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ABSTRACT

Biological, genetic, and clinical evidence provide validation for N-type
calcium channels (Ca,2.2) as therapeutic targets for chronic pain. A
state-dependent Ca,,2.2 inhibitor may provide an improved thera-
peutic window over ziconotide, the peptidyl Ca,2.2 inhibitor used
clinically. Supporting this notion, we recently reported that in preclin-
ical models, the state-dependent Ca,2 inhibitor (3R)-5-(3-chloro-4-
fluorophenyl)-3-methyl-3-(pyrimidin-5-ylmethyl)-1-(1H-1,2,4-triazol-
3-yl)-1,3-dihydro-2H-indol-2-one (TROX-1) has an improved
therapeutic window compared with ziconotide. Here we characterize
TROX-1 inhibition of Cav2.2 channels in more detail. When channels
are biased toward open/inactivated states by depolarizing the mem-
brane potential under voltage-clamp electrophysiology, TROX-1 in-
hibits Ca,2.2 channels with an IC5, of 0.11 uM. The voltage depen-
dence of Ca,2.2 inhibition was examined using automated
electrophysiology. TROX-1 IC4, values were 4.2, 0.90, and 0.36 uM

at —110, —90, and —70 mV, respectively. TROX-1 displayed use-
dependent inhibition of Ca,2.2 with a 10-fold IC, separation be-
tween first (27 uM) and last (2.7 uM) pulses in a train. In a fluores-
cence-based calcium influx assay, TROX-1 inhibited Ca,2.2
channels with an IC, of 9.5 uM under hyperpolarized conditions and
0.69 uM under depolarized conditions. Finally, TROX-1 potency was
examined across the Ca,2 subfamily. Depolarized IC,, values were
0.29, 0.19, and 0.28 1M by manual electrophysiology using matched
conditions and 1.8, 0.69, and 1.1 uM by calcium influx for Ca,2.1,
Ca2.2, and Ca,2.3, respectively. Together, these in vitro data sup-
port the idea that a state-dependent, non-subtype-selective Ca,2
channel inhibitor can achieve an improved therapeutic window over
the relatively state-independent Ca,2.2-selective inhibitor ziconotide
in preclinical models of chronic pain.
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Introduction

The Cay2 subfamily of voltage-dependent calcium chan-
nels serves a critical role in the nervous system. This sub-
family consists of Cay2.1 (P/Q-type), Cay2.2 (N-type), and
Cay2.3 (R-type) channels. These calcium channels provide
the main pathway for voltage-triggered calcium influx and
subsequent neurotransmitter release at many synapses. Al-
though all three subfamily members probably contribute to
processing nociceptive inputs (Pietrobon, 2005), most drug
discovery efforts seeking treatments for pathological pain
have focused on the Cay2.2 subtype (Yamamoto and Taka-
hara, 2009).

There is extensive evidence to support Cay2.2 as a target
for chronic pain treatment. Ca,2.2 channels are highly ex-

ABBREVIATIONS: Ca,, voltage-gated calcium channel; DMSO, dimethyl sulfoxide; HEK, human embryonic kidney; FLIPR, fluorometric imaging
plate reader; TROX-1, (3R)-5-(3-chloro-4-fluorophenyl)-3-methyl-3-(pyrimidin-5-ylmethyl)-1-(1H-1,2,4-triazol-3-yl)-1,3-dihydro-2H-indol-2-one.
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pressed in laminae I and II of the spinal cord (Gohil et al.,
1994; Westenbroek et al., 1998) and are up-regulated in
behavioral pain models (Cizkova et al., 2002; Abbadie et al.,
2010). Laminae I and II serve as critical relay points in the
transmission of pain information into the central nervous
system, where primary nociceptors make synaptic connec-
tions with dorsal horn neurons of the spinal cord. Opening of
presynaptic Cay2.2 channels in response to depolarization of
the primary afferent terminal triggers release of transmitter
into the synaptic cleft (Evans et al., 1996). Blocking these
Cay2.2 channels with conopeptides attenuates nociception in
behavioral models of neuropathic and inflammatory pain
(Malmberg and Yaksh, 1995; Scott et al., 2002). Further-
more, Cay2.2 knockout mice display reduced pain sensitivity
in a number of pain models (Hatakeyama et al., 2001; Kim et
al., 2001; Saegusa et al., 2001; Abbadie et al., 2010). Perhaps
most convincing are the clinical data from ziconotide, a se-
lective peptide blocker of Cay2.2 channels, which is effica-
cious in the treatment of chronic pain (Miljanich, 2004).

Although ziconotide provides efficacy against chronic pain,
its use is limited by its small therapeutic window and intra-
thecal route of administration (Miljanich, 2004; Staats et al.,
2004). Although some state dependence to ziconotide block is
revealed at very negative potentials, within physiological
voltage ranges, ziconotide potently inhibits Cay2.2 channels
regardless of whether they are in the open, closed, or inacti-
vated state (Stocker et al., 1997; Feng et al., 2003). Small-
molecule inhibitors demonstrating strong state-dependent
inhibition have been well described for L- and T-type calcium
channels (e.g., (Bean, 1984; McDonough and Bean, 1998),
and it has been proposed that a state-dependent Cay2.2
inhibitor that preferentially binds to channels in open or
inactivated states may provide efficacy with an improved
therapeutic window over ziconotide as a result of enhanced
activation of Cay2.2 channels in pain conditions (McGivern
and McDonough, 2004; Snutch, 2005; Winquist et al., 2005).
A number of small-molecule Cay2.2 inhibitors have been
described in the literature (for review, seeYamamoto and
Takahara, 2009), although detailed mechanistic character-
izations of these compounds have not been reported, prevent-
ing determination of the value of state-dependent inhibitors
in pain treatment.

