
Development and Validation of a Thallium Flux-Based Functional
Assay for the Sodium Channel NaV1.7 and Its Utility for Lead
Discovery and Compound Profiling
Yu Du,† Emily Days,‡ Ian Romaine,§ Kris K. Abney,†,⊥ Kristian Kaufmann,† Gary Sulikowski,‡,§

Shaun Stauffer,†,‡,§ Craig W. Lindsley,†,‡,§,∥ and C. David Weaver*,†,‡

†Department of Pharmacology, ‡Institute of Chemical Biology, §Department of Chemistry, ∥Center for Neuroscience Drug
Discovery, Vanderbilt University School of Medicine, Nashville, Tennessee 37232, United States
⊥Meharry Medical College Program in Pharmacology, Nashville, Tennessee 37208, United States

*S Supporting Information

ABSTRACT: Ion channels are critical for life, and they are
targets of numerous drugs. The sequencing of the human
genome has revealed the existence of hundreds of different ion
channel subunits capable of forming thousands of ion
channels. In the face of this diversity, we only have a few
selective small-molecule tools to aid in our understanding of
the role specific ion channels in physiology which may in turn
help illuminate their therapeutic potential. Although the
advent of automated electrophysiology has increased the rate
at which we can screen for and characterize ion channel
modulators, the technique’s high per-measurement cost and
moderate throughput compared to other high-throughput screening approaches limit its utility for large-scale high-throughput
screening. Therefore, lower cost, more rapid techniques are needed. While ion channel types capable of fluxing calcium are well-
served by low cost, very high-throughput fluorescence-based assays, other channel types such as sodium channels remain
underserved by present functional assay techniques. In order to address this shortcoming, we have developed a thallium flux-
based assay for sodium channels using the NaV1.7 channel as a model target. We show that the assay is able to rapidly and cost-
effectively identify NaV1.7 inhibitors thus providing a new method useful for the discovery and profiling of sodium channel
modulators.
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Ion channels are of critical physiological importance. By
allowing the facile passage of ions across cellular membranes,

they perform functions as diverse as controlling cellular
excitability to maintaining solute balance. Most ion channels
discriminate between the ions that they conduct with many
channels displaying preference for sodium (Na+), potassium
(K+), calcium (Ca2+), or other ionic species. Ion channels can
be regulated by neurotransmitters, membrane lipids, phosphor-
ylation, transmembrane potential, as well as various peptides
and small molecules. Through peptide and small molecule
modulation, ion channels are utilized as therapeutic targets for a
variety of indications including local anesthesia, epilepsy,
bipolar disorder, pain management, blood pressure regulation,
glucose homeostasis, and others. In fact, drugs targeted toward
ion channels make up approximately a tenth of pharmaceut-
icals1−3 and ion channels are also major targets of
insecticides.4−6 However, unwanted ion channel modulation
can also lead to dose-limiting and sometimes lethal side effects
of drugs, thus profiling would-be therapeutics against panels of
ion channel targets has become an important part of the drug
discovery and development process.

Recently, genomic sequencing has revealed the existence of
over four hundred pore-forming ion channel α-subunits as well
as numerous accessory subunits.7−9 The combinatorial nature
of ion channel subunit assembly has the potential to lead to a
staggering number of functionally and pharmacologically
distinct ion channels. This diversity may offer the opportunity
to target discrete subpopulations of ion channels, resulting in
therapeutics with a superior balance of efficacy and safety. To
date, however, there are only a small number of selective
pharmacological tools available to study the vast constellation
of ion channels. The discovery and development of new tools
will be invaluable in increasing our understanding of ion
channels in physiology and pathophysiology and may help
identify distinct ion channel subunit configurations as targets
for new and improved therapies.
The development of patch-clamp electrophysiology has

