aspet’

0026-895X/06/7002-718-726$20.00

MOLECULAR PHARMACOLOGY

Copyright © 2006 The American Society for Pharmacology and Experimental Therapeutics
Mol Pharmacol 70:718-726, 2006

Vol. 70, No. 2
23473/3128275
Printed in U.S.A.

State-Dependent Verapamil Block of the Cloned Human

Ca,3.1 T-Type Ca*" Channel

Benjamin S. Freeze, Megan M. McNulty, and Dorothy A. Hanck

Department of Medicine, Section of Cardiology, University of Chicago, Chicago, lllinois

Received February 16, 2006; accepted May 12, 2006

ABSTRACT

Verapamil is a potent phenylalkylamine antihypertensive be-
lieved to exert its therapeutic effect primarily by blocking high-
voltage-activated L-type calcium channels. It was the first clin-
ically used calcium channel blocker and remains in clinical use,
although it has been eclipsed by other calcium channel block-
ers because of its short half-life and interactions with other
channels. In addition to blocking L-type channels, it has been
reported to block T-type (low-voltage activated) calcium chan-
nels. This type of cross-reactivity is likely to be beneficial in the
effective control of blood pressure. Although the interactions of
T channels with a number of drugs have been described, the
mechanisms by which these agents modulate channel activity
are largely unknown. Most calcium channel blockers exhibit
state-dependence (i.e., preferential binding to certain channel
conformations), but little is known about state-dependent ve-

rapamil block of T channels. We stably expressed human
Ca,3.1 T-type channels in human embryonic kidney 293 cells
and studied the state-dependence of the drug with macro-
scopic and gating currents. Verapamil blocked currents at mi-
cromolar concentrations at polarized potentials similar to those
reported for L-type channels, although unlike for L-type cur-
rents, it did not affect current time course. The drug exhibited
use-dependence and significantly slowed the apparent recov-
ery from inactivation. Current inhibition was dependent on po-
tential. This dependence was restricted to negative potentials,
although all data were consistent with verapamil binding in the
pore. Gating currents were unaffected by verapamil. We pro-
pose that verapamil achieves its inhibitory effect via occlusion
of the channel pore associated with an open/inactivated con-
formation of the channel.

T-type, or low-voltage-activated, calcium channels are
characterized by a low threshold of activation, a small uni-
tary conductance, and slow deactivation (Fox et al., 1987a,b;
Perez-Reyes, 2003). T channels can be blocked or otherwise
modulated by multiple classes of drugs, including antiepilep-
tics, antihypertensives, and anesthetics (Heady et al., 2001).
Verapamil is a clinically used phenylalkylamine antihyper-
tensive that is believed to be somewhat selective for L-type
calcium channels in native tissues, with estimated IC;, val-
ues ranging from 600 nM in vascular smooth muscle (Kuga et
al., 1990) to 3 uM in ventricular myocytes (Nawrath and
Wegener, 1997). However, the much greater IC;, values of
40.5 uM (Dilmac et al., 2004) and 120 uM (Motoike et al.,
1999) reported for L-type channels in heterologous expres-
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sion systems suggest that the actual affinities in vivo may
be somewhat lower. Verapamil has also been shown to
block T channels, with IC;, values of 30 uM in vascular
smooth muscle (Kuga et al., 1990) and 70 uM in spermat-
ogenic cells (Arnoult et al., 1998). T channels, like L chan-
nels, seem to be blocked in a state-dependent manner
(Nawrath and Wegener, 1997; Motoike et al., 1999; Heady
et al., 2001; Dilmac et al., 2004). Because T-channel block-
ade has been implicated in the reduction of vascular tone
in vitro (Boulanger et al., 1994; Karila-Cohen et al., 1996;
Lam et al., 1998; VanBavel et al., 2002; Jensen et al.,
2004), the interactions of verapamil with this channel may
prove to be therapeutically relevant.

Selective stabilization of an inactivated state is the most
widely accepted explanation of how verapamil inhibits cur-
rents in L-type channels. Block of L-type current is accom-
panied by prominent use-dependence, slowing of recovery
kinetics, and shift of the steady-state inactivation curve to
hyperpolarized potentials (Nawrath and Wegener, 1997; Dil-
mac et al., 2004). Multiple pore-lining residues of the L-type
channel have been implicated in phenylalkylamine binding
(Hockerman et al., 1995, 1997; Johnson et al., 1996; Motoike

ABBREVIATIONS: HEK, human embryonic kidney; BAPTA, 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid; MES, 2-(N-morpholino)-

ethanesulfonic acid; ANOVA, analysis of variance; Q-V, charge-voltage.
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et al., 1999; Dilmac et al., 2004), suggesting that the high-
affinity binding site is located in the pore.