TROX-1, a substituted N-triazole oxindole, is a Cay2.2
inhibitor which exhibits efficacy in a number of animal pain
models with a therapeutic window for both cardiovascular
and central nervous system side effects (Abbadie et al., 2010).
Here we show electrophysiologically that TROX-1 inhibits
Cay2.2 channels in both a state-dependent and use-depen-
dent manner. Because state-dependent calcium channel in-
hibitors can exhibit apparent subtype selectivity owing to
different levels of channel inactivation across channel sub-
types, we measured the activity of TROX-1 on members of
the Cay2 subfamily at various levels of inactivation. When
the differences in inactivation are accounted for, TROX-1 is
shown to have little molecular subtype selectivity within the
Cay2 subfamily. Nevertheless, these results suggest that
“functional” selectivity may still be obtained over Ca,,2 chan-
nel isoforms that have more depolarized inactivation-voltage
relationships or Cay2 channels that are expressed in cells
with more hyperpolarized resting potentials.

489

Materials and Methods

Chemicals. ((3R)-5-(3-Chloro-4-fluorophenyl)-3-methyl-3-(pyrimi-
din-5-ylmethyl)-1-(1H-1,2,4-triazol-3-yl)-1,3-dihydro-2H-indol-2-one
(TROX-1) was synthesized at Merck Research Labs (Rahway, NJ).
Stock solutions of TROX-1 were prepared in DMSO at 10 mM and
diluted into assay buffer solutions immediately before use. w-Conotoxin
GVIA was obtained from Sigma-Aldrich (St. Louis, MO).

Cell Lines and Growth Conditions. Stable HEK293 cell lines
expressing human Cay 2 calcium channels were described previously
(Dai et al., 2008). The Cay2.1 stable line expressed the alA-2 (P-
type) splice variant (Hans et al., 1999). The Ca,2.2 cell lines (2H8
and CBK) used the long form of «1B-1 (Williams et al., 1992). For
Cay2.3, the «lE-3 splice variant was used (Williams et al., 1994).
Each cell line expressed a2bd-1 and B3a auxiliary subunits (Williams
et al., 1992). After creation of the stable cell lines expressing calcium
channels, each line was transfected with ¢cDNA encoding human
Kir2.3 (KCNJ4) (Périer et al., 1994) and clonal selection was per-
formed. For electrophysiological experiments, an additional Cay2.2
cell line (b MHN-4) was produced that afforded increased expression
levels and improved performance in electrophysiological assays.
HEK293 cells were transfected using a dual-vector approach,
pcDNA3.1 with long form a1B-1 and pBudCE4 with «28-1 and 3.
Clones were selected based on Cay2.2 channel expression using
1251_»-conotoxin-GVIA binding levels and high-expressing clones
were further characterized in electrophysiological experiments. Cell
lines were cultured at 37°C in Dulbecco’s modified Eagle’s medium
(Mediatech, Inc., Herndon, VA) supplemented with 10% fetal bovine
serum (Invitrogen, Carlsbad, CA), penicillin, streptomycin, and glu-
tamine additive (Invitrogen) and appropriate selection antibiotics.
Cay2.1 and Cay2.3 cell lines were maintained at 5% CO,; Cay2.2
cells were maintained at 10% CO,. Cay2.2 and Cay2.3 cell lines were
maintained at 30°C for 1 day and Cay2.1 cells for 2 to 3 days before
use to enhance expression levels.

Manual Electrophysiology. Membrane currents were recorded
from the stable HEK293 recombinant cell lines expressing either
Cay2.1, Cay2.2 (bMHN-4 cell line), or Cay2.3 channels using the
whole-cell patch-clamp technique with a patch-clamp amplifier (EPC
10; HEKA, Port Washington, NY/Axopatch 200B; Molecular Devices,
Sunnyvale, CA). Fire-polished borosilicate glass electrodes had re-
sistances from 1 to 3 M() when filled with internal solution. Solutions
were applied to cells by bath perfusion via gravity, and flow of
solution through the chamber was maintained at all times. Cells
exhibiting stable current amplitudes were challenged with com-
pound dissolved in DMSO such that the final DMSO concentration
typically did not exceed 0.1% of the external solution and did not
affect assay results. For experiments testing the effects of 30 uM
TROX-1, control and compound solutions had a final DMSO concen-
tration of 0.3%. Compounds were added in escalating concentrations
for a minimum of 4 min and percentage inhibition was measured
after steady state inhibition was achieved at each concentration. IC,
values for Cay inhibition were calculated from the fits to the Hill
equation [percentage inhibition = 100 X (1/(1 + (IC,;y/[Com-
pound])"™™)] with the slope, ny, fixed to 1. For the initial manual
electrophysiology experiments (Figs. 1 and 2), bMHN-4 cells were
grown on poly-D-lysine-coated coverglass. The extracellular solution
contained 5 mM BaCl,, 139 mM CsCl, 1 mM MgClL,, 10 mM HEPES,
10 mM glucose, and 10 mM sucrose, pH adjusted to 7.4 with CsOH.
The intracellular solution contained 126.5 mM cesium methanesul-
fonate, 2 mM MgCl,, 11 mM EGTA, 10 mM HEPES, 2 mM Na,-ATP;
osmolarity was adjusted to 295 mOsM using sucrose and pH to 7.3
using CsOH. Leak subtraction was performed using a pulse/number
(P/N) protocol set at P/4. The purpose in some manual electrophys-
iology experiments was to compare inhibition of Cay2.2 channels
with inhibition of Cay2.1 and Cay2.3 channels (Fig. 5). As a result of
differences in growth patterns between the three cell lines, cells were
acutely dissociated from T25 flasks before use. To compensate for
lower channel expression levels in the Cay2.1 and Cay2.3 cell lines,
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a 20 mM barium external solution containing 120 mM NaCl, 20 mM
BaCl,, 4.5 mM KCI, 0.5 mM MgCl,, 10 mM HEPES, and 10 mM
glucose, pH adjusted to 7.4 with NaOH, was used for all three cell
lines in these experiments. The internal solution for these experi-
ments contained 130 mM CsCl, 10 mM EGTA, 10 mM HEPES, 2 mM
MgCl,, and 3 mM MgATP, pH adjusted to 7.3 with CsOH.