enabled scientists to measure and characterize the activity of
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many ion channels. While excelling in resolving power and
flexibility, for much of its history the patch clamp technique has
been a laborious and exceedingly slow process. The low-
throughput of patch-clamp and two-electrode voltage clamp,
used to measure the activity of channels expressed in Xenopus
laevis oocytes, has greatly limited the utility of these techniques
to discover novel ion channel modulators. Recently, the advent
of multichannel, automated, voltage-clamp instruments has
opened the door to screening larger libraries of com-
pounds.10−12 Unfortunately, automated electrophysiology is
still quite expensive and is present in relatively few laboratories.
In addition, high-throughput electrophysiology requires that
cells are detached from their substrate and held in suspension
in order to be loaded into the screening instrument, a process
that may introduce unwanted changes in ion channel structure
and pharmacology compared to techniques that are amenable
to studying channels in cells that are growing on a substrate.
Thus, while automated electrophysiology represents a sub-
stantial advancement in ion channel screening, significant
limitations remain.
Therefore, higher-throughput, less expensive, and more

broadly cell-compatible optical techniques are valuable
alternatives to automated electrophysiology. For many years,
Ca2+ channels and nonselective cation channels capable of
conducting Ca2+ have been well-served by Ca+-sensitive
fluorescent dyes (e.g., Fluo-4) paired with kinetic imaging
plate readers (e.g., Hamamatsu FDSS, and Molecular Devices
FLIPR) for high-throughput screening (HTS).13−16 More
recently, the development of the fluorescence-based thallium
(Tl+)-flux approach, using dyes like Thallos and FluxOR, has
proven valuable for HTS of K+ channels17−27 and electroneutral
transporters such as K+-coupled chloride cotransporters (KCC)
and Na+ and K+-coupled chloride cotransporters (NKCC).28,29

Of the ion channels on which much basic research and drug
discovery interest is focused, sodium Na+ channels have been
among the least amenable to HTS. Even though voltage-gated
Na+ channels are the targets of many drugs and insecticides
(e.g, lidocaine and pyrethrins, respectively) the development of
Na+-sensitive fluorescent dyes suitable for HTS has largely been
unsuccessful. A number of crown-ether-based fluorescent Na+-
sensitive dyes (e.g., SBFI and CoroNa dyes) have been
synthesized over the years, but these dyes are not well-suited
for HTS due to low sensitivity and poor signal-to-background.
In the absence of HTS-compatible Na+-sensitive dyes,
researchers have been left with (1) radioligand-displacement
assays which do not measure receptor function and have the
prerequisite of an appropriate radioligand, (2) radioactive ion
flux assays which have very poor temporal sensitivity, can only
assess activity at a fixed time point, and are difficult to scale for
high-throughput screening, and (3) fluorescence-based voltage-
sensitive dyes (e.g., DiBAC).30−32 Although a substantial
improvement over binding or radioactive ion flux assays,
voltages-sensitive dyes measure the changes in transmembrane
potential resulting from ion flux instead of directly measuring
ion flux. Because of this fact, voltage-sensitive dyes have many
limitations compared to dyes that more directly measure ion
flux: (1) Because of the relationship of current to voltage
described by Ohm’s law, where voltage equals current times
resistance (V = IR), voltage-sensitive dyes can be very sensitive
in situations where cellular membrane resistance is high. Under
these conditions only a small proportion of ion channels may
need to be active in order to control membrane potential
leading to high Hill slopes as previously observed.30

Conversely, voltage-sensitive dyes can be insensitive to ion
channel inhibitors in situations where cellular membrane
resistance is low. Under these conditions a large proportion
of ion channels may need to be inhibited to result in a change
in membrane potential resulting in large right-shifts in apparent
potency potentially leading to high false-negative rates. (2)
Related to point (1), the target of interest must control the
membrane potential in the assay and thus target expression
level may have a greater effect on membrane potential-based
assays compared to ion flux assays. (3) Because voltage-
sensitive dyes can be modulated by not only the target of
interest, but any event that changes membrane potential, false
positive rates can also be very high. (4) The requirement for
extracellular quenching/masking dyes to suppress high back-
ground fluorescence associated with voltage-sensitive dyes can
introduce unwanted effects when the masking dyes alter cellular
physiology or interact directly with the target of interest.
In an attempt to address some of the weaknesses in Na+

channel screening approaches, we developed an HTS-
compatible fluorescence-based flux assay system using the
Tl+-flux approach. We chose the voltage-gated sodium channel
NaV1.7 as a model system since it has recently garnered much
attention as a potential target of therapeutic intervention for
pain.33 NaV1.7 is associated with two human disease
phenotypes. A loss of function results in an insensitivity to
visceral pain,34 while a gain of function results in a chronic pain
syndromes.35 Herein we describe the development, validation,
and use of a Tl+ flux assay for NaV1.7.

