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ABSTRACT: T-type voltage-gated Ca2+ channels have been
implicated in many human disorders, and there has been increasing
interest in developing highly selective and potent T-type Ca2+

channel modulators for potential clinical use. However, the unique
biophysical properties of T-type Ca2+ channels are not conducive for
developing high-throughput screening (HTS) assays to identify
modulators, particularly potentiators. To illustrate, T-type Ca2+

channels are largely inactivated and unable to open to allow Ca2+

influx at −25 mV, the typical resting membrane potential of the cell
lines commonly used in cellular screening assays. To address this
issue, we developed cell lines that express Kir2.3 channels to
hyperpolarize the membrane potential to −70 mV, thus allowing T-
type channels to return to their resting state where they can be
subsequently activated by membrane depolarization in the presence
of extracellular KCl. Furthermore, to simplify the HTS assay and to reduce reagent cost, we stably expressed a membrane-tethered
genetic calcium sensor, GCaMP6s-CAAX, that displays superior signal to the background compared to the untethered GCaMP6s or
the synthetic Ca2+ sensor Fluo-4AM. Here, we describe a novel GCaMP6s-CAAX-based calcium assay utilizing a high-throughput
fluorometric imaging plate reader (Molecular Devices, Sunnyvale, CA) format that can identify both activators and inhibitors of T-
type Ca2+ channels. Lastly, we demonstrate the utility of this novel fluorescence-based assay to evaluate the activities of two distinct
G-protein-coupled receptors, thus expanding the use of GCaMP6s-CAAX to a wide range of applications relevant for developing
cellular assays in drug discovery.
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■ INTRODUCTION

Voltage-gated calcium channels (VGCCs) provide the primary
pathway for calcium (Ca2+) ions to enter excitable cells by
allowing rapid and selective Ca2+ entry upon membrane
depolarization.1,2 By transducing natural voltage transients,
such as action potentials, into intracellular Ca2+ transients,
voltage-gated Ca2+ channels not only contribute to active
membrane properties such as Ca2+ spikes and dendritic
information integration3,4 but also underlie many cellular
functions including neurotransmitter release, neurite out-
growth, cell survival, hormone release, and gene expression.5−7

The functional core of the VGCC is composed of the CaVα1
subunit, which contains the ion pore, gating mechanism, and
toxin-binding domains, and consists of four homologous
transmembrane domains (I−IV), cytoplasmic amino- and
carboxyl-termini, and intracellular loops connecting each
transmembrane domain.2,8 Ten genes encode CaVα1 subunits

in humans and are divided into three major subgroups based
on structural, functional, and pharmacological similarities.9

Four genes encode CaV1 L-type Ca2+ channels, three genes
encode CaV2 Ca2+ channels, and three genes encode CaV3 T-
type Ca2+ channels.1,10,11

The T-type α1 subunits lack the structural motif that
mediates the interaction with auxiliary CaVβ subunits

12 that are
common to CaV1 and CaV2 channels. As such, T-type Ca2+

channel properties can be fully reconstituted with the α1
subunit alone in heterologous expression systems, whereas
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CaV1/2 Ca2+ channel α1 subunits require the coexpression of
auxiliary subunits (α2δ, β, and γ) that facilitate channel
trafficking to the membrane surface for expression.2,11 While
CaV1 and CaV2 channels require high-threshold depolariza-
tions for activation (typically more than 30 mV), much smaller
depolarizations activate CaV3 T-type Ca2+ channels.13−15 T-
type currents inactivate rapidly (T for transient) and have a
small single-channel conductance of 8−12 pS in 100 mM
Ba2+.16 CaV3 T-type Ca2+ channels have overlapping voltage-
dependent activation and inactivation curves, displaying
“window currents” where a large fraction of the channels are
inactivated, but a small fraction of the channels remain
constitutively open at physiological resting membrane
potentials.2 T-type Ca2+ channels also close slower from the
open state compared to the CaV1/2 families, allowing large
amounts of Ca2+ influx upon repolarization to trigger
membrane depolarization. These unique biophysical properties
of the T-type Ca2+ channels produce Ca2+ influx during
repolarizations that underlie the rhythmic rebound firing of
thalamic neurons in the brain and of pacemaker cells within
the heart.9

Human genetics has implicated all three genes encoding T-
type Ca2+ channel α1 subunits in neurological and neuro-
psychiatric disorders.17 Rare mutations of CACNA1G, the gene
encoding the CaV3.1 α1 subunit, are associated with severe
developmental deficits linked to spinocerebellar ataxia,18,19

idiopathic generalized epilepsy,20 and cerebellar atrophy21 and
are thought to be a modifier of epilepsy associated with

SCN2A.22 Variants of CACNA1H, the gene encoding the
CaV3.2 α1 subunit, represent susceptibility alleles involved in
the pathogenesis of a childhood absence epilepsy.23

Furthermore, patients with CACNA1H loss of function
mutations are found to be resistant to pain perception, thus
serving as the biological basis for targeting CaV3.2 in pain
management.24 More recently, gain-of-function mutations in
CACNA1I, the gene encoding the CaV3.3 α1 subunit, have
been implicated in neurodevelopmental disorders.25 Interest-
ingly, several clinical drugs have been found to block T-type
Ca2+ channels,2 including the antihypertensive agent mibefradil
(withdrawn from the market due to potential off-target drug−
drug interactions26), certain neuroleptics,27 and anticonvul-
sants.28 Overall, these data support that the selective inhibition
of T-type Ca2+ channels may have a wide range of therapeutic
potentials.
While selectively blocking T-type Ca2+ channels are thought

to be therapeutically beneficial for several disorders,21,24,25

emerging evidence suggests that enhancing T-type Ca2+

channel function may also provide therapeutic benefit. For
example, protein-truncating mutations of CACNA1G confer
risk for schizophrenia29 and CACNA1I has been implicated in
schizophrenia risk.30 While the exact mechanism underlying
CACNA1I in schizophrenia risk is unknown, de novo variants
of CACNA1I derived from schizophrenia patients have been
found to reduce channel current density.30,31 These studies
implicate loss of function in disease risk or pathophysiology,

