, a crucial period for the Ca** clock and for the
coupling to the voltage clock, thereby contributing to the MDP
hyperpolarization, facilitating activation of If and recovery from
inactivation of voltage-gated Ca®>" channels (Haron-Khun et al,,
2017). Thus, inhibitors of SK4 Ca®'-activated K" channels are
ideally suited to suppress the coupling between the two clocks and
their subsequent blockade may favorably act to prevent premature
excitations, which are a prelude of ventricular arrhythmias.

In all, in contrast to SK4 channel blockers ivabradine does not
exhibit anti-arrhythmic properties in CPVT and this drug alone
cannot be used to treat CPVT ventricular arrhythmias.
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The clustering of many voltage-dependent ion channel molecules at unique neuronal
membrane sites such as axon initial segments, nodes of Ranvier, or the post-synaptic
density, is an active process mediated by the interaction of ion channels with scaffold
proteins and is of immense importance for electrical signaling. Growing evidence indicates
that the density of ion channels at such membrane sites may affect action potential
conduction properties and synaptic transmission. However, despite the emerging
importance of ion channel density for electrical signaling, how ion channel-scaffold
protein molecular interactions lead to cellular ion channel clustering, and how this
process is regulated are largely unknown. In this review, we emphasize that voltage-
dependent ion channel density at native clustering sites not only affects the density of ionic
current fluxes but may also affect the conduction properties of the channel and/or the
physical properties of the membrane at such locations, all changes that are expected to
affect action potential conduction properties. Using the concrete example of the
prototypical Shaker voltage-activated potassium channel (Kv) protein, we demonstrate
how insight into the regulation of cellular ion channel clustering can be obtained when the
molecular mechanism of ion channel-scaffold protein interaction is known. Our review
emphasizes that such mechanistic knowledge is essential, and when combined with
super-resolution imaging microscopy, can serve to bridge the molecular-cellular gap in
understanding the regulation of ion channel clustering. Pressing questions, challenges
and future directions in addressing ion channel clustering and its regulation are discussed.

Keywords: action potential, clustering, coupling, ion channel density, potassium channels, sodium channels
post-synaptic density-95, scaffold proteins

INTRODUCTION

The precise localization, distribution, and density of voltage-activated ion channels at specific
neuronal membrane sites are essential for action potential (AP) generation and propagation and for
synaptic transmission (Hille, 1992). Ion channels are not randomly distributed in the membrane, as
would be assumed by the Singer-Nicolson fluid mosaic membrane model (Singer and Nicolson,
1972), but instead are targeted to specific sites, such as axon initial segments (AIS), nodes of Ranvier
(NR) or the post-synaptic density (PSD), where they are usually part of highly regulated multi-
protein macromolecular complexes (Lai and Jan, 2006). Transcriptional activators and suppressors,
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cytoskeletal proteins, cell adhesion molecules, post-translational
signaling molecules, ion channel auxiliary subunits, and scaffold
proteins are co-targeted with ion channels to such sites. The final
endpoint in assembling such complexes is not only the proximity
of the ion channel and its auxiliary subunits and/or modulatory
proteins but also the clustering of many ion channel molecules
together, potentially, within interaction distances (Engelman,
2005; Han and Kim, 2008; Freeman et al., 2016; Capera et al.,
2019). The density of ion channel molecules at these sites, i.e., the
number of molecules per membrane area, is thus an important
parameter, and the question then arises what are the potential
functional consequences of having many neighboring ion
channel molecules aggregated together in one site with respect
to electrical signaling? Furthermore, how the density of ion
channel proteins at their specific membrane targeting sites are
spatially and temporally regulated, to affect AP conduction
properties, is largely unknown.

In the current review, we highlight the importance of ion
channel clustering and its regulation for electrical signaling. We
begin by concisely surveying where and how different voltage-
activated ion channels are targeted to primary sites along the
polarized neuron in the direction of AP propagation. We then
present cases where ion channel density was shown to affect not
only the density of ionic current fluxes at their site of expression
but also the gating properties of ion channels, relative to their
function in an isolated context, and the physical properties of the
membrane. We discuss the functional consequences of such
changes on AP conduction properties and further emphasize
the important role played by scaffold proteins in mediating
voltage-dependent ion channel clustering. Finally, by using the

concrete example of the voltage-activated potassium channel
protein, we highlight that when the molecular mechanism
underlying the ion channel-scaffold protein interaction is
known, cellular understanding regarding the regulation of ion
channel density can be obtained. This example demonstrates the
strength of adopting a mechanistic view in bridging the
molecular-cellular gap in the understanding of ion channel
clustering. We end with a summary of current challenges and
consider future directions that can be taken for better
understanding ion channel clustering.

SITE-SPECIFIC CLUSTERING OF ION
CHANNELS AFFECTS SIGNAL
GENERATION, PROPAGATION, AND
TRANSMISSION

Action potentials are transient changes in membrane
polarization that spread in space and time along neurons or
muscle cells, for example. Such perturbations result from
choreographed changes in membrane conductance, primarily
by Na" and K* ions, brought about by opening, closing, and
inactivation gating transitions of voltage-activated sodium
(NaV) and potassium (Kv) ion channels, respectively. One can
encounter clusters of the various voltage-dependent ion
channels starting at the neuronal soma, continuing along the
axon and across the synapse (Figure 1). AP generation relies on
proper enrichment of Na™ and K" voltage-gated ion channels to
the AIS, where the axon begins to extend from the soma
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FIGURE 1 | Clustering geography: the distribution of ion channels and scaffold proteins along the neuron. Schematic representation of a typical neuron specifying
the type of ion channel and scaffold proteins targeted and clustered to the axon initial segment, node of Ranvier, active zone and at the postsynaptic densities (in
dendrites). A full reference list supporting the indicated location for each channel subtype is given in SI Text 1.
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(Hille, 1992; Kole et al., 2007; Kole et al., 2008; Jensen et al.,
2017). Membrane depolarization occurs with high efficiency at
the AIS, with voltage-activated sodium channel subtypes 1.2 and
1.6 (NaV1.2 and NaV1.6) corresponding to the dominant ion
channel types clustered at this region (Tian et al., 2014) (Figure
1). Disruption of NaV channel cluster formation at the AIS in
mouse cerebellum Purkinje cells led to delayed AP initiation and
a reduced maximal firing rate (Zhou et al., 1998). These effects
emphasize the importance of NaV channel clusters at the AIS for
normal electrical signaling. Kv channels were also shown to be
part of the high-density channel repertoire at the AIS (Figure 1).
While Kv2.1 channel clusters are seen at specific subdomain
patches of the AIS (Trimmer, 1991; Scannevin et al., 1996;
Sarmiere et al., 2008), Kv7, and Kv1 channel subtypes (KCNQ
and Shaker-type channels), respectively, reside at the proximal
(Klinger et al., 2011) and distal regions of the AIS (Kole et al.,
2007), adjusting the threshold, inter-spike interval, and firing
frequency characteristics of the action potential.

As the AP propagates down the myelinated axon, high
densities of NaV and Kv channels are encountered at nodes
of the Ranvier (Figure 1). Here, targeting and clustering of these
channels are essential for AP saltatory conduction along the
axon (Rasband and Trimmer, 2001). The nodal membrane was
reported to express clusters of multiple NaV channel subtypes,
including NaV1.1, NaV1.2, NaV1.6, NaV1.7, Navl.8, and
NaV1.9 channels (Chang and Rasband, 2013). Kv channel
subtypes 1, 3, and 7 were also reported to reside and cluster
at nodal sites. Whereas Kv7.2, Kv7.3, and Kv3.1 channels were
shown to be responsible for the repolarization of the axonodal
membrane (Devaux et al., 2003; Devaux et al., 2004; Klinger
etal, 2011; Trimmer, 2015), the Kv1 channel subfamily (Kv1.1,
Kv1.2, and Kv1.4) is clustered at juxtaparanodal regions (Poliak
etal., 2003; Rasband, 2004) and serves to adjust AP propagation
along the myelinated axon. Pharmacologically blocking these
channels resulted in prolonged action potentials (Devaux
et al., 2002).

Progressing along the axon towards its terminal, one reaches
the active zone (AZ), the next site where ion channels are
clustered (Figure 1). In this region, proteins of the vesicle
release machinery involved in synaptic transmission are tightly
docked (Stidhof, 2012). In particular, voltage-activated Ca?*
channels (N and P/Q types, specifically CaV2.1 and 2.2,
respectively) are clustered at this site to ensure the economic
and directed release of neurotransmitters into the synaptic cleft
(Kaeser et al., 2011; Gundelfinger and Fejtova, 2012). Following
the release, neurotransmitters diffuse across the synaptic cleft
and bind to excitatory or inhibitory ligand-gated ionotropic
receptors that are aggregated at the post-synaptic density
membrane (PSD). The PSD has mostly been studied in
glutamatergic neurons, where AMPA and NMDA ionotropic
receptors are clustered, proximal to the pre-synaptic AZ sites
(Boeckers, 2006; Chen et al., 2015; Tang et al., 2016; Scheethals
and MacGillavry, 2018). Ionotropic glycine receptor clustering
was also reported in the membrane of the postsynaptic cell
(Patrizio et al., 2017; Schaefer et al., 2018). Such clusters are
found in motor neuronal membranes of the adult spinal cord,

brain stem, and retina, and were shown to be essential for proper
neuron hyperpolarization. Impaired clustering of glycine
receptors is associated with startle disease in mice (Patrizio
et al,, 2017; Schaefer et al.,, 2018). The clustering of different
ion channels and receptors in proximity to other intracellular
signaling and cytoskeletal structural proteins at the PSD is also
essential for ensuring a robust response to neurotransmitter
binding and for modulating the evoked synaptic potential,
whether inhibitory or excitatory, of the post-synaptic cell
membrane (Boeckers, 2006). A robust response to
neurotransmitter release also occurs at the neuromuscular
junction (NMJ) where it is essential for muscle contraction.
Thousands of copies of nicotinic acetylcholine receptors
(nAchRs) are clustered at the post-synaptic muscle cell (Peng
and Poo, 1986; Bruneau et al., 2008). The opening of these non-
selective ligand-gated cation channels in response to
acetylcholine release allows the diffusion of primarily Na" ions
across the muscle cell membrane to achieve efficient muscle cell
membrane depolarization and subsequently contraction
(Bruneau et al., 2008; Slater, 2017; Burden et al., 2018). A
detailed reference list summarizing available information
attesting to the targeting of a specific ion channel subtype to
the indicated neuronal membrane sites is given in SI Text 1.

THE HIDDEN DIMENSION OF ION
CHANNEL CLUSTERING: THE DIFFERENT
MODES BY WHICH ION CHANNEL
DENSITY MAY AFFECT AP CONDUCTION
PROPERTIES

The density of aggregated voltage-dependent ion channel
molecules at their unique sites of targeting may affect AP
conduction properties via three distinct, non-mutually-exclusive
modes. First and straightforward, voltage-dependent ion channel
density at the sites of channel expression directly dictates the
density of inward or outward Na* or K" ionic currents, upon
changes in membrane polarization. Second, ion channel density
by itself may affect activation and/or inactivation gating
transitions of the channel, as compared to the isolated channel
scenario. Last, the accumulation of densely-packed voltage-
activated ion channel molecules, with their multiple positively
charged voltage-sensing domains, might affect the capacitance
property of the membrane at such sites, potentially affecting the
cable properties of the axon. As we concisely summarize below, all
three functional consequences of changes in ion channel density
are expected to affect AP conduction properties.

Several years before the seminal papers of Hodgkin and
Huxley, describing the theory behind action potential generation
(Hodgkin and Huxley, 1952; Huxley, 1964), Hodgkin described a
set of experiments on Carcinus maenas crab axons demonstrating
two, low- and high-frequency, repetitive firing modes (Hodgkin,
1948). These experiments provided a solid base for the current
understanding of AP firing modes exhibited by pyramidal neurons
(Tateno and Robinson, 2006) and interneurons (Tateno and
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Robinson, 2007). The two neuronal excitability modes were used
to rationalize coding properties of neurons (Rinzel and
Ermentrout, 1998; St-Hilaire and Longtin, 2004; Tateno et al.,
2004; Tateno and Robinson, 2006; Tateno and Robinson, 2007). It
has long been thought that different combinations of ion channel
types may explain the observed differences in firing patterns
(Prescott et al.,, 2008). In recent years, however, theoretical and
experimental evidence has been accumulated to show that changes
in the densities of voltage-gated Na* and K" channels alone can
explain the dynamic switch of a neuron between the low and high-
frequency firing modes (Arhem et al., 2006; Arhem and Blomberg,
2007; Zeberg et al., 2010; Zeberg et al., 2015). Such changes in ionic
current densities are reflected by changes in the membrane
permeability to Na* and K* ions when all channels are open. In
the native channel context, such modulation of ion channel
densities may be brought about by specific channel blockers that
serve to reduce the nominal number of active channels per site
(Zeberg et al., 2010). These later studies directly demonstrate how
changes in ionic current densities may affect AP conduction
properties and information coding.

Changes in ion channel densities at their native clustering
sites may further affect the gating properties of the ion channel.
Ion channel gating is often studied in an isolated channel
context, with the ion channel being expressed in the
membrane of a heterologous expression system (Furutani and
Kurachi, 2012). Activation and slow or fast channel inactivation
of voltage-dependent channels are then studied using
electrophysiological recording techniques, with the single-
channel recording being one of the most direct and thorough
methods for studying ion channel gating and regulation
(Sakmann and Neher, 1984). Clearly, the targeting of ion
channels to native sites along with their adjacent modulatory
subunits and regulatory proteins affects the gating properties of
the channels (O’Connell et al., 2010; Zhang et al., 2016; Vivas et
al.,, 2017). What we wish to emphasize here is that the density of
ion channels at native clustering sites by itself may affect the
channel activation and inactivation gating properties, thus
affecting AP conduction properties. This dimension is
frequently overlooked when addressing channel clustering.
Several examples of such density-mediated modulation of
channel gating have been reported. First, the density of the
prototypical bacterial KcsA K* channel expressed in liposomes
was shown to affect the open probability of the channel (Molina
et al., 2006; Sumino et al., 2014). The mechanism underlying
such effects on channel activation gating is, however, not yet
clear. Another example is the L-type CaV1.2 channel expressed
in native cardio-myocyte cells. CaV1.2 channels were shown
reside within small clusters (5-10 molecules) and appear to open
synchronously in response to membrane depolarization (Dixon
et al., 2015). Furthermore, prolonged open channel duration was
observed for the clustered channels, as compared to the isolated
channel case, suggesting that activation gating is affected (Dixon
et al., 2015; Folci et al., 2018). The functional coupling between
multiple ion channels can also be inhibitory. For instance, Kv2.1
channels were reported to exhibit a non-conductive phenotype
when clustered at high densities (Scannevin et al., 1996;

O’Connell et al.,, 2010; Fox et al.,, 2013; Liu et al., 2016).
Clearly, in all these examples, although no mechanisms were
suggested, it is reasonable to assume that short-range inter-
molecular allosteric interactions are responsible for the
observed coupling effects. Such changes in ion channel gating
properties due to changes in channel density would affect the
kinetics of ionic current development with time (i.e. the rate
constants for activation and inactivation channel processes) and
are expected to affect AP shape and conduction properties
(Debanne et al., 1997; Giese et al., 1998; Johnston et al., 1999).

Another dimension of voltage-dependent ion channel
density concerns their potential effect(s) on the physical
properties of the membrane at the clustering site. Such effects
may be brought about by the proximity of many charged voltage
sensor domains resulting in changes in membrane thickness
and/or its effective dielectric constant, both properties that affect
membrane capacitance. The first report concerning potential
effects of channel overexpression on membrane properties
concerned the channelrhodopsin-2 light-gated ion channel
(Zimmermann et al., 2008). Overexpression of the protein in
HEK293 cells resulted in changes in the morphology of the cell
mabrane reflected in an increase in membrane capacitance. This
effect was not observed upon physiological expression levels of
the channel (Zimmermann et al.,, 2008). Furthermore,
recordings from tsA201 and PCI12 cells overexpressing the
Ciona intestinalis voltage-sensing phosphatase protein (Ci-
VSP) revealed an increase of the local membrane capacitance
upon voltage activation of the protein (Hossain et al., 2008;
Lundby et al., 2008). The additional capacitance component
termed “sensing capacitance” was further investigated by
computational simulations of neuronal model cells expressing
the voltage-sensing fluorescent proteins VSFP2.3 and VSFP3.1
(Akemann et al., 2009). The results revealed that changes in
expression levels of these proteins resulted in changes in
membrane capacitance due to changes membrane topology
and/or mobility of channel gating, leading to changes in the
effective diaelectric constant of the membrane. The simulations
revealed that such changes lead to an increase of the threshold
for AP spike initiation (Akemann et al., 2009). Although these
studies relate to changes in the expression levels of these
voltage-sensing domain-containing proteins as causing
changes in membrane capacitance, such changes, are of
course, related to changes in the density of these proteins per
membrane area. The end result is that for voltage-sensor
containing proteins, regulation of protein clustering affects
membrane capacitance properties and hence, cable properties
of the axon. It remains to be shown whether such “sensing
capacitance” effects are also observed for native voltage-
dependent sodium and potassium ion channel proteins.

Taken together, the results summarized here emphasize that
understanding of how ion channel density within clustering sites
is regulated is of paramount importance in considering electrical
signaling, with changes in ion channel density exerted through
changes in membrane ionic current densities, in channel gating
properties and/or membrane capacitance, dramatically affecting
AP shape, frequency and information coding in neurons.
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MOLECULAR AND CELLULAR GAPS IN
UNDERSTANDING ION CHANNEL
CLUSTERING

The family of scaffold proteins is central for targeting and
clustering of ion channels at native membrane sites (Good et al,
2011). Such clustering can be revealed by confocal light microscopy
imaging of heterologous cells transfected to express both the ion
channel and scaffold proteins and is manifested as a speckled co-
localization pattern of fluorescently-tagged versions of both
proteins in the cell membrane (Tejedor et al., 1997). Scaffold
proteins correspond to many different and structurally unrelated
protein subfamilies that seem to share similar functional roles. They
are multi-domain proteins that interact with ion channels and
membrane receptors (as well as with other membrane-embedded
proteins) on the one hand, and with other intracellular signaling
and skeletal proteins on the other. Scaffold proteins thus link
membrane-associated events with downstream signaling
pathways (Good et al., 2011; Zheng et al., 2011; Lee et al., 2014).
Here, we consider several examples of scaffold proteins
encountered along the length of the neuron (Figure 1).
Ankyrin G scaffold proteins interact with NaV channel
isoforms at nodal and AIS sites and further bind to the intra-
cellular BIV-spectrin protein (Zhou et al., 1998; Komada and
Soriano, 2002). This latter protein further interacts with actin, a
major component of the cytoskeletal network. The interaction
between ankyrin G and NaV channels in the rat is mediated by a
nine amino acid motif within the second intracellular loop of the
NaV1.2 channel and leads to NaV channel clustering (Lemaillet
et al.,, 2003). How ankyrin G serves to dock and cluster NaV
channel molecules is not yet known. The clustering of calcium
channels at the pre-synaptic AZ offers another example. Here,
the scaffold protein of focus is the RIM (Rab3-interacting
molecule) protein (Stidhof, 2012). RIM proteins were proposed
to interact via their PDZ protein-protein interaction modules
with a cytoplasmic C-terminal PDZ-binding motif presented by
N and P/Q type voltage-activated Ca®" channels (Kaeser et al.,
2011). Such interaction allows for tethering these channels at the
AZ in high copy numbers. For example, around 100 CaV1.3 and
~10 CaV2.1 channel molecules reside in AZ clusters of
hippocampal Purkinje neurons, with several such clusters
being noted per AZ (Miki et al., 2017). RIM proteins also
interact with several other vesicle-release proteins in the AZ
complex (Krinner et al.,, 2017). The RIM scaffold protein thus
mediates coupling between the CaV channel and vesicle docking
machinery proteins and is essential for synchronous
neurotransmitter release at the AZ. Still, it remains to be
determined whether or not CaV channel-RIM protein-protein
interactions affect Cav gating. The last example concerns the
scaffold protein-mediated clustering of different ion channels
and receptors at the PSD (Gomperts, 1996). Here, the
dominating scaffold protein family is the membrane-associated
guanylate kinase (MAGUK) family, the most intensively studied
of all scaffold proteins. Relying on their multiple domains,
MAGUKSs serve as linker proteins that couple membrane
events with downstream intracellular signaling (Zheng et al,

2011; Chen et al., 2015). Similar to RIMs, MAGUK proteins also
carry PDZ domains capable of binding the C-terminal motifs of
several membrane-embedded ion channels, receptors, and cell
adhesion proteins (Li et al., 2000; Lee and Zheng, 2010). Other
modular domains of MAGUKSs, such as its SH3 and guanylate
kinase-like domains, serve as hubs for signaling control and
interact with other PSD components, such as the adhesion
protein ADAM?22, A-kinase anchor proteins (AKAPs), actin
dynamic modulators (such as SPIN90/WISH) (Lee et al., 20065
Han and Kim, 2008; Verpelli et al., 2012; Frank and Grant, 2017)
and other scaffolding proteins [such as guanylate kinase-
associated protein (GKAP) family members]. PSD-95 and SAP-
97, two members of the MAGUK family of scaffold proteins,
were shown to be responsible for AMPAR, NMDAR and Kir2
channel clustering at the PSD site of glutamatergic synapses
(Cohen et al., 1996; Gomperts, 1996; Chen et al., 2015; Hoffmann
et al,, 2015). PSD-95 and SAP-97 were also shown to interact
with members of the Kvl (Shaker-type) subfamily (Gomperts,
1996; Tiffany et al., 2000). PSD-95 and PSD-93 were also
reported to be essential for the proper clustering of Shaker
channels at the AIS (Ogawa et al., 2008), at membranes of
basket cell terminals (Rasband, 2010) and in smooth muscle
cells (Joseph et al,, 2011) but not in the juxtaparanodes (Rasband
et al., 2002). Although Kv1 channels and PSD-95 co-localize at
the juxtaparanode (Rasband, 2004; Arancibia-Carcamo and
Attwell, 2014), clustering does not seem to depend on PSD-95
and as such, its role in the juxtaparanodal scaffold is still
questioned. A detailed reference list supporting the findings
indicated above is provided in SI Text 1.

The examples above, and others not addressed here
demonstrate that ion channel clustering at distinct neuronal
membrane sites primarily involves the direct binding of the
channel to its cognate scaffold protein partner. In some cases,
the ion channel and the scaffold protein binding partners are
known. However, how this molecular binding event leads to
cellular ion channel clustering involving many molecules is
utterly unknown for almost all ion channel proteins.
Furthermore, we generally do not know if and how ion
channel membrane density is regulated in the spatial and/or
temporal dimensions. These questions reflect what we refer to as
a molecular-cellular gap that hampers our understanding of ion
channel clustering. Indeed, many questions concerning the
scaffold protein-ion channel interacting pair have yet to be
answered. What is the stoichiometry of the interaction? How is
ion channel density regulated in both the spatial and temporal
dimensions? How is cluster area size determined? How do other
proteins serve to regulate the clustering process? How many ion
channel molecules usually reside in such clusters? Are there
direct inter-molecular channel-channel interactions within
clusters? To begin answering these questions, insight into the
molecular mechanism underlying the binding of a channel to its
cognate scaffold protein must be obtained. As will be
demonstrated in the following section using the concrete
example of the Shaker Kv channel-PSD-95 interaction, where
such mechanistic knowledge is available, valuable insight into the
mechanism of ion channel clustering is at hand.
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BRIDGING THE MOLECULAR-CELLULAR
GAP IN UNDERSTANDING KV CHANNEL
CLUSTERING

Members of the Shaker Kv channel family were previously
discovered to cluster upon channel interaction with the PSD-
95 scaffold protein (Kim et al., 1995; Tejedor et al., 1997). This
interaction is mediated by PDZ-binding motifs located at the
extended C-terminal region of the channel that binds to the PSD-
95 PDZ domains. Mutations in the PDZ-binding motif of the
prototypical Drosophila melanogaster Shaker Kv channel were
found to impair both PSD-95 association and clustering.
Eliminating this motif resulted in a diffusive channel
expression pattern in the membrane of heterologous cells
transfected to express the mutant channel and PSD-95 (Kim
et al., 1995; Tejedor et al., 1997; Tiffany et al., 2000). In recent
years, our lab has revealed the molecular mechanism underlying
the Shaker Kv channel-PSD-95 interaction (Magidovich et al.,
2007; Zandany et al., 2015a). This mechanism is referred to as a
‘ball and chain’ binding mechanism and is depicted in Figure 2
(upper panel). According to this mechanism, and in analogy to

Unbound

the fast inactivation gating of NaV and Kv channels (Armstrong
and Bezanilla, 1977; Armstrong, 1981; Hoshi et al., 1990), the
channel’s cytoplasmic C-terminal tail contains an extended
intrinsically disordered amino acid “chain” (Magidovich et al.,
2007), bearing a conserved PDZ-binding motif (the “ball”) at its
tip (Magidovich et al., 2007; Zandany et al., 2015a). The random
walk motion of the “chain” serves to search and recruit the PSD-
95 scaffold protein partner (Figure 2 upper panel), in a manner
analogous to the role of the extended N-terminal Kv channel tail
in regulating fast channel inactivation (Hoshi et al., 1990). In this
inactivation process, the stretch comprising the terminal 20
amino acids of the channel, corresponding to the inactivation
“ball”, is guided by a random walk search of the attached “chain”
for its receptor site in the inner cavity of the open ion conduction
pore domain, thus blocking the flow of K" current through the
channel. In both “ball and chain” mechanisms, either the N- or
C-terminal “chains” belong to the class of entropic chains of
intrinsically-disordered proteins (Dunker et al.,, 2001; Dunker
et al., 2002; Uversky and Dunker, 2010) and function as entropic
clocks (Dunker et al, 2001) to time channel entry into
inactivation or PSD-95 binding, respectively (Hoshi et al,
1990; Zandany et al., 2015a; Zandany et al., 2015b).

Bound

FIGURE 2 | A “ball and chain” mechanism for Kv channel clustering. Schematic representation of the “ball and chain” mechanism for channel binding to PSD-95
(upper panel). In the inter-molecular ‘ball and chain’ binding mechanism, the interaction of the Kv channel with the membrane-associated PSD-95 scaffold protein is
precisely timed, as determined by C-terminal chain length, upon binding of the “chain”-tethered peptide “ball” to the PSD-95 PDZ domain(s). Given the stoichiometry
of the interaction and the ability of PSD-95 to aggregate, channel clustering results (lower panel). The membrane-embedded portion corresponds to the channel
voltage-sensor and pore domains, while the rectangular shape corresponds to the T1 assembly domain. The crescent, box, and rectangular shapes represent the
PDZ, SH3, and guanylate kinase-like domains of the PSD-95 protein, respectively. PSD, post-synaptic density.
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FIGURE 3 | Molecular and cellular correlates in PSD-95-mediated Kv channel clustering. (A) Typical confocal microscopy analysis of Drosophila Schneider S2 cells
co-expressing PSD-95-GFP and either the short or long native (alternatively-spliced) Kv channel “chain” length variants. For each cell, three images are shown, with
the red channel-associated and green PSD-95-associated fluorescence signals presented in the left and middle columns, respectively. The merged image is shown
in the right column. Scale bars correspond to 2 w;m. Numbers next to each channel notation indicate C-terminal amino acid “chain” length (adopted with permission
from Zandany et al., 2015a). (B) Dependence of the mean mega-cluster area size of different Kv channel “chain” length variants on the C-terminal “chain” length. The
solid curve corresponds to linear regression with an A2 value of 0.96. (C) Correlation plot relating the mean cluster area size of the different Kv channel “chain” length
variants, as supported by PSD-95, and the binding affinity of the different variants to PSD-95. The solid curve represents linear regression between the compared
quantities (R = 0.92). It is possible that such a linear correlation breaks down for too short “chains” due to steric considerations stemming from the inability of
multiple Kv channel molecules to bind PSD-95 when the “chain” is too short. Numbers next to each channel notation indicate C-terminal “chain” length in terms of
amino acid numbers. PSD, post-synaptic density.
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Two major criteria support the proposed “ball and chain”
mechanism for channel binding to PSD-95 (Zandany et al.,
2015a; Zandany et al.,, 2015b). First, thermodynamic binding
analyses showed that the association of the Kv channel C-
terminal “chain” peptide with PSD-95 is entropy -controlled in a
manner dictated by “chain” length. Second, the association rate
constant of the two proteins depends on “chain” length according to
a power-law relation, as predicted by polymer chain theory
(Zandany et al., 2015a). Direct support for the analogy between
the fast inactivation and channel binding to PSD-95 “ball and chain
mechanisms” was recently obtained using a “chain”-level chimeric
channel approach, where it was shown that different alternatively
spliced and intrinsically-disordered N- and C-terminal “chain”
variants were able to replace one another in the corresponding
fast inactivation or PSD-95 binding processes (Lewin et al., 2019).
Furthermore, the swapped “chains” affected the relevant fast
inactivation or PSD-95 binding processes in a length-dependent
manner, as predicted by the random flight “chain” theory
underlying the “ball and chain” mechanism (Lewin et al., 2019).
What is the relevance of the molecular “ball and chain”
mechanism to cellular Shaker channel clustering (Figure 2, lower
panel)? Clearly, one important aspect is the stoichiometry of the
interaction involving the three PDZ domains of PSD-95 and the
four “chains” of the tetrameric Kv channel (Gomperts, 1996).
Furthermore, the ability of PSD-95 protein to self-aggregate may
also help rationalize how multiple ion channels and/or PSD-95
molecules realize close proximity (Hsueh et al., 1997; Ghosh et al,
2018). Given the “chain”-length dependence of the Kv channel-
PSD-95 interaction, combined with stoichiometry considerations,
one can ask whether Kv channel “chain” length affects attributes of
channel clustering, such as cell surface expression, cluster area size
or density. These questions are particularly interesting given that
alternative splicing of the Kv channel gene produces Kv channel
variants exhibiting distinct “chain” lengths yet which present
identical terminal “ball” motifs (Kamb et al., 1988; Schwarz et al.,
1988). It has been shown that the level of PSD-95-mediated channel
membrane surface expression is dependent on “chain” length, with
the shorter “chain” length native Shaker channel splice variant
exhibiting higher affinity to PSD-95 and higher levels of expression,
as compared to the longer, lower affinity native channel variant
(Zandany et al., 2015a). The same variants further exhibited
differences in cluster area size, with the short “chain” variant
presenting clusters covering larger areas (Figure 3A) (Zandany
et al., 2015a). Moreover, confocal imaging analyses of embryonic
Drosophila Schneider cells transfected to express PSD-95, together
with a series of Kv channel native and artificial “chain”-length
variants, revealed “chain length”-dependence of Kv channel cluster
areasize (Lewin etal., 2019). Specifically, the shorter the Kv channel
C-terminal “chain”, the larger was the cluster area size observed
(Figure 3B) (Lewin et al., 2019). Furthermore, the cluster area size
of any Kv channel-PSD-95 protein pair was found to linearly
correlate with the observed affinity between the two proteins
(Figure 3C). These results carry important consequences for
understanding the regulation of Kv channel clustering. Fine-
tuning of channel clustering may not only be achieved by
differences in spatial-temporal expression of the PSD-95-related

affinity variants (Mottes and Iverson, 1995; Ingleby et al., 2009) but
also can result from heterologous subunit assembly (Isacoff et al.,
1990; McCormack et al., 1990). Different combinations of long and
short C-terminal “chain” variants may thus lead to the appearance
of channels with a repertoire of affinities towards PSD-95 and hence,
possibly to distinct channel cluster area sizes and densities. Such
regulation is expected to have a profound implication on electrical
signaling. Taken together, the results summarized in Figure 3 reveal
the cellular correlates of the molecular “ball and chain” mechanism
concerning channel clustering. Kv channel “chain” length not only
affects affinity to the PSD-95 scaffold protein but further determines
Kv channel surface expression and cluster area size. Given the
extended intrinsically-disordered nature of this random “chain”,
this emphasizes the entropy-based regulation mode of Kv channel
clustering, which mirrors the thermodynamic entropy signature of
the preceding Kv channel-PSD-95 molecular binding step
(Zandany et al., 2015b).

Nevertheless, several questions related to the regulation of
Shaker Kv channel clustering await answers. What regulation
strategies are employed at the “chain” and “ball” levels to control
channel binding to PSD-95, and as such, Kv channel clustering?
Does Kv channel “chain” length affect ion channel density? Does
the C-terminal “chain” play an active or a passive role in channel
clustering? Does crosstalk exist between the inactivation and
clustering “ball and chain” mechanisms? Is “chain” length a
primary factor that determines the binding specificity of PSD-95
towards its multiple membrane protein partners, or post-
translational modifications are also involved? While these
questions remain to be answered, the “ball and chain”
description of Kv channel binding to scaffold proteins provides
a simple mechanistic framework for studying Kv channel
clustering. It offers a reference framework to analyze, compare,
and interpret data and allows for rationalizing different
regulation strategies for channel clustering.

FUTURE CHALLENGES AND DIRECTIONS

While a known mechanism for the ion channel-scaffold protein
interaction is definitely valuable for answering the questions
posed above, it is not enough. We still need a reliable quantitative
approach to ion channel clustering that can presently only be
achieved via high-resolution imaging of channel clustering. In
the past, ion channel clustering was usually studied using
conventional confocal imaging light microscopy that allows for
resolutions up to 250 nm in the lateral direction. At such low
resolution, quantitative assessment of channel clustering yields
only limited basic information on surface expression and mega-
cluster area size (Zandany et al, 2015a; Lewin et al., 2019). Recent
advances in imaging techniques, in particular, in super-
resolution imaging methodologies, offer improved spatial
resolution reaching 30 nm, a value that may enable the further
studying of clustering at the single-molecule level (Sieben et al.,
2018; Schermelleh et al,, 2019). Such methodologies, particularly
single-molecule localization methods (SML), will further enable
evaluating important quantitative attributes of channel clustering,
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such as ion channel densities within cluster sites, number of clusters
per membrane area and average number of molecules in a cluster, to
mention only a few. It may further enable understanding the various
regulation strategies that may affect ion channel density. The
premise of such an approach was elegantly demonstrated in a
recent paper by Shapiro and colleagues studying ion channel
clustering using stochastic optical reconstruction SML
microscopy (STORM) (Zhang et al., 2016). In this study, the
authors demonstrated scaffold protein (the AKAP protein)-
mediated cluster formation involving direct association of
different ion channel types. The analysis reported the distribution
of clusters according to area size and the relative proximity of the
clusters. Their results provided unexpected and novel insight into
the role of coupling among different channel types for electrical
signaling. As in all reported cases of ion channel coupling due to
channel clustering, the channel determinants responsible for such
potentially inter-molecular allosteric coupling remain to be
identified (Zhang et al., 2016).