■ RESULTS AND DISCUSSION
Previous work has demonstrated that Na+ channels are Tl+

permeant.36 This observation prompted us to determine
whether a Tl+ flux assay approach could prove to be an
effective technique for measuring the activity of Na+ channels in
an HTS-compatible format. Using a NaV1.7-expressing HEK-
293 cell line loaded with the Tl+-sensitive fluorescent dye,
Thallos, we varied concentrations of Tl+ and K+ in assay buffers
searching for conditions that would provide a robust signal.
Under all conditions tested, we observed very little increase in
Tl+ flux compared to untransfected HEK-293 cells. These
observations were not surprising because of the rapid
inactivation of NaV1.7, our modest data acquisition rate (1
Hz), and our inability to rapidly and uniformly depolarize the
cell population in 384-well assay plates. However, when we
tested the same conditions using the known inhibitor of NaV
inactivation, veratridine,37 we observed robust Tl+ flux in the
NaV1.7-expressing cell line but not in untransfected cells
(Supporting Information, Figure 1a). The veratridine-evoked
Tl+ flux was saturable and concentration-dependent with a
measured EC50 of 4.8 μM and a Hill slope of 1.4 (Figure 1).
Before continuing Tl+ flux assay development for NaV1.7, we

compared the Tl+ flux-based approach to the recently
developed Na+-sensitive fluorescent dye, Asante Natrium
Green-2 (ANG-2, TEFlabs). With optimized conditions for
both dyes, the Tl+ flux method produced dramatically larger
signal-to-background values (Supporting Information, Figure
2s). Under conditions where Thallos and ANG-2 produced
identical background-adjusted initial fluorescence values, ANG-
2 was only able to attain an increase in the fluorescence ratio
(F/F0) of 1.1 while Thallos achieved an F/F0 value of 2.0. Thus,
while ANG-2 offers the appeal of Na+ selectivity, the very low
signal-to-background severely limits its utility in HTS. A
potential criticism of the Tl+ flux approach is that Tl+ can enter
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the cell through a variety of pathways native to HEK cells (e.g.,
the Na+/K+ ATPase). However, NaV1.7-expressing HEK cells
showed 5-fold higher Tl+ flux compared to untransfected HEK-
293 cells. Thus, in our NaV1.7 assay, the native Tl+ flux is no
more of a limitation than when Tl+ flux assays have been used
successfully to perform HTS on cells overexpressing K+

channels17,18,20,23,26 or K+-conducting transporters.28Based on
our observations that we could observe robust Tl+ flux in
NaV1.7-expressing cells and that the signal was superior to the
state-of-the art Na+-sensitive dye, we proceeded to optimize Tl+

flux conditions for the detection of NaV1.7 inhibitors.
To investigate the ability of the Tl+ flux technique to detect

NaV1.7 inhibitors, we first determined that a final Tl+

concentration of 3.8 mM in the presence of 25 mM potassium
and 10 μM veratridine produced Tl+ flux that was
approximately 80% of the maximum observed response
obtained with 60 μM veratridine under the same concen-
trations of Tl+ and K+. We chose an EC80 concentration of
veratridine to allow detection of a broader range of types of
NaV1.7 modulators, including those that either compete with
or alter the channel’s affinity for veratridine or those that can
activate the channel. This approach seemed prudent based on

the experience of Felix and colleagues who noted that the
NaV1.7 inhibitor, Co102862, likely competes with veratri-
dine.30 In our initial studies we demonstrated that the NaV1.7
inhibitor, TC-N 1752,37 shows a concentration-dependent
ability to inhibit Tl+ flux in NaV1.7-expressing cells in the
presence of an EC80 concentration of veratridine (Figure 2).