Figure 1. Biophysical properties of HEK293 cells stably expressing CaV3.1, CaV3.2, or CaV3.3 T-type channels using high-throughput in vitro
electrophysiology. (A) The current−voltage (IV) protocol consists of a sustained depolarization of 1 s from −120 to +20 mV at 10 mV increments
(TP1), followed by a voltage step of 300 ms to −20 mV (TP2). The Ca2+ currents from the TP1 protocol (activation) were used to construct the
“voltage-dependent activation” curve. Ca2+ currents from the TP2 protocol (inactivation) were used to establish the “voltage-dependent
inactivation” curve. (B) Sample T-type Ca2+ currents are shown for CaV3.1 (black), CaV3.2 (red), and CaV3.3 (gray) normalized to the peak
current. (C) Voltage-dependent activation curves. V1/2‑activation (voltage at which 50% of the channels are activated) = −48.76 mV (n = 47 cells),
−47.96 mV (n = 31 cells), and −39.53 mV (n = 38 cells) for CaV3.1, CaV3.2, and CaV3.3, respectively. (D) Voltage-dependent inactivation curves.
V1/2‑inactivation (voltage at which 50% of the channels are inactivated) = −76.30 mV (n = 47 cells), −76.59 mV (n = 31 cells), and −64.42 mV (n = 38
cells) for CaV3.1, CaV3.2, and CaV3.3, respectively. (E) Averaged peak current density of 67.06 ± 3.84 pA/pF (n = 48 cells), −61.60 ± 3.66 pA/pF
(n = 31 cells), and −78.80 ± 3.60 pA/pF (n = 39 cells) for CaV3.1, CaV3.2, and CaV3.3, respectively. Data are expressed as mean ± SEM. (F) KCl-
induced changes in membrane potentials were recorded from HEK293 cells expressing Kir2.3 and CaV3.3 measured by whole-cell patch clamp
electrophysiology (n = 6−7 cells per treatment). Data are expressed as mean ± SEM.
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and selective T-type Ca2+ channel potentiators may provide
therapeutic benefit in certain disorders.
Due to the relatively distinct expression patterns of each T-

type Ca channel32 and because CaV3.1, CaV3.2, and CaV3.3
have been imp l i ca ted in seve ra l d i s t inc t d i s -
eases,2,18,21,22,25,30,33,34 the development of highly selective
potentiators or inhibitors for each T-type Ca2+ channel may be
beneficial. Activating or inhibiting all three T-type Ca2+

channels may induce unwanted side effects and could limit
efficacy in human studies.
To date, multiple high-throughput Ca2+ influx assays using

Ca2+ sensitive dyes have been developed to identify T-type
Ca2+ channel inhibitors.35−37 However, none addressed the
critical need to identify T-type Ca2+ channel potentiators.
While some assays used gramicidin treatment to control the
membrane potential,38 few T-type Ca2+ channel high-
throughput screening (HTS) assays have been designed with
physiological conditions relevant for neuronal cells (e.g., an
intact resting membrane potential of −70 mV), and this has
likely hampered the ability of these assays to identify T-type

Ca2+ channel potentiators. Furthermore, while Ca2+ sensitive
dyes have been the gold standard for HTS, the high cost of
reagents and the time it takes to load the dye and subsequent
multiple washing steps are major limitations of this technology.
To address these issues and develop an assay that can

identify both inhibitors and potentiators, we developed
inducible T-type Ca2+ channel cell lines expressing Kir2.3, an
inward rectifying potassium channel that can hyperpolarize
HEK293 cells to −70 mV, thus creating a physiological
membrane potential representative of neuronal cells where
most T-type Ca2+ channels are available to open. Additionally,
we developed a membrane-tethered version of the stable
ultrasensitive Ca2+ sensor GCaMP6s (GCaMP6s-CAAX) that
showed a significantly higher signal window than either the
untethered GCaMP6 or the Ca2+ sensitive dye, Fluo-4AM.
This GCaMP6s-CAAX assay performs well (R2 = 0.768, p <
0.0001) in comparison to Fluo4-AM using a small screen of
select known Ca2+ channel antagonists. Lastly, we utilized the
membrane-tethered GCaMP6s-CAAX in multiple cellular
assays measuring changes in the intracellular Ca2+ concen-

Figure 2. Development of a novel 384-well-based high-throughput assay to readout T-type Ca2+ channel activity using a membrane-tethered
calcium sensor GCaMP6s-CAAX. (A) Schematic of GCaMP6s-CAAX in response to T-type Ca2+-mediated Ca2+ influx. (B) Representative 60×
images of HEK293 cells expressing Kir2.3/CaV3.3 with GCaMP6s or GCaMP6s-CAAX. (Left) Differential interference contrast images. (Right)
Fluorescence images demonstrating the cytosolic localization of GCaMP6s and the expression of GCaMP6s-CAAX near the plasma membrane.
(C) FLIPR signal traces from the HEK293 cells expressing CaV3.3/Kir2.3 in the presence of Fluo-4AM (black) or expressing either GCaMP6s
(gray) or GCaMP6s-CAAX (red) when stimulated with 6 mM KCl. (D) KCl CRC of HEK293 cells expressing Kir2.3 and CaV3.3 with GCaMP6s-
CAAX (black), GCaMP6m-CAAX (gray), or GCaMP6f-CAAX (white) normalized to baseline fluorescence. (E) KCl CRC of HEK293 cells
expressing Kir2.3 and CaV3.3 (black), CaV3.2 (red), or CaV3.1 (white) normalized to baseline fluorescence. Data are expressed as mean ± SEM (24
replicates and 2 independent experiments). (F) FLIPR signal of HEK293 cells expressing Kir2.3 and CaV3.1 with GCaMP6s-CAAX in response to a
different Ca2+ concentrations (four replicates and two independent experiments). (G) KCl CRC in HEK293 cells expressing Kir2.3 and CaV3.3
loaded with the Ca2+-sensitive dye Fluo-4AM (black) or coexpressing GCaMP6s-CAAX (red). Data are expressed as mean ± SEM (24 replicates
and 2 independent experiments).
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tration mediated by endogenous G-protein-coupled receptor
(GPCR) activity, thereby demonstrating the flexibility and
broad applicability of GCaMP6s-CAAX in a range of Ca2+

assays. We conclude that the GCaMP6s-CAAX fluorescent
sensor offers a highly sensitive and flexible approach to
establish high-throughput cell-based Ca2+ assays of endoge-
nous and exogenous receptors.