Additional important insight into ion channel clustering can
be obtained by employing crystallographic and X-ray scattering
analyses. Relying on these methods, combined with
thermodynamic analyses, Rodzli and colleagues recently
showed that the isolated C-terminal peptide of the Kir 2.1
channel, when fused to the first two PDZ domains of PSD-95,
forms a cubic-packed, highly organized oligomeric scaffold
(Rodzli et al.,, 2019). These data suggest that ‘chain’ binding to
PSD-95 provides a switch with which to initiate channel
clustering, probably via self-assembly of repeating scaffold
units. It would be interesting to examine how changes in
length and composition of the peptide “chain” would impact
the properties of this compound scaffold.

CONCLUDING REMARKS

In the current review, using the concrete example of PSD-95-
mediated Shaker Kv channel clustering, we emphasized that
insight into cellular ion channel clustering can be obtained
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Membrane transporters allow the selective transport of otherwise poorly permeable
solutes across the cell membrane and thus, play a key role in maintaining cellular
homeostasis in all kingdoms of life. Importantly, these proteins also serve as important
drug targets. Over the last decades, major progress in structural biology methods has
elucidated important structure-function relationships in membrane transporters.
However, structures obtained using methods such as X-ray crystallography and high-
resolution cryogenic electron microscopy merely provide static snapshots of an
intrinsically dynamic, multi-step transport process. Therefore, there is a growing need
for developing new experimental approaches capable of exploiting the data obtained from
the high-resolution snapshots in order to investigate the dynamic features of membrane
proteins. Here, we present the basic principles of hydrogen-deuterium exchange mass-
spectrometry (HDX-MS) and recent advancements in its use to study membrane
transporters. In HDX-MS experiments, minute amounts of a protein sample can be
used to investigate its structural dynamics under native conditions, without the need for
chemical labelling and with practically no limit on the protein size. Thus, HDX-MS is
instrumental for resolving the structure-dynamic landscapes of membrane proteins in their
apo (ligand-free) and ligand-bound forms, shedding light on the molecular mechanism
underlying the transport process and drug binding.

Keywords: mass spectrometry, hydrogen-deuterium exchanger, secondary transport, membrane proteins,
structural dynamics

INTRODUCTION

Membrane proteins participate in fundamental physiological events in every biological system from
bacteria to humans. >50% of marketed drugs target membrane proteins, whereas the
pharmacological targeting of many other membrane proteins is considered potentially beneficial
in numerous biomedical applications (Overington et al., 2006; Yildirim et al., 2007; Arinaminpathy
et al.,, 2009). However, the molecular mechanisms underlying their function and regulation remain
largely unknown due to the lack of structural information. Indeed, while membrane proteins
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account for ~26% of the human proteome, their structures
represent only ~2% of the structures in the Protein Data Bank
(Fagerberg et al., 2010; Pandey et al., 2016). Several obstacles
hamper the structural investigation of membrane proteins,
requiring the development of state-of-the-art technologies for
elucidating their molecular architectures (Pandey et al., 2016;
Masson et al., 2017; Hagn et al., 2018; Ravula and Ramamoorthy,
2019; Redhair et al., 2019). The major obstacles are that their
overexpression and purification and structural studies by most
techniques (e.g., X-ray crystallography) remain limited in many
cases. These obstacle consequently hamper the rational
development of drug candidates targeting disease-related
membrane proteins (Vinothkumar and Henderson, 2010;
Lounnas et al., 2013; Marciano et al., 2014).

Secondary transporters are membrane-bound proteins that
selectively catalyze the movement of poorly permeable solutes
(e.g., ions, neurotransmitters, drugs) across the cell membrane,
supporting diverse cellular functions in health and disease.
Secondary transporters comply with the alternating access
paradigm, according to which the protein ligand-binding
pocket becomes alternatively accessible at opposite sides of the
membrane by adopting the inward-facing (IF) and outward-
facing (OF) states in succession (Jardetzky, 1966; Forrest et al.,
2011). Recent breakthroughs in the structural biology of
membrane proteins provided a wealth of structures of
membrane-bound transporters in different conformational
states (Drew and Boudker, 2016; Bai et al., 2017), providing
insights into their transport and solute recognition mechanisms.
However, they provide static snapshots of an inherently multi-
step process (Seeger, 2018). Thus, there is a growing need for
developing new approaches to investigate membrane proteins
dynamics (Konermann et al., 2011; Smith et al., 2012; Sim et al,,
2017; Mandala et al., 2018; Burke, 2019). These include a
combination of molecular dynamics (MD) simulations (Roux
etal., 2011; Zdravkovic et al., 2012; Zhekova et al., 2016; Zhekova
et al, 2017; Harpole and Delemotte, 2018) with advanced
experimental techniques, including spectroscopic techniques
and single-particle cryogenic electron microscopy (Smith et al.,

2012; Pandey et al., 2016; Castell et al., 2018; Hagn et al., 2018;
Ravula and Ramamoorthy, 2019; Sun and Gennis, 2019).

Hydrogen-deuterium exchange mass-spectrometry (HDX-
MS) gained attention in recent years for studying membrane
proteins dynamics, even though it has been used for decades to
characterize soluble proteins (Konermann et al., 2011; Vadas
et al, 2017). HDX-MS monitors time-dependent exchange of
solvent D,O with proteins backbone amide hydrogens under
native conditions. The deuterium exchange rate depends on the
solvent accessibility, secondary structure, and structural rigidity
(Konermann et al,, 2011). Coupled with proteolytic digestion
and peptide separation, HDX-MS allows the quantification of
exchange rates in short protein segments, up to single-residue
resolution. Two major advantages of HDX-MS are that small
protein amounts (< 0.1 mg) are required for analysis and that
chemical protein labeling is not required, avoiding unwanted
structural perturbations. Here, we summarize recent
advancements and applications in the use of HDX-MS for
studying the structural dynamics of transporters.

HYDROGEN-DEUTERIUM EXCHANGE
MASS-SPECTROMETRY PRINCIPLES

HDX-MS principles are briefly and qualitatively described below,
to allow a discussion of its applications for studying transporters.
For in-depth explanations, several excellent review articles are
available (Konermann et al.,, 2011; Rand et al., 2014; Engen and
Wales, 2015; Masson et al., 2017; Oganesyan et al., 2018; Masson
et al.,, 2019; Redhair et al., 2019).

In HDX experiments, deuterium exchanges with labile protein
hydrogens in a time-dependent manner following protein dilution
in a D,O bufter (Masson et al., 2017) (Figure 1). HDX-MS monitors
mainly the exchange of backbone amide hydrogens since i) at
neutral pH they are exchanged in rates that can be detected using
HDX-MS (seconds to days) and ii) their exchange can be effectively
quenched (Marcsisin and Engen, 2010; Gallagher and Hudgens,
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FIGURE 1 | Schematic overview of hydrogen-deuterium exchange mass-spectrometry (HDX-MS) workflow. Proteins are labeled in D,O buffer for a predefined time,
followed by exchange quenching and proteolysis. The peptides are separated, and their mass is detected using MS. Finally, the amount of incorporated deuterium

within each peptide is calculated for each time point.
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2016). The HDX rate depends on several parameters. Amide
hydrogens can exhibit a “closed state,” stemming from
participation in stable hydrogen bonds in secondary structures or
from solvent inaccessibility, which does not allow their exchange
with solvent deuterium, or an “open state” where proton
abstraction, the rate-limiting step of HDX, can occur (Oganesyan
et al,, 2018). In addition, the reaction has an intrinsic chemical rate
constant, which depends on the pH, temperature, and the residue
environment (Oganesyan et al., 2018).

The transition between the closed and open states occurs by
local unfolding events. Under native conditions, in which proteins
are well folded, the HDX rate mainly depends on the rate of
transition back to the closed state (Weis et al., 2006). If the unfolded
protein region returns to the closed state at a rate much slower than
the chemical exchange rate, EX1 kinetics are observed, resulting in
correlated deuterium uptake in neighboring residues. This results in
two populations: one with low m/z and one with a high m/z,
reflecting peptides from protein molecules that have not and that
have undergone exchange, respectively. With time, the high m/z
population becomes more prominent at the expense of the low m/z
population. EX1 kinetics are considered rare in folded proteins
under native conditions, but can be induced, for example, by the
addition of denaturants (Weis et al., 2006; Oganesyan et al., 2018). If
the protein returns to the closed state at a rate much faster than the
chemical exchange rate, EX2 kinetics are observed. Here, the
exchange depends on the transition of individual residues
between the open and closed state, occurring in an uncorrelated
fashion. Thus, with time, a single population with gradually
increasing m/z values is observed (Weis et al., 2006).

Following deuteration, the reaction is quenched at pre-
defined time points by changing the pH from neutral (7) to
PHimin (2.5-3), resulting in ~10,000-fold reduction in HDX
(Konermann et al., 2011; Masson et al., 2017; Oganesyan et al.,
2018); and by reducing the temperature from 25 to 0°C, leading
to ~14-fold decrease in HDX (Englander, 2006; Oganesyan et al.,
2018). Next, the protein is digested using a protease and the
peptides are separated using analytic reverse-phase
chromatography. Currently, the major technical bottleneck of
HDX-MS experiments lies in obtaining a high sequence
coverage, which is limited by the resistance to digestive
enzymes and by proteolytic conditions. Finally, eluted peptides
are identified using MS and the degree of HDX is calculated
based on the obtained m/z values. The experimental details and
pitfalls of protein digestion, peptide separation, and MS
identification are beyond the scope of this review (Konermann
et al., 2011; Masson et al., 2017; Masson et al., 2019).

HYDROGEN-DEUTERIUM EXCHANGE
MASS-SPECTROMETRY STUDIES OF
MEMBRANE PROTEINS

Despite sharing the alternating access paradigm, ligand-induced
conformational changes differ among transporters due to
differences in ligand-protein interactions. For example,
symporters (co-transporting two or more ligands) can

transition between the IF and OF states without bound ligands,
whereas ligand binding is obligatory for swapping between the IF
and OF states in antiporters (exchanging ligands at opposite
sides of the membrane) (Forrest et al., 2011; Drew and Boudker,
2016; Bai et al., 2017).

In general, detecting local ligand-induced dynamic changes in
proteins is difficult. For example, the crystal structures of
membrane proteins in both the ligand-free and ligand-bound
forms are frequently unavailable, precluding the detection of
ligand-induced conformational changes even for proteins with
known structures. Moreover, high-resolution structural
snapshots of the apo and ligand-bound states may not resolve
significant conformational differences. However, small ligand-
induced conformational changes can be detected using HDX-MS
at specific protein subdomains under native conditions by
measuring the differential deuterium uptake (AHDX) in the
presence and absence of ligands. This ability of HDX-MS
provides unique opportunities for addressing the most
challenging issues in elucidating the mechanisms of ligand-
protein and protein-protein interactions (Rand et al., 2014;
Masson et al., 2019; Redhair et al., 2019), as reviewed here for
a number of recently studied transporter proteins.

Conformational Transitions Underlying
Alternating Access: The Na*/H* Antiporter
Nha proteins regulate cellular pH, [Na*], and volume throughout
the kingdoms of life (Padan and Landau, 2016). The main
structural model used to study Nha orthologs is Escherichia
coli NhaA, for which a crystallographic structure of the inactive
state at acidic pH is available (Hunte et al., 2005). To study the
structural dynamics of NhaA under physiological pH, HDX-MS
was recently used (Eisinger et al., 2017). Crucial to the insights
obtained in this study, HDX-MS provides global dynamic data,
in contrast to methods based on site-specific labeling, which only
detect movements of pre-defined protein regions.

In this study, an exceptionally high sequence coverage of
88.5% was obtained for NhaA in detergent, providing insights
into the mechanism underlying alternating access upon ligand
binding. By comparing the HDX patterns between apo- and
substrate-bound Nha, a recurring pattern of HDX change was
observed in several helices, where increased deuterium uptake in
one terminus was accompanied by decreased deuterium uptake
at the other terminus. The uptake at the middle of the helices was
largely unchanged.

Based on the observed pattern of HDX change, although not
directly providing spatial information, it was suggested that
translation of the transmembrane helices relative to the
membrane occurs, as reflected in the reciprocal HDX changes
observed for the two termini within specific transmembrane
helices. This model is consistent with the “elevator-like”
mechanism of alternating access, implying a vertical translation
of transmembrane helices during the transport cycle (Ryan and
Vandenberg, 2016). In summary, HDX-MS provided novel
insights into the structural transitions involved in alternating
access, unattainable by the previously resolved structures of the
inactive NhaA.
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Effect of Protein-Lipid Interactions on
Transporters' Conformation Landscapes
Most secondary transporters belong to the major facilitator
superfamily (MFS), sharing a conserved architecture despite
their diverse functions (Radestock and Forrest, 2011). Although
the crystal structures of MFS members are available, they provided
little information on protein-lipid interactions and their effect on
the equilibrium between the OF and IF states. Thus, Martens et al.
combined MD simulations with HDX-MS to study the effects of
the lipid environment on three well-characterized transporters:
lactose permease, xylose transporter, and glycerol-3-phosphate
antiporter (Martens et al., 2018).

First, a mutation known to shift the equilibrium toward the OF-
state was introduced at the extracellular vestibule of all transporters
(Kumar et al., 2014). Comparing the WT and mutated transporters
using HDX-MS revealed that the method detects the
conformational change, with regions on the extracellular vestibule
taking up more deuterium in the mutants vs. the WT, whereas the
opposite occurs for residues at the intracellular vestibule. Next, the
transporters were reconstituted into nanodisks composed of
phosphatidylglycerol, tetraoleyl cardiolipin, and either
phosphatidylcholine or phosphatidylethanolamine. Interestingly,
the presence of phosphatidylethanolamine shifted the equilibrium
toward the IF state. Subsequently, MD simulations of the
transporters in lipid bilayers identical to the nanodisks'
composition predicted direct interactions between the charged
phosphatidylethanolamine headgroup and a conserved
cytoplasmic network of charged residues, stabilizing the OF state
(Doki et al,, 2013). Mutating the charged residues abolished the
effect of phosphatidylethanolamine, strongly suggesting that specific
phosphatidylethanolamine-protein interactions control the
intrinsic equilibrium of the transporters. This study is a stark
example of combining experimental and computational methods
in order to identify subtle but functionally significant protein-
lipid interactions.

Helix Unwinding During Transport: Studies
of LeuT

LeuT is a prokaryotic homolog of the neurotransmitter/Na*
symporters (NSS) family, which includes important drug
targets such as the serotonin, dopamine, and norepinephrine
transporters (Kristensen et al., 2011). LeuT was extensively
studied, and its crystallographic structures along the transport
cycle are available (Focke et al., 2013). These structures suggested
that large-scale structural rearrangements are required during
alternating access (Krishnamurthy and Gouaux, 2012). However,
the conformational landscape allowing the transition between
the IF and OF states remains elusive and controversial.

To study the transition between different states, detergent-
solubilized LeuT was investigated under conditions that favor the
IF or OF states (Merkle et al., 2018). Surprisingly, many peptides,
mainly at the intracellular side of the transporter, exhibited EX1
kinetics. This is rather unusual in folded proteins under native
conditions and considered to reflect a long-lived unfolding of
secondary structure elements. Based on the spatial distribution of
peptides exhibiting EX1 kinetics, along with the available

crystallographic structures, it was proposed that specific helices
undergo partial unwinding during alternating access and that
these conformational changes also contribute to substrate
release. This study highlights the functional importance of slow
(seconds time scale) conformational changes that can be well
resolved using HDX-MS, in contrast to other experimental or
computational (e.g., MD) methods.

Hydrogen-Deuterium Exchange Mass-
Spectrometry of Membrane Proteins in
Lipid Nanodisks

The interactions of membrane proteins with surrounding lipids
can dramatically modulate their function (Vadas et al., 2017).
Indeed, the activity of eukaryotic NSS members significantly
depends on specific lipid-protein interactions that modulate the
protein dynamics and consequently, substrate interactions
(Divito and Amara, 2009). Therefore, Adhikary et al. studied
LeuT reconstituted into phospholipid bilayer nanodisks
(Adhikary et al., 2017). Using this approach, LeuT was
investigated under conditions that favor the IF and OF
conformations. Comparison of the HDX patterns between
these states revealed specific alterations in regions previously
implicated in the transport cycle, reflecting functionally
significant structural changes. Interestingly, the HDX-MS data,
consistent with previous biophysical and computational studies,
supported a smaller tilt angle for the first transmembrane helix in
the IF conformation compared to that observed in the crystal
structures. This difference was attributed to the lipid
environment, since the crystal structure was obtained in
detergent with minute amount of lipid. To summarize, HDX-
MS provides a flexible platform to study membrane proteins in
different hydrophobic environments and under conditions that
favor specific conformational states, without the need for site-
specific labeling.

lon Interactions With Multiple Sites: The
Na*/Ca%* Exchanger

NCX participates in cellular Ca** homeostasis by extruding Ca**
from the cells against its electrochemical gradient (Blaustein and
Lederer, 1999). NCX exchanges 3Na":1Ca>*, where Na* and Ca®"
are transported in separate steps (Khananshvili, 1990). Surprisingly,
the crystal structure of NCX from Methanocaldococcus jannaschii
(NCX_M;j) revealed four ion binding sites, simultaneously occupied
by three Na" ions at sites termed Sy, Spig Sex> and one Ca* ion at
a site termed Sc, (Liao et al., 2012). Since this binding mode was
inconsistent with previous studies, MD simulations and ion flux
analyses of mutants were performed, suggesting that Na™ ions
occupy Sinp Scar and Sey,, whereas Ca** occupies Sc, (Marinelli et al.,
2014; Giladi et al., 2016b; Giladi et al., 2017; van Dijk et al., 2018).
Thus, the Na* and Ca®" ions are bound in a mutually exclusive
manner along the transport cycle.

To experimentally establish the assignment of ion binding
sites, we compared the apo-state with the ion-bound states of
NCX_Mj using HDX-MS (Giladi et al., 2016a; Giladi et al., 2017).
Despite low sequence coverage, our analysis included 10 out of
12 ion-coordinating residues. We detected a Na'-dependent
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decrease in deuterium uptake at Sj,, Sca, and Sy, but not Sy,
whereas in the presence of Ca* the decrease in deuterium uptake
was mainly observed at Sc,. This is consistent with the
predictions made by the MD simulations and mutational
analyses foreseeing the occupation of S,,;q4 by a water molecule
but not by Na* or Ca®" in the ground state (Marinelli et al., 2014;
Giladi et al., 2016a; Giladi et al.,, 2017; van Dijk et al., 2018).
Notably, subsequent crystallographic studies have validated our
binding sites' assignment (Liao et al.,, 2016). Thus, HDX-MS
corroborated the ion binding mode suggested by the
computational and functional studies.

lon Selectivity of a Li*-Transporting NCX
Mutant

The mitochondrial Na*/Ca** exchanger (NCLX) exhibits
exceptional ion selectivity, exchanging Ca®" with either Na* or
Li", whereas NCXs do not transport Li" (Palty et al., 2010).
Although the physiological relevance of this ion selectivity
remains puzzling, it is notable that 9 (out of 12) ion-
coordinating residues in NCLX differ from those in NCXs and
other members of the Ca**/cation antiporter superfamily. To
understand how these differences affect the ion binding
recognition and transport, we performed structure-based
replacement of jon-coordinating residues in NCX_Mj to
imitate the NCLX binding sites (Refaeli et al., 2016). Strikingly,
the newly designed construct (termed NCLX_M;j) mediates Na*/
Ca®* and Li*/Ca®* with comparable K,, values (Refaeli
et al., 2016).

Next, we sought to determine whether the ion binding sites in
NCLX_M;j are reminiscent of those of NCX_Mj (Giladi et al,
2019). HDX-MS analyses of ion-induced conformational
changes revealed that S, binds Na™, Li*, or Ca®", whereas one
or more additional Na*/Li" sites of NCLX_Mj are incompatible
with the original Na" sites (S, and S;,,) assigned to NCX_M,;j.
These results suggested that NCLX_Mj may transport ions with
an electroneutral stoichiometry of 2Na*:1Ca** or 2Li*:1Ca*".
Consistent with the HDX-MS data, voltage clamping accelerates
the Na*/Ca®" exchange rates in NCX_Mj-reconstituted
proteoliposomes (due to a stoichiometry of 3Na*:1Ca*"),
whereas it has no appreciable effect on the Na*/Ca®" or Li*/
Ca”" exchange rates in NCLX_Mj (Giladi et al., 2019).

Our studies have demonstrated the utility of HDX-MS in
identifying and validating binding sites in ion transporters,
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Impaired homeostasis of the carboxylic acids oxalate and citrate, dramatically increases
the risk for the formation of Ca®*-oxalate kidney stones, which is the most common form
of kidney stones in humans. Renal homeostasis of oxalate and citrate is controlled by
complex mechanisms including epithelial transport proteins such as the oxalate
transporter, SLC26A6, and the citrate transporters, the SLC13’s. These transporters
interact via the SLC26A6-STAS domain in vitro, however, the role of the Sulfate
Transporter and Anti-Sigma factor antagonist (STAS) domain in Ca®*-oxalate stone
formation was not investigated in humans. Here, we report two novel human SLC26A6
polymorphisms identified in the STAS domain of SLC26A6 in two heterozygous carriers.
Intriguingly, these individuals have low urinary citrate, but different clinical manifestations.
Our in vitro experiments indicate that the homolog mutations of SLC26A6(D23H/D673N)
and SLC26A6(D673N) alone abolished the expression and function of SLC26A6, and
impaired the regulation of SLC13-mediated citrate transport by SLC26A6. On the other
hand, the SLC26A6(R621G) variant showed reduced SLC26A6 protein expression and
membrane trafficking, retained full transport activity, but impaired the regulation of the
citrate transporter. Accordingly, the human SLC26A6(D23H/D673N) carrier showed a
dramatic reduction in urinary citrate concentrations which resulted in Ca®*-oxalate stones
formation, as opposed to the carrier of SLC26A6(R621G). Our findings indicate that the
human SLC26A6-STAS domain mutations differentially impair SLC26A6 expression,
function, and regulation of citrate transporters. This interferes with citrate and oxalate
homeostasis thus potentially predisposes to Ca®*-oxalate kidney stones.
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INTRODUCTION

The majority of kidney stone formers develop Ca**-oxalate
stones, which is a significant health problem that may lead to
loss of renal function (Moe, 2006; Evan et al., 2010) and is
associated with other morbidities such as hypertension and
increased risk of fractures (Borghi et al, 1999; Obligado and
Goldfarb, 2008). In fact, more than 85% of kidney stone formers
has Ca*"-oxalate as part of the stone composition (Evan et al.,
2003; Moe, 2006). Ca**-oxalate kidney stones are caused by
elevated urinary Ca®* and oxalate, termed hypercalciuria and
hyperoxaluria, respectively (Moe, 2006). In addition, low urine
concentrations of the Ca**-chelator, citrate, can also contribute
to calcium lithogenesis, when coupled to hyperoxaluria, even in
the absence of hypercalciuria (Moe, 2006). Sufficient urinary
citrate concentrations are crucial to protect against stone
formation. We have previously reported that the SLC26A6/
NaDC-1 complex of transporters protects against stone
formation in a dual fashion (Moe, 2006; Ohana et al., 2013).
On one hand, SLC26A6 exclusively mediates oxalate clearance in
the intestine and, as a result, Slc26a6 deletion in mice causes Ca’
"-oxalate stone formation driven by hyperoxalemia and
increased filtered load (Jiang et al., 2006; Knauf et al., 2011).
On the other hand, SLC26A6 interacts with the proximal tubule
citrate transporter, SLC13A2 or NaDC-1 (sodium dicarboxylate
cotransporter-1), to inhibit citrate uptake from the urine. This
mechanism controls citrate re-absorption, thus regulating
urinary citrate excretion rate and concentrations (Ohana et al.,
2013). More specifically, the intracellular STAS domain of
SLC26A6 interacts with a specific structural determinant on
NaDC-1, namely, the f domain, which is common to all
members of the SLCI13 transporter family (Khamaysi et al,
2019). Similarly, the STAS domain is located in the
intracellular C-terminal of all members of the SLC26 family of
transporters (Sharma et al., 2011). Importantly, mutations in or
deletion of the entire STAS segment impair SLC26 proteins
trafficking to the plasma membrane and their interaction with
partner proteins. This underscores the quintessential role that
STAS plays in controlling SLC26 function and expression (Ko
et al., 2004; Dorwart et al., 2008; Ohana et al., 2013; Geertsma
et al, 2015). Remarkably, numerous human mutations were
identified in the STAS domain of different SLC26 transporters
causing many diseases including, diastrophic dysplasia

(SLC26A2) (Cai et al,, 2015), congenital chloride diarrhea
(SLC26A3) (Dorwart et al., 2008), Pendred syndrome
(SLC26A4) (Everett et al., 1997), and infertility (SLC26A8/A3)
(Dirami et al., 2013; Rapp et al., 2017; Wedenoja et al., 2017).
Notably, the Slc26a6/Nadc-1 complex was shown to control
blood pressure by regulating succinate reabsorption at the
proximal tubule, which, in turn, regulates the renin-
angiotensin system (Khamaysi et al., 2019). This was suggested
as one molecular mechanism that underlies the association
between hypertension and kidney stone formation (Borghi
et al, 1999; Cappuccio et al., 1999; Obligado and Goldfarb,
2008). Several SLC26A6 polymorphisms were identified in Ca®
"-oxalate stone formers, however, the vast majority of the
polymorphisms are located in the catalytic transmembrane
domain (Corbetta et al., 2009; Lu et al., 2016). For example,
the SLC26A6(V206M) polymorphism, which we also found in
our cohort, was shown to be associated with kidney stones
development and primary hyperparathyroidism patients
(Monico et al., 2008; Corbetta et al., 2009). Here, we report
two novel polymorphisms in the STAS domain of SLC26A6
found in two individuals. One compound polymorphism
(D23H/D673N) was identified in a Ca®"-oxalate stone former.
The other polymorphism, R621G, was identified in an individual
that did not have clinically detectable stones to date.
Identification of the mechanism that leads to these different
clinical outcomes will help delineate the role that the regulatory
SLC26A6-STAS domain plays in controlling citrate/oxalate
homeostasis and modifies Ca*"-oxalate lithogenic propensity.
Therefore, we pose the question: What is the mechanism by
which SLC26A6-STAS domain polymorphisms impair citrate
homeostasis that may lead to Ca**-oxalate stone formation?

MATERIALS AND METHODS

Clinical Studies

Stone-formers were recruited from the Mineral Metabolism
Clinic at the Pak Center of Mineral Metabolism and Clinical
Research at the University of Texas Southwestern Medical
Center. Healthy non-stone formers were recruited from the
staff and students on campus with a protocol approved by the
University of Texas Southwestern Institutional Review Board
and informed consent was obtained from each of the

TABLE 1 | Demographics of human study subjects. Caucasian stone-formers and healthy non-stone formers were recruited as described in the Materials and Methods
section. Outpatient 24 h urines were collected on random ad lib outpatient diets and urinary stone risk profile was assayed by the Clinical Laboratory Improvement
Amendments (CLIA)-certified laboratory and genotyping was performed by the Sequencing Core at the Pak Center of Mineral Metabolism and Clinical Research (Reed

et al., 2002).

Non-stone formers

Stone formers

WT R621G-Het V206M-Het WT D23H-Het V206M-Het
D673N-Het

Ethnicity (NH/H)* 20/1 1/0 2/0 18/0 1/0 8/1
Gender (M/F) 714 1/0 11 13/5 on 7/2
Age, years 45 £ 11 33 507 44 + 14 43 43 + 14
(Min—max) (20-57) (45-55) (8-61) (18-61)
*All subjects are Caucasian.
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participating subjects. Subject characteristics are shown in Table
1. Calcium stone formers all had stone analysis showing 70-
100% calcium oxalate in the stone samples. Outpatient 24 h
urines were collected on random ad lib outpatient diets and
urinary stone risk profile was assayed by the Clinical Laboratory
Improvement Amendments (CLIA)-certified laboratory and
genotyping was performed by the Sequencing Core at the Pak
Center of Mineral Metabolism and Clinical Research (Reed et al.,
2002). The clinical chemistry methods are standard, in
particular, citrate was measured enzymatically by citrate lyase
(Cobas Fara, Roche, NJ), creatinine by picric acid method
(Olympus AU400), and oxalate by ion chromatography
(Dionex, Sunnyvale, CA).

Plasmid Constructs

The plasmids used were the human SLC26A6 clone
(NM_022911) in the pCMV6-AC vector or pPCMV6-AC-mkate
vector and the human NaDCI clone (BC096277) in the pPCMV6-
AC-Myc-His vector. Site-directed mutants were generated with
the QuikChange Lightning Mutagenesis Kit (Agilent, Santa
Clara, CA) and the appropriate primers. The products were
verified by Sanger sequencing (Hylabs).

Intracellular pH Measurements and
Fluorescent Images Acquisition

Intracellular pH was measured using a single cell real-time
imaging system equipped with anEclipse Ti inverted
microscope (Nikon, Japan), PE-4000 LED monochromator
(CoolLEd, UK), andHamamatsu Flash 4.0LT camera
(Hamamatsu photonics, Japan). This system was also utilized
foracquisition of the mKate images in Figure 4C. HEK293 cells,
transiently expressing either SLC26A6(WT), or SLC26A6
(R621G), SLC26A6(D674N), SLC26A6(D23H/D674N) and an
empty vector as a control, were seeded on coverslips (D674 is the
homolog of D673 in SLC26A6 isoform No. 1; NCBI accession
No. NP_075062.2). Cells were stained on stage using 2 uM
BCECF-AM (Biotium Inc, CA) and signal was measured
ratiometrically, using excitation wavelength of 490 nm versus
435 nm and detected at 530 nm. Cells were incubated with
BCECEF at room temperature for 5 min and washed with regular
solution [prepared with 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 10 mM glucose, 140
mM NaCl, 5 mM KCl, 1 mM MgCl,, 1 mM CaCl,, and pH
was adjusted to 7.4)] for at least 10 min until stabilization of the
fluorescent signal. Subsequently, the cells were perfused with
regular solution until establishment of a base line. Next, regular
solution was replaced with a HCO;~ buffered solution (regular
solution was adjusted to 120 mM NaCl, 25 mM NaHCO;", and
2.5 mM HEPES) or, with a CI™ free solution (HCO;™ buffered
solution was papered with gluconate to replace CI7). All HCO;~
buffered solutions were gassed with 5% CO, and 95% O,.

Immunoblot and Co-Immunoprecipitation

HEK293T cells were transfected with the indicated plasmids and
after 2 days, lysates were prepared [lysis buffer contained
phosphate-buffered saline (PBS), 10 mM Na*-pyrophosphate,
50 mM NaF, and pH was adjusted to 7.4. 1 mM Na"-

orthovanadate, 1% Triton X-100, and a cocktail of protease
inhibitors (Roche) were freshly added before each use]. The
cells were placed on ice and scraped after addition of lysis buffer.
Protein extracts were incubated with Protein G Sepharose beads
(Sigma-Aldrich, St. Louis, MO) and anti-His antibody (1:100)
(Thermo Fisher Scientific, Waltham, MA) overnight at 4°C. The
beads-protein complexes were incubated for 4 h at 4°C,
centrifuged, and washed with lysis buffer four times. Samples
were prepared for running on sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) by heating
(37°C for 30 min) in SDS sample buffer. Subsequently, the
samples were transferred to nitrocellulose membranes and
incubated overnight at 4°C with anti-SLC26A6 (1:500) (ab
172684, Abcam) and the next day exposed to the appropriate
secondary antibody. Signal was developed using enhanced-
chemiluminescence (ECL) substrate (CYANAGEN).

Cell Surface Expression

Surface expression was analyzed using biotinylation assay. HEKT
cells transfected with the appropriate plasmids were incubated
with 0.5 mg/ml EZ-LINK Sulfo-NHS-LC-Biotin (Thermo Fisher
Scientific, Waltham, MA) for 30 min on ice. The biotin was
quenched using 50 mM glycine and lysates were prepared as
previously described. Total protein concentration was assessed
by BCA method. The lysates were incubated with Neutravidin
agarose resin (Thermo Fisher Scientific, Waltham, MA) for 2 h at
4°C and washed three times using lysis buffer. Protein were
isolated by adding 50 pl sample buffer and western blot analysis
was performed as previously described. The blots were analyzed
after incubation of the membranes overnight either with anti-
SLC26A6, anti-tRFP (Evrogen) antibodies, or anti-B-actin
(Sigma-Aldrich, St. Louis, MO) antibody for 1 h at
room temperature.

Succinate Uptake Measurements

Succinate is an established substrate for transport by NaDC-1
and is an accepted surrogate for citrate. HEK293T cells were
transfected with the indicated plasmids and washed with PBS
(biological industries). Subsequently, an incubation solution
containing 5 mM KCl, 10 mM HEPES, 10 mM glucose, and
140 mM NaCl (pH adjusted to 7.4) was supplemented with 1
mM Na* succinate and 1 mCi C succinic acid (ViTrax, Inc.,
Fullerton, CA) per 1.6 mM cold succinate and added to the cells.
The cells were then washed twice with incubation solution and
0.5 ml NaOH (1M) was immediately added to lyse the cells. The
lysates were then transferred to scintillation vials containing
0.250 ml of HCI (2M). Finally, radioactivity was determined by
liquid scintillation counting using a Packard 1900CA TRI-
CARB analyzer.

3D Protein Model Prediction

The putative structure of SLC26A6 (NCBI accession No.
NP_075062.2) was predicted using HHPred software (Soding
et al.,, 2005) with high homology to the cryo-EM structure of
SLC26A9 (PDB_ID: 6RTC) (Walter et al., 2019). Prediction
parameters: probability=100, E-value = 2.2e—85, score=774.77,
identities=39%, similarity=0.742, SS = 54.8, Cols = 632, length =
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643. The final model was generated and visualized using PyMOI
software (Schrédinger, Germany) (Pettersen et al., 2004).

RESULTS

Two Human SLC26A6-STAS Domain
Polymorphisms Have Different Clinical
Manifestations

We genotyped a cohort of 27 Ca®*-oxalate kidney stone formers
and 23 healthy non-stone formers, and identified two SLC26A6
polymorphisms located in the region that encodes for the
intracellular STAS domain (Supplementary Figure 1).
Interestingly, one compound polymorphism, SLC26A6(D23H/
D673N), was found in a kidney stone former, while the other,
SLC26A6(R621G), was found in a non-stone former. We
compared the urinary oxalate and citrate concentrations of
these individuals to either SLC26A6(WT) or SLC26A6
(V206M) polymorphism carriers, which were either healthy
(non-stone formers) or stone-formers, as indicated.
Interestingly, stone formers who carry the catalytic
transmembrane domain polymorphism, SLC26A6(V206M),
showed a trend of higher urinary oxalate levels compared to
non-stone formers, which was not statistically significant due to
the low number of SLC26A6(V206M) carriers in our cohort
(Figure 1A). However, the SLC26A6(V206M) carriers citrate
concentrations were not different (Figure 1B). Moreover, the
SLC26A6(V206M) urinary oxalate and citrate values were
similar to WT in both healthy and stone forming patients
(Figures 1A, B). Unexpectedly, the (R621G) carrier did not
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FIGURE 1 | Two individuals carrying heterozygous SLC26A6-STAS domain
polymorphisms show hypocitraturia. We monitored urinary oxalate (A) and
citrate (B) concentrations in hyperoxaluric stone formers (SF) and non-stone
formers (NSF) that carry the V206M, D23H/D673N, R621G polymorphisms,
or WT. P values by ANOVA are indicated. It is noteworthy that both
hyperoxaluria and hypocitraturia are risk factors in the general Ca’*-oxalate
SF population but cohort who underwent genotyping was biased for
hyperoxaluric patient and hence hypocitraturia was “selected out”.

develop kidney stones to our knowledge, in spite of high urinary
oxalate and relatively low citrate compared to both WT and
V206M individuals. This subject left our institution soon after
the original assessment and it is plausible that kidney stones
formed later and did not enter our record. However, the
individual with (D23H/D673N) polymorphism had normal
urinary oxalate levels, but dramatically low urinary citrate
compared to all other groups. Remarkably, only three other
stone formers in our cohort reached citrate values as low or lower
than the D23H/D673N polymorphism carrier. These findings
suggest that, in humans, point mutations and polymorphisms in
the SLC26A6-STAS domain can interfere with citrate/oxalate
homeostasis, but may be not be sufficient to lead to frank
disturbances in urinary chemistry or Ca**-oxalate stone
formation. Nevertheless, the level of urinary citrate
concentrations obtained as an outpatient on a random diet is
unlikely sufficient for determining the risk of stone formation.