The 398 nM measured potency of TC-N 1752 under our assay
conditions is similar to values reported using whole-cell voltage
clamp electrophysiology (170 nM).38 Encouraged by these
results, we tested six other compounds known to inhibit the
activity of NaV1.7: carbamazepine, lidocaine, bupivacaine,
ranolazine, mibefradil, and tetrodotoxin. Using the Tl+ flux
technique, most compounds demonstrated a shift in potency
that averaged 4-fold compared to published voltage-clamp
measurements.39−45 However, potencies obtained from both
techniques correlate very strongly (R2 = 0.98), and the rank
order of potencies measured using Tl+ flux and whole-cell
voltage clamp matched across this structurally diverse set of
NaV1.7 inhibitors. Due to the sensitivity of some NaV
inhibitors to the state of the channel (e.g., open versus closed,
“resting” versus inactivated) care must be taken not to
overinterpret the data presented in Figure 3, particularly since

Figure 1. Concentration-dependent efficacy of veratridine in NaV1.7-
expressing HEK-293 cells. Shown in (a) are a representative set of
traces from a Tl+ flux assay in NaV1.7-expressing HEK-293 cells in the
presence of varying concentrations of veratridine. The arrow shows the
point of addition of veratridine in Tl+-containing stimulus buffer.
Shown in (b) are averaged data from three independent experiments
fit using a four-parameter logistic equation. The Y-axis represents the
change in the slope of traces in (a) relative to the slope observed with
a maximally effective concentration of veratridine. The calculated
potency is 4.78 ± 0.04 μM with a Hill slope of 1.39± 0.14.

Figure 2. Concentration-dependent efficacy of TC-N 1752 in
veratridine-treated, NaV1.7-expressing HEK-293 cells. Shown in (a)
are a representative set of traces from a Tl+ flux assay in NaV1.7-
expressing HEK-293 cells treated with an EC80 concentration of
veratridine in the presence of varying concentrations of TC-N 1752.
The traces shown result from the subtraction of the vehicle control
(no inhibitor) values from the values at each of the various inhibitor
concentrations revealing inhibitor-mediated decrease in Tl+ flux
relative to the no inhibitor condition. The arrow shows the point of
addition of veratridine in Tl+-containing stimulus buffer. Shown in (b)
are averaged data from three independent experiments fit using a four-
parameter logistic equation. The calculated potency is 398 ± 10 nM
with a Hill slope of 1.91 ± 0.16.
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the experimenter’s ability to control the channel’s state is much
more limited using the Tl+ flux approach compared to voltage-
clamp electrophysiology. The main value of the data presented
in Figure 3 is to demonstrate the Tl+ flux technique is capable
of detecting the NaV1.7 inhibitory activity of compounds from
a variety of structural classes spanning a broad range of
potencies.
Following these studies, we set out to determine the

suitability of this assay for HTS by exploring its well-to-well
and day-to-day variability in 384-well plates under our
optimized assay conditions. Supporting Information Figure 3s
shows a representative result of testing a 384-well plate where
every other well was exposed to either assay buffer or assay
buffer containing 10 μM veratridine using our optimized assay
conditions. z-Factor calculations46 produced an average z-factor
of 0.70 ± 0.07 in experiments conducted over three separate
days. In a similar experiment, we tested every other well in the
presence of either 10 μM veratridine or 10 μM veratridine plus
10 μM TC-N 1752, where the TC-N 1752 was added in
advance of the veratridine-containing Tl+ stimulus buffer
(Figure 4). Under these conditions, z-factor calculations
produced an average z-factor of 0.69 ± 0.03 in experiments
conducted over three separate days. A z-factor of 0.5 is typically
considered indicative that an assay is suitable for large scale
HTS screens where each compound is tested only once.
Since our z-factors were uniformly above 0.5 for all plates

tested, we performed a pilot screen on the MicroSource
Spectrum collection, which is a collection of approximately
2300 compounds enriched for those with known activities at a
variety of targets including ion channels. Since some sodium
channel inhibitors (e.g., bupivacaine) also inhibit the G-protein-
activated inward-rectifying potassium channel (GIRK, Kir3),