■ RESULTS

Biophysical and Pharmacological Properties of T-
Type Calcium Channels Stably Expressed in the
Presence of Kir2.3. We established an inducible expression
system that stably integrates a single copy of cDNA encoding
CaV3.1, CaV3.2, or CaV3.3 in HEK293 cells separately using
the Flp-In T-REx system, as previously published.30 The
expression of each of the three human CaV3 channels was
induced by 1 μg/mL doxycycline treatment as described
previously30 and confirmed via western blot (Supporting
Information Figure S1). Using an automated planar patch-
clamp instrument (SyncroPatch 384PE) that offers giga-ohm
seal and precise voltage control, we characterized the
electrophysiological properties of each of these three T-type
Ca2+ channels using the protocol described previously39

(Figure 1A). All three CaV3 channels displayed classic
characteristics in kinetics (Figure 1B), voltage dependence of
activation (Figure 1C), voltage dependence of inactivation
(Figure 1D), and demonstrated similar peak current density
(Figure 1E). It is worth noting that the inactivation kinetics of

CaV3.3 is an order of magnitude lower compared to that of
CaV3.1 and CaV3.2 and that CaV3.3 opens and inactivates at
more positive potentials, revealing distinct biophysical proper-
ties for CaV3.3 that are consistent with existing reports.10

At the typical −25 mV resting membrane potential of
HEK293 cells,40 T-type Ca2+ channels are largely inactivated
and cannot open to allow Ca2+ influx upon depolarization by
KCl treatment.41 We therefore stably expressed Kir2.3 inward
rectifier channels in these cells to shift the resting membrane
potentials close to the predicted potassium equilibrium
potential of −70 mV and remove the inactivation of T-type
Ca2+ channels. The presence of Kir2.3 channels hyperpolarized
the membrane voltage to −70 mV at the typical 4 mM
extracellular K+ concentration, as measured by the whole-cell
patch clamp (Figure 1F), and the increased extracellular K+

concentrations depolarized the membrane potentials in a KCl
concentration-dependent manner. Collectively, we established
cell lines that recapitulate the physiological membrane
potentials of neurons and allow for the high-throughput
evaluation of compounds to identify modulators of T-type
Ca2+ channel functions.

Development of the T-Type Calcium Channel
Fluorescence Assay Using the Membrane-Tethered
Genetic Calcium Sensor GCaMP6s-CAAX. Calmodulin-
based genetically encoded fluorescent Ca2+ indicators
(GCaMP-s) are powerful tools to image Ca2+ dynamics from
cells in a plate to intact behaving animals. GCaMP6 indicators
produce bright fluorescence induced by Ca2+ binding and have

Figure 3. The novel GCaMP6s-CAAX assay can identify both activators and inhibitors of T-type Ca2+ channels. (A) Representative fluorescence
sample traces of HEK293 cells expressing CaV3.3/Kir2.3/GCaMP6s-CAAX in the presence of 5.4 mM (low) or 6.7 mM (high) KCl. (B) Sample
traces of HEK293 cells expressing CaV3.2/Kir2.3/GCaMP6s-CAAX in the presence of 4.7 mM (low) or 6.0 mM (high) KCl. (C) Sample trace of
HEK293 cells expressing CaV3.1/Kir2.3/GCaMP6s-CAAX in the presence of 1.5 mM (low) or 5.0 mM (high) CaCl2. Cells were treated with
DMSO (black) or 1 μM of the pan T-type Ca2+ channel inhibitor TTA-A2 (red). Traces were normalized to baseline prestimulation fluorescence.
(D) CRC of SAK3 in HEK293 cells expressing Kir2.3/GCaMP6s-CAAX with CaV3.1 (white), CaV3.2 (red), or CaV3.3 (black). Data are expressed
as mean ± SEM of two independent experiments. (E) The IC50 values of 42 different compounds evaluated using GCaMP6s-CAAX are plotted
against the IC50 values of the same compounds evaluated using the Ca2+-sensitive dye Fluo-4AM. (F) ProTx-I CRC in cells expressing CaV3.1
(white), CaV3.2 (red), and CaV3.3 (black). Data are expressed as mean ± SEM of two independent experiments.
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been widely used to measure cytosolic Ca2+ concentrations.42

To reduce the background noise and to facilitate the
measurement of T-type Ca2+ channel activity, we tagged the
genetically encoded fluorescence sensor GCaMP6s with a
CAAX box to the C-terminus to localize the sensor to the
plasma membrane (Figure 2A). The CAAX box is composed
of a cysteine residue (C), two aliphatic residues (AA), and any
C-terminal amino acid (X), and this sequence can undergo
prenylation, a process in which post-translational lipid
additions occur, thereby creating a hydrophobic C-terminus
and thus greatly increasing the ability of the protein to interact
with the plasma membrane.43,44 We then stably incorporated
our membrane-tethered GCaMP6s-CAAX sensor into our
CaV3/Kir2.3 cell lines and demonstrated GCaMP6s-CAAX
localization at the plasma membrane (Figure 2B). Using the
high-throughput fluorometric imaging plate reader (FLIPR),
the membrane-tethered GCaMP6s-CAAX resulted in a
dramatically reduced baseline signal before stimulation
compared to the untethered GCaMP6s and the calcium-
sensitive dye Fluo-4AM (Figure 2C).
There exist multiple variants of GCamp6, with distinct

kinetic properties. Therefore, we evaluated which of the three
previously described variants of GCaMP6: GCaMP6 slow,
GCaMP6 medium, and GCaMP6 fast (GCaMP6s,
GCaMP6m, and GCaMP6f, respectively42), produce the
largest fluorescence signal in cells expressing CaV3.3 channels
upon KCl stimulation. In agreement with previously described
GCaMP6 variant findings,42 we found that GCaMP6s
produced a much larger T-type Ca2+ channel signal window
induced by KCl depolarization compared to GCaMP6m or
GCaMP6f (Figure 2D). Importantly, KCl stimulation-induced
increase in fluorescence was absent in cells without
doxycycline-induced T-type Ca2+ channel expression (Support-
ing Information Figure S2). While GCaMP6s-CAAX produced
a robust KCl stimulation-induced increase in fluorescence in
both CaV3.3 and CaV3.2 cell lines, the CaV3.1-expressing cells
had minimal KCl-induced responses (Figure 2E). To over-
come the low response of GCaMP6s-CAAX to KCl in the
CaV3.1-expressing cell line, we took advantage of the CaV3.1
window current by increasing the extracellular Ca2+ concen-
tration to produce a reliable CaCl2-dependent response in our
CaV3.1/Kir2.3-expressing cells (Figure 2F).
Having identified GCaMP6s-CAAX as our optimal genet-

ically encoded Ca2+ sensor, we then directly compared the
performance of GCaMP6s-CAAX to the Ca2+-sensitive dye
Fluo-4AM. Using the CaV3.3-expressing cells, GCaMP6s-
CAAX produced a much larger signal window in response to
KCl stimulation compared to Fluo-4AM (Figure 2G).
Together, these results demonstrate that the membrane-
tethered GCaMP6s-CAAX substantially improves the assay
performance relative to Fluo-4AM, the field-standard synthetic
Ca2+ sensitive dye.
Establishment of a Cell-Based HTS Assay That Can