The Transport Function of SLC26A6(D673N)
Homolog Mutant Is Abolished While the
Activity of SLC26A6(R621G) Is Retained

As previously reported, SLC26A6 controls oxalate clearance in
the intestine and also regulates citrate reabsorption in the kidney
proximal tubule (Jiang et al., 2006; Ohana et al., 2013). Either of
these functions or both are crucial to control oxalate/citrate
homeostasis and modify stone risk. To test whether the STAS
domain polymorphisms SLC26A6(R621G) and SLC26A6
(D23H/D673N) affect the function of SLC26A6, we generated
an SLC26A6(R621G) as well as SLC26A6(D23H/D674N) and
SLC26A6(D674N) point mutations. Notably, D674 is the
homolog of D673 in SLC26A6 isoform No. 1 (NCBI accession
No. NP_075062.2). Therefore, the only mutation used for the in
vitro studies is D674N or the double mutant D23H/D674N,
which are equivalent to D673N and D23H/D673 in the isoform
we used. Next, we monitored SLC26A6-mediated ClI"/HCO;~
exchange activity in HEK293 cells expressing either SLC26A6
(WT) or mutants. As shown in Figure 2A, while the transport
function of the SLC26A6(D23H/D674N) double mutant (and
SLC26A6(D674N)) is completely abolished, the function of
SLC26A6(R621G) is fully retained indicating the completely
different biologic consequences of these base changes. Notably,
these findings suggest that SLC26A6 function is in correlation
with the clinical manifestation described in Figure 1; showing
that the individual with SLC26A6(D23H/D673N)
polymorphism forms kidney stones, while the individual with
SLC26A6(R621G) does not.

The Sulfate Transporter and Anti-Sigma
Factor Antagonist Domain Polymorphisms
Hamper SLC26A6 Mediated Inhibition of
the Citrate Transporter, NaDC-1

The essential function of the SLC26 transporters STAS domain
in the interaction and regulation of partner proteins, including
NaDC-1, suggests that mutations in this protein region may
affect SLC26A6 interaction with and regulation of NaDC-1. To
address this, we monitored NaDC-1 function by measuring
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succinate uptake into HEK293 cells expressing NaDC-1 alone or
in the presence of either SLC26A6(WT) or mutants. Our results
indicate that SLC26A6 significantly inhibits NaDC-1, yet, both
STAS mutations dramatically impair the ability of SLC26A6 to
inhibit NaDC-1 (Figure 2B). This suggests that the SLC26A6-
STAS mutations affect either the interaction with NaDC-1, the
regulation of NaDC-1 by SLC26A6, or both.

The STAS Domain Polymorphisms Impair
SLC26A6 Expression

To explain the different functional effects of the human
polymorphisms, we transfected HEK293 cells with either
SLC26A6(WT), SLC26A6(D674N), or SLC26A6(R621G) and
monitored the expression by immunoblot. As presented in
Figure 3A, we found that the total cellular expression of
SLC26A6(R621G) was higher than SLC26A6(D674N), but both
were significantly lower than WT. This indicates that both
mutations down-regulate the total expression of SLC26A6
protein. Next, we aimed to test whether the reduced expression
also affects the trafficking of the mutants to the plasma

HCO," (25 mM)

membrane. To this end, we monitored the cell surface
expression of either WT or mutant SLC26A6 proteins using a
surface biotinylation assay after adjusting the input protein
levels. We found that the membrane expression of D674N is
dramatically low compared to R621G and WT (Figure 3B). This
explains both the nearly abolished function of this mutant and
corresponds to the failure to inhibit NaDC-1 transport by the
D674N mutant. Nonetheless, the membrane expression of
R621G is also significantly lower than WT (Figure 3B), but
apparently this level of R621G expression is sufficient to retain
full SLC26A6 function.

The Interaction of Both D674N and R621G
With NaDC-1 Is Similar to SLC26A6(WT)

As shown in Figure 1, the carriers of both mutants exhibit low
urinary citrate concentrations. Therefore, we hypothesized that
the mutations may interfere with SLC26A6-NaDC-1 interaction,
which is mediated by the STAS domain. To this end, we tested
the level of interaction between NaDC-1 and SLC26A6 mutants
compared to WT utilizing co-immunoprecipitation (Co-IP),

CI" (140 mM)

0.5F

500 sec

Succinate uptake
{nmol/cellsimin)

CIF (0 mM)

— Vector
— SLC26A6(WT)

— SLC26AB(R621G)
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FIGURE 2 | Functional and regulatory properties of SLC26A6 are compromised by the sulfate transporter and anti-sigma factor antagonist (STAS) domain
polymorphisms (D23H/D673N) and (R621G). (A) Representative traces and summary of the human SLC26A6 CI"/HCO3~ exchange activity monitored in cells
transfected with either an empty vector (control), SLC26A6(WT), SLC26A6(D674N), SLC26(D23H/D674N), or SLC26A6 (R621G), as indicated. Transport activity was
monitored as the fluorescence change from the new baseline (dashed line) to peak after prefusion with 0 CI™. (B) NaDC-1-mediated succinate uptake was monitored
using a radiolabeled "“C-succinate flux assay in cells expressing NaDC-1 in the presence or absence of WT or mutant SLC26A6, as indicated. The background
signal monitored in control cells (transfected with and empty vector) was subtracted. *P < 0.05, **P < 0.01, ***P < 0.001, NS = P > 0.05.

Frontiers in Pharmacology | www.frontiersin.org

81

April 2020 | Volume 11 | Article 405


https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Shimshilashvili et al.

SLC26-SL.C13 Complex Controls Urinary Citrate

Ld

hAG/3-actin
(arbitrary units)
H

5 5 5

Vector hAE hA6  hAG
(WT) (R621G) (D674N)

O
S
Ny q}‘$3n

—T5

ColPfinput
(arbitrary units)
= = MR
o ql o @

e
L

IP: anti His

Blot: anti hA6

1.*P <0.05, *P < 0.01, **P < 0.001, NS = P > 0.05.

following adjustment of SLC26A6 expression levels. As shown in
Figures 3C, D, the interaction level of both D674N and R621G
with NaDC-1 is similar to the interaction between NaDC-1 and
SLC26A6(WT). This may suggest that the mutations do not
interfere with NaDC-1 interaction, or that the STAS domain
region that encompasses R621 and D674 does not mediate
SLC26A6-NaDC-1 binding.
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FIGURE 3 | The sulfate transporter and anti-sigma factor antagonist (STAS) domain mutations impair protein expression, trafficking to the plasma membrane but
not the interaction with NaDC-1. (A) The expression of human SLC26A6 (hAB) monitored in lysates of HEK293T cells transfected with an empty vector SLC26A6
(WT), SLC26A6(D674N), or SLC26A6 (R621G) compared to B-actin expression. (B) The membrane expression of the indicated proteins was monitored using a
biotinylation assay after adjustment of the total protein levels as shown in the input blot. The interaction between NaDC-1, SLC26A6, and mutants was monitored
using a co-immunoprecipitation (Co-IP) assay. The western blot analyses in (C, D) indicate that the SLC26A6-STAS domain mutations retain interaction with NaDC-

Together, our results, thus far, indicate that D674N (which
corresponds to the human polymorphism D673N) dramatically
impairs the expression of SLC26A6, and abolishes the trafficking
of SLC26A6 to the plasma membrane and, consequently,
hampers SLC26A6 transport function. On the other hand, the
R621G mutant lowers SLC26A6 total expression and trafficking,
however, the residual expression is sufficient to retain full
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transport activity. Notably, the low surface expression of both
mutants relative to WT is insufficient to inhibit NaDC-1, since
NaDC-1 inhibition is eliminated by D674N and R621G
(Figure 2B).

Potential Rescue of SLC26A6(D674N)
Membrane Expression

The trafficking of transport proteins to the membrane may be
rescued by partner proteins that form complexes in the
membrane, as demonstrated for CFTR (Bosch and De Boeck,
2016). Therefore, we monitored the membrane expression of
SLC26A6(D674N) in the presence of NaDC-1. The results in
Figure 4A suggest that the surface expression of the D674N
mutant is not improved and even hampered by NaDC-1
expression. However, monitoring the membrane expression
of the same mutant with a fluorescent protein tag at the C-
terminus increased the protein membrane expression (Figures
4B, C). This suggests that adding a soluble peptide to the STAS
domain slightly compensates for the trafficking impairment
caused by the STAS(D674N) mutant. Therefore, the SLC26A6-
STAS domain is a potential therapeutic target for diseases
caused by impaired trafficking of SLC26 transporters.

DISCUSSION

Many factors increase the risk for kidney stone formation,
including, abnormal urine pH, high urine calcium, high urine
oxalate, and low concentrations of the major urine Ca** buffer,
citrate. Elevated urine oxalate coupled with low urinary citrate is
a dire combination and imposes a major risk for Ca**-oxalate
kidney stones formation, even in the absence hypercalciuria
(Moe, 2006; Moe and Preisig, 2006). Interestingly, the
homeostasis of oxalate and citrate is controlled by the
SLC26A6/NaDC-1 complex of transport proteins (Ohana et al.,
2013). SLC26a6 and NaDC-1 reciprocally regulate their function
—SLC26A6 strongly inhibits NaDC-1, while NaDC-1 slightly
activates SLC26A6 (Ohana et al,, 2013). These are teleogically
logical interactions that control the luminal concentrations of
citrate (anti-lithogenic) and oxalate (pro-lithogenic). This occurs
due to interaction between the SLC26A6-STAS and the NaDC-1-
H4c domains (Ohana et al, 2013; Khamaysi et al.,, 2019).
However, the role of the SLC26A6-STAS domain in human
Ca’"-oxalate stone formation has not been explored and is
poorly understood. In the current study, we report of two
novel SLC26A6 polymorphisms found in two different
individuals. Intriguingly, one individual that carries the

mKate alone

Cc
o - - -

FIGURE 4 | The membrane expression of SLC26A6(D674N) is recovered by the mKate tag, but not by NaDC-1 expression. We monitored human SLC26A6 (hAB)
trafficking to the plasma membrane by biotinylation using similar total protein concentrations (no adjustment). As shown in (A), in the presence of NaDC-1, the
expression of slc26a6 was even lower than in the absence of NaDC-1. However, the mKate tagged SLC26A6(D674N)mKate protein showed membrane expression
similar to that of SLC26A6(R621G)mKate (B). The images in (C) describe the cellular distribution of the indicated mKate tagged proteins compared to the
cytoplasmic distribution of mKate alone.
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heterogeneous single nucleotide polymorphism, R621G, has
high urinary oxalate and low urinary citrate, but has not form
kidney stones to date. The other individual was diagnosed with
Ca"-oxalate kidney stones showing significant hypocitraturia
with normal urinary oxalate concentrations (Figure 1). We
studied the role of the STAS domain mutations in vitro, and
found that the D674N mutation (which is homologous to
D673N) abolished SLC26A6 expression, trafficking, transport
function, and regulation of the citrate transporter, NaDC-1.
Although the patient carries a compound D23H/D673N
polymorphism, we focused on the STAS domain missense
mutation D673N (we tested the homologous mutant D674N),
which impaired protein expression even in the absence of D23H
(Figure 3A). These findings are in agreement with the clinical
manifestation of Ca®"-oxalate kidney stone formers, since
impaired SLC26A6 function hampers the exclusive intestinal
oxalate clearance pathway as well as proximal tubule citrate
transport regulation (Aronson, 2010). Indeed, the D23H/D673N
carrier had lower citrate concentrations compared to other stone
formers (Figure 1B). Yet, the normal urinary oxalate
concentrations in D23H/D673N carrier are unexpected and
require further investigation (Figure 1A).

On the other hand, the heterogeneous polymorphism R621G
impaired SLC26A6 expression and trafficking, but to a lesser
extent compared to D674N (Figures 3A, B). Consequently, the
SLC26A6 activity was retained, however, the membrane
expression was not sufficient to preserve the NaDC-1
inhibition by SLC26A6, which was largely abolished (Figures
2A, B). Nonetheless, the R621G carrier showed hyperoxaluria
and relatively low urinary citrate, which was less dramatic
compared to that of the D673N carrier (Figures 1A, B).

We present findings in humans and in vitro, that the
SLC26A6-STAS domain plays a key role in controlling citrate
homeostasis. Based on our previous reports, we suggest that
specific STAS domain mutations are expected to cause low
urinary citrate due to impaired inhibition of SLC13-mediated
citrate transport and subsequent elevated citrate absorption. This
would potentially lower urinary citrate as we, indeed, measured
in urine samples that were collected from STAS-polymorphism
carriers (Figure 1). Notably, our results suggest that the extent of
urinary citrate reduction may contribute to the clinical outcome.
The D23H/D673N polymorphism carriers had a dramatic
reduction in urinary citrate compared to other stone formers
that likely induced lithogenesis even in the absence of
hyperoxaluria. Nevertheless, the citrate concentrations
monitored in urine samples of the R621G carrier were 50%
higher compared to the D23H/D673N carrier, who also had high
urinary oxalate, but did not develop stones (Figures 1A, B). This
may indicate that a substantial decrease in urinary citrate caused
by impaired SLC26A6 regulation of citrate absorption is
sufficient to cause stone formation even in the absence of
hyperoxaluria. These observations are rather intriguing but the
clinical conclusions are limited since we identified only one
individual that carries either of the polymorphisms in our
cohort. Finally, our previous report indicated that in mice
Slc26a6\Slc13 complex also controls blood pressure by

regulating succinate homeostasis (Khamaysi et al., 2019).
Hence, the effects of impaired SLC26A6-STAS domain
function may extend beyond kidney stone formation and could
also lead to hypertension, which is, indeed, strongly associated
with kidney stones (Obligado and Goldfarb, 2008).

Numerous studies by others and us have shown that the STAS
domain is essential for transporter trafficking and regulation of
partner proteins via interaction (Sharma et al., 2011). As a result,
human mutations within the STAS domain of many SLC26
family members can cause diseases (Rapp et al., 2017). For
example, a specific STAS domain mutation in SLC26A3, which
is associated with male subfertility, impairs SLC26A3 interaction
with CFTR (Wedenoja et al., 2017). Another study showed that a
specific SLC26A2-STAS mutation associated with the skeletal
disease, diastrophic dysplasia, impairs SLC26A2 trafficking to the
plasma membrane (Rapp et al, 2017). Therefore, a potential
therapeutic strategy could be rescuing the mutant SLC26A2
surface expression. Remarkably, a similar therapeutic strategy
underlies the cystic fibrosis treatment by Lumacaftor® that
increases surface expression of mutated CFTR channels (Van
Goor et al., 2011). Our results in Figures 4B, C suggest that a C-
terminal fluorescent tag may improve the membrane trafficking
of SLC26A6(D674N), however, further analysis is required to
test the effects of the tag on STAS domain structure and function.
Our findings indicate that SLC26 transporters trafficking or
protein-protein interactions caused by STAS domain
mutations may be rescued. In the future, the screening and
development of compounds that specifically target different
SLC26 STAS domains and regions may increase trafficking or
correct regulatory defects to treat SLC26 related diseases
including kidney stones and hypertension.
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3 Neonatology Department, Schneider Children’s Mediical Center, Petah-Tikva, Israel, 4 Baker Heart and Diabetes Institute,
Melbourne, VIC, Australia

Andersen—Tawil syndrome (ATS) type-1 is associated with loss-of-function mutations in
KCNJ2 gene. KCNJ2 encodes the tetrameric inward-rectifier potassium channel Kir2.1,
important to the resting phase of the cardiac action potential. Kir-channels’ activity
requires interaction with the agonist phosphatidylinositol-4,5-bisphosphate (PIP,). Two
mutations were identified in ATS patients, V77E in the cytosolic N-terminal “slide helix” and
M307V in the C-terminal cytoplasmic gate structure “G-loop.” Current recordings in
Kir2.1-expressing HEK cells showed that each of the two mutations caused Kir2.1 loss-
of-function. Biotinylation and immunostaining showed that protein expression and
trafficking of Kir2.1 to the plasma membrane were not affected by the mutations. To
test the functional effect of the mutants in a heterozygote set, Kir2.1 dimers were
prepared. Each dimer was composed of two Kir2.1 subunits joined with a flexible linker
(i.e. WT-WT, WT dimer; WT-V77E and WT-M307V, mutant dimer). A tetrameric assembly
of Kir2.1 is expected to include two dimers. The protein expression and the current
density of WT dimer were equally reduced to ~25% of the WT monomer. Measurements
from HEK cells and Xenopus oocytes showed that the expression of either WT-V77E or
WT-M307V yielded currents of only about 20% compared to the WT dimer, supporting a
dominant-negative effect of the mutants. Kir2.1 sensitivity to PIP, was examined by
activating the PIP, specific voltage-sensitive phosphatase (VSP) that induced PIP,
depletion during current recordings, in HEK cells and Xenopus oocytes. PIP, depletion
induced a stronger and faster decay in Kir2.1 mutant dimers current compared to the WT
dimer. BGP-15, a drug that has been demonstrated to have an anti-arrhythmic effect in
mice, stabilized the Kir2.1 current amplitude following VSP-induced PIP, depletion in cells
expressing WT or mutant dimers. This study underlines the implication of mutations in
cytoplasmic regions of Kir2.1. A newly developed calibrated VSP activation protocol
enabled a quantitative assessment of changes in PIP, regulation caused by the mutations.
The results suggest an impaired function and a dominant-negative effect of the Kir2.1
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variants that involve an impaired regulation by PIP,. This study also demonstrates that
BGP-15 may be beneficial in restoring impaired Kir2.1 function and possibly in treating

ATS symptoms.

Keywords: Andersen-Tawil syndrome, cardiac arrhythmia, PIP,, inward-rectifier potassium channel, slide helix,
G-loop, voltage-sensitive phosphatase, BGP-15

INTRODUCTION

Andersen-Tawil syndrome (ATS, also known as long-QT7) is a
channelopathy, typically characterized by a triad of symptoms:
cardiac arrhythmias, periodic paralysis, and dysmorphic features
(Tawil et al., 1994). However, variable symptom severity and
incomplete penetrance are associated with the syndrome, in
addition to a phenotypic mimicry of catecholaminergic
polymorphic ventricular tachycardia (CPVT) characterized by
bidirectional ventricular tachycardia (VT) (Barajas-Martinez
et al,, 2011).

KCNJ2 encodes the inwardly-rectifying potassium channel
Kir2.1, a major component of the cardiac action potential
repolarization phase. Pathogenic variants of KCNJ2 gene
account for 60-70% of clinical ATS cases, termed type-1 ATS
(Plaster et al., 2001). Most of the pathogenic variants cause Kir2.1
loss-of-function and exert a dominant-negative effect, attributed
to trafficking or gating defects (Tristani-Firouzi et al., 2002;

Hosaka et al., 2003; Ma et al., 2011). Type-2 ATS is caused by
mutations in genes other than KCNJ2 (Kokunai et al., 2014).

Kir channels are homotetramers composed of four identical
subunits that form a K"-selective transmembrane pore. Kir2.1
subunit topology includes two transmembrane domains (TMDs)
with the outer and inner helices that form the transmembrane
conduction pathway. Regulatory cytoplasmic regions are the N-
terminal “slide helix” that lays in parallel to the plasma
membrane, and a large cytosolic C-terminal domain (CTD).
The assembled CTD structures form a tightening in the cytosolic
ion permeation pathway through a gate termed the “G-loop,”
aligned below the transmembrane ion permeation pathway
(Figure 1C).

Kir channels are activated by the phosphoinositide P1(4,5)P,
(PIP,) (Huang et al., 1998). ATS-associated mutations in Kir2.1
were linked to reduced PIP, affinity (Lopes et al., 2002). The
crystal structure of Kir2.2 showed that PIP, interacts with an
interface between the inner TMD and the CTD complex,
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FIGURE 1 | Mutations in Kir2.1 associated with Andersen—Tawil syndrome. (A) DNA sequencing of two patients revealed mutations in Kir2.1. (B) Representative
ECG from the carrier of V77E variant showing bidirectional ventricular tachycardia, prolonged QT interval with ST and T wave abnormalities. (C) Left, cartoon
presentation of two subunits (blue and gray) out of four, of the inwardly rectifying potassium channel protein (Kir2.2 with PIP,, PDB ID: 3SPI (Hansen et al., 2011)).
PIP, is in ball-and-stick (atom code: oxygen, red; carbon, green; phosphorous, orange). The N-terminal slide helix is in cyan and the cytoplasmic gate G-loop is in
yellow. Side chains as sticks of V75 and M308 in Kir2.2, homologous to V77 and M307 in Kir2.1, are in green and red, respectively. The plasma membrane is in light
gray. Right, zoom on the mutated residues’ location. (D) Kir channels phylogenetic tree. Amino acid sequence alignments of 15 human Kir proteins, in addition to
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inducing the formation of a cytoplasmic extension of the TMD:
the tether helix. The tether helix is pivotal for both the direct
binding of PIP, and for the conformational gating transduction
(Figure 1C) (Hansen et al,, 2011; Lacin et al., 2017).

The hydroxylamine derivative BGP-15 is a small molecule
that showed beneficial and cytoprotective effects in diabetes,
cancer, cardiomyopathy, heart failure, atrial fibrillation (AF), and
muscle dysfunction (Gehrig et al., 2012; Literati-Nagy et al,
2014; Sapra et al., 2014; Nascimento et al., 2018). BGP-15 has
been well-tolerated in phase I-II human clinical trials as an
insulin sensitizer. The putative target pathways include heat-
shock proteins induction (Crul et al., 2013), poly ADP-ribose
polymerase 1 (PARP-1) inhibition (Racz et al, 2002), and
phosphorylation of IGFIR (Sapra et al., 2014). The exact mode
of action is not clear, but several reports suggest that BGP-15
modulates plasma membrane composition, dynamics, and
fluidity, involving lipid-rafts reorganization (Gombos et al.,
2011; Sapra et al., 2014; Balogi et al., 2019).

In the current work, we report two ATS-associated Kir2.1
mutations. Using molecular and electrophysiological methods
we show that these mutations are loss-of-function with a
dominant-negative effect. We developed a calibrated protocol
to asses Kir2.1 functional sensitivity to PIP, using voltage-
sensitive phosphatase (VSP) and investigated the effect of
BGP-15 on Kir2.1 regulation.

MATERIALS AND METHODS

Clinical and Genetic Assessment

The participants in this study provided written informed consent
for both the clinical and genetic studies, which were approved by
the Institutional Ethics Committee of the Sheba Medical Center,
Tel-Hashomer (approval 0379-13-SMC). Genetic findings were
obtained by a sequence screening of the following genes: KCNQ1I,
HERG, SCN5A, KCNE1, KCNE2, KCNJ2, and RYR2. Patients
were clinically evaluated by 12-lead electrocardiogram (ECG),
exercise testing, and 24-h Holter monitoring.

Cellular Expression Models

HEK cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 100 U/ml penicillin, 10 mg/ml streptomycin, and 2 mM L-
glutamine (Biological Industries, Kibbutz Beit-Haemek, Israel) at
37°C with 5% CO,. Transfections for electrophysiological
experiments were using Trans-ITx2 (Mirus, Madison, WI,
USA) in 35-mm dishes and biotinylation experiments were
using the calcium-phosphate method in 10-cm dishes. 90%-
100% confluent dishes were split 1:2 on day 1 and transfected on
day 2. On day 3, cells were split on coverslips for patch-clamp
experiments and recorded on days 4-5. Biotinylation procedures
started on day 4.

HL-1 cells were cultured on gelatin/fibronectin pre-coated
dishes, in Claycomb media supplemented with 10% FBS, 100 uM
norepinephrine (Sigma-Aldrich, St. Louis, Mo, USA), 100 U/ml
penicillin, 10 mg/ml streptomycin, and 2 mM L-glutamine
(Biological Industries). For imaging, cells were plated on

gelatin/fibronectin-coated culture slides (Lab-Tek Nalge Nunc
International, IL, USA) and transfected using Lipofectamine
2000 (Thermo Fisher Scientific, Waltham, MA, USA).

Xenopus laevis oocytes experiments were approved by Tel-
Aviv University Institutional Animal Care and Use Committee
(permits M-08-081 and M-13-002). Maintenance and operation
of female frogs were essentially as previously described (Oz et al.,
2017). Briefly, frogs were maintained at 20 + 2°C on a 10-h light/
14-h dark cycle. Portions of ovary were removed from
anesthetized frogs [0.17% procainemethanesulphonate
(MS222)]. Oocytes were defolliculated by collagenase, injected
with RNA and incubated for 2-3 days at 22°C in NDE solution
(in mM: 96 NaCl, 2 KCl, 1 MgCl,, 1 CaCl,, 5 HEPES, 2.5 pyruvic
acid; 50 mg ™' gentamycin).

DNA Constructs

DNA of GFP was C-terminally fused to the human KCNJ2
coding sequence (accession number NM_000891.2), following
the elimination of KCNJ2 stop codon and cloned into pcDNA3
vector using restriction enzymes (BamHI-KCNJ2-EcoRI-GFP-
Apal). This is the Kir2.1-GFP monomer. DNA sequence
encoding the HA-tag (a.a. YPYDVPDYA) was inserted after
alanine 115 in the extracellular domain, using a Q5 site-directed
mutagenesis kit (New England Biolabs, Ipswich, MA, USA).
Point mutations were introduced using PCR [KAPA HiFi
HotStart (Kapa Biosciences, Wilmington, MA, USA)]. DNA
constructs of Kir2.1 concatenated dimers were prepared using
the HA-tagged KCNJ2 constructs. Kir2.1 WT-W'T construct is
the WT dimer and WT-V77E, WT-M307V, or WT-R67W
construct are mutant dimers. The first Kir2.1 subunit was
created with BamHI at the 5’ end, then the stop codon was
eliminated and four codons for glycine were inserted, followed by
the Sall site at the 3’ end. The second Kir2.1 subunit was WT or
mutated, with Sall site at the 5’ end that followed by four codons
for glycine, ending with EcoRI site at the 3'. Thus, the linker
between two Kir2.1 subunits was composed of (a.a.)
GGGGVDGGGG. Kir2.1 dimers between Sall and EcoRI sites
were cloned into pcDNA3 vector for mammalian cell’s
expression and pGSB vector [modified pPGEMHE (Shistik et al.,
1998)] for RNA in-vitro synthesis. For HEK cells expression
danio rerio voltage-sensing phosphatase (dr-VSP) was in pcDNA
vector, and for Xenopus oocytes expression dr-VSP was in pGEM
vector (Hossain et al., 2008).

RNA was transcribed in vitro using a standard procedure,
from a template cDNA in oocyte expression vectors containing
5" and 3’ untranslated sequences of Xenopus [-globin (Dascal
and Lotan, 1992).

Immunocytochemistry and Imaging

Cells expressing extracellular HA-tag on Kir2.1-GFP were fixed
in 1% paraformaldehyde in phosphate bufter saline (PBS) for 10
min to retain GFP fluorescence, without permeabilization, then
blocked with CAS blocking agent (Thermo Fisher Scientific) for
30 min at room temperature. Cells were incubated with mouse
anti-HA antibody (Millipore, Burlington, MA, USA), washed
with PBS, and incubated with Alexa-594 conjugated anti-mouse
secondary antibody (ThermoFisher Scientific). Cell nuclei were
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counterstained with DAPI. Images were captured with an LSM
700 confocal microscope using Zen software (ZEISS,
Oberkochen, Germany). Three channels (blue, green, red) were
acquired sequentially.

Biotinylation Assay

Biotinylation of surface proteins was carried out essentially as
described (Nof et al., 2019). Briefly, transfected HEK cells were
incubated with 0.5 mg/ml EZ-Link Sulfo-NHS-SS-Biotin (Pierce,
Rockford, IL, USA) in PBS pH 8, supplemented with 1 mM Ca**
and 0.5 mM Mg>", for 30 min at 4°C. Incubation in 50 mM
glycine for 10 min ended the reaction. Cells were scraped,
washed and lysed for 30 min at 4°C in (mM): 20 Tris-HCI pH
8, 150 NaCl, 1 EGTA, and 1% NP40 supplemented with 0.5
phenylmethylsulfonyl fluoride (PMSF), protease inhibitor
cocktail (Roche, Basel, Switzerland), 25 B-glycerol phosphate,
and 1 sodium orthovanadate (Sigma-Aldrich). Equal amounts of
total protein were incubated with streptavidin-agarose beads
(Pierce) for 2 h at 4°C in a rotating device. Proteins were
eluted in sample buffer for 1 h at room temperature, followed
by 5-min incubation at 65°C, then resolved by SDS-PAGE and
Western blotted.

Electrophysiology

Whole-cell currents were recorded from HEK cells using the patch-
clamp technique, at 23°C. Signals were amplified using an Axopatch
200B patch-clamp amplifier (Molecular Devices, San Jose, CA,
USA), sampled at 1 kHz, and filtered with a low-pass Bessel filter
at 10 kHz. Data were acquired with DigiDatal440A (Molecular
Devices). Patch pipettes (Harvard apparatus, Holliston, MA, USA)
were pulled with a resistance of 3-5 M(). Series resistance was
compensated by 80%-90%. The intracellular pipette solution
contained (in mM): 130 KCl, 2 MgCl,, 4 MgATP, 10 EGTA, 10
HEPES, adjusted with KOH to pH 7.2 (295 mOsm). The external
solution contained (in mM): 135 NaCl, 4 KCl, 10 glucose, 10
HEPES, 1.8 CaCl,, 1 MgCl,, adjusted with NaOH to pH 7.4 (305
mOsm). For Ba?"-sensitive currents (Figure 2), cells were
additionally perfused with the Ba®'-containing external solution
(in mM): 10 BaCl,, 120 NaCl, 4 KCl, 10 glucose, 10 HEPES, 1.8
CaCly, 1 MgCl,. The net Ba?'-sensitive current was a subtraction of
the current evoked in the presence of perfused BaCl, from the
current evoked in the standard external solution without BaCl,,
using the same protocol in one cell.

HEK cells were held at —60 mV in the voltage step protocol
(Figure 2) and at 0 mV in the voltage ramp protocol. Ramps
were set from —120 to 0 mV in 1 s. In the double-ramp protocol
(example in Figure 5A), a 10-s sweep was followed by 80 s at
holding potential before the next sweep. Often, the maximal
amplitude of the first ramp in sweeps II-IV was smaller than the
maximal amplitude of the first ramp in the previous sweep
(probably due to a partial replenishment of PIP, between the
sweeps). Using voltage ramps enabled to distinguish Kir2.1 from
leak currents that may have developed due to deterioration of the
cell during the protocol. When the ramp waveform did not have
a typical Kir2.1 rectification the sweep was excluded. VSP effect
was quantified from currents elicited by voltage ramps as the
ratio between the maximal amplitude at —120 mV after (I2) and
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FIGURE 2 | Mutations V77E and M307V induce Kir2.1 loss-of-function. Net
Ba®*-sensitive currents recorded from HEK cells expressing Kir2.1-GFP (WT,
V77E, M307V, M307L) elicited by a voltage-steps protocol. (A)
Representative currents. (B) Average current density (WT, n = 12; V77E, n =
10; M307V, n = 6; M307L, n = 8). Statistical analysis in the voltage step to
—140 mV using one-way ANOVA (Dunnett’s test, comparison to WT). M307L,
not significant; V77E and M307V, “**p < 0.001.

before (I1) the depolarizing step, and as % VSP effect according
to ((1 — (I2/11)) * 100). When the amplitude ratio was 1, the VSP
effect was 0%, and if VSP activation abolished the current
completely, 12/I1 was 0 and the VSP effect was 100%.
Normalized ramp-elicited currents were divided by the
maximal inward current at —120 mV and plotted against the
voltage. The current density was calculated as the current
amplitude divided by the capacitance of each cell. Normalized
current density was compared to the mean current density of the
control group at —120 mV. Cells transfected on the same day and
recorded during a 2-day session were considered as one
experiment. 50 uM BGP-15 (Cayman Chemical, Ann Arbor,
MI, USA) were incubated overnight in cell culture medium and
were added to the bath solution during recording.

Xenopus oocytes were injected with RNAs of Kir2.1
concatenated dimers (0.05, 0.1, or 1 ng of the WT dimer, as
indicated, and 1 ng of the mutant dimers) and VSP (10 ng).
Currents were recorded using the two-electrode voltage clamp
(TEVC) technique. Oocytes were held at —30 mV and current—
voltage relationships were produced by voltage ramps from —120
to 30 mV in 2 s. Bath solution contained (in mM): 24 KCl, 72
NaCl, 1 CaCl,, 1 MgCl,, and 5 HEPES, in pH = 7.4. Naive cells’
endogenous, depolarization-induced, inward currents (possibly
via sodium or stretch-activated ion channels) were partially
blocked by 50 uM Gd** (Baud et al., 1982; Yang and Sachs,
1989). The net Kir2.1 currents were obtained by subtraction of
the mean current obtained with the same VSP activation
protocol from four naive oocytes from the same batch of
oocytes in the same experiment or in the presence of 50 uM
Gd’". VSP effect was quantified from currents elicited by voltage
ramps as the ratio between the maximal amplitude at —80 mV.
The reversal potential, V,.,, was the potential at which the net
current was zero. The rectification index was calculated by the
division of the current 50 mV positive to V ., by the current 50
mV negative to V..
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Software and Data Analysis and
Presentation

The structure of Kir2.2-V75E was generated by PyMOL
(Molecular Graphics System, Version 2.0 Schrodinger) based
on the crystal structure of Kir2.2 channel (PDB ID:3SPI). The
rotamer with minimal steric clashes was selected. Subsequently,
the energy minimization procedure was conducted by YASARA
force field server default values (http://www.yasara.org) (Krieger
et al., 2009).

DNA chromatogram was visualized by BioEdit. Multiple
DNA sequence alignments were using CLUSTAL Omega 1.2.4.
Western blot bands were quantified using Image] (NIH, United
States). Figures were prepared using CorelDraw 2018 (Corel
Corp., Ottawa, Canada). SigmaPlot 13 and 14 (Systat Software,
CA, USA) and Prism (GraphPad, San Diego, CA, USA) were
used for graph preparation and statistical assays. Currents were
analyzed using Clampfit 10.7.