47

we also profiled a set of approximately 400 compounds that
were on hand from our efforts to develop small molecule
modulators of GIRK channels17,48−50. We tested all of these

compounds at a 10 μM concentration under the assay
conditions we established for detecting NaV1.7 inhibitors
described above. We selected 164 hits that showed a decrease
in veratridine-evoked Tl+ flux with a z-score of 3 or greater.
When these compounds were retested against NaV1.7-
expressing HEK-293 cells and untransfected HEK-293 cells,
145 (88%) of the compounds displayed activity unique to the
NaV1.7-expressiing cells. Although the 5.4 % hit rate observe
for the pilot screen may seem high, it is not surprising
considering that both the Spectrum collection and the GIRK
modulator library are highly enriched for ion channel
modulators. In particular, the GIRK-targeted collection showed
a verified hit rate of >25% of the compounds in the library. The
hit list contained many expected ion channel inhibitor scaffolds
including the “caine” family local anesthetics (e.g., butacaine),
tricyclic antidepressants and dihypropyridines. Of the verified
hits from both libraries, we selected a set of 32 compounds for
further analysis. These compounds were selected based on a
combination of their activity in the Tl+ flux assay as well as
structural similarity to either compounds known to inhibit Na+

channels (e.g., members of the “caine” family) or those without
prior reported Na+ channel inhibitory properties (e.g.,
phenolphthalein and the compounds from the GIRK channel
modulator library such as VU0464120). These 32 compounds
were obtained in powdered form and tested for their ability to
produce concentration-dependent inhibition of veratridine-
evoked Tl+ flux in NaV1.7-expressing cells. We found that 27
of the compounds tested (84%) produced concentration-
dependent efficacy with apparent potencies ranging from 1 to
20 μM. From the group of 27 compounds, we selected 4
compounds, each from a different structural class, for testing
using whole-cell voltage-clamp electrophysiology. Of the
compounds chosen, VU0464120, phenolphthalein, and
MCFD00168650 showed potencies obtained using the Tl+
flux assay of ∼1−2 μM, while CID 6044366 had a potency of
>20 μM. As shown in Figure 5, the inhibition profile of the
compounds tested at a concentration of 30 μM closely matches
for the two techniques with the more potent compounds
showing near complete inhibition in both assays systems while
the low-potency compound, CID6044366, showed only modest
inhibition in both assays.

Figure 3. Comparison of potency values obtained using the Tl+ flux
technique with those obtained using voltage-clamp. The values shown
for the Tl+ flux assay were obtained from three independent
experiments. The values shown for the voltage-clamp electro-
physiology assays were obtained from the literature. The compounds
tested were, from left to right: carbamazepine (yellow), lidocaine
(blue), bupivacaine (purple), ranolaxine (red), mibefradil (orange),
TC-N 1752 (black), and tetrodotoxin (green).

Figure 4. Well-to-well uniformity of TC-N 1752-mediated inhibition
of veratridine-evoked Tl+ flux in NaV1.7-expressing HEK-293 cells.
Shown is a representative scatter plot of slope values obtained from 10
μM veratridine-treated or 10 μM veratridine and 10 μM TC-N 1752-
treated wells. The mean slope of each sample population is indicated
with solid lines, and three standard deviations from the population
mean is indicated with dashed lines.
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In summary, we have demonstrated that a fluorescence-based
Tl+ flux approach can be used to detect inhibitors of the
NaV1.7 sodium channel when the channel’s inactivation has
been inhibited by veratridine. The Tl+ flux assay shows
excellent well-to-well and plate-to-plate performance with z-
factors well above 0.5. When used for compound screening in
384-well plates, we found that the Tl+ flux assay was able to
detect NaV1.7 inhibitors spanning a range of structural classes
and that detection of low potency compounds, such as
CID6044366, was possible. The Tl+ flux assay showed a less
steep Hill slope for veratridine compared to a voltage-sensitive
dye approach,30 consistent with the prediction that voltage-
sensitive dye measurements would be more sensitive to changes
in the activity of a small number of channels when membrane
resistance is high. However, when comparing the three
reference compounds that were common between the present
work and the work of Felix and colleagues30 (carbamazepine,
lidocaine, tetrodotoxin), the two approaches showed the same
rank order of potency. Thus, based on this limited set of data,
both assays appear capable of detecting NaV1.7 inhibitors from
a variety of structural classes and potencies. However, the
advantages remain that the Tl+ flux assay will be less sensitive to
the target channel expression level, does not require the target
of interest to control the membrane potential in the assay, and
does not require the presence of potentially interfering
extracellular quencher/masking dyes. Compared to other
medium and high-throughput approaches for detecting sodium
channel modulators, the Tl+ flux approach is very cost-effective:
∼7 cents/well in 384-well format compared to ∼87 cents/well
for a typical automated electrophysiology platform, ∼24 cents/
well for the Invitrogen VSP system, and ∼25 cents/well for the
Molecular Devices FLIPR Membrane Potential Assay Kit. All of
these features may prove particularly advantageous when