For generating the current-versus-voltage relationship for the
bMHN-4 line, cells were voltage-clamped at —100 mV, and peak
currents were measured during 15-ms voltage steps ranging from
—65 mV to +50 mV in 5-mV increments. After each step, cells were
stepped back down to —50 mV, where deactivation was slow enough
to measure tail currents. Normalized tail current measurements
were used for generating the activation curve. For the inactivation
protocol, cells were voltage-clamped at —110 mV and stepped to
voltages ranging from —130 to —10 mV for 10 s (prepulses), and then
to +10 mV to elicit current through noninactivated channels. Sweeps

®-Conotoxin GVIA

Fig. 1. Characterization of bMHN-4 Ca,2.2
cell line. A, the bMHN-4 Ca,2.2 cell line
(n = 14 cells) showed improved current sta-
bility relative to the 2H8 cell line (n = 7
cells). Peak current amplitudes were mea-
sured on PatchXpress every 15 s in re-
sponse to a 50-ms depolarizing step to +10
mV from a holding potential of —90 mV.
B, characterization of the voltage depen-
dence of bMHN-4 currents. The current
versus voltage relationship shows that the
peak current amplitudes were elicited near
+5mV (n = 5 cells). Activation (n = 4 cells)
and inactivation (n = 5 cells) data were fit
with a Boltzmann relationship (see Materi-
als and Methods for protocol details). Best
fits to the data yielded a half-activation
voltage of +4 mV with a slope factor of 9.1
and a half-inactivation voltage of —80 mV
with a slope factor of —11.5. Data are
shown as mean += S.E.M. C, example illus-
trating the inhibition of current from the
bMHN-4 cell line by 500 nM w-conotoxin
GVIA, a Cay2.2-selective peptidyl inhibi-
tor. Current was elicited in response to a
20-ms step to +10 mV from a holding po-
tential of —110 mV.
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Fig. 2. TROX-1 inhibition of Cay2.2 cur-
rent assessed by manual electrophysiol-
ogy. A, chemical structure of the substi-
tuted N-triazole oxindole, TROX-1. B and
C, representative current traces illustrat-
ing the inhibition of Cay2.2 current by
300 nM TROX-1 using the depolarized (B)
and hyperpolarized (C) electrophysiologi-
cal protocols. D, concentration-response
data for TROX-1 under depolarized (n = 3
cells) and hyperpolarized (n = 3—4 cells)
conditions. Voltage protocol details are
given in the text. Solid line is a fit of the
Hill equation to the data; IC;, value from
the fit is given in the text.

Hyperpolarized

control
300 nM

were repeated every 40 s. Control currents were elicited before each
prepulse to assure that there was not substantial rundown and that
the currents were sufficiently recovered from the previous prepulse.
Resulting data were fit to a Boltzmann function: y = 1/(1 + exp((V},
— V)/k)), where y is the current normalized with respect to the
maximal current, V}, is the voltage at which half-activation or inac-
tivation is reached, V is the voltage, and % is the slope factor. Data
are reported as the mean = S.E.M.

Automated Electrophysiology using PatchXpress. PatchXpress is
a 16-well whole-cell automated patch clamp device that operates
asynchronously with fully integrated fluidics (Molecular Devices).
For PatchXpress experiments, cells were grown in T75 culture flasks
and dissociated with trypsin 30 to 60 min before use. Capacitance
and series resistance compensation were automatically applied and
no correction for liquid junction potentials was employed. Leak sub-
traction was performed using the P/N procedure. Voltage protocols
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and the recording of membrane currents were performed using the
PatchXpress software/hardware system, and current amplitudes
were calculated with DataXpress software. To increase current am-
plitudes and assay reliability, the same 20 mM barium external
solution and corresponding internal solution used for the manual
electrophysiology experiments were also used for the PatchXpress
experiments. The bMHN-4 cell line was used for the state-dependent
assay and the CBK cell line was used for the use-dependent assay.
Compounds were added in escalating concentrations (0.3-30 pM)
using an integrated pipetter from a 96-well compound plate. Per-
centage inhibition of peak current by TROX-1 was calculated from
the ratio of the current amplitude in the presence and absence of
compound. Data are reported as the mean * S.E.M. IC;, values for
Cay2.2 inhibition were calculated from fits of the Hill equation with
the slope fixed to 1.