Data were presented as mean * standard error or box plots
indicating 25-75 percentiles (box borders), median (black line),
mean (dotted red line), and 5-95 percentiles (whiskers).
Statistical tests were performed on raw data. Two-group
comparisons were performed using unpaired t-test if the data
passed the Shapiro-Wilk normality test, otherwise, Mann-
Whitney rank-sum test was used. Multiple group comparisons
were done using one-way ANOVA, followed by Dunnet’s tests
for normally distributed data and Kruskal-Wallis one-way
ANOVA on ranks followed by Dunn’s test, otherwise. Two-
way ANOVA with repeated measures was performed to compare
current courses in voltage ramp protocol, between groups. ***,
p < 0.001; **, p < 0.01; *, p < 0.05; ns, not significant.

RESULTS

Kir2.1 Variants V77E and M307V Are
Associated With ATS

We have previously described a case of familial almost
incessant polymorphous and bidirectional VT. Association of
the disease with mutations in several calcium-handling related
genes was excluded (Nof et al., 2004). Years later, a larger gene
screening detected a c.919A > G substitution in the KCNJ2 gene
encoding the inward-rectifier potassium channel Kir2.1. This
missense mutation led to a substitution of methionine at
position 307 to valine (p.M307V) in the Kir2.1 protein
(Figure 1A). Shortly after the report, one family member had
a syncope while driving, and implantable cardioverter
defibrillator (ICD) was implanted. Symptomatic arrhythmia
events were not documented since then. Another family
member was implanted with an ICD due to her ventricular
arrhythmias. A few years later, she had a ventricular fibrillation
(VF) storm which the ICD was able to terminate. All other
family members described in the previous report (Nof et al,
2004) remained asymptomatic and were not implanted with
ICD despite the heavy arrhythmic burden.

In another case, a 35-year-old woman with multiple
premature ventricular contractions (PVCs) and non-sustained
ventricular tachycardia (NSVT) was genetically and clinically
evaluated. She reported a lower limb muscle weakness. A thigh-
muscle biopsy, performed at another institute, was normal. ECG
recording showed polymorphic and bidirectional VT at rest and
exercise. Missense variation ¢.230T > A in KCNJ2 was detected,
leading to substitution of valine 77 to glutamic acid (p.V77E) in
Kir2.1. Both parents did not carry the mutation in KCNJ2, and
kinship genetic test based on single-nucleotide polymorphism
(SNP) confirmed parenthood. Thus, V77E mutation is a de-novo
mutation in the proband (Figures 1A, B). She developed
tachycardia-induced cardiomyopathy with 40% left ventricular
ejection fraction (LVEF). An ablation attempt was aborted due to
the polymorphic nature of her PVCs, and an ICD was implanted.
She did not receive any ICD shocks during follow up.

Following the association of the KCNJ2 mutations with
cardiac arrhythmia symptoms, ATS type-1 was diagnosed in
the carriers of both mutations. The clinical manifestations
included ventricular arrhythmias but without periodic
paralysis or facial/skeletal dysmorphic features that have been
previously reported, with a variable penetrance, in other
ATS cases.

Residue M307 is located at the G-loop in Kir2.1 C-terminus.
Residue V77 is located at the regulatory slide helix in Kir2.1 N-
terminus (Figure 1C). Both residues are conserved among
species and different inward-rectifier potassium channels.
The hydrophobic valine 77 is highly conserved among 11 out
of 15 KCNJ genes, and in all 15 KCNJ genes this position is
occupied by hydrophobic residues. The hydrophobic
methionine 307 is conserved in 8 out of 15 KCNJ genes
(Figure 1D).

Both V77E and M307V Cause Kir2.1
Loss-of-Function Without Affecting Cell
Surface Expression

In order to study the functional properties of the mutants,
Kir2.1-GFP constructs were expressed in HEK cells, and
currents were measured using whole-cell patch-clamp
technique. During a voltage-step protocol, cells expressing
Kir2.1-GFP WT showed large inward voltage-dependent
currents at voltages negative to —80 mV that were blocked by
10 mM Ba®". The net Ba®'-sensitive currents were inwardly
rectifying with a reversal potential close to the calculated K*
equilibrium potential (according to the calculated Nernst
potential of ~90 mV and liquid junction potential of 3.9 mV,
the calculated reversal potential of K™ is ~—86 mV), and small
outward currents were recorded with voltage steps between —80
to —20 mV (Figure 2).

Expression of the Kir2.1-GFP V77E and M307V mutants
produced almost no Ba®*-sensitive currents, indicating that these
are loss-of-function mutations. The substitution of M307 with
the hydrophobic residue leucine (M307L) did not affect the
current density and rectification that were similar to that of
Kir2.1-GFP WT (Figure 2).
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FIGURE 3 | Loss-of-function Kir2.1 mutations express on the cell surface. (A) Immunostaining of HL-1 cells transfected with Kir2.1-GFP with and without an
extracellular HA-tag. Top, an illustration of the Kir2.1 subunit constructs. Cylinders: Kir2.1 transmembrane domains; blue: mutation location; green: GFP; Red: HA-
tag. Bottom, HA-tag was immunostained (red), expressed GFP was detected (green) and the nucleus was stained with DAPI (blue). The three optical channels are
superimposed (upper panel) and the red channel is also shown separately (lower panel). Arrows point to the cell surface signal. (B) Biotinylation of HEK cells
transfected with Kir2.1-GFP monomers and Kir2.1 dimers (WT and mutant) as illustrated above and detected with the HA-tag antibody. Left, representative blots
from one experiment. Right, normalized signals. a. Total Kir2.1 protein level. Total expression was normalized to WT in the same experiment. Low film exposure was
used to quantify the difference in Kir2.1 monomers’ level within a dynamic range (upper panel, N = 4). Statistical analysis: one-way ANOVA. The differences between
Kir2.1 monomers and dimers were shown in high film exposure of the blot, where Kir2.1 monomer signal was saturated (lower panel, N = 3). Statistical analysis:
one-way ANOVA (Dunnett’s test, comparison to WT Group). b. biotin-labeled Kir2.1 level. As a control for non-specific signals, Kir2.1-GFP WT and WT dimer
expressing groups were not incubated with biotin. The amount of protein on the plasma membrane relative to total was quantified by a division of the biotinylated
with input level in high exposure (N = 3). Statistical analysis: one-way ANOVA.
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To investigate whether protein synthesis and trafficking in
these loss-of-function Kir2.1 variants were impaired, two
methods were employed: imaging of immunofluorescent Kir2.1
and biochemical detection of cell-surface Kir2.1 by biotinylation
(Figure 3).

Cultured HL-1 atrial cells (Claycomb et al., 1998) were
transfected with the WT and mutated Kir2.1-GFP that
included an extracellular HA-tag. We used Kir2.1-GFP WT
construct that did not include the extracellular HA-tag, as
control. HL-1 cells were gently fixed and immunostained with
HA-tag antibody. Green fluorescence following the expression of
the Kir2.1-GFP was observed, mainly as aggregates in
cytoplasmic organelles (probably the endoplasmic reticulum
and Golgi apparatus), but also at the cell periphery. Following
immunostaining, red fluorescence was detected at the plasma
membrane of cells expressing Kir2.1-GFP WT, V77E, and
M307V, but not when the HA-tag was not expressed. When
the red and green signals were superimposed, a yellow signal was
detected on the cell border, demonstrating the expression of
Kir2.1-GFP WT, V77E, and M307V at the cell surface
(Figure 3A).

Next, HEK cells were transfected with Kir2.1-GFP and
incubated with biotin. Biotin-labeled cell-membrane proteins
and total protein fractions were analyzed using Western blot.
Kir2.1-GFP WT, V77E, and M307V were detected at the cell
surface with no significant difference between groups, indicating
that V77E and M307V did not affect Kir2.1 cellular expression,
or cell surface expression that possibly reflects trafficking
[Figures 3Ba (upper panel), Bb].

In order to investigate the functional and biochemical
properties of each of the two variants, V77E and M307V,
expressed in a heterozygotic context, we used a subunit
concatenation strategy where two Kir2.1 subunits were fused as
dimers. In the Kir2.1 dimers, the first Kir2.1 subunit was WT and
the second subunit was either a WT subunit (“WT dimer”) or a
mutated subunit (“mutant dimers”). Kir2.1 subunits were
connected with a flexible 10 a.a. linker that included eight
glycines. When the same amount of DNA was used for the
transfection of Kir2.1-GFP monomers and Kir2.1 dimers, total
expression levels of Kir2.1 dimers were 20%-30% of the
monomers, with no significant difference between the WT and
mutant dimers (Figure 3Ba, lower panel, Supplemental image 1).
The expressed Kir2.1 dimers were exported to the cell surface so
that the biotinylated fractions of WT and mutant dimers were not
significantly different from each other (Figure 3Bb, Supplemental
image 2). These experiments show that the expression of Kir2.1
dimer on the plasma membrane is reduced compared to Kir2.1-
GFP monomers, but the mutations do not affect the surface
expression of either Kir2.1 monomers or dimers.

A reduction in WT dimer function correlated with the
reduction in its expression level: normalized current density
at —120 mV of the WT dimer was 28% + 5% of the Kir2.1-GFP
WT monomer (Figure 4A). The normalized current waveform
elicited by voltage ramp from —-120 to 0 mV showed only a
small change in current rectification and selectivity properties
of the WT dimer compared to the Kir2.1-GFP WT monomer

(Figure 4B). These results demonstrate that Kir2.1 subunit
concatenation partially affected protein expression, but the
cell-surface expressed Kir2.1 composed of the WT dimers
had functional properties similar to the Kir2.1-GFP
WT monomers.

Both V77E and M307V Induce a Dominant-
Negative Effect on Current Amplitude but
Do Not Change the Selectivity and
Rectification Properties

The construction of Kir2.1 dimers enabled functional
investigation of loss-of-function mutant with a fixed
stoichiometry of WT:mutant subunits within a Kir2.1 tetramer.
Kir2.1 is expected to be an assembly of 2 dimers, therefore the
expression of mutant dimers is expected to form Kir2.1 tetramer
composed of two WT and two mutated subunits. As a control,
we used the loss-of-function Kir2.1-R67W variant, previously
reported as a dominant-negative mutant (Andelfinger et al,
2002) with no effect on cell surface expression (Kalscheur
et al,, 2014). When each of the mutant dimers were expressed
(WT-V77E, WT-M307V, and WT-R67W), typical rectifying
Kir2.1 currents were recorded in HEK cells (Figure 4C, left).
However, when equal amounts of DNA were used for
transfection of WT and mutant dimers, the normalized current
densities of mutant dimers were 22% + 3%, 19% + 2%, and 30% +
5%, for WT-V77E, WT-M307V, and WT-R67W, respectively,
compared to WT dimer (Figure 4C, right). The prominent
reduction in current indicates that V77E and M307V mutated
subunits possibly exert a dominant-negative effect on the
functional WT subunits since the reduction in current was
beyond their expected relative expression (of 50%) in a
Kir2.1 tetramer.

In order to confirm the dominant-negative effect of the
mutants, RNA’s of Kir2.1 dimers were injected in Xenopus
oocytes, and currents were measured. RNA injection in
Xenopus oocytes enabled to control protein expression and to
limit variability between cells, compared to DNA transfection in
HEK cells. Similar to HEK cells, oocytes’ current amplitudes in
mutants dimers were reduced to 18% * 1%, 17% * 1%, and
28% + 3% of WT dimer, for WT-V77E, WT-M307V, and WT-
R67W, respectively (Figure 4Da). These results in Xenopus
oocytes corroborate the putative dominant-negative effect of
the loss-of-function Kir2.1 variants M307V and V77E, as
shown in HEK cells.

Although a dominant-negative effect is highly plausible, the
subunits within the dimer may have additional features not seen
in the native channel. Nonetheless, the previously reported
dominant-negative variant R67W (Andelfinger et al., 2002)
showed a similar reduction in amplitude within the dimer as
the two novel mutations V77E and M307V.

Channel selectivity and rectification properties of the mutant
dimers were analyzed in Xenopus oocytes. The calculation of these
parameters in oocytes was reliable due to the large current
amplitude compared to HEK cells. Oocytes were perfused with 24
mM K solution (the cytosolic K* concentration in Xenopus oocytes
is estimated ~100 mM (Dascal, 1987) and the calculated Nernst
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FIGURE 4 | Functional properties of Kir2.1 dimers. (A) Normalized current densities of Kir2.1-GFP WT monomer and WT dimers, recorded in HEK cells transfected
with equal amounts of DNA. Normalization was performed to the mean current density of Kir2.1-GFP from the same experiment (N = 3). Statistical analysis: t-test.
(B) Normalized currents (left) elicited by a ramp protocol (right). Every 10" recorded point is presented. This is a summary of all cells from different experiments (N =
7 experiments for Kir2.1-GFP WT monomer and N = 12 for WT dimer). Inset, zoom on the reversal potential and the outward currents. Statistical analysis: two-way
ANOVA with repeated measures, p < 0.001. (C) Left, representative currents elicited by ramp protocol of HEK cells expressing Kir2.1 dimers. Middle, current
densities at =120 mV. Right, current density at —120 mV normalized to mean current density from cells expressing Kir2.1 WT dimers from the same experiment (WT-
WT was compared to WT-V77E in N = 7, to WT-M307V in N = 4 and to WT-R67W in N = 6 experiments). Statistical analysis: one-way ANOVA (Dunn’s test,
comparison to WT Group). (D) Kir2.1 dimers RNA (1 ng/oocyte) was injected in Xenopus oocytes and recorded in 24 mM K* bath solution. a. Top, representative
evoked currents by a voltage ramp protocol. Bottom, average current amplitudes at —80 mV. Statistical analysis: t-test compared to the WT-WT group. N = 1
experiment. b. Reversal potentials (Vrev) and rectification index calculated from the current elicited by voltage ramps, n = 10-11, N = 2 experiments. Statistical
analysis: one-way ANOVA.

potential is ~—36 mV). The reversal potential and rectification index =~ phosphatase that dephosphorylates plasma membrane
did not show a significant change when mutant dimers were  phosphoinositide at 5 position upon depolarization (Murata
compared to the WT dimer (Figure 4Db). Thus, although the et al.,, 2005). PIP, depletion via VSPs results in a decay of Kir2.1
dominant-negative mutants strongly reduced the whole-cell ~ current (Murata and Okamura, 2007; Sakata and Okamura,
conductance in cells expressing Kir2.1 composed of the mutant ~ 2014; Rjasanow et al., 2015).

dimers (WT-V77E, WT-M307V, and WT-R67W), the selectivity We aimed to design a calibrated VSP activation protocol in
and rectification properties of the residual Kir2.1 currents were not ~ order to quantify the VSP effect on Kir2.1 currents within a
affected, compared to Kir2.1 composed of the WT dimers. dynamic range. We coexpressed Kir2.1 and VSP in HEK cells

and recorded the changes in Kir2.1 current amplitudes

Kir2.1 Mutations V77E, M307V, and R67W following a gradual increase in VSP activation time (Figures
Increase Current Sensitivity to PIP, 5A, B) or voltage (Figure 5C). We employed a double-pulse
Depletion voltage ramp protocol and measured the current amplitudes
We next characterized the functional sensitivity of Kir2.1 to PIP,. at =120 mV before VSP activation (I1) and after VSP
We depleted PIP, membrane levels by voltage activation of VSP activation (I2). We then calculated the I2/I1 ratio (left Y-

Frontiers in Pharmacology | www.frontiersin.org 94 May 2020 | Volume 11 | Article 672


https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Handklo-Jamal et al.

Regulation of Kir2.1 in Andersen-Tawil Syndrome

time, sec

expressing groups, p = 0.004.

A DNA titer
Kir2.1 WT-WT (dimer) Kir2.1:VSP
| o”
0 081 L 020 9 10 113/517 sec
’ 2 5 v1:.0.16 > WY
< 2 ~ 06 ¢ [3 ¥ 40 3 e VWO mv -
D04 5 ens ¥ Lo T ®1:05  -100 /
4 h I2 02 Qe 80 (z 012
100 1sec 0 100
E-100—" i 1 5 7
0- VSP activation time, sec
F / 00 mV)
< C Kir2.1 WT-WT (dimer’ )
< 2 / (dimer) DNA titer
" ['2 o e = Kir2.1:VSP
4 0.8 1 I r 20 C: 105 R 5 sec
~ 06 1 E 1 r4o 8 10
> ‘\ . 3 sec - 04 1 L so E 0o V
e in 02 1 80 &
1 01 100
T 2" Vlz 50 70 90 10
VSP activation voltage, mV/
-4 (5 sec)
: ) 5 sec D Kir2.1 (monomer)
= 100 — e DNA titer
100 L W 1z 3 0o & Kir2.1:VSP
0 081 @ 20 3 £1:0.16
/: blz ~ 06 20 £ M3oTL ot oo Vrsl7 sec
T 2| X 04 ¢ § [0 g  WITHOIE o Joomv -
‘ 02 8o > WT ®1:05 100 / y
4 0 100
> 100 7 sec 1 3 5 7
£-100 == VSP activation time, sec
1 2 3 4 5 6 7 8 9 (100 mv)

FIGURE 5 | The calibrated VSP activation protocol testing Kir2.1 sensitivity to PIP, depletion by VSP in HEK cells. (A) A representative four sweeps (I-IV)-protocol
used to quantify Kir2.1 current amplitude reduction following VSP activation by depolarization. Each sweep started with a voltage ramp, followed by a 100-mV
voltage step (for 1, 3, 5, or 7 s) and ended with a second voltage ramp. An example of currents elicited in a HEK cell transfected with Kir2.1 WT dimer and VSP in
1:0.16 DNA ratio. (B-D) Summary of the maximal amplitude ratio in each sweep after/before VSP activation (left Y-axis), also displayed as % VSP effect (right Y-axis,
in pink). Voltage-protocol on the right. (B) At DNA ratio Kir2.1:VSP 1:0 (A\), n = 10, 6, 4, 3; 1:0.16 (¥), n = 63, 63, 52, 44; 1:0.5 (¢), n = 26, 22, 19, 18; 1:2 (0), n =
13, 10, 9, 8 for VSP activation at 100 mV for 1, 3, 5, and 7 s, respectively. Statistical analysis: one-way ANOVA at 5-s VSP activation [comparison to 1:0.16 (W)
group]. (C) VSP activation by steps to increasing voltages in each sweep (right). Currents amplitude ratio and the corresponding VSP effect from HEK cells
transfected with WT dimer and VSP in 1:0.5 DNA ratio (left). n = 8, 8, 7, 6 for 5-s VSP activation at 50, 70, 90, and 110 mV, respectively. (D) Currents amplitude
ratio and the corresponding VSP effect in Kir2.1-GFP monomers. At DNA ratio 1:0.16 of Kir2.1-GFP M307L:VSP (A), n = 5, 5, 4, 3; Kir2.1-GFP WT : VSP 1:0.16
(W),n=8,9,4,4; Kir2.1-GFP WT : VSP 1:0.5 (¢), n = 22, 19, 14, 9 for 1, 3, 5, and 7 s, respectively. Statistical analysis: t-test at 5-s VSP activation of the WT

axis, Figures 5B-D) and the corresponding % VSP effect
(right Y-axis, Figures 5B-D). VSP activation by 5-s
depolarization to 100 mV was chosen as the standard
duration for the following analysis.

VSP activation protocol was additionally calibrated using
variable Kir2.1:VSP DNA ratios for transfection. In the group
that did not express VSP (Kir2.1:VSP DNA ratio 1:0), the
depolarizing pulses did not change the amplitude ratio of 12/11
and the VSP effect was nearly 0 (Figure 5B, empty triangle).
Raising the DNA proportion of VSP-to-WT dimers exacerbated
the reduction in current amplitudes following VSP activation.
After 5 s of depolarization to 100 mV, the second ramp evoked a
slight reduction of 2.6% * 1.7% in the current, in the absence of
expressed VSP. When VSP was expressed, current reductions of
41% * 4.5%, 58% * 6%, and 77% + 8% were evoked when the WT
dimer:VSP DNA ratios were 1:0.16, 1:0.5, and 1:2, respectively
(Figure 5B). Augmenting the depolarizing voltage of the 5-s step
gradually increased the VSP effect on WT dimer current. VSP
effect increased from 2% + 2.6% to 29.5% * 13.3%, 39.3% +
15.6%, and 43.64% + 15.6% for 50, 70, 90, and 110 mV,
respectively (Figure 5C).

Current reduction following the VSP activation protocol
was also observed in Kir2.1-GFP composed of monomers. The
VSP effect was dependent on the transfected DNA proportion

Kir2.1:VSP. After 5 s at 100 mV, the VSP effect increased from
20% + 10% to 70% + 7% when Kir2.1-GFP WT : VSP DNA
ratios were 1:0.16 and 1:0.5, respectively (Figure 5D). VSP
effect on the functional variant Kir2.1-GFP M307L was similar
to that of Kir2.1-GFP WT. After 5 s of VSP activation at 100
mV, the VSP effect on Kir2.1-GFP M307L monomer was 17% +
17% (Kir2.1:VSP DNA ratio 1:0.16, Figure 5D).

We then employed the calibrated VSP activation protocol
on Kir2.1 mutant dimers, with the parameters that allowed
quantification of Kir2.1 current response within a dynamic
range. We transfected HEK cells with Kir2.1 WT and mutant
dimers, at a Kir2.1:VSP DNA ratio of 1:0.16, and measured the
VSP effect on Kir2.1 currents. Using the calibrated VSP
activation protocol, with the 5-s step to 100 mV, the VSP
effect increased from 41% + 4.5% in Kir2.1 WT dimers, to 82%
+ 3.7%, 81% + 4.5%, and 74% + 5.8% in mutant dimers
(Figures 6A, B), representing a 197% + 9%, 192% + 11%,
and 179% + 14% increase in the normalized VSP effect of WT-
V77E, WT-M307V, and WT-R67W currents, respectively
(Figure 6C).

The current amplitude of the Kir2.1 mutant dimers WT-
V77E and WT-M307V was 19%-22% of the WT-WT dimer
(Figure 4C). This reduced current is expected to be the result of
a reduced conductance and not due to low protein expression
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(Figure 3B). Thus, the Kir2.1:VSP expression ratio is expected
to be similar in mutant compared to WT dimers, suggesting
that the strong VSP effect reflects an increased sensitivity to
PIP, depletion in Kir2.1 mutant dimers.

We sought to test the calibrated VSP activation protocol in
Xenopus oocytes (Figures 6D-H). We started by applying the
VSP activation protocol in naive Xenopus oocytes. We
detected time- and voltage-dependent endogenous inward
currents. The current amplitude evoked by the voltage ramp
increased following depolarization steps, and at —120 mV it
often reached a few pA following a 7-s depolarization to 100
mV (Figure 6D, a representative naive oocyte out of six, and
one oocyte out of nine in the presence of Gd**). Thus, when
we wanted to test VSP effect on Kir2.1 expressing oocytes, we
either subtracted the mean current of naive cells obtained by
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FIGURE 6 | Increased sensitivity of mutant dimers to PIP, depletion using the calibrated VSP activation protocol. (A-=C) Currents in HEK cells expressing Kir2.1
dimers and VSP. (A) Representative ramp currents before (black) and after (red) VSP activation by a 3-s step to 100 mV. Traces of the WT dimer are the same as
sweep Il in Figure 5A. (B) Currents amplitude ratio and the corresponding VSP effect recorded from cells transfected with Kir2.1 dimer:VSP DNA ratio of 1:0.16.
WT-WT is as summarized in Figure 5B (n = 63, 63, 52, 44). WT-V77E, n = 20, 20, 22, 17; WT-M307V, n = 16, 15, 12, 7; WT-R67W, n = 26, 24, 20, 15 for VSP
activation by 100 mV step for 1, 3, 5, and 7 s, respectively. Statistical analysis: one-way ANOVA (Dunn’s test, comparison to WT-WT group). At 5-s VSP activation:
WT-V77E and WT-R67W, p < 0.001; WT-M307V, p = 0.003. The dashed magenta lines in panel B illustrate the normalizing value for the VSP effect on panel C. (C)
Normalized VSP effect at a 5-s VSP activation compared to WT dimer. Statistical analysis: one-way ANOVA (Dunn’s test, comparison to WT-WT Group). (D-H)
Currents in Xenopus oocytes expressing Kir2.1 dimers without (D, E) and with VSP (F-H). Representative currents in naive and Kir2.1 dimers expressing oocytes
(D), and the average current amplitude ratio and the corresponding VSP effect (left, n = 7-8; right, n = 3-4) (E). (F) Representative currents elicited in oocytes using
the VSP activation protocol, and following subtraction of the averaged current from naive cells. 11 and 12 of sweep | are in black, 12 of the sweeps Il in red, Il in blue,
and IV in purple. Current amplitude ratio and the corresponding VSP effect (G) and the normalized VSP effect per experiment, at 5-s VSP activation (H). N = 2
experiments. Statistical analysis at 3- and 5-s VSP activation was one-way ANOVA (Dunnett’s test, comparison to WT-WT group). In panel G, at 5-s VSP activation,
WT-R67W, p = 0.005. At 7-s VSP activation: statistical analysis was using Kruskal-Wallis one-way ANOVA. In panel H, statistical analysis was using Kruskal-\Wallis
one-way ANOVA. WT-R67W, p = 0.003. The dashed magenta lines in panel G illustrate the normalizing value for the VSP effect in panel (H).

the VSP activation protocol or applied 50 uM Gd’* in the
external solution. Gd>" partially inhibited the increase in the
endogenous currents following the depolarization (Figure
6D), while Kir2.1 current amplitude and the VSP effect did
not change (not shown). When VSP was not expressed in
oocytes, the depolarizing pulses did not reduce the currents of
WT and mutant dimers, when either method to avoid artifacts
by endogenous currents was applied (Figure 6E).

We wanted to test whether the reduction in basal current
amplitude itself in the mutant dimers’ current (Figure 4Da)
underlies the difference in VSP effect. Thus, we adjusted RNA
amounts of WT and mutant dimes by injecting 10- to 20-fold
less RNA of the WT dimer than of mutant dimers, to attain
similar amplitudes. When Kir2.1:VSP RNA ratio was 0.1:10 or
0.05:10 in WT dimer and 1:10 in mutant dimers, the average
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current amplitudes at —80 mV of WT dimer were —10 + 1.1 pA
for 0.1 ng RNA (n=8) and —1.8 £ 0.11 pA for 0.05 ng RNA (n =
6), while the amplitudes of the mutant dimers were —3 £ 0.3 pA
(n=12),-2.3+£0.27 pA (n = 13), and -5 + 1 pA (n = 12) for
WT-V77E, WT-M307V, and WT-R67W, respectively.
Oocytes expressing both VSP and Kir2.1 dimers showed
current amplitude decays during the VSP activation protocol
(Figure 6F). The VSP effect was stronger in all mutant dimers
compared to WT dimer, despite the lower Kir2.1:VSP RNA ratio
used for WT dimer. The VSP effect, following a 5-s
depolarization step to 100 mV, was 21% * 4% in WT dimer
and 54% * 6%, 52% + 64%, and 43% * 65% in mutant dimers
(Figure 6G), corresponding a normalized VSP effect of 262% +
631%, 254% + 625%, and 226% + 621% in WT-V77E, WT-
M307V, and WT-R67W, respectively (Figure 6H). These results
demonstrate that the mutant dimers WT-V77E, WT-M307V,
and WT-R67W have an increased sensitivity to PIP, depletion
(and to a similar extent), compared to WT dimers of Kir2.1.

BGP-15 Decreases Kir2.1 Sensitivity to
VSP-Induced PIP, Depletion

We studied the effect of BGP-15 on Kir2.1 current. BGP-15 has
been previously shown to have cardio-protective properties and
to reduce cardiac arrhythmias, possibly via lipid regulation
(Gombos et al., 2011; Zhang et al, 2011; Gungor et al., 2014;
Sapra et al., 2014). We hypothesized that BGP-15 affects lipid-
regulated ion channels’ function, consequently leading to an
improvement in cardiac muscle function and reducing cardiac
arrhythmia. HEK cells expressing Kir2.1 dimers and VSP were
incubated overnight with BGP-15 (50 uM) and currents were
recorded on the following day. Kir2.1 current density was not
affected by BGP-15 incubation (Figure 7A, left). Selectivity and
rectification of Kir2.1 current were barely affected by BGP-15
incubation, as shown by the normalized current waveform
elicited by a voltage-ramp (Figure 7A, right).

We then examined the effect of BGP-15 incubation on the
PIP, sensitivity of Kir2.1 WT dimers, using the VSP activation
protocol (Figure 7B). Within the dynamic range of VSP
action, BGP-15 incubation reduced the VSP effect. After 5 s
of depolarization to 100 mV, VSP effect in BGP-15 treated
cells decreased from 42% + 7% to 12% + 3% at 1:0.16 DNA
ratio (Figure 7C, top) and from 59% + 8% to 27% + 7% at 1:0.5
DNA ratio (Figure 7C, middle). Basically, when normalized to
the VSP effect without BGP-15 from the same experiment,
VSP effect in BGP-15 treated cells was reduced to 30% * 9%
and 45% + 12%, in cells transfected with Kir2.1:VSP DNA
ratios of 1:0.16 and 1:0.5, respectively (Figure 7E). However,
when the VSP proportion was raised to a DNA ratio of 1:2
Kir2.1:VSP, BGP-15 incubation did not reduce the VSP effect.
After 5-s depolarization to 100 mV, VSP effect was 77% + 8%
in untreated cells, and 74% + 7% in BGP-15 treated cells
(Figure 7C, bottom), and the normalized VSP effect following
BGP-15 incubation was 95% + 6% (Figure 7E). To summarize,
within a dynamic response range, BGP-15 incubation reduced
the VSP effect and stabilized Kir2.1 amplitudes in the
calibrated VSP activation protocol.

The VSP activation protocol was then used to test the effect of
BGP-15 incubation on the PIP,-sensitivity of Kir2.1 mutant
dimers. Within the dynamic Kir2.1:VSP DNA ratio of 1:0.16
determined for WT dimers (Figure 7C), BGP-15 treatment
reduced the VSP effect and increased its variability in the three
mutant dimers, compared to the non-treated cells (Figure 7D).
After 5-s depolarization to 100 mV, the normalized VSP effect
following BGP-15 incubation was 74% + 9%, 49% + 14%, and
58% + 9% of the corresponding non treated groups, for the
mutant dimers WT-V77E, WT-M307V, and WT-R67W,
respectively (Figure 7E).

In all, in this set of experiments BGP-15 incubation
reduced Kir2.1 current susceptibility to PIP, depletion and
stabilized Kir2.1 amplitudes in the calibrated VSP activation
protocol, of both Kir2.1 WT and the ATS-associated
mutant dimers.

DISCUSSION

In this study, we report on ATS associated with two mutations
in KCNJ2, both induce a loss-of-function and exert a
dominant-negative effect on the Kir2.1 tetramer. The major
outcomes and findings include 1) development of a calibrated
functional assay to assess PIP, sensitivity of Kir2.1 current that
was tested by VSP activation, and 2) Kir2.1 mutants V77E,
M307V, and R67W showed high sensitivity to PIP, depletion,
which we interpret as lability in the PIP,-Kir2.1 interaction, 3)
BGP-15 incubation decreased the sensitivity to PIP, depletion,
of both WT and mutant Kir2.1, possibly stabilizing the Kir2.1
open state.

Phenotypic Variability in ATS

ATS is a rare genetic disease, with a prevalence of 0.08-
0.1:100,000 (Horga et al., 2013; Stunnenberg et al., 2018).
Cardiac ventricular arrhythmias may include prolonged QT
interval, prominent U-wave or ventricular ectopy. Bidirectional
VTs were also reported with ATS, although clinical distinction
from CPVT is challenging in the absence of other characteristics
(Kimura et al., 2012; Chakraborty et al., 2015; Nguyen and
Ferns, 2018).

Mutations in Ca**-handling proteins contribute to the etiology
of CPVT, while impaired activity of inward-rectifier K'-channels is
the main cause of ATS (Napolitano et al,, 2004; Veerapandiyan
et al., 2004). In our report, identification of loss-of-function KCNJ2
variants established an ATS-1 diagnosis. Although ATS-1 is
considered a relatively benign channelopathy, some affected
members had malignant ventricular arrhythmias that necessitated
an ICD implantation.

The mode of inheritance of the familial M307V mutation
was autosomal dominant. Expression was variable and gender-
dependent: from six affected family members, three females
reported palpitations and presented with incessant
bidirectional VT. Two of them had symptomatic arrhythmia
events and were implanted with an ICD. In contrast, the three
males presented with PVCs, all with normal QT interval, and
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remained asymptomatic (Nof et al., 2004). The variant M307V
was previously reported a de novo KCNJ2 mutation in a 15-
year-old male with ATS manifestations including muscular
weakness and dysmorphic features, although his ECG

Kir2.1:VSP

-no treatment
[I+BGP-15

1:0.16
Kir2.1:VSP

FIGURE 7 | BGP-15 reduces the sensitivity of mutant dimers to PIP, depletion using the calibrated VSP activation protocol. (A) Left, averaged current densities at
—120 mV from HEK cells expressing Kir2.1 WT dimers with and without BGP-15 treatment. Top, current densities, bottom, current densities in cells that were
incubated with BGP-15 and normalized to the mean current density in non-treated cells from the same experiment. Statistical analysis: Mann-Whitney rank-sum test.
Right, ramp current waveform normalized to the current at —120 mV, from non-treated cells (same as WT dimer in Figure 4B), and BGP-15 treated cells. Statistical
analysis: two-way ANOVA with repeated measures, p < 0.001. (B) Representative currents elicited in non-treated and 50 uM BGP-15 incubated HEK cells. Example
in cells transfected with Kir2.1 WT dimer and VSP in 1:0.5 DNA ratio. (C) Average current amplitude ratio and the corresponding VSP effect of WT dimer and VSP
expressing cells, following BGP-15 treatment. Top, n = 13, 12, 12, 11 for BGP-15-treated and n = 25, 21, 19, 15 for non-treated cells. N = 3 experiments. Middle, n
=16, 13, 13, 13 for BGP-15-treated and n = 17, 14, 11, 10 for non-treated cells. N = 2 experiments. Bottom, n = 12, 11, 11, 5 for BGP-15-treated and n = 13, 10,
9, 7 for non-treated cells. N = 2 experiments. Statistical analysis: t-test comparing treated with non-treated groups in the same protocol. (D) Average current
amplitude ratio and the corresponding VSP effect of mutant dimer and VSP expressing cells with and without BGP-15 treatment. Kir2.1:VSP DNA ratio was 1:0.16.
VSP effect from non-treated mutant dimers is the same as in Figure 6B. For BGP-15 treated groups, WT-V77E n = 18,16,13,7 from N = 3 experiments, WT-M307V
n=5,7,8,3 from N = 1 experiment, WT-R67W n = 7, 8, 6, 6 from N = 2 experiments. (E) Normalized VSP effect on Kir2.1 currents following a 5-s depolarization
step to 100 mV. The mean VSP effect in non-treated cells (represented by dashed magenta lines in (C, D), of each experiment, is the normalizing value for the VSP
effect in panel (E). Statistical analysis: t-test.

findings were within a normal range (Liu et al,, 2015). The
V77E mutation occurred de-novo, as reported in 30-50% of

KCNJ2 mutations
et al., 2015).