Identify Both Inhibitors and Potentiators of T-Type
Calcium Channels. While many T-type Ca2+ channel
inhibitors have been discovered, there are few known subtype
selective antagonists24 and no known subtype specific
potentiators.45,46 Therefore, using our CaV3/Kir2.3/
GCaMP6s-CAAX cell lines, we developed a cellular assay to
identify both positive (potentiators) and negative (inhibitors)
modulators of T-type Ca2+ channels. We implemented two
KCl depolarization steps, separated by 3 min, to produce (1)
an EC10 response for identifying potentiators and (2) a larger

EC90 response for identifying inhibitors. For CaV3.3, 5.4 mM
KCl addition produced an EC10 response and 6.7 mM KCl
produced an EC90 response. Using this paradigm, we showed
that the fluorescence signal was CaV3.3-dependent as the signal
was blocked by the T-type Ca2+ channel inhibitor TTA-A2
(Figure 3A).
Similarly, we established CaV3.2 and CaV3.1 FLIPR assays

following a similar protocol by coexpressing Kir2.3 and
GCaMP6s-CAAX with CaV3.2 or CaV3.1 in HEK293 cells.
We titrated the concentrations of KCl to induce CaV3.2-
mediated Ca2+ influx and found that 4.7 and 6.0 mM KCl
corresponds to a CaV3.2 EC10 and EC90 response, respectively
(Figure 3B). While CaV3.1-expressing cells do not respond well
to KCl-induced depolarization alone (Figure 2E), CaV3.1-
mediated Ca2+ influx through window currents increased with
extracellular Ca2+ concentration. We were then able to
optimize Ca2+ flux in the presence of 1.5 and 5 mM CaCl2,
respectively, for identifying CaV3.1 potentiators and inhibitors
(Figure 3C). Using the high KCl or high Ca2+ concentration as
the positive control across the plates, Z′ calculations in the
activator mode for all three T-type Ca2+ channel assays were
0.7, 0.5, and 0.3 for CaV3.3, 3.2, and 3.1, respectively,
indicating assay performance suitable for HTS.
Recently, SAK3 was reported to enhance the CaV3 function

in neurons,47−49 but its binding or direct effect on CaV3
channels is yet to be established. Therefore, we evaluated both
SAK3 and the previously disclosed nonselective T-type Ca2+

channel potentiator ST-101 in our GCaMP6s/Kir2.3/Cav3
cell lines. Unfortunately, neither SAK3 (Figure 3D) nor ST-
101 (Supporting Information Figure S3) displayed potentiator
activity in any of the three T-type Ca2+ channel cell-based
assays. Due to the absence of established potentiators of T-
type Ca2+ channel activity, we were not able to validate the
assay for this modality using chemical compounds. However,
by using a library of more than 40 channel modulators2,27,34,50

(Table 1), we demonstrated that the IC50 values of the
GCaMP6s-CAAX-based assay significantly correlated (R2 =
0.768, p < 0.0001) with the IC50 values of the Fluo-4AM-based
assay (Figure 3E), confirming that the GCaMP6s-CAAX-based
FLIPR assay produces similar results to those previously
published.34 Utilizing this validated assay, we then evaluated
the subtype-specific CaV3 channel activity of the previously
described T-type Ca2+ channel inhibitor ProTx-I51,52 in all
three cell lines. Interestingly, we found that ProTx-I displays
potent antagonist activity at CaV3.3 (IC50 = 0.026 μM) with
reduced potency toward CaV3.1 (IC50 = 0.22 μM) and greatly
reduced activity at CaV3.2 (IC50 = 1.4 μM) (Figure 3F). Taken
together, we developed high-throughput GCaMP6s-CAAX-
based FLIPR assays across the three CaV3 channels that can
identify both inhibitors and potentiators.

Membrane-Tethered GCaMP6s-CAAX Has Broad
Utility in Measuring Endogenous Receptor-Mediated
Ca2+ Signaling. Since GCaMP6s-CAAX displays a superior
signal window compared to the traditional Ca2+-sensitive dyes
in our T-type Ca2+ channel cell-based assays, we then tested
the utility of GCAMP6s-CAAX in measuring Ca2+ signals
originating from endogenous G-protein-coupled receptor
activationan application that may be useful to a broader
scientific community. Previous studies have demonstrated that
Chinese hamster ovary K1 cells (CHOK1) endogenously
express the lysophosphatidic acid (LPA) 1 receptor subtype
(LPA1),

53 a member of the GPCR superfamily.54 To measure
endogenous LPA receptor activity, we expressed the
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GCaMP6s-CAAX sensor in the CHOK1-α15 cell line that
expresses the promiscuous G-protein Gα15. In this stable cell
line, we demonstrate that lysoPA18:1 application generated a
robust increase in the fluorescence signal that was blocked by
the selective LPA1 receptor antagonist AM09555 (Figure 4A).
Using this assay, we found that the application of the LPA1
receptor agonist lysoPA18:1 resulted in a concentration-
dependent increase in fluorescence (Figure 4B) with an EC50
of 1.01 ± 0.19 μM. Conversely, AM095 blocked the LPA1-
mediated signal in a concentration-dependent manner with an
IC50 value of 0.24 ± 0.02 μM (Figure 4C). These data are
consistent with the reported effects of these compounds on
LPA1 receptors,

55 validating our approach of using GCaMP6s-
CAAX to measure GPCR activities.

The CHOK1 cells also endogenously express the comple-
ment C3a receptor, a GPCR that canonically signals through
Gαi.

56 Using the same CHOK1 cells expressing the GCaMP6s-
CAAX sensor and the promiscuous G-protein Gα15, we found
that application of the 9 kD peptide human C3a (hC3a)
resulted in a concentration-dependent increase in fluorescence
(Figure 4D,E) with an EC50 of 4.5 ± 0.5 nM. Congruent with
the previous literature,57 hC3a treatment-induced increases in
GCaMP6s-CAAX-mediated fluorescence were blocked by the
C3a receptor antagonist BR111 in a concentration-dependent
manner (Figure 4D,F), with an IC50 value of 2.5 ± 0.2 nM.
Taken together, these studies demonstrate that the GCaMP6s-
CAAX fluorescence sensor can be used to measure the effects
of a wide range of endogenous GPCRs, expanding its utility in
measuring the activities of a variety of endogenous and
exogenous membrane receptors in cellular assays.