Cay2.x Channel Calcium Influx Assays. Fluorescence-based
calcium influx assays as described in Dai et al. (2008) were used to
characterize the effects of TROX-1 on Cay2.x channels. Expression of
Kir2.3 channels in each cell line allowed control of cell membrane
potential through changes in bath potassium concentration (Dai et
al., 2008). TROX-1 was incubated with each cell line in the presence
of varying levels of bath potassium concentration to assess channel
inhibition at different membrane potentials and levels of channel
inactivation. After 30 min of compound incubation, channel opening
was initiated by 1:1 addition of buffer solution containing 140 mM
potassium. Calcium influx signals were measured using a 384 well
FLIPR Tetra (Molecular Devices) and calcium indicator dye (Fluo-4).
The assay protocol was as follows: Cells were seeded in poly-D-
lysine—coated 384-well plates and kept in an incubator overnight at
30°C for Cay2.2 and Cay2.3 cell lines and at 30°C for 2 to 3 days for
Cay2.1 cells. Media was removed and cells were washed with 50 ul of
Dulbecco’s phosphate-buffered saline with calcium and magnesium
(Invitrogen). Fifty microliters of 4 uM Fluo-4 (Invitrogen); and 0.02%
Pluronic acid F-127 (Invitrogen) prepared in Dulbecco’s phosphate-
buffered saline supplemented with 10 mM glucose and 10 mM
HEPES/NaOH, pH 7.4, was added to each well. Cells were incubated
in the dark at 25°C for 60 to 70 min. Dye was removed and cells were
washed with 60 ul of potassium prepolarization buffer: x mM KCI,
150 — x mM NaCl, 0.8 mM CacCl,, 1.7 mM MgCl,, and 10 mM
HEPES, pH 7.2. Thirty microliters of potassium prepolarization
buffer was added to each well with or without test compound, and
cells were incubated in the dark at 25°C for 30 min. Fluorescence
intensity was measured on a FLIPR Tetra instrument (excitation,
480 nm; emission, 535 nm). While fluorescence intensity was contin-
uously read for 40 s, 30 ul of depolarization buffer (140 mM KCI, 10
mM NaCl, 0.8 mM CaCl,, 1.7 mM MgCl,, and 10 mM HEPES, pH
7.2, which is two times the final assay concentration) was added to
each well after 10 s. Peak fluorescent signal intensity was deter-
mined, and the amplitude of the peak signal, normalized to baseline,
was used to measure channel inhibition by test compounds. Data are
reported as the mean = S.E.M. IC;, values for Cay2.x inhibition
were calculated from fits of the Hill equation to the titration data.

Results

Characterization of Ca,2.2 Cell Lines. The Ca,2.2
(2H8) cell line used in the calcium influx assay and the
Cay2.1 and Cay2.3 cell lines used in both the electrophysio-
logical and influx assays were previously characterized (Dai
et al.,, 2008). For electrophysiological studies involving
Cay2.2, a new cell line was created with improved current
stability. New cell lines were created using a dual vector
approach (see Materials and Methods). Clones with high
Cay2.2 expression were initially selected using an '?°I-w-
conotoxin-GVIA binding assay and then characterized elec-
trophysiologically on the PatchXpress, an automated patch
clamp platform, to select clones with high functional expres-
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sion, appropriate biophysical properties, and favorable cur-
rent stability over time. Under these criteria, the bMHN-4
clone was selected for electrophysiological experiments. The
current expressed in the bMHN-4 cell line was larger than
that in the original CBK line and, although smaller than that
expressed in the 2HS8 cell line, was more stable over time
(Table 1; Fig. 1A). The bMHN-4 cell line was characterized in
more detail by conventional electrophysiology. Maximal cur-
rent was elicited at ~+5 mV with half-activation occurring at
+4 mV and half-inactivation at —80 mV (Fig. 1B). Addition of
500 nM w-conotoxin-GVIA, a Ca,2.2-selective peptide inhib-
itor, inhibited 99% of the current elicited from voltage steps
to +10 mV (n = 3 cells; Fig. 1C).

TROX-1 Inhibits Cay2.2 Currents in a Voltage- and
Use-Dependent Manner. State-dependent inhibition of
Cay2.2 channels by TROX-1 was evaluated by applying the
compound at two different membrane potentials using the
bMHN-4 recombinant cell line. Closed state inhibition was
estimated during TROX-1 application at a hyperpolarized
membrane potential (=115 mV), where channels are biased
toward the closed state; the level of channel inhibition was
determined during 20-ms voltage steps to +10 mV every 30 s
to elicit current through available, unblocked channels. Po-
tential inhibition of inactivated and/or open channels was
explored by applying TROX-1 at more depolarized membrane
potentials, with approximately 30% apparent channel inac-
tivation (—75— —85 mV). Peak currents were measured dur-
ing 50-ms voltage steps to +10 mV every 15 s. For both
hyperpolarized and depolarized voltage formats, after stable
baseline currents were obtained, compounds were applied by
bath perfusion until steady-state inhibition was achieved.
Representative current traces for Ca2.2, = 300 nM TROX-1,
are shown for the depolarized (Fig. 2B) and the hyperpolar-
ized (Fig. 2C) assay formats. Using the depolarized protocol,
TROX-1 inhibited Cay2.2 in a concentration-dependent man-
ner with an estimated IC;, of 0.11 uM (Fig. 2D). Under
hyperpolarized conditions, where channels are biased toward
the closed state, TROX-1 was less potent, blocking only 14 =
6 and 45 = 7% of the calcium current at 0.3 and 3 uM,
respectively.