(Tristani-Firouzi et al., 2002; Hasegawa

Frontiers in Pharmacology | www.frontiersin.org

May 2020 | Volume 11 | Article 672


https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Handklo-Jamal et al.

Regulation of Kir2.1 in Andersen-Tawil Syndrome

TABLE 1 | Missense variants in Kir2.1 slide helix.

Kir2.1 variant Diagnosed Reference
disease
R67Q, R67W  ATS, long QT, (Eckhardt et al., 2007; Haruna et al., 2007;

periodic paralysis

Andelfinger et al., 2002; Luo et al., 2019)

Y68D ATS (Davies et al., 2005)
A70S, A70T Uncertain ExAc, gnomAD

significance
D71N, D71V,  ATS, long QT, (Plaster et al., 2001; Donaldson et al.,
D71Y, D71H,  periodic paralysis ~ 2003; Marrus et al., 2011; Luo et al.,
D71E 2019), LOVD, ClinVar
172M Uncertain ExAc, gnomAD

significance
T74A ATS (Zhang et al., 2005)
T75M, T75A,  ATS (Donaldson et al., 2003; Fodstad et al.,
T75R 2004; Davies et al., 2005)
C76G Conflicting ClinVar

interpretations of

pathogenicity
D78H, D78G, ATS, long QT ClinVar (Davies et al., 2005; Yoon et al.,
D78Y 2006)

ClinVar database obtained the data here from the genetic testing companies Blueprint
Genetics, Invitae. and GeneDx.

LOVD, Leiden Open Variation Database, https://www.lovd.nl/; ExAc, The Exome
Aggregation Consortium, http://exac.broadinstitute.org/; gnomAD, The Genome
Aggregation Database, https://gnomad.broadinstitute.org; ATS, Andersen—Tawil
syndrome.

Structural Analysis of the Mutated Kir2.1

The mutation V77E, located in the amphipathic slide helix of
Kir2.1 N-terminus, is a substitution of a non-polar, hydrophobic,
residue with a negatively charged residue. Most disease-
associated variants in Kir2.1 slide helix were detected in polar
residues facing the CTD (Table 1, Figure 8A). Inter and intra-

subunit interactions in the interface of CTD and polar residues in
the slide helix were suggested to transduce Kir2.1 opening
(Decher et al., 2007; Bavro et al., 2012). The position of V77
side chain, in vicinity to the PIP, docking site and particularly
the switch to a charged residue, may be implicated in the
formation of a new molecular interaction that may have
altered the channel interaction network and affected the
activation dynamics or Kir2.1-PIP, docking, directly or
indirectly. Positively charged residues K182, K185 and K187
on Kir2.1 inner TMD and the tether helix structure (equivalent
to K183, R186, and K188 in Kir2.2), are candidates for such
interaction. These residues directly interact with 5’ phosphate in
the inositol ring of PIP, in a Kir2.2-PIP, structural model
(Hansen et al., 2011; Lu et al., 2016).

We performed a limited structural analysis of Kir2.1 valine 77
substitution to glutamic acid, based on Kir2.2-PIP, crystal
structure (PDB ID: 3SPI) where the corresponding residue is
valine 75. The mutated residue E75 formed a putative polar
contact with the residue R186 in Kir2.2, which is homologous to
K185 in Kir2.1, a residue between the inner TMD and the tether
helix (Figure 8A, right). Following the energy minimization
simulation, we have seen that the R186 side chain is expected
to rotate and face the E75 side chain, with a minimal distance of
1.9 A between the charged residues. This interaction may reduce
the flexibility of the tether helix or destabilize the interaction with
the agonist PIP,, consequently leading to the observed loss-of-
function in Kir2.1-V77E.

Methionine 307 is located at the G-loop, a cytoplasmic gating
structure in the apex of the CTD (Pegan et al., 2005) (Figure 1C).
The functional role of the G-loop, its conformation in different
gating states and its reciprocated modulation by Kir ligands
remain incompletely understood (Pegan et al., 2006; Nishida

cKir2.2-PIPo

M307A
functional

Val lle

M307V-ATS M3071-ATS
loss-of-function

Leu
M307L
functional

cKir2.2-V75E predicted

Kir2.1 IGAVMAKMAKPKKRN
Kir2.2 IGAIMAKMARPKKRA

Inner TMD  Tether helix

Met

M307 (WT)
functional

FIGURE 8 | Structural predictions of ATS-associated Kir2.1 variants. (A) Left, wheel plot illustration of the residues in Kir2.1 N-terminal slide helix. Polar residues in
magenta, non-polar residues in cyan. Mutations in the underlined residues are disease-associated (Table 1). Arrow points on the ATS-associated residue in this
report. Middle, polar (magenta) and non-polar (cyan) residues in chicken Kir2.2 + PIP, structure (PDB ID:3SPl). V75 in Kir2.2 (green) is the homolog of V77 in Kir2.1.
Side chains of K183, K188 (light blue) and R186 (orange) are illustrated. Right, V75E mutation was introduced in Kir2.2 + PIP, structure and underwent a structural
refinement. Putative interaction with R186 is shown in yellow. (B) Functional properties of Kir2.1 variants in position 307.
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et al., 2007; Whorton and Mackinnon, 2011; Whorton and
Mackinnon, 2013). However, alterations in the pore diameter,
shape and biochemical properties conveyed by the G-loop
residues’ side chains are expected to lead to functional
impairment (Ma et al., 2007). Our functional results show that
unlike in the loss-of-function variant Kir2.1-M307V, currents
measured in Kir2.1-M307L were indistinguishable from Kir2.1-
WT (Figure 2), like in the previously reported Kir2.1 variant
M307A (Pegan et al., 2005). However, the mutation M3071 was
found in ATS patients, presumably inducing Kir2.1 loss-of-
function (Choi et al., 2007). Remarkably, the size of the
hydrophobic side chain did not reflect a structural/functional
tolerance (Figure 8B), and the potential of methionine to form
disulfide bonds seems redundant. Further investigation is needed
to shed light on the role of M307 residue, and G-loop in general,
in the transition to the open state of Kir2.1.

Applying the Calibrated VSP Activation
Protocol to Study PIP, Regulation of Kir2.1
PIP, is Kir2 primary agonist (Rohacs et al,, 2003) and VSP
activation reduces Kir2.1 current amplitude by depleting
available PIP, molecules at the plasma membrane. We
designed a protocol that correlated the changes in Kir2.1
amplitude ratios induced by a calibrated VSP activation, in two
heterologous expression systems. We propose that the rate of
Kir2.1 current reduction following VSP-induced PIP, depletion
reflects Kir2.1 sensitivity to PIP, interaction so that an
accelerated response rate is the consequence of a lower gating
efficiency due to low PIP, affinity to Kir2.1.

In the calibrated VSP activation protocol we compared
functional properties of dimer-composed Kir2.1 channels: the
homomeric WT channel and the three heteromeric Kir2.1
mutants. We assumed that two dimers assembled into a
tetrameric protein, but in a less-likely scenario four WT
subunits originated from four mutated dimers might have
assembled into one functional homomeric WT channel. This
scenario cannot explain the increase in the VSP effect that
occurred in mutant dimers but not in WT dimers (Figure 6).

The three Kir2.1 mutants putatively represent three
mechanisms of Kir2.1 loss-of-function: V77E that destabilizes
the tether helix, M307V that affects G-loop structure and R67W
that is involved in inter-subunit interaction with the tether helix
and the CTD. Yet, the three Kir2.1 mutant dimers showed a
similar reduction in the amplitude compared to the WT dimer
(Figure 4), and the calibrated VSP activation protocol did not
reveal a difference in the VSP effect of the three mutant dimers
(Figure 6), in two expression systems. We propose that the
mechanisms of the pathogenic variants V77E, M307V, and
R67W converge onto a similar impairment in the gating
mechanism. One potential mechanism is a reduced affinity to
the agonist PIP, in mutated Kir2.1 subunits and a total reduction
in PIP, interaction in the heteromeric channel that destabilizes an
open state. Based on available crystal structures, we propose a
direct impairment of PIP, interaction in the V77E variant (Figure
8) and an allosteric effect in R67W and M307V variants that may
impair an open state conformational transduction.

Finally, we tested the effect of BGP-15 on Kir2.1 currents and
its therapeutic potential in ATS-associated Kir2.1 mutants. In a
previous report, the oral administration of BGP-15 reduced AF
episodes in genetically-engineered mice (Sapra et al., 2014). The
AF was induced by age-dependent electrical remodeling that
accompanied atrial enlargement in two transgenic mouse models
with a dilated and failing heart. The AF mouse model had
reduced ion channel expression, including KCNJ3 (Kir3.1) and
KCNAS5 (Kv1.5) genes (Sapra et al., 2014). Normalization of the
fibrillation episodes by BGP-15 may have been related to the
stabilization of the resting potential by an increased activity of
potassium channels. In this study, following BGP-15 incubation,
Kir2.1 currents were more resistant to PIP, depletion by VSP
activation. We propose that BGP-15 is associated with the
regulation of PIP, level, availability or localization, resulting in
stabilization of Kir2.1 open-state. An indirect effect on other lipid
regulators of Kir2.1 is plausible, e.g. via molulation of the
interaction with Kir2.1 suppresor cholesterol, as BGP-15 was
shown to remodel cholesterol-enriched lipid platforms
(Romanenko et al., 2004; Gombos et al., 2011).

To note, Kir2.1 is predominantly expressed in the cardiac
ventricles and ATS is an electrophysiologic disorder of the
ventricle (Melnyk et al, 2002). However, other PIP,-dependent
inward rectifier potassium channels are expressed in the atria,
mainly Kir2.2, Kir2.3, and acetylcholine-activated Kir3.1 and
Kir3.4, in addition to other potassium channels such as Kv11.1
(hERG), Kv7.1 (KCNQ1), and Kir6.2 (Schram et al., 2002). Further
investigation will shed light on whether the BGP-15 effect is shared
by other PIP,-dependent ion channels or is unique to Kir2.1.

CONCLUSION

In this study, two cases of ATS with cardiac arrhythmias were
described, highlighting ATS phenotypic variability and
resemblance with CPVT. The ATS-associated mutations, V77E
and M307V, expand the spectrum of known KCNJ2 mutations.
Mutations were functionally and biochemically studied and
showed loss-of-function with a dominant-negative effect. A
calibrated protocol quantitated Kir2.1 current amplitude
sensitivity to PIP, depletion and was tested on ATS-associated
variants. The Kir2.1 variants showed increased PIP, sensitivity,
which was partially restored by BGP-15.
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Potassium Kop (“leak”) channels conduct current across the entire physiological voltage
range and carry leak or “background” currents that are, in part, time- and voltage-
independent. The activity of Kop channels affects numerous physiological processes, such
as cardiac function, pain perception, depression, neuroprotection, and cancer
development. We have recently established that, when expressed in Xenopus laevis
oocytes, Kop2.1 (TREK-1) channels are activated by several monoterpenes (MTs). Here,
we show that, within a few minutes of exposure, other mechano-gated Kop channels,
Kopd.1 (TRAAK) and Kop10.1 (TREK-2), are opened by monoterpenes as well (up to an
eightfold increase in current). Furthermor\e, carvacrol and cinnamaldehyde robustly
enhance currents of the alkaline-sensitive Kop5.1 (up to a 17-fold increase in current).
Other members of the Kop potassium channels, Kop17.1, Kop18.1, but not Kop16.1, were
also activated by various MTs. Conversely, the activity of members of the acid-sensitive
(TASK) Kop channels (Kop3.1 and Kop9.1) was rapidly decreased by monoterpenes. We
found that MT selectively decreased the voltage-dependent portion of the current and that
current inhibition was reduced with the elevation of external K concentration. These
findings suggest that penetration of MTs into the outer leaflet of the membrane results in
immediate changes at the selectivity filter of members of the TASK channel family. Thus,
we suggest MTs as promising new tools for the study of Kop channels’ activity in vitro as
well as in vivo.

Keywords: Kop channel, TREK-1, TRAAK, TASK-1, TALK, monoterpenes, leak channels, voltage-dependent current

INTRODUCTION

Potassium channels selectively and rapidly enable the movement of K" ions across biological
membranes down the electrochemical K* gradient at a rate close to that of diffusion (Mackinnon,
2003). Members of the potassium leak channel family are structurally unique among potassium
channels since each subunit possesses four transmembrane segments and two pore-forming
domains (2P/4TM architecture). As such, these channels are often referred to as two pore-
domain K" or K,p channels (Goldstein et al., 2001; Choe, 2002). These channels conduct current

Abbreviations: MTs, monoterpenes; Kyp, two pore-domain potassium channels.
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across the entire physiological voltage range and are essential for
neurophysiological function, while their activity modulates
excitability. It was shown that K,p channels could also increase
excitability by supporting high-frequency firing once an action
potential threshold is reached (Brickley et al, 2007). It was
recently reported that the majority of K,p channels are gated
by membrane potential in spite of their lack of a voltage sensor,
as the outward current of K ions through the selectivity filter
was found to open this gate (Schewe et al., 2016). Members of
this family may react to membrane stretch, as well as to
intracellular and extracellular pH changes, phosphorylation,
the activity of various G-protein coupled receptors, and more
(Goldstein et al., 2001; Brickley et al., 2007; Demeure et al., 2011;
Feliciangeli et al., 2015). K,p channels activity was shown to
modulate various important physiological processes such as pain
perception (Alloui et al., 2006) and cardiac activity (Ellinghaus
et al., 2005; Decher et al., 2017; Schmidt et al., 2017). Human
K,p3.1 channels (TASK-1) are expressed mainly in the atria and
possess a promising target for atrial fibrillation treatment
(Schmidt et al., 2014; Schmidt et al., 2018). A mutation in
K,p9.1 (TASK-3) is connected to the Birk-Barel syndrome,
mental retardation, and unique dysmorphism syndrome (Barel
et al,, 2008). Also, the effect of several volatile analgesics is
mediated, in part, through their action on K,p2.1 and K,p4.1
(TRAAK) (Franks and Honore, 2004).

Terpenes are a large group of structurally diverse organic
chemicals that are mostly produced in plants. Monoterpenes
(MTs) are terpenes that are composed of two five-carbon
isoprene units. For centuries, MTs have been known for their
beneficial effects as antifungal agents (Marei et al., 2012),
antibacterial (Garcia et al, 2008), and analgesic (Khalilzadeh
etal., 2016) agents. Terpenes have been proposed as remedies for
the treatment of pain (Quintans-Junior et al., 2013; Quintans Jde
et al., 2013; Guimaraes et al.,, 2014) and cardiovascular diseases
(Magyar et al., 2004; Aydin et al., 2007; Menezes et al., 2010;
Peixoto-Neves et al.,, 2010; Santos et al., 2011), and were shown
to possess antitumor, local anesthetic, and anti-ischemic abilities
(Koziol et al., 2014).

Several MTs were found to affect ion channels, both in
excitable cells (Oz et al.,, 2015) and in other tissues
(Muruganathan et al., 2017). To name a few, carvacrol and
thymol were found to activate and sensitize the murine and
human transient receptor potential (TRP) channel TRPV3,
and acyclic MTs like citronellol, nerol, and their derivatives were
found to modulate the activity of TRPA1 (Ortar et al., 2014). MTs
were found to act upon other TRP channels (Xu et al., 2006; Parnas
et al,, 2009), as well as on voltage-gated ion channels and GABA
receptors (Czyzewska and Mozrzymas, 2013; Kawasaki etal., 2013).
However, their activity on members of the K,p potassium channels
had not yet been studied.

Recently (Arazi et al., 2020), we reported the activation of
K,p2.1 by various MTs. Here, we report that MTs activate the
other two mechano-gated K,p channels (i.e., Kyp4.1 and
K,p10.1), in addition to members of other groups of Kyp
channel families (e.g., TALK, TRESK). Moreover, we found
that MTs display remarkable selectivity towards the different

K,p channels, and we report that they selectively inhibited the
voltage-dependent current of TASK family members.

METHODS

Animals

All experiments using animals were performed following the
guidelines of the Institutional Animal Care and Use Committee.
The project approval number is IL-61-09-2015.

Cloning

Channels were cloned into plasmid pRAT that included a T7
RNA polymerase promoter to enable cRNA synthesis, as well as
the 3’-UTR and 5’-UTR sequences of the Xenopus laevis B-actin
gene to ensure efficient expression in Xenopus oocytes.
Competent Escherichia coli DH5¢ cells were transformed by
heat shock. Plasmid DNA was purified with a Wizard Plus SV
Miniprep kit (Promega). Restriction enzyme digestions were
performed according to the manufacturer’s instructions
(Fermentas or NEB). Point mutations were generated
according to the Quickchange site-directed mutagenesis
technique (Stratagene) and confirmed by sequencing. cRNA
was transcribed in vitro by T7 polymerase using an AmpliCap
High Yield Message Maker (Epicentre) kit.

Electrophysiology

Xenopus laevis oocytes were isolated and injected with 20-40 nl
of solutions containing 0.3-40 ng cRNA using a 3.5”
Drammond#3-000-203-G/X glass capillary, pulled in a Sutter
P97 capillary puller and a Drummond manual oocyte
microinjection pipette (3-000-510-X). Whole-cell currents were
measured 1-3 days after injection by the two-electrode voltage-
clamp technique (GeneClamp 500B, Axon Instruments). Data
were filtered at 2 kHz and sampled at 5 kHz with Clampex 9.0
software (Axon Instruments). For two-electrode voltage-clamp
experiments, the pipette contained 3M KCI and the bath solution
contained (in mM) unless otherwise noted: 4 KCI, 96 NaCl, 1
MgCl,, 0.3 CaCl,, 5 HEPES, pH 7.4 with NaOH (standard
solution). All measurements of K,p5.1 and K,p17.1 channels
were performed at pH = 9.0. When needed, bath solution sodium
ions were isotonically replaced by potassium ions and vice versa.
When testing MT activity, the standard bath solution was
supplemented with the same concentration of the solvent
(ethanol) as of the tested chemical.

Injection of cRNA into oocytes was done in OR-2 solution (in
mM: 5 HEPES, 1 MgCl,, 2.5 KCl, 82.5 NaCl, pH = 7.4). Post-
injection oocytes were maintained in ND-91 solution (in mM: 5
HEPES, 1 MgCl,, 1.8 CaCl,, 2 KCl, 91 NaCl, pH = 7.4). Specific
recording protocols are mentioned in the relevant figure legends.
To determine the voltage-dependent fraction of the current, the
initial, voltage-independent (instantaneous) current was
estimated by fitting the current to an exponential decay slope
as the initial currents are masked by the capacitive transient
current, as was previously described (Arazi et al., 2020).
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Chemicals

Carvacrol (cat#282197), thymol (cat#T0501), p-cymene
(cat#C121452), 4-isopropylphenol (cat# 175404), eugenol
(cat#E51791, cinnamaldehyde (cat#W228613), menthol
(cat#M2772), beta-citronelol (cat# C83201), geraniol
(cat#16333, 4-methylcatechole (cat# M34200), and arachidonic
acid (cat#A3611) were all purchased from Sigma-Aldrich.

Preparation of Compounds

Compounds delivered as powders were dissolved into stock
solutions (4-6 M) in 100% ethanol. Compounds delivered as
liquid oils (6.5-7.5 M) were diluted 1:1 with ethanol to form
stock solutions and were kept at —20°C for up to two weeks. Just
before testing, stock solutions were diluted in the bath solution to
the desired concentration, and diluted compounds were
vigorously vortexed until completely dissolved. All solutions
were supplemented with ethanol to a final concentration of
0.1% (v/v) (confirmed not to harm the oocytes). The pH was
corrected to 7.4 + 0.05 using NaOH or HCL.

Statistical Analysis

Data were expressed as the mean + standard error of the mean
(SEM) and analyzed and presented using Microsoft Excel 2016.
Groups of two paired data sets were analyzed using a Wilcoxon
Signed Ranks test and groups of two unpaired data sets were
analyzed using Mann-Whitney U test with IBM SPSS Statistics
ver. 20 software. Values were considered to be significantly
different when the z-value was <0.05 (*), <0.01 (**), or <0.001
(***). All experiments were repeated with at least five oocytes.

RESULTS

Activation of Mechano-Gated Channels

by Monoterpenes

As we have recently reported (Arazi et al., 2020), the activity of
K,p2.1 is modulated by various MTs. K,p2.1 is a member of the
mechano-gated K,p channel clade that includes K,p4.1 (TRAAK)
and K,p10.1 (TREK-2). We, therefore, investigated whether MT's
modulate all mechano-gated K,p channels. An external
application of MTs resulted in the increase in currents of
K,p10.1 channels by seven compounds and in the increase in
currents of K,p4.1 channels by eight of the tested compounds,
although to lower levels (Figure 1A). As was found for K,p2.1
(Arazi et al., 2020), the phenol-containing compounds (carvacrol
and thymol) were more potent in opening both channels, while
linear compounds and compounds containing no hydroxyl
group were less effective (Figure 1A). Under standard testing
conditions, currents of most K,p channels are composed of two
components: an instantaneous “leak” current (voltage-
independent, VI) and a voltage-dependent (VD) current
(Schewe et al., 2016), as demonstrated in Figure 1B. We, thus,
looked at whether MTs affect the voltage sensitivity of the
channels by looking at the change in the proportion of the two

current components. For K,p4.1 and K,p10.1 channels, no
change in voltage dependency was detected (Figure 1C).
However, for K,p2.1 channels, voltage dependency was
reduced during carvacrol application, as was previously
reported (Arazi et al., 2020). As expected (Schewe et al., 2016),
arachidonic acid had a similar effect to carvacrol (Figure 1C).

Activation of TALK and TRESK Channels
The activity of members of the TALK clade of potassium
channels (K,p5.1, Kypl16.1, and K,pl17.1; TASK-2, TALK-1,
and TALK-2, respectively) is sensitive to external pH, as these
channels are activated at an alkaline pH (Decher et al., 2001;
Girard et al., 2001). K,p5.1 (TASK-2) is expressed mostly at the
tubular epithelial and is involved in pathological conditions
such as Balkan endemic nephropathy (BEN) (Toncheva et al,,
2014; Reed et al., 2016). While most tested compounds had
almost no effect on this channel, carvacrol and cinnamaldehyde
(Figure 2) activated it by up to 17-fold (15.7 + 3.0, n = 7 and
4.7 + 0.5, n = 5, respectively, 0.3 mM for both compounds),
although at different rates (Figure 2B). While activation by
carvacrol was reversible, activation by cinnamaldehyde was not,
even after a 5-min wash. It should be noted that irreversible
activation of TRPA1 channels by cinnamaldehyde was
previously reported (Macpherson et al., 2007). The minimal
concentration that showed substantial activation of the channel
was 12 puM for carvacrol (albeit not statistically significant)
(1.9£0.1-fold, n = 5, Figure 2C) and 30 uM for cinnamaldehyde
(2.8 £ 0.3-fold, n = 5; statistically significant).

Kypl6.1 and K,pl7.1 are expressed predominantly in the
pancreas and may be involved in the exocrine secretion of
bicarbonate. A gain of function mutation in K,pl7.1 was
associated with progressive cardiac conduction disorder
(Friedrich et al,, 2014). While K,p16.1 was not affected by any of
the tested MTs (not shown), K,p17.1 was moderately activated by
menthol, thymol, S-citronellol, 4MC, and carvacrol (Figure 3A).
K,p18.1 (TRESK, KCNK18) is unique among other K,p channels by
having an extra-long cytoplasmatic domain that is located between
the two pore-forming domains (Sano et al., 2003). This channel is
expressed in the dorsal root ganglion, trigeminal ganglion neurons,
and spinal cord (Sano etal., 2003; Kang and Kim, 2006; Dobler etal.,
2007). Mutation in this channel was linked to familial migraine with
aurora (Lafreniere et al., 2010). K;p18.1 was opened rapidly and
robustly by carvacrol and to a lesser degree by thymol and 4-
isopropylphenol (4IPP) (Figure 3B). Other compounds displayed
mild to no effect on this channel. Since with mechano-gated K,p
channels, we observed a reduction in the proportion of the voltage-
dependent current as a result of activation by carvacrol (Figure 1C),
we tested this feature in these channels as well. In K,p5.1 channels,
the share of the voltage-dependent current indeed decreased
(Figure 3C). In contrast, for K,pl17.1 channels, the share of the
voltage-dependent current did not change. In K,p18.1 channels,
where the basal share of the voltage-dependent current was low,
currents displayed more sensitivity to voltage after incubation with
carvacrol (Figure 3C).
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FIGURE 1 | Activation of Kop4.1 and Kyp10.1 by monoterpenes. (A) Activation of Kopd.1 and Kyp10.1. Oocyte membrane potential was held at —~80 mV and pulsed
to +25 mV for 75 ms with 5 s interpulse intervals. All MTs were applied at the same concentration (0.3 mM), and currents were measured after 4 min (mean + S.E.,
n = 5-10). Polar area (Az) and octanol-water partition coefficient (logP) prediction (XLogP3) were obtained from PubChem (Kim et al., 2016). 2D structures and the
coordinates for the 3D structures of the terpenes were obtained from ChemSpider. 3D models were performed with the UCSF Chimera package (Pettersen et al.,
2004). Oxygen molecules are colored red. The dashed line represents no change from the initial current. Inset- currents of a representative oocyte expressing
Kop10.1 before, during and after thymol application. (B) Currents at 60 mV before (in red) and during (in blue) application of carvacrol (i—iii) or arachidonic acid (AA)
(iv), on Kop2,1 (i, iv), Kopd.1 (ii), and Kop10.1 (iii) (C). Fraction of voltage-dependent current (in %) before (black) and after (gray) application of 0.3 mM carvacrol or
arachidonic acid (AA, 100 uM). A fit of the current (at 60 mV) to an exponential decay slope was used to identify the initial current (mean + S.E., n = 6-9).

Acid-Sensitive K;p3.1 and K5p9.1 (TASK) thataffects both channel types, it was obvious that the inhibition rate
Channels Are Inhibited by Monoterpenes was remarkably faster than that observed for activation of mechano-
K,p3.1and K,p9.1 (TASK-1 and TASK-3, respectively) channels are gated K,p channels (Figure 4B). To make sure that the differences in
expressed in the pancreas and placenta and to a lesser degree inthe ~ rates were not merely a result of a difference in affinities (Kinnibition Of
brain, heart, and kidneys (Duprat et al., 1997; Kim et al., 2000). K,p3.1 by thymol is 20 + 5 uM and K, iyation 0f Kzp2.1 by thymol is
Unlike all other tested K,p channels, current levels of K;p3.1 and 290 * 50 uM, not shown), we measured the current change rates at
K,p9.1 decreased by all tested MTs (Figure 4A). In contrast to three different concentrations for each channel (Figure 4C). As
mechano-gated channels, which were affected mostly by cyclic ~ expected, no measurable change in the rate of K;p3.1 channels
phenolic compounds like thymol and carvacrol, TASK channels  inhibition was observed, while the activation rate for K,p2.1
were affected mostly by linear MTs such as B-citronellol and  channels was much slower at all concentrations.

geraniol (Figure 4A). Inhibition was rapid (eg. T = 3.8 £ 0.2, To further examine the unique activity of MTs on TASK
6.2+ 12, and 5.6 £ 1.5 s for thymol, S-citronellol, and carvacrol, channels, we tested the activity of carvone on K,p3.1 channels as
respectively, n = 7-11) and within the solution change rate in our a model, as this monoterpene had no activity on K,p2.1 channels
system (T =7.7 £ 1.0’ s, n = 5). When using thymol, a monoterpene ~ (Figure 5A), while readily and rapidly (Figure 5B) decreasing
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FIGURE 2 | Carvacrol and cinnamaldehyde robustly activate Kop5.1. (A) Activation of Kop5.1 by monoterpenes. Oocyte membrane potential was held at —80mV
and pulsed to +25 mV for 75 ms with 5 s interpulse intervals. All MTs were applied at the same concentration (0.3 mM), and currents were measured after 5 min of
incubation (mean + S.E., n = 6-10). (B) Time course for activation by 0.3 mM carvacrol and 0.3 mM cinnamaldehyde for representative oocytes expressing Kop5.1
channels. Currents were measured as in (A). (C) Carvacrol dose-response for Kopb.1 channels (mean + S.E., n = 5-8) (EC5o = 0.13 + 0.05 mM).

(D) Cinnamaldehyde dose-response for Kop5.1 channels (mean + S.E., n = 5-8) (ECso = 0.11 + 0.07 mM). Currents were measured at 25 mV, as in (A), after

K,p3.1 channel currents with a Kipipition 0£0.90 £ 0.16 mM (Figure
5C). Asin most K,p channels, when held at —-80 mV, K,p3.1 currents
are comprised of two components: an instantaneous, voltage-
independent (VI), and a time- and voltage-dependent component
(VD) (Figure 5D, control). As was observed with other MTs, the
VD component of the current was dramatically reduced due to
application of carvone (Figures 5D, E). The inhibition of the VD
currents resulted, as anticipated, in the disappearance of Kyp3.1
channels tail currents (Figure 5F).

External K* concentration is known to affect the open
probability of the selectivity filter gate of potassium channels
(Hille, 2001) and, in particular, that of K,p channels (Zilberberg
etal., 2001). We, thus, tested the effect of external K™ on carvone-
induced current inhibition. The concentration of external K* had
a profound effect on K,p3.1 currents. A significant current
decrease was observed under low (0 and 4 mM) external K*
concentration (Figure 6A). At all external potassium
concentrations, carvone reduced K,p3.1 currents (Figures
6B, C). Currents at 0 mM (no added potassium) external K*
were too low to allow further accurate analysis. When we
analyzed the effect of carvone on each current component (VD

or VI) at three external K" concentrations, we found that the VD
current was almost completely eliminated at all concentrations,
while the VI current was only mildly affected (Figures 6C-G). At
60 mV, inhibition was reduced by high external K* (Figure 6C).

DISCUSSION

In this study, we used an exogenous expression system to measure
the impact of MTs on the activity of various human K,p channels.
MTs were found to affect various types of ion channels at high
micromolar to millimolar concentrations (Lauritzen et al., 2005;
Joca et al., 2012; Johnson et al., 2012; Brohawn et al., 2014; Pham
et al,, 2015; Bavi et al,, 2016; Cabanos et al., 2017; Li Fraine et al.,
2017), comparable to the concentrations that were found here to
affect K;p channels. Mechano-gated K,p4.1 and K,p10.1 were
activated mainly by the cyclic aromatic phenolic MTs, carvacrol,
and thymol, with the latter being the most effective. This is in
accordance with our finding that the same MTs are the best
activators of the other mechano-gated K,p channel, K,p2.1 (Arazi
et al., 2020). Unlike in K,p2.1 channels, the voltage dependency of
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FIGURE 3 | Kyp17.1 and Kop18.1 are activated by monoterpenes.

(A), (B) Activation of Kop17.1 (A) and Kop18.1 (B) by monoterpenes. Oocyte
membrane potential was held at =80 mV and pulsed to +25 mV for 76 ms with 5
s interpulse intervals. All MTs were applied at the concentration of 0.3 mM, and
currents were measured 4 min after application of the indicated monoterpene
(mean + S.E., n =5-10). Insets: currents of representative oocytes expressing
Kop17.1 (A) and Kop18.1 (B) during application of 0.3 mM carvacrol. (C) Fraction
of voltage-dependent (VD) current (in %) under control conditions and after
application of 0.3 MM carvacrol for three channel types, as indicated. Oocytes
were held at —-80mV, and currents were measured at 30 mV. A fit of the results to
an exponential decay slope was used to identify the initial current (mean + S.E.,
n=6-9). "p <0.05, *p <0.01, **p < 0.001, ns, not significant.

the current did not change as a result of MT activation. Our findings
suggest that for best activation of mechano-gated K,p channels,
terpenes should be moderately hydrophobic (XLogP3 ~ 3, as is the
case for carvacrol and thymol) and to be able to penetrate, yet not
become embedded in, the bilayer due to the presence of a small polar
area. Also, a phenol moiety was necessary to obtain high channel-
stimulating activity. We believe that such molecules are embedded
into the outer leaflet of the bilayer and perturbed its structure and/or
curvature. Less hydrophobic and more polar molecules (a polar area
larger than 20 A and XLogP value lower than 3) will stay in the
polar area of the outer leaflet, while more hydrophobic molecules
will sink deeper into the bilayer. We showed that for K,p2.1, the
cytoplasmic carboxyl-terminal of the channel is needed for the
activity of MT's (Arazietal., 2020). Itis yet to be determined whether
this is the mechanism by which the other two mechano-gated Kyp
channels are activated by MTs.

The alkaline-sensitive K,p5.1 and K,pl7, but not K,pl6.1,
were also found to be activated by MTs. While K,p17.1 was only

mildly activated (up to a fourfold increase in current, Figure 3A),
K,p5.1 currents increased by up to 17-fold (0.3 mM, Figure 2A).
Even at 60 pM carvacrol, K,p5.1 currents increased by 5.5-fold
(Figure 2C). The selectivity of the MTs towards these channels
was not the same as for mechano-gated channels. While carvacrol
activated, to a degree, all channels, K,p5.1 was uniquely activated by
cinnamaldehyde, but not by thymol, and K,p17.1 was uniquely
activated by B-citronellol and 4MC (Figure 3A). K,p18.1 channels
were activated by the same MTs, up to 5.3-fold (Figure 3B). Our
findings indicate a certain degree of selectivity in the sensitivity of
different K,p channels to MTS, as some channels are activated by
MTs that are inactive against other channels. The origin for this
apparent selectivity is unclear since whether membrane-adhered
hydrophobic molecules directly bind to channels or if they change
membrane properties, causing each channel to react differently to
those changes is an ongoing debate (Cristani et al., 2007; Ogawa
et al,, 2009; Lee, 2011; Nury et al., 2011; Epand et al., 2015; Sacchi
et al,, 2015). This dilemma applies not only to monoterpenes but
also to other lipophilic molecules such as general anesthetics and
alcohols (Howard et al., 2014), as well as for endocannabinoids (Oz,
2006) and steroids (Hill et al., 2015), all are allosteric modulators of
several structurally different ion channels (Sanchez-Borzone et al.,
2014; Oz et al, 2015; Ton et al, 2015). By changing the
physicochemical properties of the surrounding membrane
environment (Sanchez et al., 2004; Turina et al.,, 2006; Zunino
et al,, 2011; Reiner et al.,, 2013), and energetic requirements for
gating-related conformational changes monoterpenes could affect
ligand-gated ion channels (LGICs) (Fantini and Barrantes, 2009;
Barrantes et al., 2010), and voltage-gated ion channel (VGICs) as
reviewed by Oz at al. 2015 (Oz et al,, 2015). On the other hand,
evidence for direct binding of lipophilic monoterpenes, such as
carvacrol and thymol, to specific amino acid residues in the
transmembrane domain of Human 5-Hydroxytryptamine Type 3
(5-HT3Rs) were found (Lansdell etal., 2015). Similarly, the different
potency of menthol stereoisomers (Walstab et al., 2014) on 5-
HT3Rs or GABA(A) receptor (Corvalan et al., 2009) suggest also a
degree of selectivity in monoterpenes action on ion channels.