■ DISCUSSION
In the present studies, we developed cell lines that express the
membrane-tethered genetically encoded Ca2+ sensor
GCAMP6s-CAAX and demonstrated that GCaMP6s-CAAX
displays a superior signal window over traditional Ca2+-
sensitive dyes such as Fluo-4AM. Our assay using the
GCAMP6s-CAAX fluorescence sensor has the advantage of
shorter assay time and lower assay costs compared to synthetic
Ca2+ dyes by removing the need to load and subsequently wash
off the fluorescent dye through multiple steps. Importantly, this
membrane-tethered Ca2+ sensor performed much better than
GCaMP6s alone in HEK293 cells (Figure 2C), underscored by
a much-reduced baseline fluorescence signal prior to
stimulation. The high level of background fluorescence when
using GCaMP6s may be due to a small but significant
constitutive Ca2+ window current that raised the cytosolic
background of Ca2+58 as T-type Ca2+ channels are expressed in
these cells. In evaluating over 40 distinct T-type Ca2+ channel
inhibitors, we demonstrated that HEK293 cells expressing both
GCaMP6s-CAAX and Kir2.3 produced similar results as the
gold-standard Ca2+-sensitive dye, Fluo-4AM. While genetically
encoded sensors can be readily packaged into viral vectors for
delivery and usage with wide applications,42,59 it is important
to note that they require exogenous expression, a potential
disadvantage over dyes such as Fluo-4AM. Furthermore, we
used our high-throughput T-type Ca2+ channel assay to
characterize the subtype selectivity of the T-type Ca2+ channel
antagonist ProTx-1. Lastly, we demonstrated that GCaMP6s-
CAAX can be used to measure the receptor activity of two
distinct GPCRs endogenously expressed on CHOK1 cells,
thereby demonstrating the potential use of GCaMP6s-CAAX
in a wide range of biological applications including neuro-
science, cancer, infectious diseases, and other areas of drug
discovery interest.
While genetic models have revealed certain specific neuro-

biological functions of each of the three T-type Ca2+

channels,29,31,33,60−62 developmental or cellular compensatory
mechanisms in a genetic model may confound the findings.
Therefore, subtype-selective T-type Ca2+ channel modulators
would be powerful pharmacological tools to study subtype-
specific T-type Ca2+ channel biology. Furthermore, while
current efforts focus on T-type Ca2+ channel inhibitors being
potentially beneficial for diseases such as epilepsy, pain, and
certain cancers,2,24,34 recent human genetic studies have also
identified loss of function of CaV3.1 and CaV3.3 in neuro-
psychiatric disease risk.29,30,63 Therefore, specific T-type Ca2+

Table 1. IC50 Values against CaV3.3 Obtained for the
Selected Ion Channel Modulators Using the Novel FLIPR
Assay

compound name IC50 (μM)

tta-i1 0.0026
mk-8998 0.037
tta-a2 0.053
tta-p2 0.033
z-944 0.11
ml 218 0.077
penufluridol 0.097
tta-q4 (racemic) 0.16
NNC 55-0396 dihydrochloride 0.34
lercanidipine hydrochloride 0.41
mibefradil dihydrochloride 0.67
flunarizine dihydrochloride 1.2
lomerizine hydrochloride 1.3
nicardipine hydrochloride 2.1
loperamide hydrochloride 1.3
retigabine 9.4
benidipine hydrochloride 3.4
flupirtine maleate 3.5
sr 33805 oxalate 4.7
azelnidipine 26
carboxyamidotriazol orotate 6.8
felodipine 27
(s)-(−)-bay-k-8644 16
celecoxib 9.0
fpl 64176 31
ns1643 39
riluzole 50
nitrendipine 18
pd-173212 50
(R)-(+)-bay k8644 16
ns-3623 37
aconitine 50
gv-58 20
eszopiclone 50
amitriptyline hydrochloride 50
nefiracetam 50
amiloride hydrochloride 50
ascorbic acid 50
isradipine 38
zset 1446 50
ml297 50
Ica27243 50
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potentiators may provide therapeutic benefit in diseases in
which the goal is to enhance T-type Ca2+ channel functions.
Recently, SAK3 was reported to enhance CaV3 functions and

improve cognitive performance in a number of animal
models.47−49 However, we found that SAK3 did not stimulate
any CaV3 channels directly in our FLIPR assays (Figure 3D)
when applied in a similar method as previously described46 and
therefore believe that SAK3 works indirectly through other
targets. In this study, we did not set out to screen nor did we
identify any T-type Ca2+ channel activators. However, our
GCAMP6s-CAAX high-throughput assay can identify both
inhibitors and potentiators and, in conjunction with compound
screening libraries enriched with favorable drug-like properties
(e.g., high brain permeability, low CYP450 activity, and high
solubility),64,65 could produce tractable drug discovery
chemical matter hits with relatively low cost compared to
traditional HTS. It is important to note that the CaV3.1 assay
does not respond to KCl depolarization as well as CaV3.3 or
CaV3.2 assays (Figure 1E). We currently do not know what
accounts for the inability of CaV3.1 to respond to KCl as the
whole-cell current density is similar across all three CaV3 cell
lines (Figure 1B,E). However, CaV3.1 responds well to the
changes in extracellular Ca2+ (Figure 2F), and therefore, we are
confident that CaV3.1 activity can be evaluated using changes
in Ca2+ levels in place of changes in KCl concentrations.

Therefore, this assay is amenable for both the pharmaceutical
industry and academic research centers.
Interestingly, ProTx-I has been previously characterized as a

potent CaV3.1 antagonist with 10-fold selectivity over CaV3.3
and 100-fold selectivity over CaV3.2.

51,52 This contrasts our
findings in which ProTx-I displays potent CaV3.3 antagonist
activity with relatively lower antagonist activity at CaV3.1 and
the lowest antagonist activity at CaV3.2 (Figure 3F). These
differences in ProTx-I selectivity may be due to a number of
reasons including the fact that we utilized our high-throughput
FLIPR assay to perform a full concentration response curve
(CRC) in all three T-type Ca2+ channel cell lines, whereas
previous reports only evaluated ProTx-I at one concentra-
tion.51,52 Furthermore, previous reports have shown that
certain T-type Ca2+ inhibitors, such as TTA-A2, can display
state dependence and preferentially interact with T-type Ca2+

channels in the inactivated state.66 Therefore, the differences in
the holding potential between our Cav3/Kir2.3/GCaMP62-
CAAX cell lines (−70 mV) and what was previously published
using ProTx-I (−110 mV)52 may also account for the
difference in findings. While we were able to replicate the
previous findings that ProTx-I displays the weakest antagonist
activity at CaV3.2 compared to other T-type Ca2+ channels,
detailed biophysical characterization of this toxin using patch
clamp electrophysiology will be necessary to resolve these
conflicting results.