The dependence of TROX-1 activity on membrane potential and
channel state was further characterized using PatchXpress. As for
the manual patch clamp assay, cells were stepped to +10 mV
every 15 s to elicit current and evaluate inhibition. The holding
potential, however, was varied in 20-mV increments from —110
to —70 mV for different groups of cells. Representative current-
versus-time plots and current traces are shown for TROX-1
inhibition of Cay2.2 from holding potentials of —70 mV (Fig. 3A)
and —110 mV (Fig. 3B). Similar to the results for manual patch
assay, the apparent potency of TROX-1 depended on the hold-

TABLE 1
Comparison of current expression in the CBK, 2H8, and bMHN-4
Cay2.2 stable cell lines as measured by automated electrophysiology

Peak current amplitudes were measured on PatchXpress in response to a 50-ms
depolarizing step to +10 mV from a holding potential of —90 mV. Data are reported
as mean * S E.M.

Cell Line Current at +10 mV n
nA

CBK 1.6 0.6 8

2HS8 56 0.7 21

bMHN-4 22+05 14
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Fig. 3. State dependence of TROX-1 inhibi-
tion of Cay2.2 channels measured by auto-
mated electrophysiology. A, plot of the peak
inward current versus time for a cell
(bMHN-4) recorded on the PatchXpress (left).
The solid bars represent when TROX-1 was
present in the well at the concentrations
shown. The membrane potential was stepped
to +10 mV every 15 s from a holding poten-
tial of —70 mV. Representative leakage-sub-
tracted currents before and after adding 0.3
and 3 uM TROX-1 are shown at right. B, plot
of peak inward current versus time (left) for a
different cell under conditions identical to
those in A except that the holding potential

was —110 mV. Representative leakage-sub-
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ing membrane potential with the IC,, shifting from 0.36 uM at
—70 mV to 4.2 uM at —110 mV (Fig. 3C).

Use-dependent inhibition of Cay2.2 channels expressed in
the CBK cell line was examined using PatchXpress. The CBK
cell line was chosen because the currents in response to
voltage trains were more stable than the currents in 2H8 or
bMHN-14 cells. The cause of these stability differences is
unclear but may involve differences in channel inactivation
across the cell lines. The Ca,,2.2 currents in CBK cells exhibit
a more depolarized, two-component steady-state inactivation
curve probably due to limiting expression of B3a (discussed in
Dai et al., 2008). CBK cells were voltage clamped at —60 mV,
which corresponds to ~80% availability at steady-state, and
trains of 20 pulses (25 ms) to +20 mV were applied at a
frequency of 2 Hz every 5 min. Representative currents at
pulses 1 and 20 under control conditions and in the presence
of 3 uM TROX-1 are shown in Fig. 4A. Inspection of the time
course of current reduction during the pulse train shows that
inhibition mainly develops over the first 10 pulses and has
reached steady-state by the 20th pulse (Fig. 4C). The aver-
aged data presented in Fig. 4B illustrates that TROX-1 in-
hibited the current elicited at pulse 20 more potently (IC5,,
2.4 uM) than the current elicited at pulse 1 (IC;,, 24 puM),
indicating enhanced inhibition of Cay2.2 channels after a
train of depolarizing pulses that open and inactivate Cay2.2

channels. Together, these data demonstrate that TROX-1
inhibits Cay2.2 channels in both a voltage- and use-depen-
dent manner and are consistent with state-dependent inhi-
bition of inactivated and/or open channels by TROX-1.
TROX-1 Inhibits Other Members of the Ca,2 Subfam-
ily of Calcium Channels. In manual electrophysiology ex-
periments, TROX-1 activity was compared across other mem-
bers of the Ca,,2 subfamily of calcium channels to assess its
selectivity profile. Lower expression levels in the Cay2.1 and
Cay;2.3 cell lines required an increase in the concentration of
the barium charge carrier from 5 (Fig. 2) to 20 mM. TROX-1
activity on Cay2.2 was reassessed using 20 mM barium as
the charge carrier to allow for a direct comparison of potency
across all three Cay2 subfamily members without concern for
potency shifts that might result from differences in the con-
centration of the charge carrier. TROX-1 inhibition of Ca,2
currents was measured using both “hyperpolarized” and “de-
polarized” voltage formats, as described previously (Dai et
al., 2008). In brief, for the hyperpolarized format, cells were
voltage-clamped at —100 mV and stepped to +10 mV every
15 s. For the depolarized format, cells were also stepped to
+10 mV every 15 s; however, cells were first voltage-clamped
at —100 mV to establish a baseline current amplitude and
then depolarized to a holding membrane potential, which
resulted in ~30% inactivation of the current. For Cay2.2 and



Characterization of TROX-1, A State-Dependent Ca,2 Inhibitor

Pulse 1
3 uM

100 4
A Pulse 1
80

1on

control :

|0.5 nA

10 ms
Pulse 20

percent inhibiti

3 uM

N A D
o o O O
| | | |

O Pulse 20

493

Fig. 4. Use-dependent inhibition of
Cay2.2 channels by TROX-1. A, represen-
tative Cay2.2 currents recorded on the
PatchXpress before and after application
of 3 uM TROX-1. CBK cells were voltage-
clamped at —60 mV, and trains of 20
25-ms pulses to +20 mV were applied at a
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T T

1 10
[TROX-1] (uM)

3 uM TROX-1

ST ' frequency of 2 Hz every 5 min. Shown are

the currents in response to pulse 1 (top)
and pulse 20 (bottom) of the train. B, plot
of the average percent inhibition of peak
inward Cay2.2 current at pulses 1 and 20
versus the concentration of TROX-1.
Solid lines are fits of the Hill equation to
the data. IC;, values from the fits are
given in the text. For each data point n =
5. C, plots of peak current (left) and end
current amplitude (right) versus sweep
number before (open symbols) and after
(closed symbols) application of 3 uM
TROX-1 for the recording shown in A.