For K,p2.1, it was shown that channel opening would result in a
reduction in its voltage dependency (Bockenhauer et al.,, 2001; Lopes
et al., 2005; Cohen et al., 2008). Schewe et al. displayed that, for all
mechano-gated K,p channels, activation causes a gating mode shift
within the selectivity filter and that these channels can be converted
into a “classical” leak mode when stimulated by arachidonic acid or
PIP, (Schewe et al., 2016). This phenomenon was observed in our
experiments with K,p2.1, but not with K,p4.1 or K,p10.1 channels.
Reduction in the percent of voltage-dependent current was observed
with K,p5.1, but not with K,p17.1, while with K,p18.1, an increase in
the voltage-dependent current was recorded (Figure 3C). The
voltage-dependency of the K,p channels” current is directly related
to their open probability. Since in our experiments, only a relative
estimation of the open probability of the channel is measured, we
believe that it is plausible that “leak-like” behavior of the channel is
achieved only at high open probabilities and that under our
experimental conditions, this was not always achieved.

The acid-sensitive TASK channels, K,p3.1 and K,p9.1, were
affected differently by MTs: a. most tested MTs caused a decrease
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FIGURE 4 | The effect of monoterpenes on acid-sensitive Kop channels. (A) Inhibition of Kop3,1 and K,p9.1 currents. Currents were measured before and after 2 in
incubation with the indicated MT (mean = S.E., n = 5-10). All MTs were applied at a concentration of 0.3 mM. (B) Normalized currents during 0.3 mM thymol
application for representative oocytes expressing either Kop2.1, Kop3.1, and Kop9.1. (C) The time constant (t) of current changes during the application of thymol at

in TASK channel currents (Figure 4A); b. the current decrease rate
was high (a few seconds), while the activation rate of other channels
was at least an order of magnitude slower (Figures 4B, C and not
shown); and c. unlike other tested K,p channels, TASK channels were
affected mostly by linear MTs (B-citronellol and geraniol, Figure 4A).
These three observations suggest that TASK channels are affected by
MTs by a different mechanism than the other tested channels. Thus,
we further studied the characteristics of the current inhibition of
TASK channels by MTs using K,p3.1 and carvone as a model.

It was clearly evident that carvone almost completely
eliminated the voltage-gated portion of K,p3.1 currents
(Figures 5D-F). Since voltage-dependent gating was shown to
originate from the movement of three to four potassium ions

into the high electric field of an inactive selectivity filter (Schewe
et al.,, 2016) and since the stability of the selectivity filter was
shown to be affected by the concentration of external potassium
ions in potassium channels in general (Hille, 2001) and in K,p
channels in particular (Zilberberg et al., 2001), we looked at the
influence of external potassium concentrations on K,p3.1 activity
and sensitivity to carvone. External potassium ion levels had a
clear effect on channel gating, as currents decreased dramatically
at low external levels (Figure 6A). At all potassium levels,
carvone reduced K,p3.1 current, while specifically targeting the
voltage-dependent portion (Figures 6C-G). While the voltage-
independent portion of the current behaved, as expected, like a
potassium GHK-leak, the voltage-dependent portion displayed
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an outward rectification behavior that was partly dependent on
potassium concentration (Figure 6F). We suggest that as
external potassium ions stabilize the selectivity filter at its
conductive state, they minimize the destabilizing structural
changes caused by carvone. For this reason, we suggest that
MTs might serve as a useful tool in studying the voltage-
dependency of TASK channels as they specifically target the
voltage-dependent portion of the current. Recently, it was
reported that bupivacaine blocks TASK channels in a voltage-
dependent manner by disrupting the K'-flux gating mechanism
(Rinne et al,, 2019), and that it is located laterally in the side
fenestrations of K,p3.1 channels and interacts with residues of
the pore helix, and the M2, M3, and M4 segments. It is
conceivable that both bupivacaine and MTs bind to a similar
binding site within the membrane and, thus, affect channels
through a similar mechanism.

IS

carvone

I(HA)

o

I time (s) 150

D

control ’ carvone

control

carvone

75

FIGURE 5 | Inhibition of K»p3.1 by carvone. (A) Current-voltage relationship of a representative oocyte expressing Kop2.1, before and after application of 1mM
carvone. (B) The current of a representative oocyte expressing Kop3.1 during incubation with 1 mM carvone. Oocyte membrane potential was held at —-80 mV and
pulsed to +25 mV for 75 ms with 1 s interpulse intervals. (C) Carvone dose-response for Kop3.1 channels (mean + S.E., n = 6-10) (Kinnivition = 0.90 + 0.16 mM).

(D) Currents of a representative oocyte expressing Kop3.1 channels before and during incubation with 1 mM carvone at 20 mM potassium at the bath. The oocyte
was held at —-80 mV, then at —135 mV for 30 ms, and then pulsed from —150 mV to 60 mV in 15 mV intervals. The dashed line represents zero current. (E) Currents
at 60 mV of a representative oocyte before and during incubation with 1 mM carvone. Currents were normalized to the initial current. A fit of the results to an
exponential decay slope was used to identify the initial current. (F) Tail analysis of currents before and during incubation with 1 mM carvone at external potassium
concentration of 100 mM (mean + S.E., n = 6). For each oocyte, currents were normalized to the current at —105 mV.

K,p channels play a role in various physiological processes
such as pain signaling (Li and Toyoda, 2015) heart function
(Hancox et al., 2016), and more (Lesage and Barhanin, 2011;
Bandulik et al., 2015; Renigunta et al., 2015; Riegelhaupt et al.,
2018). For example, activation of mechano-gated Kp, as well as
K,p18.1 channels, is expected to result in reduced pain sensation
and neuroprotection. Terpenes have been proposed as analgesic
agents (Khalilzadeh et al., 2016), as remedies for the treatment of
pain and cardiovascular diseases (Magyar et al., 2004; Aydin
et al., 2007; Menezes et al., 2010; Peixoto-Neves et al., 2010;
Santos et al., 2011; Quintans-Junior et al., 2013; Quintans Jde
et al., 2013; Guimaraes et al., 2014) and were shown to possess
antitumor, local anesthetic, and anti-ischemic abilities (Koziol
et al,, 2014). Any of these activities of terpenes that stem from
their activity on K,p channels remains to be determined. Even
though MTs are regularly consumed by people as food additives,
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expressing Kop3.1 at four external potassium concentrations (0, 4, 20, and 100 mM) under control conditions (A) or after incubation with 1 mM carvone (B). Oocytes
were held at -80 mV, pulsed to —135 mV for 30 ms, and then pulsed from —150 mV to 60 mV in 15 mV voltage intervals (mean + S.E., n = 6-9). (C) The fraction of
inhibited current due to carvone application of the total current (Total) and its components: the voltage-independent (V) and the voltage-dependent (VD) currents.
Currents at 60 mV were tested at three external potassium concentrations (4, 20, and 100 mM) (mean + S.E., n = 6-9). (D-G) Current-voltage relationships for
oocytes expressing Kop3.1 channels at three different external potassium concentrations, as indicated (mean + S.E., n = 6-9). Currents were measured as in (A). The
voltage-independent (D, E) and the voltage-dependent (F, G) fractions of the current were calculated as in Figure 1C and are presented individually. Measurements
were performed before (D, F) and after (E, G) application of 1 mM carvone. *p < 0.05, ns, not significant.
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Endogenous and Exogenous
Vanilloids Evoke Disparate TRPV1
Activation to Produce Distinct
Neuronal Responses

Rakesh Kumar™, Matan Geron*, Adina Hazan and Avi Priel*

Institute for Drug Research (IDR), School of Pharmacy, The Faculty of Medicine, The Hebrew University of Jerusalem,
Jerusalem, Israel

Neuronal signals are processed along the nociceptive pathway to convey discriminative
information, which would manifest in the produced pain sensation. The transient receptor
potential vanilloid 1 (TRPV1), an important signaling complex in nociceptors termini, is
activated by different noxious stimuli that underlie distinct pain sensations. For example,
while endovanilloids are associated with inflammatory pain and hypersensitivity through
TRPV1 activation, the exovanilloid toxin, capsaicin, evokes an acute pain by activating this
channel. Differences in the TRPV1 activation profile evoked by exogenous and
endogenous vanilloids were suggested to underlie this disparity in pain sensations.
However, the cellular processes that lead to these differences in pain sensation
mediated by the same channel are not fully understood. Here, we sought to describe
the neuronal response of TRPV1-expressing nociceptors to exo-and endovanilloids. To
this end, we performed current-clamp recordings in rat trigeminal neurons exposed to
either capsaicin or intracellular endovanilloids produced downstream of the bradykinin
receptor BK2. Our results show that lipoxygenase metabolites generate persistent
TRPV1-dependent action potential firing while capsaicin evokes robust depolarization
and high-frequency firing that is quickly terminated by depolarization block. Additionally,
we found that a weak TRPV1 activation prolongs action potential firing. Overall, our results
indicate different firing patterns evoked by inflammatory mediators and capsaicin via
TRPV1 that correlate with the respective subsequent pain sensation. These findings also
suggest that differences in neuronal activation stem from the variable degree of TRPV1
activation they produce.

Keywords: TRPV1, endovanilloids, exovanilloids, capsaicin, bradykinin, Gg- GPCR, nociceptors, inflammatory pain

INTRODUCTION

TRPV1 has been identified as an essential component of the nociceptive mechanisms underlying
different pain conditions and pain sensations (Davis et al., 2000; Patapoutian et al., 2009; Mishra et al.,
2011; Fattori et al., 2016). This non-selective cation channel, which is mainly found in nociceptors is a
polymodal receptor that detects a wide array of noxious stimuli such as heat (>42°C), protons (low
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pH), plant, and animal toxins, as well as bioactive lipids (Julius,
2013). TRPV1 activators engage diverse binding domains
producing a modulatory effect on this multi-steric channel
(Winter et al., 2013). One main binding domain is the
intracellular vanilloid binding site (VBS), located between S3
and S4, with which both plant toxins and bioactive lipids
interact (Jordt and Julius, 2002). Vanilloid plant toxins, such as
the prototypical capsaicin (found in chili peppers), activating
TRPV]1, and produce acute pain (Yang et al., 2015). In contrast,
TRPV1 bioactive lipids are endogenous vanilloids mainly
produced during inflammation (Levine and Alessandri-Haber,
2007; Julius, 2013). This TRPV1 activation following injury was
shown to be essential for heat hyperalgesia and pain
hypersensitivity (Caterina et al., 2000; Shin et al., 2002). Thus,
TRPV1 mediates both the acute burning pain following the
ingestion of hot peppers and the dull and prolonged pain as
well as hypersensitivity that often accompany inflammation.

The endovanilloid lipids, such as 12-Hydroeicosatetraenoic
acid (12-HETE), are products of arachidonic acid (AA)
metabolism by lipoxygenases (LOX), downstream of the Gq/
GPCR pathway (Hwang et al, 2000; Starowicz et al., 2007;
Veldhuis et al., 2015; Kumar et al., 2017). Thus, different
components of the inflammatory soup such as bradykinin and
histamine indirectly activate TRPV1 by inducing the Gq
signaling cascade through their respective receptors co-
expressed with TRPV1 in nociceptors (Shin et al., 2002; Shim
etal., 2007). PKC s also activated in this signaling pathway and is
essential for endovanilloid activity as it phosphorylates and
sensitizes TRPV1 (Premkumar and Ahern, 2000; Kumar et al.,
2017). Also, LOX metabolites are highly labile as they are quickly
reduced to products with reduced potency (Hwang et al., 2000;
Starowicz et al., 2007). Thus, endovanilloids are components of a
highly regulated machinery essential for the initial recognition
and subsequent healing of tissue injury, in contrast to
exovanilloid toxins that provide the evolutionary advantage of
evoking a deterring intense pain.

We previously showed that endovanilloids produced through
Gq signaling evoke reduced open probability in TRPV1 and thus
a weak channel activation in comparison to capsaicin (Kumar
et al,, 2017). The different properties of TRPV1 activation by
exogenous and endogenous vanilloids were suggested to underlie
the distinct pain sensations experienced during acute and
inflammatory settings (Kumar et al., 2017). Indeed, it was
suggested that while endovanilloids evoke prolonged action
potential firing in nociceptors, exovanilloids produce a short
burst of action potentials followed by a depolarization block, a
cessation of firing despite suprathreshold membrane potential
due to the inactivation of voltage-gated sodium (Nay) channels
(Liu et al., 2001; Shin et al.,, 2002; Blair and Bean, 2003).
However, these observations were obtained using different
experimental settings for endo- and exovanilloids. Moreover,
in both cases, recordings were performed in ruptured cells where
intracellular signaling (i.e., Gq signaling) is disrupted. Thus,
exactly how these two types of vanilloids exert a different effect
in neurons remains to be elucidated.

Here, we sought to further describe the neuronal response of
TRPV1 expressing nociceptors to exo- and endovanilloids. To
this end, we performed electrophysiological recordings in
perforated trigeminal neurons in which the intracellular
signaling apparatus is preserved. We show that endovanilloids
produced downstream to bradykinin receptor activation evoke
prolonged action potentials firing, which is TRPV1 dependent,
while capsaicin-evoked firing is short-lived. Firing evoked by
bradykinin requires the generation of endovanilloids catalyzed
by PLC and LOX in the Gq signaling pathway. Also, we found
that the lower depolarization induced by endovanilliods could
underlie the prolonged firing as lower capsaicin concentrations
partially emulate this firing pattern. Overall, our results indicate
that the highly regulated, reduced activation of TRPV1 by
endovanilloids produced by LOX enables prolonged firing in
nociceptors in contrast to the robust firing quickly followed by
depolarization block obtained following the application of the
highly efficacious capsaicin. Thus, these findings demonstrate
that different neuronal activation patterns could be evoked
through the same binding site in TRPV1, potentially encoding
different pain sensations.

MATERIALS AND METHODS

Neuronal Cell Culture and Viral Infection

The Institutional Animal Care Committee of The Hebrew
University approved all procedures that involved the use of
animals. Acute culture of rat TG neurons (n = 42) was
performed as previously described (Bohlen et al., 2010). In brief,
dissected ganglia from two to four rat pups (P0-3) were collected
in ice-cold DPBS (with Ca®" and Mg*") (Sigma-Aldrich, St. Louis,
MO, USA), followed by digestion with 0.025% collagenase type IV
(Worthington Biochemical Corp., Lakewood, NJ, USA) and then
0.25% Trypsin (Sigma-Aldrich, St. Louis, MO, USA). After
enzymatic digestion, ganglia were triturated with fire-polished
Pasteur glass pipettes of decreasing tip diameter. Cells were re-
suspended in Dulbecco's modified Eagle's medium (DMEM,
Gibco, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS, Gibco), 1% penicillin-streptomycin (Gibco),
and 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES; pH 7.3; Gibco, Waltham, MA, USA) (hereafter: complete
DMEM) and plated on Poly-p-Lysine (PDL; Sigma, St. Louis, MO,
USA) coated glass coverslips. Cells were allowed to recover for 3 h
at 37°C in a 5% CO, atmosphere before patch-clamp experiments.
Dissociated rat TG neurons (n = 4) were infected with 0.5 ng/ml
adeno-associated virus vector, serotype 2 (rAAV2) containing
hSyn-HA-hM3D(Gq)-IRES-mCitrine or hSyn-EGFP (University
of North Carolina Vector Core, Chapel Hill, NC, USA), in a
complete media supplemented with 50 ng/ml nerve growth factor
(NGF) (Alomone Labs, Jerusalem, Israel) and 1 ng/ml glial cell-
derived neurotrophic factor (GDNF) (Alomone Labs, Jerusalem,
Israel) for one week before electrophysiological analysis. Infected
neurons were selected based on their fluorophore expression.

Frontiers in Pharmacology | www.frontiersin.org

17

June 2020 | Volume 11 | Article 903


https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Kumar et al.

TRPV1 Produces Distinct Neuronal Responses

Electrophysiology

Current-Clamp Recordings

Membrane voltages were recorded under the current-clamp
mode (I = 0) using an Axopatch 200B patch-clamp amplifier
(Molecular Devices, Sunnyvale, CA, USA). Membrane voltages
were digitized using a Digidata 1440A interface board and
pCLAMP 10.6 software (Molecular Devices, Sunnyvale, CA,
USA) at room temperature. Sampling frequency was set to 20
kHz and low-pass filtered at 5 kHz. Patch electrodes were
fabricated from borosilicate glass using the P1000 Micropipette
Puller (Sutter Instrument) and fire-polished using the
Microforge MF-900 (Narishige, East Meadow, NY, USA) to a
resistance of 2 to 4 MQ for whole-cell and perforated patch
recordings. Perforated patch or standard whole-cell
configurations of the patch-clamp technique were obtained in
voltage-clamp mode before proceeding to current-clamp
recording mode. The perforated patch configuration was
carried out as previously described (Priel and Silberberg, 2004).
Briefly, the pipette solution constituted (mM): 75 K,SO,, 55 KCl,
5 MgSO,4, 10 HEPES, adjusted to pH 7.2 with KOH. Nystatin
(Sigma, St. Louis, MO, USA) was used for patch perforation at a
working concentration of 180 uM. To this end, it was dissolved in
Dimethyl Sulfoxide (DMSO; Sigma, St. Louis, MO, USA) to
obtain a 55 mM stock solution, which following 1 min ultra-
sonication was diluted in pipette solution to obtain a working
solution of 180 uM. Nystatin solutions were freshly prepared in
the dark every 2 h. Only cells with a series resistance of <15 MQ
were used for analysis. The extracellular solution contained
(mM): 140 NaCl, 2.8 KCI, 2 MgSO,, 1.8 CaCl,, 10 HEPES, 10
D-glucose, adjusted to pH 7.4 with NaOH (Ringer solution).
Once the perforated-patch or the standard whole-cell
configuration was established, cells were continuously
superfused with extracellular solutions via the ValveBank
perfusion system (AutoMate Scientific, Berkeley, CA, USA).
Cells were incubated with U73122 for 5 minutes before
recording, whereas other drugs and chemicals were applied as
indicated in the figures. For the standard whole-cell
configuration pipette solution contained (mM): 130 potassium-
gluconate (KC¢H;,0), 2 MgSO,, 6 KCI, 10 NaCl, 10 HEPES, 5
MgATP, 0.5 Li,GTP, adjusted to pH 7.4 with KOH. Small TG
neurons, (~25 wm), shown to be nociceptors based on their
capsaicin-sensitivity (Cardenas et al., 1995; Le Pichon and
Chesler, 2014) were selected for recording. Small TG neurons
with stable (<10% variation) resting membrane potentials
(£-50 mV), action potentials with overshoots >40 mV, and
amplitudes >85 mV were analyzed (Blair and Bean, 2003;
Cummins et al., 2009; Gudes et al., 2015). Only neurons with a
threshold of —35 + 3 mV, determined according to the first action
potential elicited under the fast current-clamp mode of a single
ramp of depolarizing current injection (500 ms; 0-150 pA)
(Gudes et al.,, 2015), were selected for analysis. In perforated
current-clamp recordings, junction potential was calculated to be
9.3 mV (using Clampfit 10.6). The membrane potential was
corrected accordingly. The phase plots of dV/dt vs. membrane
voltage were formed by plotting the rate of change of membrane
potential to time (dV/dt), following the application of bradykinin

or capsaicin, as a function of membrane potential. The first two
evoked APs in each cell were analyzed. Maximum upstroke
velocity was obtained from (dV/dt) Max.

Voltage-Clamp Recordings

Recordings from TG neurons were performed as previously
described (Kumar et al., 2016). Briefly, membrane currents were
recorded under the voltage-clamp using an Axopatch 200B patch-
clamp amplifier (Molecular Devices, Sunnyvale, CA, USA).
Membrane currents were digitized using a Digidata 1440A
interface board and pCLAMP 10.6 software (Molecular Devices,
Sunnyvale, CA, USA) with sampling frequency set to 10 kHz and
were low-pass filtered at 5 kHz. The holding voltage was —60 mV.
All experiments were carried out at room temperature.

Data Analysis

The electrophysiological analysis was performed using pPCLAMP
10.6 software (Molecular Devices, Sunnyvale, CA, USA). All
statistical data were calculated using SigmaPlot 11 (Systat
Software, San Jose, CA, USA) and Prism 7 (Graphpad
Software, La Jolla, CA, USA) software. Student's t-test and
ANOVA were used to determine statistical significance.

Drugs and Chemicals

All salts and buffers were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Capsaicin (Cap), Capsazepine (CPZ), U73122,
and Bisindolylmaleimide I (BIM I; GF 109203X) were purchased
from Tocris Bioscience (Bristol, UK). Bradykinin (Bk),
Histamine dihydrochloride (His), Nordihydroguaiaretic acid
(NDGA), Bupivacaine hydrochloride (bupivacaine), and
Clozapine N-oxide (CNO) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). All drugs were dissolved according to
manufacturer protocol.

RESULTS

Inflammatory Mediators and Exovanilloids
Evoke Distinct Firing Patterns

Endo- and exovanilloids produce different activation profiles of
TRPV1 expressed in a heterologous expression system (Kumar
et al,, 2017). To characterize the neuronal response to endogenous
and exogenous vanilloids (ie., capsaicin), we performed recordings
in acutely dissociated trigeminal neurons from neonatal rats. In
contrast to exovanilloids, endovanilloids are highly lipophilic, and
thus their ability to cross the plasma membrane and reach the
intracellular VBS in the TRPV1 channel when applied
extracellularly is reduced as they can be trapped in the lipid
bilayer (Hwang et al., 2000; Starowicz et al, 2007; Ursu et al,
2010). Under physiological conditions, endovanilloids were
suggested to be LOX metabolites, produced downstream of Gg/
GPCR (Hwang et al., 2000; Veldhuis et al., 2015). This pathway can
be activated through receptors such as the bradykinin receptor BK2
and the histamine receptor H1 that were shown to co-express with
TRPV1 (Carr et al., 2002; Shin et al., 2002; Petho and Reeh, 2012).
Thus, throughout this study, we sought to induce cell-autonomous
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endovanilloid production by activating the Gq/GPCR pathway
using the inflammatory mediators bradykinin and histamine.
Accordingly, we employed the perforated whole-cell configuration
of the patch-clamp technique, which in contrast to the standard
whole-cell configuration, preserves the cellular milieu and allows
signaling events downstream of GPCR activation (Knauer and
Yoshida, 2019). Indeed, in perforated patch recordings, 18 out of
27 TRPV1-expressing nociceptors responded to bradykinin,
whereas only 1 out of 6 were bradykinin- sensitive in whole-cell
configuration recordings (Figure 1A). Of note, six out of the 33
small diameter neurons recorded under the perforated
configuration were sensitive to bradykinin but not to capsaicin.
Also, just four of 36 capsaicin-responsive nociceptors responded to
histamine in the perforated configuration. This low rate of co-
expression is expected as HIR expression in TRPV1" neurons is
scarce, whereas TRPV1 is expressed in most HIR" neurons
(Roberson et al., 2013). As shown in Figures 1B, C, while
exposure to bradykinin or histamine evoked a long train of action
potentials, exposure to capsaicin (0.2 pM) resulted in a robust
depolarization with few action potentials that were followed by an

immediate depolarization block. While the persistent neuronal
activation by bradykinin allowed a higher number of action
potentials firing, capsaicin evoked a higher firing frequency
(Figures 1D, E). Therefore, our analysis indicates that
inflammatory mediators and capsaicin (0.2 uM) produce
distinctive neuronal firing patterns as both bradykinin and
histamine evoke a more prolonged neuronal activation, albeit
with reduced firing rate in TRPV1-positive nociceptors as
compared to capsaicin. In order to further analyze the TRPV1-
induced firing patterns, we compared the rate of change of
membrane voltage as a function of membrane voltage, dV/dt vs.
V, between the first and second APs. As shown in Figure 2, we
found that sequential capsaicin-evoked APs present a significant
decrease in maximal upstroke velocity [(dV/dt)max]. As (dV/dt)
max is determined by the number of available Nay channels (i.e.,
non-inactivated), this indicates that the fast and robust
depolarization evoked by capsaicin causes the gradual inactivation
of these channels until depolarization block is reached (Gudes et al.,
2015). In contrast, bradykinin-evoked APs are mostly unchanged,
suggesting the full recovery of Nay channels between APs.
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FIGURE 1 | Endo- and exovanilloids evoke distinct patterns of neuronal activation. (A) Bar diagram showing the average (+ SEM) percentage of bradykinin (“BK”;
0.5 pM) sensitive nociceptors (n = 6-27) at different configurations of the patch-clamp technique, normalized to the percentage of capsaicin (“Cap”; 0.2 M)
-sensitive cells. Sensitive cells were defined by the detection of agonist-evoked action potentials. Statistical significance between perforated whole-cell (“Perforated”;
n = 27) and the whole-cell (“WC”; n = 6) configurations were determined using ANOVA with multiple comparisons, where *** represents p < 0.001. (B)
Representative current-clamp recording (I = 0) from rat TG neurons using the perforated whole-cell configuration in response to capsaicin (“Cap”; red bar) and
bradykinin (“Bk”; cyan bar) (n = 12). Bradykinin (0.5 uM) was applied for 15 s followed by capsaicin (0.2 uM) application for 5 s. (C) Representative current-clamp
recording (I = 0) from rat TG neurons using the perforated whole-cell configuration in response to capsaicin (“Cap”; red bar) and histamine (“His”; dark blue bar)

(n = 4). Histamine (20 uM) was applied for 15 s followed by capsaicin (0.2 pM) application for 5 s. (D) Box and whiskers plot shows the number of evoked action
***p < 0.001, paired Student t-test. (E) Box and whiskers plot shows the firing
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rate (Frequency) in response to bradykinin (0.5 pM) or capsaicin (0.2 uM) (n = 12). *p < 0.01 paired Student's t-test.
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FIGURE 2 | Bradykinin-evoked activation of TRPV1 produces repetitive AP firing. (A) Top: Current-clamp recording (I = 0) from small-diameter dissociated rat
trigeminal ganglion (TG) TRPV1+ neurons (P0) using the perforated whole-cell configuration of the patch-clamp technique. Representative trace of the first three APs
following the application of bradykinin (“Bk”; cyan bar; 0.5 uM) is shown. Bottom: Phase plots of the rate of change of the membrane potential (dV/dt) during the first
(black trace) and second (cyan trace) APs vs. membrane potential (V). (B) Top: Current-clamp recording (I = 0) from small-diameter dissociated rat trigeminal
ganglion (TG) TRPV1+ neurons (P0) using the perforated whole-cell configuration of the patch-clamp technique. Representative trace of the first three APs following
the application of capsaicin (“Cap”; red bar; 3 pM) is shown. Bottom: Phase plots of the rate of change of the membrane potential (dV/dt) during the first (black trace)
and second (red trace) APs vs. membrane potential (V). (C) Mean/scatter-dot plot representing the difference in the maximal velocity (dV/dt) of the upstroke of the AP
between the second and first APs evoked by either bradykinin (“Bk”; 0.5 uM; cyan circles) or capsaicin (“Cap”; red circles; 3 pM) (n = 5). ***p < 0.0001, unpaired

Student's t-test.

Bradykinin-Evoked Firing Is Mediated by firing evoked by bradykinin as well as capsaicin (Figure 3A).
TRPV1 and Requires LOX Metabolites Like other GPCRs, BK2 can activate various G protein signaling
The bradykinin receptor, BK2, was previously shown to cause  pathways (i.e, Gi, and Gq) (Miyamoto et al., 1997; Sandhu
membrane depolarization by activating ion channels other than et al,, 2019). In contrast, the engineered Gg-DREADD (hM3D
TRPV1 (Katanosaka et al., 2008). This includes the activation of ~ (Gq)) receptor exclusively interacts with Gq proteins when it is
ANOI, sensitization of TRPA1, and inhibition of Kv7 channels bound to its selective activator, clozapine-N-oxide (CNO)
(Liu et al., 2010). However, as was previously shown by others ~ (Roth, 2016). Nonetheless, in dissociated TRPV1-positive TG
(Shin et al., 2002), the application of the competitive TRPV1  neurons infected with adeno-associated virus-carrying Gq-
antagonist, capsazepine, completely abolished action potential ~ DREADD (hM3D(Gq)), CNO evoked a comparable response
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to that evoked by bradykinin in EGFP-infected neurons (Figure
S1). Thus, activation of the promiscuous BK2 mimics that of
the Gq-DREADD that specifically induces Gq signaling,
suggesting that other pathways have a minor effect on BK-
evoked nociceptive firing. Inhibiting PLC, which initiates the
signaling cascade downstream Gq, by incubating neurons with
U73122, produced an attenuated response to bradykinin while
the capsaicin response remained intact (Figure 3B). This
further demonstrates that the neuronal response to
bradykinin is Gq-dependent. To confirm the role of
endovanilloids, produced by LOX in the neuronal response to
bradykinin, neurons were incubated with the broad LOX
inhibitor, nordihydroguaiaretic acid (NDGA). Similarly to
PLC inhibition, neurons in which LOX was inhibited
presented a diminished response to bradykinin, whereas the
response to capsaicin was unaffected (Figure 3C). Thus,
neuronal activation by bradykinin is mediated by
endovanilloids, which are LOX metabolites. Sensitization of
TRPV1 by PKC phosphorylation was shown to be essential to
the activation of the channel by endovanilloids (Bhave et al,
2003; Kumar et al,, 2017). Indeed, as shown in Figure 3D,
inhibition of PKC by bisindoylmaleimide I (BIM) resulted in a
reduced action potential firing evoked by bradykinin, thus
demonstrating that PKC-mediated sensitization potentiates
the neuronal response to endovanilloids. Together, these
results confirm that the bradykinin-evoked prolonged firing
in these neurons occurs through the activation of TRPV1 by

endovanilloids produced downstream of the Gq signaling
pathway (Figure 3E).

Reduced TRPV1 Current and Membrane
Depolarization Result in Prolonged AP
Firing

The properties of membrane depolarization affect the activity of
ion channels that participate in the generation of action potentials
(Bean, 2007). To examine the possibility that the different patterns
of vanilloids-mediated neuronal activation result from differences
in membrane depolarization, we measured voltage changes in TG
neurons exposed to bradykinin or capsaicin (Figure 4A). To
prevent the generation of action potentials and depolarization
evoked by voltage-gated sodium channels, nociceptors were
treated with bupivacaine throughout the analysis (Scholz et al.,
1998). As summarized in Figure 4B, while capsaicin evoked a
robust membrane depolarization (AVcapsaicin = 52 + 7 mV),
similarly to previous reports (Liu et al, 2001; Blair and Bean,
2003), exposure to bradykinin resulted in a moderate response
(AV bradykinin = 17 £ 5 mV). Therefore, our analysis indicates
that endovanilloids evoke close-to-threshold neuronal
depolarization, which is in contrast to the robust neuronal
depolarization evoked by capsaicin. Thus, our findings indicate
that endo- and exovanilloids induce different levels of neuronal
membrane depolarization. The observed membrane
depolarizations suggest the induction of different current
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FIGURE 3 | Endovanilloids produced by LOX evoke TRPV1-dependent nociceptor firing. Current-clamp recordings (I = 0) from small-diameter dissociated rat
trigeminal ganglion (TG) neurons (P0) using the perforated whole-cell configuration of the patch-clamp technique. (A) Representative recording in which bradykinin
(0.5 uM) was applied for 15 s followed by capsaicin (1 uM) application for 20 s, in the continuous presence of capsazepine (“CPZ”; 40 uM; grey bar) (n = 6). (B)
Representative recording in which bradykinin (0.5 uM) was applied for 15 s followed by capsaicin (0.2 pM) application for 5 s, in the continuous presence of U73122
(8 uM; bar) (n = 6). (C) Representative recording in which bradykinin (0.5 upM) was applied for 10 s followed by capsaicin (0.2 uM) application for 5 s, in the
continuous presence of nordihydroguaiaretic acid (“‘NDGA”; 10 uM; bar) (n = 7). (D) Representative recording in which bradykinin (0.5 uM) was applied for 10 s
followed by capsaicin (0.2 uM) application for 5 s, in the continuous presence of bisindolylmaleimide | (“BIM I”; 10 uM; grey bar) (n = 6). (E) Mean/scatter-dot plot
representing the number of action potentials (APs) evoked by bradykinin while PLC (“PLCi”; dark grey circles), LOX (“LOXi”; light grey squares) or PKC (“PKCi”; grey
triangles) are inhibited (n = 6-7). The dashed line indicates the average number of action potentials evoked by bradykinin in the absence of inhibitors.
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FIGURE 4 | Endo- and exovanilloids evoke distinct neuronal membrane depolarization. (A) Representative current-clamp recording (I = 0) from rat TG neurons using
the perforated whole-cell configuration in response to bradykinin (“Bk”; 1 uM; cyan bar and circles) that was applied for 15 s followed by capsaicin (“Cap”; 3 uM; red
bar and squares) application for 15 s in the continuous presence of bupivacaine (300 pM; light grey bar) (n = 7). (B) Mean/scatter-dot plot representing the evoked
membrane depolarization (“Mem. depo.”; AmV) in the presence of bupivacaine, as shown in A (n = 7). **p < 0.001, paired Student's t-test. (C) Representative
perforated whole-cell recordings from a TG neuron at a holding potential of —-60 mV. Cells were exposed to bradykinin (‘Bk”; 0.5 uM; cyan bar) followed by
applications of capsaicin (“Cap”; 1 uM; red bar) (n = 5). (D) Representative traces (n = 11-18) in which capsaicin (“Cap”) was applied for 20 s in sub-ECsp (0.02 pM;
yellow; top trace), ECsp (0.2 uM; orange; middle trace) and saturating (2 pM; red; bottom trace) concentrations. (E) Box and whiskers plots are showing the mean
number of evoked action potentials (“APs (#)"; upper) and membrane potential at the end of agonist application (as indicated by an arrow in D; bottom) in response
to the different capsaicin concentrations (n = 11-18). **p < 0.01 and ***p < 0.001 and ns- no statistical significance, ANOVA with multiple comparisons.

amplitudes by endo- and exovanilloids. To test this possibility, we
measured currents in TG neurons under voltage clamp and found
that while capsaicin evoked a typical robust current,
endovanilloids downstream of bradykinin evoke lower current
amplitude (Figure 4C). To test whether lowering capsaicin
concentration could mimic the endovanilloids -evoked response,
we measured neuronal firing in response to saturating (2 pM),
ECsp (0.2 uM), and sub-ECsq (0.02 uM) capsaicin concentrations
(Hazan et al., 2015; Kumar et al,, 2016). Of note, we previously
showed that 0.02 uM is at the lower limit of capsaicin that evokes
TRPV1 activation in rat TRPV1 (rTRPV1) (Figure S2) (Hazan
et al, 2015). As shown in Figures 4D, E, lowering capsaicin
concentration allowed the development of more action potentials.
However, bradykinin application evoked ~3-fold more action
potentials as compared to capsaicin, even when the latter was
applied at a sub-ECs;, concentration (compare Figure 1B to 4D
and 1D to 4E). Importantly, for all analyzed capsaicin
concentrations, depolarization block was reached. Therefore, our
findings indicate that the different properties of endo- and
exovanilloids, as well as their concentration, dictate the different
neuronal response. Nonetheless, most exovanilloids produce
depolarization block in neurons, while endovanilloids do not.