Figure 4. Assays utilizing GCAMP6s-CAAX can be used to effectively evaluate the endogenous activity of GPCRs. (A) Representative sample
traces of endogenous LPA1 receptor activity in CHOK1 cells expressing GCaMP6s-CAAX and Gα15 in the presence of DMSO (black) or 25 μM
AM095 (red) normalized to baseline prestimulation fluorescence. (B) CRC of lysoPA18:1 induced endogenous LPA1 receptor activity in CHOK1
cells expressing GCaMP6s-CAAX and Gα15. (C) CRC of the selective LPA1 receptor antagonist AM095 in CHOK1 cells expressing GCaMP6s-
CAAX and Gα15. (D) Representative sample traces of endogenous C3a receptor activity in CHOK1 cells expressing GCaMP6s-CAAX and Gα15 in
the presence of a buffer (black) or 100 nM BR111 (red) normalized to baseline prestimulation fluorescence. (E) CRC of hC3a induced
endogenous C3a receptor activity in CHOK1 cells expressing GCaMP6s-CAAX and Gα15. (F) CRC of the C3a receptor antagonist BR111 in the
presence of 20 nM hC3a in CHOK1 cells expressing GCaMP6s-CAAX and Gα15. Data are expressed as mean ± SEM of four replicates from two
independent experiments.

ACS Pharmacology & Translational Science pubs.acs.org/ptsci Article

https://doi.org/10.1021/acsptsci.1c00233
ACS Pharmacol. Transl. Sci. 2022, 5, 156−168

162

https://pubs.acs.org/doi/10.1021/acsptsci.1c00233?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00233?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00233?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.1c00233?fig=fig4&ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.1c00233?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


To date, synthetic and genetically encoded Ca2+ sensors
have been well established for measuring cellular Ca2+

dynamics mediated by both ion channels37 and GPCRs.67

Here, we extended the application of a membrane-tethered
GCAMP6-CAAX to measure endogenous GPCR activities
(Figure 4). While we did not directly compare the signal-to-
background ratio between GCAMP6s-CAAX and GCAMP6s
in the GPCR assays, our application of the membrane-tethered
GCAMP6-CAAX displayed excellent performance in measur-
ing GPCR activities with a maximum receptor activity signal/
noise ratio of 3−4, which is similar to our T-type Ca2+ channel
findings. Also, akin to the T-type Ca2+ channel GCaMP6s-
CAAX assay, the GPCR GCaMP6s-CAAX assay allows for the
simultaneous identification of both inhibitors and activators in
one experiment using two agonist additions. Compounds that
act as inhibitors or potentiators in the FLIPR assay can then be
confirmed using in vitro electrophysiology and counter-
screened using a thallium flux assay to measure Kir2.3 activity
as described previously.68 Overall, we demonstrate that the
GCAMP6s-CAAX assay format is both versatile and
informative.
Lastly, as newer genetically encoded sensors continue to be

developed for Ca2+59 and other key signaling pathways such as
cAMP,69 it will be important to test whether membrane-
tethered forms of these sensors are better suited for HTS
efforts than their cytosolic counterparts. Plasma membrane-
tethered genetically encoded sensors are beneficial for channels
and receptors located at the plasma membrane but would not
be effective for signaling localized to subcellular compartments.
Previously, genetically encoded sensors for specific subcellular
organelles (e.g., endoplasmic reticulum, endosomes, lysosomes,
mitochondria, etc.) have been described;70−72 however, few of
these sensors have been evaluated for use in HTS. Thus,
through the detailed characterization of the capability of using
these subcellular specific genetically encoded sensors in HTS
assays, in addition to plasma membrane-tethered sensors such
as GCaMP6s-CAAX, researchers would have a diverse toolbox
of localized sensors that can be readily applied to translational
drug discovery efforts.

■ METHODS
Molecular Biology and Compounds. The cDNA

sequence s o f CaV3 .1 (NM_018896 .3) , CaV3 .2
(NM_021098.2), and CaV3.3 (NM_021096) were subcloned
into a modified pFRT-TO vector with an in-frame C-terminal
FLAG tag, as previously described. pCMV-GCaMP6, pCMV-
GCaMP6s-CAAX, pCMV-GCaMP6m, and pCMV-GCaMP6f
were obtained from Addgene (40753, 52228, 40754, and
40755, respectively). The PmlI-NotI C-terminal fragment of
pCMV-GCaMP6s-CAAX was subcloned into pCMV-
GCaMP6m and pCMV-GCaMP6f to generate pCMV-
GCaMP6m-CAAX and pCMV-GCaMP6f-CAAX. The P2A-
puroR sequence of pLenti-A2D1-P2A-puroR (Origene
RC219081) was PCR-amplified with oligos containing MluI
and PmeI cut sites and subcloned into pLenti-KCNJ4-GFP
(Origene RC222272L2) to generate pLenti-KCNJ4-P2A-
puroR.
Compounds Used. ML297 and AM095 were purchased

from Sigma-Aldrich (St. Louis, MO). (S)-(−)-BAY-K-8644,
(R)-(−)-BAY-K-8644, and SAK3 were obtained from Tocris
Bioscience (Bristol, UK). lysoPA18:1 was purchased from
Avanti Polar Lipids Inc. (Alabaster, AL). hC3a was purchased
from Complement Technology Inc. (Tyler, TX). Fluo-4AM

was purchased from Thermo Fisher Scientific Inc. (Waltham,
MA). MK-8998, ST101, TTA-I1, and TTA-A2 were
synthesized in house. All other compounds were obtained
from Alomone Labs (Jerusalem, Israel).

Construction of Stable Single-Copy-Inducible FlpIn
TREx 293 Cell Lines Constitutively Expressing Both the
Inward Rectifying K+ Channel KCNJ4 and Membrane-
Tethered Genetic Calcium Sensors. Inducible FlpIn TREx
cell lines that express a single isogenic copy of CaV3.1, CaV3.2,
or CaV3.3 cDNA were generated and validated as previously
described.30 3 μg of pLenti-KCNJ4-P2A-puroR was transfected
with Lipofectamine 2000 at a 1:2 ratio in Optimem into these
cell lines and selected with 1.25 μg/mL of puromycin to
generate a polyclonal line for each CaV3 channel. Next, 3 μg of
CMV-GCaMP6s/m/f with a C-terminal CAAX motif (from
Addgene) was transfected as above into these cell lines and
selected with 300 μg/mL of neomycin. Clonal lines were
selected under a fluorescent picking scope for proper
membrane localization and expanded before testing. The
cells were passaged once in media containing 300 μg/mL
neomycin and then maintained in media containing 1.25 μg/
mL puromycin for less than 30 passages. Antibiotics were
absent in the cell media for all the assay plates.