Control

I I I I | I
0 5 10 15 20 0
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Cay, 2.3 channels, this voltage was typically —70 to —75 mV.
For the less inactivating Cay2.1 cell line, this voltage was
~—40 mV. Under the hyperpolarized conditions, TROX-1
showed an apparent selectivity for Cay2.2 and Cay2.3 over
Cay2.1 (Fig. 5, squares; IC;, = 37, 1.1, and 1.2 for Ca2.1,
Cay2.2, and Ca,2.3, respectively). However, when TROX-1
inhibition of Cay2 channels was assessed under depolarized
conditions where the channels exhibited similar levels of
inactivation, no selectivity was apparent (Fig. 5, circles:
IC;, = 0.29, 0.19, and 0.28 uM for Cay2.1, Cay2.2, and
Cay2.3, respectively).

TROX-1 inhibition of Cay2 channels was also examined in
a calcium influx assay on a FLIPR with the throughput to
assess inhibition of all three subfamily members across a

100
80
60
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100
80
60

percent inhibition

[ [ [ |
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range of conditions (see Dai et al., 2008). This assay uses
Cay2.1, Cay2.2, and Cay2.3 cell lines that coexpress the
Kir2.3 inward rectifier potassium current and therefore al-
lows the membrane potential of the cells to be varied by
changing the external potassium concentration. Cells were
preincubated in potassium prepolarization buffers with vari-
able potassium concentrations, with or without TROX-1, and
then channel opening was triggered with a high K™ depolar-
ization buffer (see Materials and Methods). Figure 6 com-
pares TROX-1 inhibition of calcium influx when the preincu-
bation external potassium was relatively low (A; 4 mM), and
when the external potassium was higher (B; 14 mM). The top
section of each subpanel in Fig. 6 shows example calcium
influx data from a row of 24 wells in a 384-well assay plate.

Fig. 5. Comparison of TROX-1 inhibition
of Ca2.1, Cay2.2, and Ca,2.3 current as-
sessed by manual electrophysiology. Us-
ing the depolarized voltage format in
which Ca,2.1, Ca,2.2, and Cay2.3 chan-
nels were similarly inactivated, TROX-1
inhibited all three Cay2 subfamily mem-
bers with a similar potency. Although
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TROX-1 displayed state-dependent inhi-
bition of all three Cay2 subfamily mem-
bers, TROX-1 inhibition measured using
the hyperpolarized voltage format was
less potent for Cay2.1 than that observed
for Ca,2.2 and Ca,2.3. Voltage protocol
details are given in the text. Solid lines
are fits of the Hill equation to the data;
IC;, values from the fits are given in the
text. For the depolarized voltage format,
n = 6,9, and 7 cells for Cay2.1, Cay2.2,
and Cay2.3, respectively. For the hyper-
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Fig. 6. Selectivity and state-dependent inhibition of Ca2.1, Ca,2.2, and Cay2.3 channels in a calcium-influx assay. Top, data from a row of 24 wells
in a 384-well assay plate showing calcium influx under either hyperpolarized (A, 4 mM K" preincubation) or depolarized (B, 14 mM K" preincubation)
conditions followed by a 140 mM K* addition (1:1) to depolarize cells and open channels. The leftmost two wells in each row contained 10 uM
concentrations of a nonselective Ca,2.x blocker, the next two wells from the left contained control buffer, and the following wells contained increasing
concentrations of TROX-1 in a 10-point titration format in duplicate from 1 nM to 30 uM. Bottom, analysis of TROX-1 concentration-response data
for each experiment under hyperpolarized (A) or depolarized (B) conditions. Data are reported as the mean = S.E.M (n = 4). Solid lines are fits of the

Hill equation to the data; IC,, values from the fits are given in the text.

The leftmost two wells in each row contain a nonselective
Cay2 blocker as a positive control followed by two wells
containing control buffer and the remaining wells containing
increasing concentrations of TROX-1 in duplicate. Analysis of
concentration-response data are shown in the bottom section
of each subpanel. With these potassium concentrations,
Cay2.2 and Cay2.3 channels show a marked shift in TROX-1
potency between the 4 and 14 mM K" conditions (IC;, values
decreasing from 9.48 to 0.69 uM for Cay,2.2 and from 5.13 to
1.09 uM for Cay2.3), whereas the shift for Ca,2.1 channels
was more moderate (IC;, decreased from 25.6 to 12.4 uM). A
large part of this differential shift between the Cay,2 subfam-
ily members is a result of the weaker potency of TROX-1 on
Cay2.1, relative to Cay2.2 and Cay,2.3, under the 14 mM K*
condition. Although the three cell lines should be at similar
voltages in 14 mM K" (Dai et al., 2008), the fluorescence
values from Fig. 6 show that the calcium influx for Ca2.2
and Cay2.3 is reduced in the 14 mM K™ condition but rela-
tively unchanged for Cay,2.1. This is consistent with the more
depolarized inactivation-voltage relationship of Cay2.1 rela-
tive to Cay2.2 and Cay2.3 (see Figs. 1B and 2D; Dai et al.,
2008).