DISCUSSION

Endo- and exovanilloids are associated with distinct pain
sensations. Here, we show that these vanilloids promote
different neuronal responses. Our findings indicate that while
exovanilloids produce robust but acute neuronal firing,
endovanilloids-evoked TRPV1 activation supports a prolonged
neuronal response (Figure 1B). In this work, we applied the
inflammatory mediator, bradykinin, to rat TG neurons in order
to induce the biosynthesis of endovanilloids intracellularly. Also,
electrophysiological recordings were performed in perforated
neurons in which the intracellular environment required for
the production of these TRPV1 activators is intact. This
experimental design better simulates the physiological
conditions in which endovanilloids activate TRPV1 in
comparison to either the direct application of these bioactive
lipids or recordings using configurations that cause the dilution
of the intracellular milieu. In our experimental settings,
endovanilloids evoke lower neuronal membrane depolarization,
which is sufficient to evoke firing yet does not develop into the
depolarization block associated with the potent exovanilloids
(Figures 1B, 2, and 4A). The weaker depolarization evoked by
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endovanilloids reflects their reduced activation of TRPV1 in
comparison to capsaicin (Figure 4C) (Kumar et al,, 2017). Also,
we found that the reduced TRPV1 activation evoked by low
capsaicin concentrations produces longer firing reminiscent of
the effect of endovanilloids. However, even in sub-ECs, capsaicin
concentrations, the neuronal firing is eventually terminated by a
depolarization block, suggesting that additional molecular
mechanisms may underlie TRPV1-induced neuronal firing
(Figure 4C). Thus, we propose that the different profiles of
TRPV1 activation by endo- and exovanilloids and subsequent
membrane depolarization may determine the duration, and
potentially the intensity, of the evoked pain response.

Our results demonstrate that individual TG neurons can
produce diverse firing patterns in response to different stimuli.
Indeed, the different patterns of pain sensation evoked by endo-
and exo-vanilloids may reflect their contradictory functions. The
prototypical, exovanilloids, capsaicin, and resiniferatoxin (RTX),
are phytotoxins believed to have evolved as plants' defense
mechanism as they induce a robust response by harnessing
central functional protein sites (such as the TRPV1 VBS)
(Cromer and MclIntyre, 2008; Bohlen et al., 2010; Cao et al,
2013). As such, exposure to these toxins produces acute and
intense pain. In contrast, endovanilloids are essential
components in the process through which tissue injury and
inflammation are detected and resolved, which requires tight
regulation of their concentration and activity (Hwang et al., 2000;
Hylands-White et al., 2017; Kumar et al., 2017). Thus, we
propose that while exo- and endovanilloids act through the
same binding site in TRPV1, they produce distinct neuronal
activations that underlie their different painful effects.

It is noteworthy that not all exovanilloids produce robust
TRPV1 activation and pungency. Namely, capsaicin analogs
were found to cause desensitization of sensory neurons without
evoking a pungent sensation (Jancso-Gabor et al., 1970). In
addition, the synthetic exovanilloids, olvanil, arvanil, and
SDZ249-665, were shown to evoke little or no pungency when
applied to the eye in guinea pigs (Ursu et al., 2010). While the
exact mechanism of this lack of pungency remains unclear, it was
shown that non-pungent exovanilloids evoke slower kinetics of
TRPVI1 activation and depolarization, resulting in lower
probability for AP generation (Ursu et al., 2010; Viana, 2011).
The reduced rate of TRPV1 activation was suggested to stem
from slow penetration through the membrane, further
supporting our experimental design of inducing endovanilloid
synthesis intracellularly (Ursu et al., 2010). Nonetheless, we show
here that slowly developing depolarization induced by TRPV1
activation allows for the recovery of Nay channels, resulting in
prolonged AP firing (Figures 2 and 4). Regardless, these findings
demonstrate that the kinetics of the activation profile of TRPV1
is a significant factor affecting neuronal firing and
consequent response.

We have previously shown that the submaximal activation of
TRPV1 by endovanilloids stems from a low open probability of
the channel compared to capsaicin—evoked activation (Kumar
et al, 2017). Another TRPV1 activator which elicits reduced
TRPV1 activation is the peptide spider toxin, double-knot toxin

(DKTx), as it locks the channel in a sub-conducting state (Geron
et al,, 2018). The injection of DkTx-containing venom following
this spider's bite produces prolonged pain that was attributed to
the persistent activation of TRPV1 by this toxin (Liang, 2004;
Bohlen et al., 2010). It is also possible that the lower TRPV1
activation by this toxin evokes weaker depolarization and
avoidance of depolarization block that facilitates a continuous
pain sensation. However, this spider's venom was also reported
to produce an immediate intense pain similarly to capsaicin
(Liang, 2004). While effects of the isolated DkTx on the neuronal
and behavioral levels were not yet thoroughly tested, this toxin
further demonstrates the ability of different TRPV1 activators to
produce various activation profiles which may underlie distinct
pain sensations.

Bradykinin affects ion channels other than TRPV1, such as
ANOI1 and Kv7 channels, to produce excitation in nociceptors
(Liu et al., 2010). Nonetheless, as demonstrated in Figure 3A, the
TRPV1 inhibitor, capsazepine, completely inhibits AP firing.
Thus, at least in TRPV1" neurons, TRPV1 activation by
endovanilloids is necessary for the generation of AP firing.
This does not preclude other effects induced by BK2 that may
cause other changes in the firing properties of these neurons
(Choi and Hwang, 2018). These effects produced by the
bradykinin receptor are mainly Gq dependent, a signaling
pathway that is also activated by other inflammatory mediators
and is required for the endovanilloid activation of TRPV1 (Choi
and Hwang, 2018). Thus, the effects of bradykinin on other ion
channels are physiologically relevant and are part of TRPV1
activation by endovanilloids during inflammation.

Overall, our results suggest that the regulated activity of
TRPV1 by endovanilloids allows a prolonged, low-frequency
neuronal response. When toxins (such as capsaicin) bypass this
regulation, neuronal membrane depolarization block is achieved,
and the response is rapidly terminated. Thus, although capsaicin
is a powerful tool to study this pivotal pain receptor, its activity
may not reproduce the endogenous receptor response. The
hydrophobicity of endovanilloids and the transient nature of
their synthesis make them challenging to investigate (Starowicz
et al., 2007). Nevertheless, a full understanding of TRPV1's
physiological role necessitates studying its response to multiple
endogenous stimuli. Elucidating the mechanisms through which
inflammatory pain is generated may facilitate the identification
of new targets as well as the development of new tools for
pain management.
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The G protein-activated Inwardly Rectifying K*-channel (GIRK) modulates heart rate and
neuronal excitability. Following G-Protein Coupled Receptor (GPCR)-mediated activation of
heterotrimeric G proteins (GoBy), opening of the channel is obtained by direct binding of Gy
subunits. Interestingly, GIRKs are solely activated by Gy subunits released from Gouyo-
coupled GPCRs, despite the fact that all receptor types, for instance Goy-coupled, are also
able to provide GBy subunits. It is proposed that this specificity and fast kinetics of activation
stem from pre-coupling (or pre-assembly) of proteins within this signaling cascade.
However, many studies, including our own, point towards a diffusion-limited mechanism,
namely collision coupling. Here, we set out to address this long-standing question by
combining electrophysiology, imaging, and mathematical modeling. Muscarinic-2 receptors
(M2R) and neuronal GIRK1/2 channels were coexpressed in Xenopus laevis oocytes, where
we monitored protein surface expression, current amplitude, and activation kinetics.
Densities of expressed M2R were assessed using a fluorescently labeled GIRK channel
as a molecular ruler. We then incorporated our results, along with available kinetic data
reported for the G-protein cycle and for GIRK1/2 activation, to generate a comprehensive
mathematical model for the M2R-G-protein-GIRK1/2 signaling cascade. We find that,
without assuming any irreversible interactions, our collision coupling kinetic model faithfully
reproduces the rate of channel activation, the changes in agonist-evoked currents and the
acceleration of channel activation by increased receptor densities.

Keywords: collision-coupling, G-protein cycle, kinetic model, GIRK channel, G-Protein Coupled Receptor

INTRODUCTION

GIRK (G protein-activated Inwardly Rectifying K'-channel) channels play fundamental
physiological roles, such as control of heart rate and neuronal excitability, and are also highly
implicated in disease such as addiction, depression, bipolar disorder, and cardiac arrhythmias
(Dascal, 1997; Hibino et al., 2010; Luscher and Slesinger, 2010; Voigt et al., 2014; Mayfield et al.,
2015; Rifkin et al., 2017). Opening of the channel is achieved by a highly recognized signaling
cascade involving agonist binding to a G-protein Coupled Receptor (GPCR), which in turn activates
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heterotrimeric G-proteins (of the Goy/-type), to promote
‘release’ of GPy subunits. Then, direct interaction of Gy
subunits with GIRK leads to channel opening and the
appearance of the agonist-evoked current, Lo orea [(Logothetis
et al., 1987; Reuveny et al., 1994; Lim et al., 1995; Slesinger et al.,
1995); reviewed in (Clapham and Neer, 1997; Dascal and
Kahanovitch, 2015)].

Despite more than four decades of studies, the details behind
this prototypical activation scheme remain highly debated. For
instance, it remains unclear how the different signaling proteins
are arranged at the membrane to bring about robust and efficient
channel opening, fast activation kinetics and, importantly,
signaling specificity (the strong preference for GIRK activation
by GBy derived from G, rather than G or G,). Two contrasting
mechanisms have been proposed [reviewed in (Hein and
Bunemann, 2009)]. The first, denoted collision coupling
(Tolkovsky and Levitzki, 1981; Tolkovsky et al., 1982; Shea and
Linderman, 1997; Shea et al., 1997; Shea et al., 2000), assumes
unrestricted diffusion of GPCRs, G-proteins, and effectors in the
plasma membrane. After GPCR activation, GIRK activation
occurs through random collisions with proteins of this cascade
(Vorobiov et al., 2000; Hein et al., 2005; Touhara and
MacKinnon, 2018). According to this model, a single receptor
may activate several G-proteins (as in visual system; (Arshavsky
et al, 2002)) and, therefore, an increase in the number of
receptors is expected to accelerate activation kinetics of Ioyoged-
Indeed, this was observed for several GPCR-GIRK cascades
(Vorobiov et al., 2000; Wellner-Kienitz et al., 2000; Hein et al.,
2005; Kahanovitch et al., 2017). The second mechanism posits
long-lived “preformed” complexes of GPCRs, G-proteins,
regulatory proteins (e.g., Regulators of G Protein Signaling;
RGS) and GIRKs in various combinations (Huang et al., 1995;
Lavine et al., 2002; Fowler et al., 2006; Jaen and Doupnik, 2006;
Dupre et al., 2007; Rusinova et al., 2007; Dupre et al., 2009; Nagi
and Pineyro, 2014; Tateyama and Kubo, 2018). In support,
several lines of evidence indicate that GBy and Goj,, can
associate with GIRKSs, as early as in the endoplasmic reticulum
((Rebois et al., 2006; Robitaille et al., 2009); reviewed in
(Zylbergold et al., 2010)), recruit G-proteins to the plasma
membrane (Rishal et al., 2005; Kahanovitch et al., 2014), and
possibly remain associated at the plasma membrane (Fowler
et al., 2006; Rebois et al., 2006; Riven et al., 2006; Berlin et al.,
2011; Kano et al.,, 2019). Further, in neurons, cardiomyocytes and
heterologous expression models, some GIRKs exhibit an agonist-
independent (basal) current (Ip,s,) that is GPy-dependent,
suggesting some kind of pre-coupling of GIRK with the G
protein before the receptor has been engaged (reviewed in
(Dascal and Kahanovitch, 2015)). We have also shown that
GIRK1/2, but not the GIRK2 homotetramers, recruit G-
proteins to the plasma membrane, favoring Gy over Go
(Rishal et al., 2005; Kahanovitch et al., 2014). The preferential
association with Gy explains the high, GBy-dependent Iy, of
GIRK1/2, contrasting the small and Gfy-independent I, of
GIRK2 homotetramers (Rubinstein et al., 2009; Yakubovich
et al., 2015). Together, these findings support the existence of
dynamic G protein-GIRK complexes; however, whether they

require permanent association is debated (Yakubovich et al,
2015). It is conceivable that different signaling cascades may
proceed at different modes, namely collision or preformed
modes, or a mixture of the two (e.g., only G protein and
effector are pre-coupled).

The preformed complex model can seamlessly account for
specificity (i.e., preferential activation of the channel by GPy
released from a particular type of Go-subunit) as well as for the
high speed of GPCR-induced activation of GIRKs (Hille, 1992;
Huang et al,, 1995), limited mainly by the kinetics of G protein cycle
(Vorobiov et al., 2000; Lohse et al., 2008; Hein and Bunemann,
2009). However, specificity can also be quantitatively described in
purely kinetic terms, i.e. collision coupling (Touhara and
MacKinnon, 2018). For instance, if a particular Go-type, namely
Gy, is quicker to provide GBy to the channel than other Gaors, it
would appear as though the channel solely responds to GBy derived
from that specific Go. (Touhara and MacKinnon, 2018). Indeed,
heterologous overexpression of proteins of the B-adrenergic-Go
cascade can lead to activation of GIRK via Go-derived GBy (Lim
et al., 1995; Bender et al., 1998; Touhara and MacKinnon, 2018).
These results show that the system can indeed proceed, at least in
some instances, via a collision coupling mechanism. Lastly, at high
levels of expression of the reactants (proteins participating in the
cascade), especially the GPCR, the kinetics and magnitude of
effector activation via a collision coupling cascade would be
indistinguishable from those attained by a preformed complex
(Lauffenburger and Linderman, 1996). Therefore, the nature and
concentrations of the reactants strongly affect the speed and
specificity of the responses, thereby making it hard to distinguish
between different modes of activation. It is therefore critical to study
these mechanisms by systematic “titration” of the interactors.

In the current work, we set out to understand the mode of
coupling in the classical M2R-Go,;,,-GIRK cascade, by
combining electrophysiological, fluorescence, and biochemical
measurements in Xenopus oocytes with kinetic modeling.
Specifically, we studied this cascade by systematically varying
and quantifying surface densities of proteins involved in it, and
monitored outcomes on GIRK activation. Next, we combine a
Thomsen-Neubig-like mathematical model of GPCR activation
(Thomsen and Neubig, 1989; Zhong et al., 2003) with extant
models of GIRK activation by GPy to quantitatively describe
GIRK activation in detail. We find that a collision coupling
model faithfully reproduces both the fast activation kinetics of
agonist-induced GIRK responses, and their dependence on
GPCR surface density.

METHODS

Ethical Approval and Animals

Experiments were approved by Tel Aviv University Institutional
Animal Care and Use Committee (permits M-08-081 and M-13-
002). All experiments were performed in accordance with
relevant guidelines and regulations. Xenopus laevis female frogs
were maintained and operated as described (Dascal and Lotan,
1992). Briefly, frogs were kept in dechlorinated water tanks at
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20 £ 2°C on 10 h light/14 h dark cycle, anesthetized in a 0.17%
solution of procaine methanesulphonate (MS222), and portions
of ovary were removed through a small incision in the abdomen.
The incision was sutured, and the animal was held in a separate
tank until it had fully recovered from the anesthesia and then
returned to post-operational animals’ tank. The animals did not
show any signs of post-operational distress and were allowed to
recover for at least 3 months until the next surgery. Following the
final collection of oocytes, after 4 surgeries at most, anesthetized
frogs were killed by decapitation and double pithing.

DNA Constructs and mRNA Injection

cDNA constructs of GIRK subunits, GB;, Gy,, M2R, YFP-GIRK1
were described in detail in previous publications (see (Tabak et al.,
2019) for a detailed list). Fluorescent proteins (CFP and YFP)
contained the A207K mutation to prevent dimerization
(Zacharias et al., 2002). DNAs of M2R-CFP and M2R-YFP were
produced by inserting the PCR product of the human M2R
(Lechleiter et al.,, 1990), flanked by EcoRI on both sides, in
pGEM-H] vector containing CFP (cerulean) or YFP flanked by
EcoRI and HindIII, yielding M2R-C/YFP¢r. The M2R-G043_c3516
tandem cDNA was created by ligating the M2R ¢cDNA sequence in
frame with the Goys.c351 CDNA, connected via a 6 nucleotide
sequence GAATTC (EcoRI restriction site). Thus, the full primary
sequences of M2R and Goy3_c3516 are connected by a 2-amino acid
linker, Glu-Phe. The DNA of GluR1; 5y,y (Stern-Bach et al., 1998)
was generously provided by Y. Stern-Bach (Hebrew University). All
DNAs were cloned into pGEM-HE, pGEM-HJ or pBS-MXT
vectors, which are high expression oocyte vectors containing 5’
and 3’ untranslated sequences of Xenopus B-globin (Liman et al.,
1992), as previously described (Rishal et al., 2005; Berlin et al,
2011). mRNA was transcribed in vitro as described in (Dascal and
Lotan, 1992) and precipitated overnight at -20°C with 4 M LiCL
mRNAs were divided into 1 to 2 pl aliquots and stored at -80°C. 50
nl of mRNA were injected into the equatorial part of oocytes, two to
three days before the experiments.

Electrophysiology

Whole-cell GIRK currents were measured using two-electrode
voltage clamp (TEVC) with Geneclamp 500 (Molecular Devices,
Sunnyvale, CA, USA), sampled at 1 kHz and filtered at 200 Hz, at
room temperature (21-23°C), as previously described
(Rubinstein et al., 2009), using agarose cushion electrodes
(Schreibmayer et al., 1994) filled with 3M KCl, with resistances
of 0.1-0.6 MQ. Data acquisition and analysis were done using
pCLAMP software (Molecular Devices). For recording, oocytes
were placed in a fast-perfusion chamber (see Figure S1A and
below). Holding potential was set to -80 mV. Basal GIRK
currents (Ip,s,) wWere measured by switching from physiological
solution (low K*, ND96: 96 mM NaCl, 2 mM KCl, 1 mM CaCl,,
1 mM MgCl,, 5 mM Hepes, pH 7.5) to a high K" solution (high
K*, in mM: 24 KCl, 2 NaCl, 1 CaCl,, 1 MgCl,, HEPES, pH 7.5).
For recording evoked currents (Ieyokea), solution was then
switched to high K' solution containing 10 uM acetylcholine
(ACh). Addition of 5 mM Ba®" (blocker of GIRK) was typically
applied at the end of each recording to isolate non-GIRK
currents and to calculate net GIRK currents. Total current

(Itota1) was assessed by summing basal and evoked currents
(Liotal™ Ibasat Levoked)-

In the perfusion system employed in these experiments, each
perfusion tube (inlet) is directly incorporated into the bath
chamber (shaped like a thin elongated bar), rather than via a
manifold, ending ~3 mm from the oocyte in large diameter
openings (see Figure S1A). The suction has also been
incorporated directly into the bath, 1 mm above the level of
the oocyte, to reduce the bath solution volume and to allow fast
exchange of the solution. In order to access the solution exchange
time, we employed an AMPA receptor (AMPAR) mutant;
GluR1y 507y, which lacks fast desensitization (Stern-Bach et al.,
1998). The activation time constant (T,;) of AMPAR activation
is below 1 ms (Grosskreutz et al., 2003) and can therefore be
considered essentially instantaneous compared to the slower
kinetics of GIRK activation. 1 ng RNA of GluRl s,y was
injected into Xenopus oocytes. 50 nl of 20 mM solution of
EGTA was injected 2 hours before experiment, to prevent the
appearance of Ca’"-dependent CI™ currents (Dascal, 1987).
AMPAR was activated by applying saturating glutamate
concentration (1 mM) to the bathing solution. A representative
recording of AMPAR current is shown in Figure S1B. The rising
phase of the response to glutamate, fitted to a single exponential
function, was 88.6 + 14.5 ms (n=9), indicating that the average
solution exchange rate time constant of our perfusion system was
about 90 ms.

Whole Oocyte Radioactive Quinuclidinyl
Benzilate (QNB*) Labeling

Whole oocyte binding experiments were performed as described
in (Ben-Chaim et al., 2003). Briefly, three days following mRNAs
injection, oocytes were dropped into 200 pl of 0.67 nM QNB*
(Halvorsen and Nathanson, 1981). After 1 min of incubation, the
oocyte was taken to a washing chamber that contained 4000 pl of
ligand-free solution (washing stage) and rapidly (after 1-2 s)
removed to the scintillation liquid by use of a custom device. The
device is composed of plastic holder that enables insertion of a
pipetor with a standard pipette tip (volumes up to 200 pl)
trimmed 4 mm from the edge. This ensures extraction of the
oocyte with minimal amount of liquid. Then, individual oocytes
were placed in vials to which 4 ml of scintillation fluid was added
and counted with Packard 2100TR TriCarb Liquid Scintillation
Analyzer. Specific binding was determined by subtracting the
binding from native, uninjected oocytes.

Fluorescence Imaging

Imaging of fluorescence in the plasma membrane (PM) of whole
oocytes was performed as previously described (Berlin et al,
20105 Berlin et al., 2011). Briefly, whole oocytes were placed in a
glass-bottom dish, and all images were obtained from the animal
hemisphere close to oocyte’s equator (see Berlin et al, 2010;
Figure 2-micrographs showing homogenous fluorescence in the
animal pole). Imaging experiments were performed on a
confocal laser scanning microscope (LSM 510 Meta, Zeiss,
Germany) with 20x or 5x objective lenses, digital zoom = 2,
pinhole 3 Airy units, equipped with a HFT 405/514/633 beam
splitter. CFP was excited by 405 nm and emission was collected
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FIGURE 1 | Increasing expression levels of M2R accelerates the activation of GIRK1/2. (A) — a representative GIRK1/2 activation experiment. Oocytes were injected with
the following RNAs: GIRK1 and GIRK2 (2 ng/oocyte each) and 500 pg/oocyte M2R. leyoked Was €licited by 10 uM ACh. Inset- zoom-in on the activation phase of leyoked
(black plot) and a mono-exponential fit (red). (B) — kinetics of GIRK1/2 activation. Oocytes expressed a constant amount of GIRK1/2 (2 ng RNA/oocyte), with increasing
levels of M2R, in the range 10-1000 pg/oocyte, and T, Was determined by monoexponential fitting as shown in A (N=2-7 experiments, n= 13-25 cells).

in the wavelength interval of 449-500 nm, peak emission 481 nm;
YFP was excited by 514 nm and emission collected in the interval
of 524-609 nm, peak emission: 534 nm. Analysis was done using
Zeiss LSM software. The net intensity of fluorescence in the PM
was measured by averaging the signal obtained from three standard
regions of interest along the membrane with background
subtraction (Berlin et al, 2010). In each experiment, uninjected
oocytes were tested for intrinsic fluorescence with the use of either
lasers: 405 and 514 nm excitation. In all confocal imaging
procedures, care was taken to completely avoid saturation of the
signal. In each experiment, all oocytes from the different groups
were studied using constant LSM settings.

Statistical Analysis

Statistical analysis was performed using SigmaPlot software (Systat
Software, San Jose, California, USA). Data are presented as mean +
S.E.M. Two group comparisons were done using two-tailed
student’s t-test. Multiple group comparison was done using one-
way analysis of variance (ANOVA), with post hoc Tukey tests.
Activation kinetics (T,;) were obtained by fitting evoked currents by
a mono-exponential fit.

Modeling and Simulation

Steady state calculations for estimation of initial conditions were
done with Matlab for Windows (Mathworks Inc., Natick,
Massachusetts). System of algebraic equations is shown in
Supplemental Material 2 and was solved numerically. Time-
course simulation was done utilizing Berkeley Madonna 8.3.23.0
(R. Macey and G. Oster, University of California, Berkeley) for
Windows. System of ordinary differential equations was generated
based on schemes shown in Figures 4A, B and Figure 5B, and
solved numerically by the 4™ order Runge-Kutta method.

Estimation of GIRK-GPy Interaction
Parameters

Reported GIRK-GPy affinity values span several orders of
magnitude depending on estimation method (nM - mM range,

(Dascal, 1997)). Considering this we utilized available crystal
structure of GIRK2-GPy (Protein Data Bank number 4KFM,
(Whorton and MacKinnon, 2013)) and two structures of GIRK1-
GPy complex generated by homology modeling and protein-
protein docking procedure (Mahajan et al., 2013) for structure-
based prediction of protein-protein interaction free energy and
affinity. In particular, the above mentioned structures were
submitted to PRODIGY server (Xue et al., 2016) that calculated
both free energy of interaction and Ky, values utilizing algorithm
which is based on correlation between number of interfacial
contacts at the interface of a protein—protein complex and its
experimental binding affinity together with properties of the non-
interacting surface as described by Kastritis et al. (2011). The k,,
(association rate constant values) were predicted utilizing
Transcomp software (Qin et al., 2011). This software utilizes
transient-complex theory developed by Alsallag and Zhou
(2008) for predicting protein-protein association rate constants.
Coordinates supplied by structural data supplied in PDB format
are used to generate the transient complex and rate constant is
calculated based on the electrostatic interaction energy in the
transient complex.

RESULTS

Collision Coupling Between M2R and G/,
in GIRK Cascade in Xenopus Oocytes

In previous publications, we presented evidence for catalytic
collision coupling between M2R and G, (Vorobiov et al., 2000)
and GABAp receptors with endogenous or coexpressed Gai,
(Kahanovitch et al., 2017) in the GPCR-G protein-GIRK cascade
reconstituted in Xenopus oocytes. To examine whether this is
also the case for the M2R-G;/,-GIRK cascade, and for the
following quantitative description and kinetic modeling of the
cascade, we first characterized the mode of M2R-Gy/, coupling
using our previously developed strategy (Vorobiov et al., 2000).
Specifically, we initially assessed how changes in GPCR (M2R)
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FIGURE 2 | Estimating the surface density of M2R-YFP. All data are from one experiment. (A) - (left) Representative micrographs of oocytes (membrane at equator)
expressing equal amounts of RNAs of YFP-GIRK1 and GIRK2, and 1 ng M2R (wt). Injected YFP-GIRK1 mRNA amounts are indicated. (right) Representative currents
from oocytes from the same experiment (from the same groups as in left panels). Note the gradual increase in lpasa @nd liota, reaching a plateau at 2 ng/oocyte of
channel’s RNA. The current measurements in this experiment were done with a slower perfusion rate and were not included in the kinetic analysis.

(B) — Representative micrographs of oocytes, injected with the indicated amounts of M2R-YFP, imaged at the same day and under identical settings as those in A.
(C) — liota Of YFP-GIRK1/GIRK2 channels as a function of channel’s RNA dose. (D) — calibration of the surface density of YFP. YFP-GIRK1 fluorescence (in arbitrary
units, AU) is plotted versus channel density induced by the two lowest doses of GIRK RNA (<1 ng/oocyte), within the linear range of fluorescence-current
relationship. Channel density was calculated from lioi5 @s explained in the text. The correlation between fluorescence and number of YFP-GIRK1 molecules is shown
with superimposed linear regression line, extended to origin of coordinates. The regression equation was y=4x, i.e. one channel/um? corresponds to fluorescence
intensity of 4 AU. Note that, since each channel has two YFP molecules, the calibration factor in this experiment is: 1 YFP molecule/pm2 =2 AU. (E) —estimating the
surface density of M2R-YFP, for RNA concentrations of 1, 2 and 5 ng/oocyte. YFP fluorescence, in AU, is shown on the left Y-axis. M2R-YFP surface density (right
axis) was calculated using the calibration factor derived from YFP-GIRK1/GIRK2 measurements. The relationship between M2R-YFP RNA dose and M2R-YFP
surface density was fitted with linear regression, extended to the origin of coordinates, in the form y=62.5x.

concentration impacts the kinetics of activation (T,c) of Ieyoked Of
heterotetrameric GIRK1/2 channels. Here, we used a saturating
concentration of acetylcholine (ACh; 10 uM) to activate different
densities of ectopic M2R, whereas the signal transduction from
GPCR to the channel relied on endogenous G;,, proteins. We
employed a fast perfusion system with a time constant of
solution exchange below 100 ms (see Methods and Figure S1).
Importantly, in neurons and cardiomyocytes the T, Of Ieyokea 1S
in the range 200-700 ms (Pott, 1979; Sodickson and Bean, 1996).
Thus, our measurements of T, in the oocyte introduces an
overestimation of GIRK1/2 activation kinetics. However, this
overestimation is relatively minor, especially at low densities of
M2R (see below). Our results show that the increase in the
amount of mRNA of M2R per oocyte (i.e., increase in surface
density) speeds up the activation of GIRK1/2 (Figure 1A, red

plot- mono-exponential fit from which we extract T,.), with a
corresponding decrease in the time constant of activation
(Figure 1B). These results are consistent with those obtained
for M2R-G,-GIRK and GABAgR-G;,,-GIRK cascades in this
heterologous model (Vorobiov et al., 2000; Kahanovitch
et al., 2017).

Estimation of Membrane Protein Density

For detailed kinetic analysis of GIRK1/2 activation, we sought to
estimate the densities of proteins involved in our system, explicitly
GIRK1/2, M2R and G-protein subunits- Go. and Gy, by a
quantitative approach previously developed in our lab
(Yakubovich et al, 2015). Briefly, channel density is typically
calculated based on the maximal GIRK1/2 current (ie., Ig,)
measured in oocytes that coexpress GPy at saturating concentration
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(usually 5 ng/oocyte of GB RNA and 1-2 ng Gy RNA). Under
these conditions, the channel’s open probability (P,) is ~ 0.105.
Channel density in M2R-expressing oocytes can also be calculated
from the total current obtained upon activation with saturating
10 uM dose of ACh (Iiotar)- Tiorar is the sum of agonist-independent
GIRK1/2 current, I, and the ACh-elicited I.yoreq. We found
that, for GIRK1/2, there is a stable relationship between Ijo
and Ig, over a wide range of channel densities such that, on
average, Ig, = 2l (Yakubovich et al., 2015). If Ig, or I are
known, GIRK1/2 density could be estimated using a modification
of the classical equation (Hille, 2002):

Eq.1 Iﬁy =2l = isingle Py - N

where igng is the single channel current and N is the number of
functional channels in the PM. The channel’s surface density is
defined as N/S, where § is the surface area of the cell (2107 pmz,
deduced from oocyte’s capacitance of ~200 nF (Dascal, 1987)).
Based on data and calculations from (Yakubovich et al., 2015),
under the conditions used here (24 mM K" external solution),
the surface density for GIRK1/2 or YFP-GIRK1/GIRK2 can be
estimated using a simple translation factor:

Eq.2 density(channels/um?®) = 0.79 Iy (UA)

= 1.58 L (UA)

In most experiments reported here, oocytes were injected
with 1-2 ng or GIRK1 and GIRK2 m-RNA each. This generally
elicited strong channel activity that corresponds to a “high
density” group with an average surface density of ~21 GIRK1/
2 channels/um?* (Yakubovich et al., 2015). There is a possibility of
formation of functional GIRK2 homotetramers under these
experimental conditions. However, the basal current we
measured ranged between 3 to 5 A (see Figure 2A). In
oocytes, injection of 1 ng mRNA of GIRK2 gives rise to basal
currents of 0.05 - 0.2 pA (Rubinstein et al., 2009). Therefore,
under our experimental conditions, it is most likely that the
predominant channels recorded are indeed GIRK1/2
heterotetramers. Moreover, the preferred stoichiometry of the
homologous GIRK1/4 channel is two subunits of GIRK1 and two
subunits of GIRK4, rather than GIRK4 homotetramers
(Silverman et al., 1996).

Next, we employed YFP-GIRKI/GIRK2 as a “molecular
ruler” to translate surface densities of the channel, obtained
from current, to fluorescence measurements. Here, YFP density
was assumed to be twice that of the channel, since each GIRK1/2
heterotetramer is believed to contain two GIRK1 subunits, by
analogy with GIRK1/4 (Silverman et al., 1996; Corey et al., 1998).
First, we determined the conditions for optimal channel
expression for the calibration procedure. We injected
increasing amounts of YFP-GIRK1, GIRK2 and GBy RNAs
and observed a linear relationship between Ig, and YFP-GIRK1
fluorescence over the range of channel RNA doses of 0.2-1 ng/
oocyte, in line with the assumption that fluorescence
corresponds to functional channels (Figure S2). Linearity was
lost at high RNA doses, suggesting that at high expression levels,
some channels are non-functional (possibly not at membrane).

In the experiment shown in Figure 2, we expressed a range of
doses of YFP-GIRK1/2 with 1 ng M2R RNA and measured
surface levels of channel fluorescence and total GIRK currents in
response to ACh (Figures 2A, C, D). We also expressed a range
of doses of M2R-YFP and monitored YFP surface levels (Figures
2B, E). A linear relationship between YFP-GIRK surface density
and I, of YFP-GIRK1/GIRK was observed at low doses of
RNA (below 1 ng) and this range was used for the estimation of
YFP-GIRK]1 density for calibration purposes (Figure 2D). In the
same experiment and with identical imaging settings, we
measured the PM expression of M2R-YFP at different RNA
doses and, using the calibration factor from Figure 2D,
calculated the PM density of M2R-YFP. Figure 2E shows that
the relationship between the RNA dose and M2R-YFP density
was linear in the range 1 - 5 ng RNA, yielding receptor densities
of ~20 to ~300 M2R molecules/um?.

There are reports showing that the density of ion channels
can be higher at the animal hemisphere or enriched around the
injection site, which may effectively increase the density of PM
proteins (M2R) in these areas (Robinson, 1979; Lopatin et al.,
1998; Machaca and Hartzell, 1998). The assumption of
homogeneity of M2R and GIRK distribution is therefore an
approximation, which gives very good agreement with
experiment. Note that, even if all the receptors and channels
are located exclusively in the animal hemisphere, the surface
density will only be changed two-fold.

Quantifying the Relationship Between
M2R-YFP Surface Density and GIRK1/2
Activation Parameters

To compare the PM expression of different M2R constructs used
in this study, we injected a range of RNA doses of wild-type (wt)
M2R, M2R-YFP and M2R-CFP and measured the number of
QNB binding sites in the PM of intact oocytes utilizing the
methodology developed by Ben-Chaim et al. (Ben-Chaim et al.,
2003). All three M2R constructs rendered similar number of
QNB binding sites (Figure 3A), showing that they express at
similar levels. We could therefore extend the M2R-YFP RNA -
density relationship shown in Figure 2E towards M2Rwt and
M2R-CFP.