Construction of Stable CHOK1 Cell Lines Constitu-
tively Expressing Both Gα15 and Membrane-Tethered
Genetic Calcium Sensors. CHOK1-α15 was purchased from
Genscript and maintained in the F-12K medium (ATCC 30-
2004) + 10% fetal bovine serum (FBS). The GCaMP6s-CAAX
construct was purchased from Addgene. 3 μg of CMV-
GCaMP6s-CAAX motif was transfected into CHOK1-α15 cell
lines with Lipofectamine 2000 at a 1:2 ratio in Optimem and
selected with 700 μg/mL G-418. The clonal lines were selected
under a fluorescent picking scope based on GCaMP basal
green fluorescence and ATP-stimulated GCaMP fluorescence
change in the CHOK1 clone.

FLIPR Assay for T-Type Calcium Channels Using
GcaMP6s-CAAX. The cells were maintained in DMEM/F-12
+ GlutaMAX + 10% FBS + 1.25 μg/mL puromycin. Two days
prior to conducting the assay, the CaV3/Kir2.3/GCaMP6 cells
were seeded at 16k/well density in the presence of 1 μg/mL
doxycycline into poly-D-lysine-coated 384-well clear-bottom
plates using a Multidrop Combi dispenser (Thermal Fisher).
The cell plates were incubated in a 5% CO2 humidified
incubator at 37 °C for 2 days. On the day of the assay, the
medium was aspirated using a plate washer, and 25 μL of the
equilibrium buffer was added to each well. The assay plates
were incubated for ∼60 min at room temperature in the dark
and then placed in the FLIPRTETRA instrument (Molecular
Devices). Changes in fluorescence were measured over time
with an excitation at 470−495 nm and an emission at 515−575
nm using a “two-addition” stimulation protocol measured at a
1 Hz sampling rate. After 30 s of baseline reading, 25 μL of the
first stimulation, buffer 1, containing the EC10 concentration of
KCl in the equilibrium buffer was added for the evaluation of
agonist activity. The fluorescence emission was recorded for
additional 120 s. To evaluate antagonist activity, 25 μL of the
second stimulation, buffer 2, containing the EC90 concen-
tration of KCl in the equilibrium buffer was added and
recorded for another 120 s. The equilibrium buffer contained
133 mM NaCl, 10 mM HEPES, 10 mM D-glucose, 4 mM KCl,
and 1 mM CaCl2 and was adjusted to pH 7.3 using NaOH.
The assay was performed at room temperature. The peak
response over baseline from FLIPRTETRA after each KCl
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addition was used for data analysis. KCL was used to induce T-
type Ca2+ channel activity. For agonist evaluation, KCl was
used to induce T-type Ca2+ channel activity and the minimum
agonist response (0%) was the fluorescence response to the
low KCl (EC10) stimulation, and the maximal agonist response
(100%) was the fluorescence response to a saturating
concentration of 7 mM KCl. For antagonist evaluation, the
maximal inhibition response (−100%) was the fluorescence
response to the EC90 KCL stimulation in the presence of TTA-
A2 (T-type Ca2+ channel inhibitor) at a saturated concen-
tration (10 μM).The minimal inhibition (0%) was the
fluorescence response to the EC90 KCl stimulation in the
absence of TTA-A2.
FLIPR Assays for Endogenous GPCRs Using

GCaMP6s-CAAX. The evaluation of GCaMP6s-CAAX to
measure endogenous LPA1 and C3a receptor activity was
performed similar to the T-type Ca2+ channel GCaMP6s-
CAAX assay. The CHOK1-α15 cells with the stable expression
of GCaMP6s-CAAX were maintained in the F-12K medium
(ATCC 30-2004) + 10% FBS + hygromycin (100 μg/mL) and
G-418 (700 μg/mL). Two days prior to conducting the assay,
the CHOK1/Gα15/GCaMP6s-CAAX cells were seeded at 16k/
well density in 384-well clear-bottom plates using a Multidrop
Combi dispenser. The cell plates were incubated in a 5% CO2
humidified incubator at 37 °C for 2 days. On the day of the
assay, the medium was aspirated using a plate washer and 25
μL of the equilibrium buffer was added to each well. The assay
plates were incubated for 30 min at 37 °C in the dark and then
placed in the FLIPRTETRA instrument (Molecular Devices).
The assay was performed at 37 °C. Changes in fluorescence
were measured over time with an excitation at 470−495 nm
and an emission at 515−575 nm using a “two-addition”
protocol measured at a 1 Hz sampling rate. In the first
addition, compounds of interest were added for the evaluation
of their agonist activity. In the second addition, an EC80
concentration of the corresponding agonist of the respective
receptor was added in the presence of the experimental
compound for the evaluation of antagonist activity. The assay
buffer contained Hank’s balanced salt solution with 20 mM
HEPES and 0.1% BSA (fat acid-free Sigma A8806) at pH 7.3.
The peak response over baseline from FLIPRTETRA after each
addition was used for data analysis. For agonist evaluation, the
minimum agonist response (0%) was the fluorescence
response to buffer, and the maximum agonist response
(100%) was the fluorescence response to the agonist at a
saturated concentration. For antagonist evaluation, the
maximal inhibition response (−100%) was the fluorescence
response to the EC80 agonist stimulation in the presence of the
GPCR inhibitor at a saturated concentration. The minimal
inhibition (0%) was the fluorescence response to a EC80
agonist stimulation in the absence of the GPCR antagonist.
Western Blotting. Whole cell lysates of Flp-In T-REx

HEK293 cells expressing CaV3 channels were prepared as
previously described.30 Electrophoresis samples were prepared
in 4× Laemmli buffer (Bio-Rad) and incubated at room
temperature for 20 min before SDS-PAGE (3−8% tris-acetate
gel, Life Technologies). Antibodies: mouse anti-FLAG
(1:1000, Sigma F1804), mouse anti-β-actin (1:50,000, Sigma
A5441), mouse anti-β-tubulin (1:500, Cell Signaling Technol-
ogy 86298S), and rabbit anti-CaV3.1 (1:500, Alomone Labs
ACC-021). Anti-β-actin or β-tubulin signals were used as
reference signals to normalize across preparations and to act as
gel-loading controls.