developing assays for use in large-scale high-throughput
screening.
Based on our present findings, we predict that the assay can

further be utilized in both ligand discovery and selectivity
profiling for a variety of voltage-gated and non-voltage-gated
sodium channels, such as NaV1.1-NaV1.9 and ENaC,
respectively. In order to explore broader utility of the Tl+ flux
assay for supporting hits-to-leads, lead-optimization, and
compound selectivity testing, future studies will address the
ability of the Tl+ flux assay to accurately rank the potencies of
compounds within a structurally related series of compounds in
order to determine whether the technique can serve as a
surrogate for voltage-clamp in support of rapid and cost-
effective development of structure−activity relationships in
coordination with medicinal chemistry efforts. In a related vein,
future studies will also address whether the assay is capable of
resolving differences in a compound’s activity at a target of
interest versus prospective “anti-targets”. For instance, in a
scenario where an NaV1.7 inhibitor is desired, a Tl+ flux-based
profiling assay would be useful for rapidly testing “hits” at
NaV1.5, NaV1.6, and so forth as a means of post-HTS
compound prioritization and would be of further utility to
monitor compound selectivity as part of hits-to-leads or lead-
development studies. Although the ability to use the Tl+ flux
assay to support development of structure−activity relation-
ships and to allow high-resolution selectivity profiling would
greatly extend the utility of the technique, the ability of the Tl+

flux assay to rapidly and cost-effectively provide a means for
high-throughput discovery of Na+ channel modulators will
undoubtedly prove valuable.

■ METHODS
Cell Lines and Culture Condition. SCN9A (NaV1.7) cloned into

pCMV6-puro was purchased from OriGene (Rockville, MD). A
NaV1.7 expressing cell line, N7A, was generated by transfecting the
SCN9A-containing plasmid into HEK-293 cells (ATCC# CRL-1573,
Manassas, VA) using FuGENE 6 (Promega, Madison, WI). Following
antibiotic selection in puromycin-containing medium, (3 μg/mL) the
antibiotic resistant cells were subjected to limiting dilution with 0.8
cells/well were place into ∼700 wells in 384-well plates. Wells where
cell colonies formed were harvested using TrypLE Express (Life
Technologies, Carlsbad, CA), replica plated into 384-well plates, and
assayed as described below. Clones demonstrating a high-degree of
veratridine-sensitive Tl+ flux were selected for further investigation,
and one of the most highly expressing clones, N7A, was used for
experiments in this study. For validation of expression of NaV1.7,
clonal cell line N7A cells at ∼80% confluence were harvested from a
T175 flask using TrypLE Expressed and sedimented by centrifugation
at 500g for 2 min at room temperature. The supernatant solution was
removed and the pellet was extracted with 500 μL of RIPA buffer
(Sigma-Aldrich, St. Louis, MO). Then 15 μg protein/well of sample
was separated by SDS-PAGE and blotted to a PVDF membrane. The
blot was blocked with 5% (w/v) nonfat dry milk in 150 mM NaCl, 50
mM Tris-HCl, pH7.5 (TBS)-containing 0.05% Tween 20 for 1 h at
room temperature and then probed with a 1:500 dilution of an anti-
NaV1.7 antibody (TA329033, Origene, Rockville, MD) in TBS-
containing 0.05% Tween 20 for 6 h at 4 °C. Following primary
antibody incubation, the blot was washed with TBS-containing 0.05%
Tween 20 after which a 1:10 000 dilution of horseradish peroxidase-
conjugated goat anti-rabbit IgG (Jackson immuno-Research Labo-
ratories, West Grove, PA) was added and incubated for 1 h at room
temperature. Following incubation, the blot was washed in TBS-
containing 0.05% Tween 20. Secondary antibody signal was detected
using SuperSignal West Pico Chemiluminescent substrate (Life
Technologies, Carlsbad, CA).