We next studied the impact of M2R-CFP surface density on
activation parameters of YFP-GIRK1/GIRK2. We expressed a
range of M2R-CFP receptor densities (with a constant amount of
channel’s RNA), by injecting 1-15 ng RNA/oocyte, and
monitored the PM level of M2R-CFP (Figure 3B) and YFP-
GIRK1 (Figure 3C) along with currents amplitude and T, of
Ievokea (Figures 3D-F). The level of YFP-GIRK1/GIRK2
remained unchanged at all doses of M2R RNA except when
the receptor was injected at excessively high doses, 25 ng. This
yielded a decrease in the PM level of the channel (Figure 3C),
likely due to non-specific competition of RNAs for the same pool
of ribosomes (Richter and Smith, 1981) or a trafficking
interference. We have, therefore, adjusted the amplitude of
Ievokea for the change (even if slight) in channel’s PM level
(Figure 3F). Together, we find that increase in M2R density
(validated by fluorescence) is associated with a sharp rise in both
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FIGURE 3 | Quantitative analysis of dose-dependency of T, and amplitude of leyorea ON plasma membrane density of M2R-CFP. (A)-Whole cell radioligand-labeling
by quinuclidinyl benzilate (QNB*) shows that identical doses of injected RNA produce similar surface expression of M2R, M2R-CFP and M2R-YFP, for three different
amounts of receptor RNAs. B-F, quantitative analysis of incremental expression of M2R-CFP reveals collision-coupling activation of YFP-GIRK1/GIRK2 channels.
Oocytes were injected with constant mRNA amounts of YFP-GIRK1 and GIRK2 (1 ng each) but with increasing doses of M2R-CFP RNA. (B) — RNA dose-
dependent increase in the surface levels of M2R-CFP. Representative micrographs of oocytes (left) expressing m2R-CFP and summary of expression (right). RNA
amounts of M2R-CFP RNA, in ng/oocyte, are indicated in yellow. n=7-12 oocytes in each group. (C) — expression of M2R-CFP does not affect the surface level of
YFP-GIRK1/GIRK2 except for the decrease at the highest dose of M2R-CFP, 25 ng/oocyte (**, p<0.01). Left panel shows representative micrographs of YFP-GIRK1/
GIRK2 - expressing oocytes. Numbers within the images indicate the amounts of M2R-CFP RNA, in ng/oocyte. Right panel shows summary of expression data
(n=7-12 oocytes in each group). (D) — representative normalized lgyokeq, €licited by 10 pM ACh in oocytes injected with the indicated amounts of M2R-CFP RNA. For
simplicity, only the initial (activation) phase of leyoked is shown. (E, F) — T4 is reduced (E) and leyoxea @amplitude (F) is increased with increased surface density of
M2R-CFP. AU, arbitrary units. Tt and levokea data are from cells exemplified in B — D; n=5-12 in each group.

the speed and amplitude of channel activation (Figures 3D-F).
Notably, maximal amplitude of I.yoeq is Obtained at lower PM
densities of the receptor than those required to obtain the fastest
activation (lowest T,.; compare Figures 3E, F). These
observations are in-line with the predictions of the catalytic
collision coupling model. Unexpectedly, we note that, though
M2R-CFP expresses at equivalent levels as M2Rwt (Figure 3A),
it exhibits slower kinetics at all RNA doses (compare Figures 1D,
3D-F). Therefore, M2R-CFP was solely used to assess surface
density of the receptor, but not for quantitative description of the
native cascade, where we use M2Rwt.

Modeling: G Protein Cycle Model

For quantifying the M2R-Gy/,-GIRK1/2 cascade, we elaborated
the Thomsen et al. (1989) model of G-protein cycle by
combining it with the ternary complex model developed by De
Lean et al. (1980). Of note, a similar approach was used by
Falkenburger et al. for the description of another muscarinic
receptor and cascade, namely the M1R-Gg-phosphoinositide
signaling mechanism and regulation of the KCNQ channels
(Falkenburger et al., 2010; Hille et al., 2014). A schematic
representation of the G-protein cycle model is shown in
Figure 4A. List of reactions with corresponding rate constants
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is shown in Table 1. To maintain microscopic reversibility, we
incorporated into the G-protein cycle model a G-protein
dissociation step (i.e. RGogrpGPy dissociation, reaction 7) and
also a GPCR-independent dissociation step (reaction 10)
(Sarvazyan et al, 1998; Yakubovich et al, 2005). It must be
emphasized that the rate constants for the latter reaction have
been incorporated in the model of Touhara and MacKinnon
(2018). GogrpGPy dissociation rate has been reported by Hollins
et al. (2009) and association rate could be estimated based on the
microscopic reversibility assumption (Table 1, reaction 7).
Furthermore, GDP/GTP exchange is split into two reversible
reactions. Rate constants of GDP and GTP binding have been
determined experimentally (Higashijima et al., 1987; Zhong
et al., 2003). We also incorporated Go.GPy nucleotide free state
in the process which leads from Gogpp bound state to GTP
bound state as proposed by Ross (Ross, 2008).

In order to estimate kinetic parameters of reactions of the
model that have not been determined experimentally, we used
the open-source software tools PRODIGY for the estimation of
Kp values (Xue et al., 2016) and TRANSCOMP for estimating
association rate constants (Qin et al., 2011). Lastly, we
scrutinized the crystal structure of M2R with heterotrimeric G-

protein (PDB: 60IK) (Maeda et al., 2019) for deriving the kinetic
parameters related to M2R-G protein coupling (Table 1).

Modeling: Channel Activation Model

We made use of our previously described GIRK1/2 gating model
(Yakubovich et al., 2015), denoted “graded contribution model”
(Figure 4B). This model is based on the assumption that a
channel that is occupied by 1 to 4 GBy molecules can reach the
open conformation, but the contribution of each GBy-occupied
state is different; the higher GPy occupancy, the higher the
contribution to open probability. This model is based on
studies of Sadja et al. and Ivanova-Nikolova et al. (Ivanova-
Nikolova et al., 1998; Sadja et al., 2002) on a highly homologous
channel; GIRK1/4. To estimate the parameters of interaction
between GIRK1/2 and Gy for the graded contribution model,
we proceeded in a similar approach as done for the unknown
parameters of M2R-G-protein interaction, namely we analyzed
two structural models of GIRK-GPy complex. The first is the
crystal structure of GIRK2 in complex with Gy (Whorton and
MacKinnon, 2013) (PDB: 4KFM) and the second is a docking
model for the GIRKI1-GPy complex (Mahajan et al, 2013)
(termed “best scoring model”, or BS). Both models were

B
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FIGURE 4 | Simulating activation kinetics and its dependence on M2R surface density. (A) — scheme of the G-protein cycle. (B) — graded contribution model of
GIRK1/2 activation. Rate constants of reactions shown in A and B are summarized in Table 1. (C) —comparison of the experimentally observed and predicted ACh-
evoked currents, with GIRK-Gpy interaction parameters from two structural models, 4KFM and BS. (D) - representative analysis of the time course of GIRK1/2
activation. The experimental result (dotted black line) is from an oocyte injected with 0.5 ng M2R RNA. Superimposed are simulated currents according to graded
contribution model of GIRK1/2 activation. The experimental parameters in this cell were: lpasa = 15.5 YA, hora= 22.8 pA. Estimated channel density was 36 channels/
um?. Initial concentrations of Gow and Gy available to the channel are: for the case of 4KFM model 3.23 molecules Goy/channel and 0.45 molecules GBy/channel; for
the case of BS model, 3.24 molecules Gay/channel and 0.46 molecules GRy/channel. Each plot represents the recorded or simulated current normalized to its
maximum. (E) — mean 1. values from all experiments with wild-type M2R, superimposed on data obtained from fitting of simulated time-courses according to
different models. Each experimental point shows mean value of 1,.; + SEM from one experiment (n=3-7 oocytes). Simulated time courses were generated for the
case described by Yakubovich et al. as “high density group”, i.e. lpasa =13.36 UA, ot =17.2 UA, n=21 channels/um?. Amounts of available Go. and GBy molecules
per one channel, that are required to obtain the observed lq,oked, Were calculated using the graded contribution model: with the BS structure-based parameters,
3.65 GPBy and 0.39 Ga. molecules/channel; with the for 4kfm structure-based parameters, 3.62 GBy and 0.38 Go. molecules/channel.
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TABLE 1 | Rate constants of GPCR mediated GIRK activation.

Reaction Kon M1s™? Kot 87
1.R+A <= RA 3.33:107 7-10°
(k19) (K1p)
2. R+Ggpp<=RGapp 5.51-10° 1.6-10"
(kzr) (kao)
3. RGgpp + A <= RAGgpp 4.510° 4.87-10"
(kar) (Kap)
4. RA+Ggppe=> RAGgpp 3.68-10° 5.=5107
(k4f) (K4b)
5. RAGo+GDP<=> RAGgpp 10° 5
(Ksb) (ks?)
6. RAGo+GTP<= RAGaTp 10° A
(Ke?) (Keb)
7. RAGogTp +GPy= RAGaT 10° 15
(kzp) (k7o)
8. RA+Gogrpe> RAGOGTP 107 2
(Keo) (Ken)
9. Gogrp— Gogpp .02
(ko)
10. Gogpp + GBY <= Gapp 0.7-10° 0.0013
(k10f) (kTOb)
Cnt+ GBy<=CGPYn.1 (4-n)-0.23-10° (n+1)-0.037
(4-n)-1.01-10° (n+1)-0.14

Reference Calculation

(Schreiber et al., 1985)

(Schreiber et al., 1985)
(llyaskina et al., 2018)

(Zhong et al., 2003)
(Zhong et al., 2003)

(Hollins et al., 2009) ()

(Zhong et al., 2003)
(Zhong et al., 2003)
(Sarvazyan et al., 1998)

Best scoring model, (Mahajan et al., 2013)
4KFM, (Whorton and MacKinnon, 2013)

Notations in brackets are used in ordinary differential equations shown in Supplemental Material 2.

(*) Kon @nd kog estimated by PRODIGY and TRANSCOMP.
(**) kon adjusted, see text.

subjected to analysis by PRODIGY and TRANSCOMP software
from which we obtained Kp and k., values of GIRK-Gfy
interaction. For calculating initial values for all channel and G-
proteins states (i.e. before agonist application), a system of
algebraic equations was numerically solved assuming that the
reaction between GIRK-G protein is in steady-state
(Supplemental Material 1). Time-course of activation of
GIRK1/2 was simulated as a solution of system of ordinary
differential equations (Supplemental Material, Eq. 19-34).

Simulation of GIRK1/2 Activation
Time-Course and Amplitude
In order to validate our model, we simulated the experimentally
observed GIRK1/2 activation by a step application of 10 pM
ACh. We chose a representative recording in which 0.5 ng/oocyte
M2R mRNA was injected. This corresponds to a PM expression of
about 31 receptors/um?, according to our calibrations (see Figure
2E). We used available values of Go. and Gy for the activation of
GIRK from its I,,s, and I as previously described (Yakubovich
et al,, 2015) (see Supplemental Material 1). We then simulated
the evoked current of GIRK1/2 and compared with experimental
values (Figures 4C, D). We find that our developed model
satisfactorily reproduces the fast kinetics and the amplitude of
Levoked> With kinetic parameters of GIRK-Gy interaction obtained
from both structural models tested (4KFM and BS).
Subsequently, we ran time-course simulations over a wide range
of M2R receptor densities, 0.1 — 100 receptors/um’. The initial
parameters of I,g, and Ly, for these simulations were adopted
from the “high density group” of GIRK1/2 channel expression
obtained by injection of 1-2 ng (21.7 channels/pum?, Tyq = 13.36 pA
and I = 17.2 pA; (Yakubovich et al,, 2015)). In each simulation,

T,et Was extracted from mono-exponential fit of the activation phase
of Leyokea» and the calculated values of 7, versus receptor density
were superimposed on the experimentally measured T, obtained
from a large number of experiments with M2Rwt (Figure 4E). We
find that that our model satisfactorily predicts the acceleration of
activation rate with the increase in GPCR density. It also faithfully
reproduces the real kinetics of the receptor, namely it reproduces the
fastest kinetics of activation obtained when using high
receptor densities.

Modeling Kinetics of M2R-Go;3

Fusion Protein

We were curious as to how would our model behave, and how
would the simulated results look, should we be able to force some
players to be in complex with each other. We have previously
achieved forcing the precoupling of GPCR to Ga by fusing M2R
to Ga,, (tandem) (Vorobiov et al., 2000). Notably, we found that
the kinetics of GIRK activation were independent of the
concentration of the tandem protein (see Introduction). Here,
we similarly made a tandem protein consisting of M2R and Go;.
Our initial tests showed that this tandem was functional and,
furthermore, engendered faster activation than that obtained by
the M2R-Ga, tandem (Figure 5A). This was expected because of
the much slower G protein cycle kinetics of Got, (Vorobiov et al.,
2000). We also introduced the C351G mutation into Gois to
impart pertussis toxin resistance (West et al., 1985). This allowed
us to silence endogenous Goy, by expressing the A protomer of
pertussis toxin, to avoid incidental collision coupling of the
tethered M2R to non-tethered endogenous Goy,y and the
ensuing Gy activation of GIRK (Vorobiov et al., 2000). We
find that the activation kinetics of I.yoeq Were remarkably stable
and independent on the doses of M2R-Goy3 3516 (Figure 5A,
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red plot), whereas the amplitude of I.,okeq persistently increased
with higher RNA dose of M2R-Goys G351 (Figure 5A, black
plot). These results confirm that increase in RNA dose of the
tandem is accompanied by an increase in its surface density and,
more importantly, indicate that low doses of the tethered
receptor-Go. pair cannot provide enough Gy to activate the
large number of channels. We then proceeded to develop a
scheme of GPCR-Go; tandem-mediated activation of GIRK1/2
(Figure 5B) and subsequently simulated time-course of GIRK1/2
activation by a range of GPCR-Ga;; tandem densities. Three
possible scenarios were simulated: 1) M2R-Got concatemer was
assumed to have the same affinity to GBy as Go,, and no change
in GBy concentration was assumed with concatemer expression;
2) M2R-Go. concatemer was assumed to have same affinity to
Gy as Go,, and 1:1 increase in Gy concentration was assumed
with concatemer expression; 3) M2R-Go. concatemer was
assumed to have 10 fold lower affinity to GBy than Ga and no
change in GPy concentration was assumed with concatemer
expression. Simulated evoked currents and T, values show
that, whereas I.,oxeq Values increase with the increase in
GPCR-Goy; density, T, values remain constant (Figures 5C, D).

These simulations thereby fully recapitulate the outcomes on
channel activation via a preformed complex between the GPCR
and the G protein and provide a unique and contrasting picture
than what we obtain when all components are free (i.e., non-fused).
Thus, these observations further support the collision-coupling
nature of M2R to G protein signaling in the M2R-GIRK cascade
reconstituted in Xenopus oocytes.

Comparison to Cooperative Gating Model

We next tested another detailed model of the GPCR-GIRK
cascade based on collision-coupling published by Touhara and
MacKinnon (2018), termed here cooperative gating model. This
model incorporates the Thomsen et al. model of the G-protein
cycle (Thomsen et al., 1988; Thomsen and Neubig, 1989), and
the receptor independent G-protein heterotrimer dissociation
(Sarvazyan et al, 1998; Sarvazyan et al, 2002). This model
assumes that channel activation is cooperative, i.e., each GBy
binds to the channel with stronger affinity than the previous one.
It also assumes that GIRK can open only when all four GBy-
binding sites have been occupied. In the model, we applied affinities
and rate constants from (Touhara and MacKinnon, 2018),
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FIGURE 5 | Physical tethering of M2R and Gai3 converts a collision coupling mechanism to a preformed-complex: experiment and simulation. (A) — Incremental
expression of fused M2R-Ga;3C351G (PTX-insensitive) in the presence of coexpressed A-protomer of pertussis toxin (PTX; 0.2 ng RNA/oocyte) shows increase in
levoked With growing amounts of injected RNA (black plot), but kinetics of activation remain unchanged (red plot). Right- Histogram of evoked currents (black) and Tact
(red) of GIRK1/2 coexpressed with M2R-wt. Result shown are from one experiment; number of cells (n) tested in each group are shown above experimental points
or in the bar. No significant change in T, was found (one way ANOVA, P = 0.154). Spearman correlation coefficient calculated for analysis of evoked currents ~ 1,
P = 0.0167. (B) — scheme of G-protein utilized to simulate GIRK1/2 activation by M2R-Go,;3C351G. Blue arrows and numbering denote reactions that are shared
with M2R wt activation pathway, as described in Figure 4. Red arrows denote reactions present only in the current scheme. The numbering of reactions and the
rate constants are the same as in Table 1. (C) — simulated lookeq Values obtained assuming a range of expression level of fused M2R-Ga;3C351G. (D) — summary of
Tact Obtained from fitting time-course of activation of GIRK1/2 by range of M2R-Go;3C351G densities with mono-exponential function. Three possible scenarios were
simulated for analysis of M2R-Gouscas1g experiments. Black bars; M2R-Go. concatemer is assumed to have same affinity to Gy as Ga, and no change in Gy
concentration is assumed with concatemer expression. Red bars; M2R-Ga. concatemer is assumed to have same affinity to GBy as Ga,, and 1:1 increase in Gy
concentration is assumed with concatemer expression. Green bars; M2R-Go. concatemer is assumed to have 10-fold lower affinity to GBy than Go. and no change in
Gy concentration is assumed with concatemer expression. For simulation it was assumed that GIRK1/2 is expressed at levels similar to “intermediate density
group” described in Yakubovich et al. (2015) i.e. under pre-expression conditions there are ~ 9.7 channels/um? and 3.5 Gy molecules/channel. It is also assumed
that under PTX expression conditions most endogenous Goys is ADP-ribosylated and subsequently degraded.
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including Ky, of binding of the first GBy to GIRK of 60 pM, with a
cooperativity factor u=0.3 for the binding of each next Gy, to
generate a system of differential equations analogous to Eq. 19-34
for the simulation of GIRK1/2 activation. The densities of Gy and
Go were as for standard conditions, specifically ~21 channels/pum”
and 31 M2R receptors/um” (as for simulation of “high density
group” (Yakubovich et al, 2015); 0.5 ng/oocyte RNA of M2R
corresponds to ~ 31 receptors/um’; see Figure 2).

Since GIRK1/2 has a substantial GPCR-independent but GBy-
dependent I, [see (Rubinstein et al, 2009) for details], a
certain excess of free GPBy over Go. in the vicinity of the
channel must be assumed (Yakubovich et al., 2015), whatever
the mathematical approach used to describe channel’s behavior.
Using the cooperative gating model equations (Eq.14-18) and
parameters of GIRK-GPy interaction, as described by (Touhara
and MacKinnon, 2018), we calculate that ~7 free GBy molecules
are needed to account for the Iy, measured at “high density”.
We next tested various pairs of Gy and Go. densities and
selected those which most closely recapitulated experimental
measures for Ip,s, and Iy, (Figure S3). Furthermore, for
analysis, we selected the minimal number of Gy (out of tested
pairs), with the corresponding amount of Go. molecules per
channel that best reproduced the experimental data (Figure S3,
see legend).

Using the abovementioned initial conditions, we simulated
the time-course of GIRK1/2 activation for a range of M2R
densities similar to as shown in Figure 4E. Similar to data
shown in Figure 3 (for M2R-CFP), Figures 1B and 4E, the
amplitude of the simulated I.yoreq increased with receptor
density,whereas T, showed persistent decrease with the

growing densities. However, the T, obtained was much faster
than that observed in our experiments or predicted by our
model, and varied less (i.e., of narrow range; Figure 6B). In
order to determine the nature of this discrepancy, we compared
similar kinetic steps between our model and that of cooperative
gating model. We noticed that the GTP hydrolysis rate used by
Touhara et al. is 100 times faster that used in other reports
(Zhong et al., 2003). We also note that this fast rate of GTP
hydrolysis is characteristic for conditions in which RGS is
present, such as observed in cardiac myocytes (Doupnik,
2015). In our case, Xenopus oocytes lack RGS and thus slower
GTP hydrolysis rates are expected (Keren-Raifman et al., 2001).
Indeed, substituting slower hydrolysis rate constant into
cooperative gating model restored channel activation kinetics
to as obtained in our experiments (Figures 6C, D).

DISCUSSION

Summary of Findings

The main goal of this work was to develop a detailed kinetic model
for the GPCR-G-protein-effector cascade based on experimental
data obtained in a prototypical expression system, the Xenopus
oocyte. As many key features for this cascade are still missing, we
deemed it quintessential to measure reactant densities in the plasma
membrane along a detailed description of current features
(amplitudes and kinetics). We used fluorescently labeled GIRK1/2
as a ‘molecular ruler” (Yakubovich et al., 2015) and conducted a
controlled and quantitatively monitored expression of the
component proteins of the signaling cascade, the GPCR (M2R)
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FIGURE 6 | Simulation of GIRK1/2 activation according to cooperative gating model. (A) — Simulated values of le,oxeq Obtained for a range of M2R densities.

(B) — 14t Of mono-exponential fit of simulated lg,okeq Obtained for a range of M2R densities. For A and B, the rate constants were taken from Touhara et al. (1) and it
was assumed that GPy =16 molecules/channel and Go. = 9 molecules/channel (red circles). (C) — Simulated lyokeq Obtained from simulation with Knyarolysis = 0.02 s
and a range of M2R densities. (D) - . Of mono-exponential fit of time-course from simulation of lgyoed With Knyarolysis = 0.02 s and a range of M2R densities. For
calculations done in (C, D), Knyaroysis Was assumed to be 0.02 s and GBy = 9 molecules/channel and Go = 2 molecules/channel (blue circles).
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and the effector (GIRK1/2). G-protein concentrations were
measured in a previous work using two independent methods,
the fluorescence measurements with YFP-GIRK1/2 as caliper, and
by quantitative Western blots (Yakubovich et al., 2015). Using a
titrated expression approach (as previously developed by us;
(Vorobiov et al., 2000)), we demonstrate that incremental
expression of both wild-type and CFP-tagged M2R, M2R-CFP, is
accompanied by acceleration (decrease in T,) of channel activation,
i.e., Leyoked In contrast, activation kinetics of GIRK responses elicited
by an M2R-Gay; tandem, which necessarily mimics the case of a
“preformed GPCR-G protein complex”, were fast and invariable
over a wide range of expression levels of the fusion protein. We
combined these observations and data to develop a comprehensive
mathematical model for the M2R-G-protein-GIRK1/2 signaling
cascade with free M2R based on free diffusion of all components,
and a modification of this model for the case of M2R-Goy
“preformed complex”. Our model faithfully recapitulates and
predicts all the quantitative aspects of GIRK1/2 activation
explored here: the acceleration of activation with increasing
densities of M2R, the T, and the amplitude of I.okeq, and the
dependence of the amplitude, but not the kinetics, of GIRK currents
elicited via the activation of the M2R-Goy; fusion protein. Our
results strongly support the collision coupling mode of signaling
between M2R and the Gy, protein in the GPCR-G protein-GIRK
cascade reconstituted in Xenopus oocytes. More broadly, our model,
and a similar collision coupling type of model of Touhara et al.
demonstrate that a purely diffusion-limited coupling mechanism
can fully account for the fast kinetics of GIRK responses in excitable
cells, without the need to assume a preformed complex.
Importantly, our results emphasize the utility of our approach of
controlled incremental GPCR expression to distinguish between
different coupling modes in G protein-mediated signaling cascades.

Model of G Protein Cycle

The mathematical approach used to describe the GPCR-G-
protein-effector cascade is well elaborated (Lamb and Pugh,
1992; Turcotte et al., 2008; Falkenburger et al., 2010). Several
models have been developed specifically for the analysis of GIRK
activation. The first model of GIRK activation that also
incorporated a G protein cycle of GIRK activation was
published in 1988 (Breitwieser and Szabo, 1988). Subsequently,
updated models have been developed by groups of Kurachi and
Mackinnon (Murakami et al., 2010; Murakami et al., 2013;
Touhara and MacKinnon, 2018). Though all these models
implement Thomsen-Neubig style G-protein activation model
(Thomsen and Neubig, 1989; Zhong et al., 2003), they differ in
certain key details. In particular, the model proposed by
Murakami et al. (2013) assumes two affinity states of GIRK to
GPy and two affinity states of GPCR to agonist; however, the
GPCR-agonist affinity states are not kinetically interconnected
and unrelated to coupling to G-protein. These are incompatible
with the well-established dependency of agonist affinity upon the
G protein-GPCR association (Maguire et al., 1976; De Lean et al.,
1980; Haga et al., 1986; Weis and Kobilka, 2018). The model
proposed by Touhara and MacKinnon (2018) does not include
an explicit bimolecular reaction of agonist binding to GPCR.
Both models describe GogrpGPY heterotrimeric complex

dissociation as an irreversible reaction, which precludes the
implementation of the microscopic reversibility principle
(Colquhoun et al., 2004).

The G-protein cycle model presented here (Figure 4A) is a
logical development and, in a way, a synthesis of previously
proposed models with certain improvements. In particular,
receptor-agonist-G-protein interaction is formulated as a
complete ternary complex model (De Lean et al., 1980). Both
Gogrp-GPY and Gogpp-GPy interactions are described as
reversible reactions. To enable the implementation of
microscopic reversibility in the cycle, we have excluded the
obligatorily irreversible GTP hydrolysis (Figure 4A, reaction 9)
from the main cycle. Including only reversible reactions in the
circular parts of G-protein activation model makes the model
more thermodynamically plausible. Moreover, we do not assume
that the proteins in the cascade are in unlimited supply, and the
equations of the model completely take into account “depletion”
of proteins by excess of their binding counterparts. The only
exception is GTP and GDP that are assumed to be in unlimited
supply (“free ligand approximation”, e.g. as is done for agonist in
standard descriptions of agonist-receptor interactions).

Combining G-protein cycle model with GIRK1/2 gating
model successfully reproduced the experimental observations.
In particular, simulation of M2Rwt expression experiment
demonstrated similar decremental 7, dependence on receptor
density (Figure 4), a feature that was subsequently nearly
abolished when modeling the M2R-Go. tandem activation
process (Figure 5). These findings strengthen the notion that,
in Xenopus leaves oocytes, M2R and G-proteins are not in
“preformed complex”, rather interact reversibly.

Channel Activation Models

The process that leads to GIRK opening following the binding of
GPyissstill unclear (Glaaser and Slesinger, 2017). Currently there are
three detailed GIRK gating models developed chronologically by
Kurachi group (Hosoya et al., 1996; Murakami et al., 2010;
Murakami et al.,, 2013), our group (Yakubovich et al., 2005;
Yakubovich et al., 2015) and MacKinnon’s group (Touhara et al.,
2016; Wang et al.,, 2016; Touhara and MacKinnon, 2018). The
model proposed by Kurachi’s group is based on Monod-Wyman-
Changeux allosteric model of GIRK activation and formulates two
binding states of GBy for each channel subunit. To complete the
model, the authors used sub-nanomolar affinity for the GIRK-GBy
interaction. The model developed by MacKinnon’s group includes a
detailed binding reaction of GBy to GIRK2 and GIRK1/4 and is
based on elegant experiments with purified GIRK2 and GPy
incorporated into bilayer membranes. In their work, they suggest
that GBybinding is cooperative and that only channels occupied by
four GBy undergo the closed-open transition (Wang et al., 2016).
The model presented in the current work is based on sequential
binding of Gy molecules to GIRK1/2 with graded contribution of
each GBy-occupied state to open probability. Notably, this is based
on ample experiments using the homologous heterotetrameric
GIRK1/4 (Ivanova-Nikolova and Breitwieser, 1997; Ivanova-
Nikolova et al., 1998; Sadja et al., 2002). Considering the different
affinity values, reported in the literature, for GIRK-Gy interaction
(see below), we derived the Ky, values of this interaction from
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analyzing the available crystal structure of GIRK2-Gfy (Whorton
and MacKinnon, 2013) and the docking model of GIRK1-GBy
(Mahajan et al., 2013). Notably, both estimates rendered Kp, values
(100-200 nM) on par with those measured in biochemical
experiments, 100-800 nM (Krapivinsky et al.,, 1995; Doupnik
et al., 1996). Furthermore, our model of channel activation,
combined with the G protein cycle model, reliably reproduced the
amplitudes of GIRK1/2 activations when we used the surface
densities of the channel, GPCR and G-protein directly measured
under physiological conditions. We note that, with an appropriate
adjustment for the oocyte expression system, the cooperative gating
model of Touhara and MacKinnon (2018) also reproduced the
experimental data reported here, in terms of GIRK1/2 currents, T,
and the dependence of T, on M2R density (Figure 6). Interestingly,
simulations done with the original parameters of the G-protein
cycle model of Touhara et al. initially yielded a relatively shallow
dependence of T, on M2R density, despite the fact that it is a
collision coupling-type model. Analysis of this discrepancy lead us
to the finding that 7, dependence on receptor density even in
“collision-coupling model” can be masked by a rapid rate of GTP
hydrolysis, as can be obtained when RGS proteins are present
(Figure 6).

A more consistent discrepancy of this model’s estimate with our
estimates is related to estimations of the number of GBy and Got
molecules required for channel activation. The endogenous levels of
GPy in oocyte’s plasma membrane is in the range of 20-40
molecules/um?, and is further increased to ~80 molecules/ym>
(Yakubovich et al., 2015) upon overexpression of GIRK1/2 that
recruits additional GByto the plasma membrane (Rishal et al., 2005;
Kahanovitch et al., 2014). Calculations with the Touhara et al.
model showed that a minimum of 7 free GBy molecules need to be
available at any time to account for the basal, GPCR-independent
GIRK1/2 activity; at least 9 GByand 2 Got are needed to account for
the observed ILip (Inasatlevokea) (Figure S3). For 21 GIRK1/2
channel/um? (as observed after injection of 1 ng RNA of each
subunit; (Yakubovich et al,, 2015)), ~75 GBy molecules per m* are
required to attain the total GIRK1/2 current according to our model,
but ~180 GBy molecules per m* are needed with the cooperative
gating model. The differences in Gy estimates stem mainly from
the distinct GIRK-Gpy affinity estimates used: 60 uM for the first
GPybound, with progressively improved affinity for each following
GPyin Touhara and MacKinnon (2018), vs. ~0.15 uM in our model
(Table 1). An even greater discrepancy may be expected if one uses
the Kp of ~300 uM for GIRK2-first GBy interaction, as estimated
experimentally in lipid bilayer in the presence of Na™ (the natural
condition in a living cell’s cytosol) (Wang et al., 2016). Touhara and
MacKinnon (2018) also note that, with such low affinity of
interaction between GIRK and Gy, GPy surface densities needed
for GIRK activation should be much higher than the physiological
range. This leads them to propose that the GPCRs, G-proteins and
GIRK channels interact in hot spots (Sungkaworn et al., 2017),
where all components of the cascade are highly concentrated.
Another possible explanation is that the actual affinity of GIRK-
GPy interaction is higher than 200-300 uM Kp despite the
measurements in lipid bilayer experiments (Wang et al., 2016) or
in solution by nuclear magnetic resonance (Yokogawa et al., 2011).

Notably, these studies employed a mutant Gy lacking lipid
modification (geranylgeranylation, in the case of Gy,) and it is
established that lipid modification of Gy is an important
determinant of high-affinity interaction between Gy and its
binding partners such as Go. and phosducin (Myung et al., 1999;
Lukov et al., 2004). Further study is needed to better determine the
affinity of GIRK-Gpy interactions in living cells.

Collision-Coupling Versus Preformed
Complex

There is a longstanding debate regarding the existence, or lack, of
diffusion-dependent steps in the GPCR-G-protein cycle. A large
body of data suggests pre-formed (or dynamic) complexes between
these proteins. For instance, measurement of diffusion coefficients
of GPCRs demonstrate non-homogeneity, pointing to partial
restriction of diffusion and possible organization of GPCRs in
“islands” (Daumas et al., 2003; Suzuki et al., 2005; Baker et al.,
2007). Similar restriction in lateral mobility is noted for G protein
(Kwon et al,, 1994). These observations are supported by studies
showing thatimmobilized GPCRs can activate G-protein molecules
with the same rate as mobile GPCRs (Lober et al., 2006). Going
downstream in the cascade, the dissociation of Got from Gy during
the activation process also remains questioned. Whereas the dogma
states full dissociation and diffusion of the latter, it has been shown
that some Go. and GBy may not undergo dissociation, rather
undergo spatial rearrangement after activation (Bunemann et al.,
2003; Lambert, 2008). Onwards, complexes between G-protein and
effectors, such as GIRK, have been noted (Robitaille et al., 2009;
Zylbergold et al., 2010) as well as even larger supramolecular
complexes consisting of GPCRs, G-proteins and modulating
molecules, such as RGS, have been demonstrated (Lavine et al.,
2002; Doupnik, 2008).Despite this body of work, pure collision
coupling has also been demonstrated in many other cases (see
introduction). Notably, the distinction between the two different
modes is not trivial. In the current study, we elaborate our protocol
using “titration” of proteins densities at the membrane, specifically
those of the GPCR (Vorobiov et al., 2000) and show that it allows to
quantitatively distinguish between the modes of GPCR-G
protein coupling.

We compared the kinetic properties of two different settings
of M2R-G-protein interaction. The first consists of M2R-Go.
fusion protein; a one-to-one relationship between the GPCR
and Go is enforced, giving rise to a bona fide “preformed
complex”. Notably, in the scenario, we also assume that the
complex necessarily includes Gogpp-GPYy (in view of their very
high nanomolar affinity), resulting in a full GPCR-G protein
“preformed” complex. The second setting involves independent,
untethered proteins. These two scenarios reveal that, whereas the
kinetics of activation of GIRK by M2Rwt are highly dependent
on the receptor density, those of M2R-Ga fusion are not. This
clear distinction strengthens the idea that, at least in Xenopus
oocytes, M2Rwt can indeed diffuse in the plasma membrane to
activate several G-protein molecules (and GIRK subsequently).
This conclusion is supported by studies, specifically conducted in
Xenopus oocytes, demonstrating that, M2Rs and G-proteins are
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not permanently co-localized and diffuse unrestrictedly in the
plasma membrane (Hein and Bunemann, 2009).

In summary, the current concept of GPCR-G-protein effector
signaling may be schematically presented as three possible, and not
mutually exclusive, paradigms. The first, the preformed complex
model, is expected to follow first order kinetics, in which the rate of
activation is concentration-independent. In the second, the catalytic
collision coupling model, the rate of activation is anticipated to be
highly concentration-dependent, at least for diffusion-limited cases.
Of note, the dependence of activation kinetics on receptor density
might also be influenced by G-protein inactivation rate. Indeed, we
demonstrate this by employing the simulation of Touhara et al. with
the slower GDP hydrolysis rate (Figure 6). The third, is a mixture of
the two. Importantly, the relationship of activation rate and
concentration of the reactants is not trivial and is formulated, in
most cases, as differential rate laws rather than as integrated rate law
utilized for first order kinetic processes (useful for preformed
complexes). It was previously shown that coupling reaction rate
constant under diffusion limited conditions is equal to diffusion
transport constant (Lauffenburger and Linderman, 1996) and is
therefore expected to be dependent on receptor density (Mahama
and Linderman, 1994; Shea et al., 1997). Together, the dependence
of GIRK’s activation rate on the density of M2R most likely
originates from this phenomenon as a result of collision coupling
of GPCR and G-protein. The recently proposed “hot spot”
interaction model of GPCR-G-protein activation (Suzuki et al.,
2005; Sungkaworn et al.,, 2017) represents a particular case of
collision coupling model (but not preformed complexes) and
elegantly describes cases in which there is relatively low affinity
between the reactants, because restrictions of molecules within a
tight hot spot is expected to robustly increase their effective
concentration. Further studies based on stochastic analysis of
GPCR-G-protein-GIRK system and measurement of GIRK-
GBy affinity will deepen our understanding of the above
described phenomena.
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