Automated Patch-Clamp Electrophysiology. Auto-
mated patch-clamp electrophysiology experiments were
performed using the SyncroPatch 384PE platform (Nanion
Technologies) that can record up to 384 independent cells
simultaneously with giga-ohm resistance seals. Recording
solutions and experimental pipelines have been described
previously.39,73 In brief, for Ca2+ channel recordings, the cells
were harvested 72 h after the induction of 1 μL/mL
doxycycline. The cells were harvested, pelleted, and
resuspended in serum-free DMEM F12-GlutaMAX (Thermo
Fisher Scientific) and physiological extracellular solution
(pECS) 50% (v/v). After resuspension, the cells were kept
until the moment of the experiment in a temperature-
controlled dedicated reservoir at 10 °C and shaken at 200
rpm. The experiments were performed within 1 h after the
harvesting process. The assays were carried out in single-hole
chips with resistances between 4 and 5 MΩ with the following
solution (in mM): pECS 10 HEPES, 140 NaCl, 5 glucose, 4
KCl, 2 CaCl2, 1 MgCl2, 295−305 mOsm, pH 7.4 adjusted
using NaOH. Internal recording solution (in mM): 20 EGTA,
10 HEPES, 50 CsCl, 10 NaCl, 60 CsF, 285 mOsm, pH
adjusted to pH 7.2 by 1 N CsOH. The recording procedure
and data analyses have been previously described.39 The
junction potential (∼12 mV) and the fast capacitive
component were compensated; then, 15 μL of the cell
suspension (50% v/v pECS/DMEM no serum) was added
to each well to a final density of 50−80k cells/mL. All
recording solutions were prepared with ultrapure MilliQ water
(18 MΩ cm) and filtered with a 0.22 μm PES membrane and
stored at 4 °C until use. The whole-cell configuration was
achieved by a brief negative pressure pulse of −200 mbar. The
holding potential was set at −100 mV for all the voltage
protocols. Once in the whole-cell configuration, the slow
capacitive component (Cslow) was canceled, and the series
resistance (Rs) compensation was set at 80%. The data were
acquired at 20 kHz and filtered at 10 kHz using Nanion
proprietary software PatchControl 384 software (v.1.4.5). The
data was processed on DataControl384 version 1.5.0 in real
time using the quality checkpoints along the experiment using
seal resistance, capacitance, and series resistance as qualitative
parameters. The peak current and the activation steady-state
parameters were obtained from currents elicited by a two-pulse
protocol. The voltage-dependent activation and voltage-
dependent inactivation protocols have been previously
described.39 The cells were initially held at −100 mV for
100 ms and then held for 1 s at a range of voltages from −120
to 20 mV with a 10 mV increase per sweep (TP1), followed by
a 200 ms test pulse at −20 mV (TP2), concluding with 50 ms
at −100 mV before the next step. The peak current density
value was calculated as the maximum peak current from the
preconditioning pulse normalized by the capacitance. The
normalized chord conductance (G/Gmax) was calculated from
the I−V relationship constructed with the peak current values
for each voltage during TP1 using the following equation

=
−

G V
I V

V V
( )

( )

( )
peak

rev

where Vrev is the reversal potential obtained using a linear
extrapolation of the last four points of the I−V relationship
mentioned above. The voltage activation process was fitted
using a single Boltzmann function
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Gmax is defined as the maximum value of G when the first
derivative of G is minimal, zδ corresponds to the slope of the
function and represents the voltage dependency of the
activation, and Vh is the voltage at which half of the Gmax is
obtained. R corresponds to the universal gas constant, T is the
absolute temperature in kelvin, and F is the Faraday constant.
The steady-state inactivation parameters were obtained from
the peak current values during TP2, which represent the
fraction of channels able to be opened at the end of TP1. The
voltage inactivation was also fitted using a single Boltzmann
function to estimate.
Manual Patch-Clamp Electrophysiology. Whole-cell

manual patch-clamp electrophysiology recordings were per-
formed as previously described.30 In brief, the recording
solution contained 2 mM CaCl2, 10 mM HEPES, and 140 mM
NaCl, with the pH adjusted to 7.2 with NaOH. Pipettes were
filled with an internal solution containing 126 mM CsCl, 10
mM EGTA, 1 mM EDTA, 10 mM HEPES, and 4 mM
MgATP, with pH 7.2 adjusted with CsOH. The membrane
potentials were recorded in the current clamp mode and
clamped at 0 pA. An Axopatch 200B amplifier (Molecular
Devices, LLC) was used for sampling at 20 kHz and filtered at
2 kHz. Each cell was then exposed to the recording solution
containing increasing concentrations of KCl from 4.0 to 10.0
mM. All recordings were obtained at room temperature.
Ca2+-Dependent Fluorescence Measurements. Micro-

scope Image Acquisition. 50k cells were plated on 35 mm
glass bottom dishes (Mat-Tek) with or without 1 μg/mL
doxycycline for 48 h. The cells were incubated in the assay
buffer (133 mM NaCl, 10 mM HEPES pH 7.4, 10 mM
glucose, 4 mM KCl, and 1 mM CaCl2) with or without 4 μM
Fluo-4AM and 0.02% Pluronic F-127 for 1 h at 37 °C. The
fresh assay buffer was added, and the cells were imaged at 20×
and 60× on a Nikon Ti-E inverted confocal microscope
equipped with an Andor CSU-X1 spinning disc and Andor
DU-888 EM-CCD camera. For representative images, a single
wide-field or confocal plane was selected, 30 s of the baseline
signal was recorded, then the stimulation buffer (133 mM
NaCl, 10 mM HEPES pH 7.4, 10 mM glucose, 7.5 mM KCl,
and 1 mM CaCl2) was manually applied via a micropipette,
and the signal was imaged for a total of 3 min.
Statistical Analysis. Electrophysiological data were analyzed

using Clampfit 10 (Molecular Devices), Excel (Microsoft), and
GraphPad Prism 9.0 (GraphPad Software, La Jolla, CA) and
were presented as mean ± standard error of the mean (SEM)
and statistically analyzed with one-way ANOVA with
Dunnett’s posthoc test. For fluorescence in vitro cell-based
experiments, the fluorescence peak response was normalized to
the baseline and 100% activation or inhibition %, correspond-
ing to its experimental settings. The normalized data were fit to
a four-parameter logistic equation to determine the minimum
response, maximum response (% Emax), the concentration
giving the half-maximal response (EC50 or IC50), and the slope
factor of the curve using Origin 2018b (from OriginLab) or
Prism 9.0.
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