Figure 5. Comparison of efficacy of selected compounds using Tl+ flux
and whole-cell voltage-clamp assays. Shown are a selection of
compounds observed to have varying degrees of inhibition of
NaV1.7 measured using the Tl+ flux assay. The bars show the average
inhibition (± SEM) observed using whole-cell voltage clamp (black
bars) and Tl+ flux (hatched bars). Percent inhibition was normalized to
the degree of inhibition observed with a maximally effective
concentration of TCN-1752, 30 μM.
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Cells were cultured at 37 °C and 5% CO2. Cell culture medium
consisted of Minimal Essential Medium (Mediatech, Manassas, VA)
containing 1× Glutagro (Mediatech, Manassas, VA) and 10% (v/v)
heat-inactivated fetal bovine serum (Life Technologies, Carlsbad, CA).
Thallium Flux Assays. For Tl+ flux assays of NaV1.7-expressing

cells, cells were dislodged from tissue culture flasks using TrypLE
Express, transferred to a 50 mL centrifuge tube, and centrifuged at
500g for 2 min. The supernatant solution was removed by aspiration,
and the pellet was resuspended at a concentration of ∼1000 cells/μL
in cell culture medium. Then 20 μL/well of the cell suspension was
transferred to 384-well, amine-coated assay plates (cat# 354719, BD,
Franklin Lakes, NJ) using an electronic multichannel pipet. Plated cells
were incubated overnight in a humidified 5% CO2 cell culture
incubator at 37 °C. After overnight incubation, the cell culture
medium was replaced with 20 μL/well of dye-loading solution
consisting of assay buffer (Hanks Balanced Salt Solution (Mediatech,
Manassas, VA) plus 20 mM HEPES, pH 7.3), 0.04% (w/v) Pluronic F-
127 (Sigma-Aldrich, St. Louis, MO), and 1 μM of the thallium-
sensitive dye Thallos-AM (TEFlabs, Austin, TX). Following a 45 min
incubation at room temperature, the dye-loading solution was replaced
with 20 μL/well of assay buffer, and the plates were loaded into a
Hamamatsu FDSS 6000 (Bridgewater, NJ). Data were acquired at 1
Hz (excitation 470 ± 20 nm, emission 540 ± 30 nm) for 10 s, followed
by the addition of 20 μL/well of test compounds (prepared as
described below), followed by an additional 10 min of data collection.
At the 10 min mark, 10 μL/well of a Tl+ stimulus buffer was added and
data collection continued for an additional 5 min. The Tl+ stimulus
buffer consisted of 125 mM KHCO3, 1.8 mM CaSO4, 1 mM MgSO4, 5
mM glucose, 9.5 mM Tl2SO4, 10 mM HEPES, pH 7.4, and varying
concentrations of veratridine (Sigma-Aldrich, St. Louis, MO) at 5-fold
above the intended final concentration.
Compounds for pilot screening were from the Spectrum Collection