To better understand the relationship between calcium
channel inactivation and potency, TROX-1 inhibition of
Cay2.1-, Cay2.2-, and Cay2.3-mediated calcium influx was
examined across a range of external potassium concentra-
tions. The dependence of the calcium signal on external po-

tassium varied across the three Cay2 subfamily members,
Cay2.1 being the most right-shifted (Fig. 7, A-C, black open
squares). Likewise, the dependence of TROX-1 potency on
external potassium varied across the three subfamily mem-
bers, Cay2.1 again being the most right-shifted (Fig. 7, A-C,
colored open symbols). It is noteworthy that if the IC;, for
TROX-1 inhibition is plotted versus the fractional reduction
in calcium signal, there is little difference in the potency of
TROX-1 across the three Cay,2 subfamily members (Fig. 7D).
These results suggest that the apparent differences in
TROX-1 potencies observed under different assay conditions
are simply a reflection of the degree of inactivation between
the channels. Taken together, these data show that TROX-1
is a highly state-dependent inhibitor of all three members of
the Cay2 subfamily of calcium channels with very little, if
any, true molecular selectivity across subtypes.

Discussion

The results reported here show that the substituted N-
triazole oxindole TROX-1 is a potent state-dependent inhib-
itor of human Cay2.2 calcium channels. Measured electro-
physiologically under depolarized conditions, TROX-1 inhibits
recombinant hCay2.2 currents with an estimated IC;, 0of 0.11
uM. However, when cells are hyperpolarized to minimize
open and inactivated state inhibition, TROX-1 potency is
reduced, blocking only 45 = 7% of the current at 3 uM. These
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Fig. 7. Relationship between TROX-1 potency and calcium channel inactivation for Ca,2.1, Cay2.2, and Cay2.3 channels in a calcium-influx assay.
A to C, plots of TROX-1 IC,, values (colored symbols; n = 4 experiments) and peak fluorescent signal (black squares; one experiment in quadruplicate)
versus the preincubation external potassium concentration for Cay2.1 (A), Cay2.2 (B), and Cay2.3 (C). D, plot of TROX-1 IC,, values versus the
fractional reduction in the peak calcium signal for Cay2.1 (blue), Ca,2.2 (red), and Cay2.3 (green).

results are in good agreement with IC,, values for TROX-1
inhibition of native calcium channel currents from dissoci-
ated rat DRG neurons under depolarized (0.4 uM) and hy-
perpolarized (2.6 uM) conditions (Abbadie et al., 2010). The
state dependence of TROX-1 inhibition of calcium channels
was also observed using a calcium influx assay in which the
TROX-1 IC;, shifted from 0.69 M under high external po-
tassium (14 mM K*, partially inactivated) conditions to 9.48
uM under low external potassium (4 mM K™) conditions.
This is in reasonable agreement with the 0.27 and >10 uM
values from Abbadie et al. (2010), which were obtained using
a different cell line and with 30 mM K™ for the high potas-
sium condition. Measured electrophysiologically, Electro-
physiologically, TROX-1 also inhibited Ca,,2.2 channels in a
use-dependent manner. TROX-1 inhibited Cay2.2 current
during the 20th pulse of a 2-Hz train approximately 10-fold
more potently then during the first pulse of the train.
Because TROX-1 shows selectivity for Cay2.2 over Cay1.2
(L-type, 18 uM) and Cay3.1/3.2 (T-type, 15 and >20 uM,
respectively) (Abbadie et al., 2010), we also wanted to deter-
mine TROX-1 selectivity within the Cay2 subfamily. When
cells are depolarized to obtain comparable levels of inactiva-
tion, TROX-1, measured electrophysiologically, has a similar
potency across Cay2.1, Cay2.2, and Cay2.3 calcium channels.
However, when cells are voltage-clamped at —100 mV,
TROX-1 appears >30-fold selective for Cay2.2 and Cay2.3
relative to Cay2.1. It is noteworthy that although —100 mV is
near the foot of the inactivation curve for both Cay2.2 and
Cay2.3, it is ~60 mV hyperpolarized from the foot of the
inactivation curve for Cay2.1 (see Figs. 1B and 2D) (Dai et
al., 2008). The apparent difference in potency, therefore, may
reflect the fact that the Cay2.1 potency at —100 mV better
approximates closed-state inhibition. The results from the
calcium influx experiments support this interpretation. In
the calcium influx assays, the relationship between IC;, and
external potassium is shifted to higher potassium concentra-
tions (more depolarized) for Cay2.1 relative to Cay2.2 and

Cay2.3 (Fig. 7, A-C). If, however, IC;, values are plotted
versus fractional reduction in calcium signal to normalize for
channel inactivation, TROX-1 potency is essentially identical
for Cay2.1, Cay2.2, and Cay2.3 across a range of inactivation
levels (Fig. 7D). These results suggest that TROX-1 is inter-
acting with the inactivated state of the channel, although
these data do not exclude other potential mechanisms such
as effects on open channels, channel activation, or closed-
closed channel state transitions that might occur at depolar-
ized potentials. Although these results indicate that there
may be little true molecular selectivity within the Cay2 sub-
family, TROX-1 could still be functionally selective against
less inactivated Cay2 calcium channels. This is probably a
physiologically relevant consideration, because Cay2 inacti-
vation levels are not only modulated by the voltage and
activity of the neurons expressing them but also can be
dependent on the splice variant (Bourinet et al., 1999; Thaler
et al., 2004), coexpressed auxiliary subunit (De Waard and
Campbell, 1995), or interacting proteins including synaptic
proteins (Bezprozvanny et al., 1995; Zhong et al., 1999; Ki-
yonaka et al., 2007).

Molecular selectivity can be examined in both the electro-
physiological and calcium influx assays by measuring po-
tency under similar levels of inactivation (see also Dai et al.,
2008); however, more caution should be taken when compar-
ing the absolute degree of state dependence across the differ-
ent Cay2 assays. The degree of state dependence is deter-
mined by comparing the potency under depolarized
conditions with the potency under hyperpolarized conditions
in which channels are presumed to be largely in the closed
state. However, as discussed above for the electrophysiolog-
ical assay, the potency values in the calcium influx assay
under hyperpolarized conditions (low potassium) are proba-
bly influenced by the proximity of the cell resting potential to
the foot of the inactivation curve. Cay2.1 and Cay2.2 chan-
nels seem largely noninactivated at 4 mM extracellular K* in
these cell lines because the top of the inactivation curves are
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relatively flat (Fig. 7, A and B). The decreasing signal for
Cay2.3, however, suggests that it is close to the foot of its
inactivation curve and this may contribute to its slightly
increased potency in 4 mM K™ (Fig. 7C) and, therefore, to its
reduced apparent state dependence. As a result, the state-
dependent measures from these assays are most useful for
comparing different compounds on the same channel rather
than the same compound across different channels.

There is a tendency for TROX-1 to seem more potent in the
electrophysiological assays. This is consistent with that re-
ported for two other Cay2.2 inhibitors assessed in these same
assays (Dai et al.,, 2008) and may be tied to differences
between the assay formats. Although the cell membrane
potentials in the calcium influx assay are likely to be rela-
tively constant during compound incubation, the cells are
depolarized periodically in the electrophysiological assay,
which could contribute an additional use-dependent compo-
nent to the inhibition.

The issue of selectivity within the Cay2 subfamily of cal-
cium channels raises the question of how the individual
inhibitory activities on Cay2.1, Cay2.2, and Cay2.3 might
influence overall efficacy and safety profiles. Genetic ablation
of these channels in mice probably provides only a partial
answer. Cay2.3(—/—) mice, for example, have been reported
to be resistant to inflammatory pain but otherwise exhibit a
predominantly normal phenotype with alterations in glucose
metabolism (Saegusa et al., 2000; Wilson et al., 2000; Mat-
suda et al., 2001). Reports on the role of Ca,,2.1 channels in
pain have been less straightforward with evidence of reduced
pain sensitivity in the Cay2.1 knockout mice (Luvisetto et al.,
2006) but hypersensitivity using pharmacological blockade of
Cay2.1 at supraspinal levels (Knight et al., 2002; Ebers-
berger et al., 2004). In terms of potential adverse effects,
Cay2.1(—/—) mice, which die within 3 to 4 weeks of birth,
exhibit ataxia, dystonia, and absence seizures. This pheno-
type is consistent with human Ca,,2.1 loss-of-function muta-
tions, which result in episodic ataxia and absence seizures
(Pietrobon, 2005). Despite this, the efficacy and safety data of
TROX-1 in animal models suggest that an adequate safety
window can be obtained with a state-dependent, nonselective
Cay2 inhibitor (Abbadie et al., 2010). The therapeutic win-
dow for a given compound is likely to depend on both its
molecular selectivity and its degree of state dependence. Un-
til additional studies are reported for a range of Cay2.2
inhibitors, the combination of selectivity and state-depen-
dent profiles that best maximize the safety window will re-
main an open question.

A number of small-molecule Cay2.2 inhibitors have now
been reported with various potencies and selectivity profiles
(Yamamoto and Takahara, 2009). High-affinity Cay1.2 (L-
type) calcium channel inhibitors carry known cardiovascular
liabilities, and much effort has focused on developing Cay2.2
inhibitors with selectivity over L-type channels (Zhang et al.,
2008; Zamponi et al., 2009; Abbadie et al., 2010). Selectivity
against Cay3 (T-type) calcium channels and other Cay2 sub-
family members has also been reported but, in general, has
been much more limited (Yamamoto and Takahara, 2009). As
shown here, for state-dependent inhibitors, it is important to
generate selectivity data in assays producing similar degrees
of channel inactivation. Furthermore, a more informative
and detailed understanding of inhibitor selectivity profiles
can be obtained by looking at potencies across a range of

voltages and inactivation levels, particularly for closely re-
lated family members, where true molecular selectivity may
be more difficult to obtain. This is illustrated in the electro-
physiological selectivity data for Ca,2.1, Ca,2.2, and Cay2.3
at —100 mV, where TROX-1 seems to be ~30-fold selective
over Cay2.1 channels but actually shows no true molecular
selectivity.

TROX-1 is an orally available, small-molecule Cay2.2 in-
hibitor with efficacy in a number of animal models and a
demonstrated therapeutic window in animals over cardiovas-
cular and neurological side effects (Abbadie et al., 2010). This
article provides a detailed characterization of the state- and
use-dependent properties of TROX-1. The comprehensive se-
lectivity characterization shows that TROX-1 is a state-de-
pendent inhibitor of all members of the Ca,,2 subfamily with
similar potency when normalized to the degree of inactiva-
tion. Together, these data support the idea that a state-
dependent Cay,2 inhibitor can provide an improved therapeu-
tic window over a relatively state-independent Cay2.2
inhibitor, such as ziconotide (Snutch, 2005; Abbadie et al.,
2010). In addition, this article presents the most comprehen-
sive characterization of a small-molecule Cav2 inhibitor to
date and should further promote the use of TROX-1 as a
benchmark compound. As detailed compound characteriza-
tions become available for additional Cay2 inhibitors, our
understanding of how state dependence and selectivity influ-
ence safety margins and analgesic efficacy will improve. The
preclinical profile of TROX-1 suggests a potential future av-
enue to develop small molecule Ca,2.2 blockers for clinical
trials. Ultimately, optimizing state dependence and selectiv-
ity will be essential to realize the full therapeutic potential of
targeting Cay2.2 channels.
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