(MicroSource, Gaylordsville, CT). Compounds for further character-
ization were purchased through Aldrich Market Select (www.
AldrichMarketSelect.com) or ChemBridge (San Diego, CA). TC-N
1752 was purchased from Tocris (Minneapolis, MN). Stock solutions
of compounds (10 or 30 mM) were prepared by dissolving the
compounds in dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis,
MO). For Tl+-flux assays, stock compound solutions in 384-well plates
were serially diluted in DMSO using a Bravo liquid handler (Agilent,
Technologies, Santa Clara, CA) and then transferred to another 384-
well plate using an Echo 555 plate reformatter (Labcyte, Sunnyvale,
CA). The compounds were then diluted to 2-fold above their final
concentration in assay buffer. For electrophysiology assays, stock
solutions were serially diluted by hand in DMSO and then further
diluted in electrophysiology external solutions (described below).
Fluorescence data were normalized by dividing the fluorescence

values at each time point in each well by the average of that well’s first
five time points (F/F0). In all instances, with the exception of
Supporting Information Figure 2s, the F/F0 value was multiplied by
average initial fluorescent values for all wells on the assay plate to
arrive at “normalized fluorescence intensity”. In all instances, with the
exception of Figure 1s, the normalized values at each time point from
the vehicle-control condition (no veratridine or no inhibitor, as
appropriate) was subtracted from the values obtained under the test
compound conditions to reveal time-dependent, test condition-
mediated changes in Tl+ flux. Tl+ flux data were quantified by
measuring the slope of the increase in fluorescence over a 10 s period
beginning 2 s after the addition of Tl+ stimulus buffer. Correlation
plots and fits to concentration series experiments were performed in
Excel (Microsoft, Redmond, WA) using XLfit (IDBS, London, UK).
All data represent the average of at least three independent
experiments per assay condition.
The Na+ flux assay of NaV1.7-expressing cells was performed in a

similar fashion to the Tl+ flux assay described above; Thallos was
replaced with 4 μM Asante Natrium Green-AM (ANG-2 AM,
TEFlabs, Austin, TX). The stimulus buffer in this assay was composed
of assay buffer and veratridine at 5-fold above the desired final
concentration. Data collection was performed using the Hamamatsu
FDSS 6000 as described above.

Electrophysiology. Whole-cell voltage-clamp experiments were
conducted using a Port-a-Patch (Nanion, Munich, Germany)
connected to a HEKA EPC-10 amplifier (Lambrecht/Pfalz, Germany)
under the control of PatchMaster software. NaV1.7-expressing cells at
∼85% confluent cells were dislodged from a T75 flask using TrypLE
Express and resuspended in 2 mL of extracellular solution (140 mM
NaCl, 4 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 5 mM D-glucose, 10
mM HEPES, pH7.4, 298 mOsmol). The internal solution contained
50 mM CsCl, 10 mM NaCl, 60 mM CsF, 20 mM EGTA, 10 mM
HEPES/CsOH, pH 7.2, 285 mOsmol). Cells were captured, seals were
formed, and whole-cell access was established under the control of the
PatchMaster software according to the manufacturer’s instructions. For
recording currents, cells were held at −100 mV and depolarized with a
series of 10 ms pulses from −100 to 5 mV in 5 mV steps at a frequency
of 5 Hz. Data were acquired at 10 kHz and filtered at 2.9 kHz. Average
series resistance Rs was 5.5 ± 1.8 MΩ. Series resistance was partially
compensated for using the EPC-10s series resistance compensation
circuit resulting in an average voltage error of 3.1 ± 1.6 mV. Pipette
and cellular capacitance were compensated for using the EPC-10s
Auto C-fast and Auto C-slow, respectively. For each cell, current
amplitudes were obtained in extracellular solution without test
compounds followed by addition of test compounds dissolved in
extracellular solution at concentrations of 30 μM. The pulse protocol
was repeated until no further changes in current amplitude were noted.
After each compound had reached its maximum inhibitory effect, test
compounds were replaced with 30 μM TC-N 1752 and the pulse
protocol was repeated until stable current amplitudes were obtained.

Electrophysiology data were analyzed by measuring current
amplitudes at −20 mV after compound effects had reached steady-
state levels. Current amplitudes were normalized based on measure-
ments of cellular capacitance and expressed as current densities, pA/
pF. On a per-cell basis, these current densities were further normalized
to the effect of TC-N 1752 on the same cells and expressed as percent
of inhibition. The degree of current inhibition observed with 30 μM
TC-N 1752 was defined as 100% inhibition. All data represent the
average of at least three independent experiments per assay condition.
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Comparison of veratridine-evoked Na+ influx detected with
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