As is the case for many T-channel blockers, the detailed
process by which verapamil inhibits T-channel currents is
not known. In the present study, we sought to elucidate the
mechanism by which verapamil blocks the T-type calcium
channel. We expressed a common splice variant of the human
Ca,3.1 T-type channel in HEK-293 cells and examined the
effects of verapamil on macroscopic and gating currents. The
drug blocked macroscopic currents at micromolar concentra-
tions but did not affect current time course. Verapamil
slowed recovery from inactivation and blocked current in a
use- and holding potential-dependent fashion. The drug com-
peted with the permeant ion, suggesting that it bound in the
pore. However, block was unaffected by the current-eliciting
potential. Cay3.1 gating currents were also unaltered in the
presence of verapamil, suggesting that the drug does not
affect normal gating of the channel, despite its ability to
inhibit ionic currents. This finding and our macroscopic data
strongly suggest that verapamil inhibits currents by occlu-
sion of the conduction pathway in open and inactivated con-
formations of the channel.

Materials and Methods

Heterologous Expression. The cDNA of a Ca,3.1 splice variant
(217) was kindly provided by M. C. Emerick and W. S. Agnew (The
Johns Hopkins University School of Medicine, Baltimore, MD) and
subcloned into pcDNA3.1/Zeocin for transfection into HEK-293 cells
and pcDNA5/FRT/TO for transfection into Flp-In T-REx-293 cells
(Invitrogen, Carlsbad, CA). Stable cell lines were created using ei-
ther 200 pg/ml Zeocin (for HEK-293 cells) or 100 pg/ml hygromycin
(for T-REx-293 cells). Cells were maintained in Dulbecco’s modified
Eagle’s medium (Invitrogen) in 100-mm Corning culture dishes sup-
plemented with 10% fetal bovine serum, 1% penicillin-streptomycin,
and either 100 ug/ml Zeocin (for HEK-293 cells) or 1% L-glutamine,
15 pg/ml blasticidin, and 50 ug/ml hygromycin (for T-REx-293 cells).
Cay3.1 expression in T-REx-293 cells was induced with 10 ug/ml
tetracycline ~18 h before use in electrophysiology experiments. Sim-
ilar results were obtained for both cell lines.

Solutions and Chemicals. Bath solutions for ionic current ex-
periments contained 2 mM CaCl,, 140 mM NaCl, and 10 mM
HEPES, and were titrated to pH 7.4 with 1 N NaOH. The pH 7.4
pipette solution contained 130 mM NaCl, 10 mM HEPES, 5 mM
MgATP, 1 mM CaCl,, and 11 mM EGTA, titrated to pH 7.4 with 1 N
NaOH. For experiments at pH 6.1, HEPES was reduced to 5 mM,
EGTA was reduced to 1 mM, and 5 mM MES was added to the
solution. In some experiments, the pipette solution additionally con-
tained 500 uM sodium-BAPTA, which improved seal resistances.
The addition of sodium-BAPTA had no effect on channel properties.
The gating current bath solution contained 140 mM N-methyl-D-
glucamine, 10 mM HEPES, 2 mM CacCl,, and 2 mM MgCl,, pH 7.4,
with HCL LaCl; (500 uM) was freshly added to bath solution to block
ionic currents. The pipette solution contained 140 mM N-methyl-D-
glucamine, 10 mM HEPES, 10 mM EGTA, 1 mM CacCl,, and 5 mM
magnesium-ATP, pH 7.4, with HCl. Verapamil (Sigma, St. Louis,
MO) solutions were made fresh daily by preparing and diluting a 1
mM aqueous solution into bath solution to achieve the desired con-
centration.

Electrophysiological Recordings and Analysis. All experi-
ments were performed on trypsinized cells (0.25% Trypsin-EDTA;
Invitrogen) 2 to 6 days after plating. Whole-cell ionic current voltage-
clamp recordings were made using pCLAMP 8 software and Axo-
patch-1D or Axopatch-200B feedback amplifiers with Digidata
1320A or 1322A interfaces (Molecular Devices, Sunnyvale, CA).
Patch pipettes were pulled with a P97 micropipette puller (Sutter

State-Dependent Verapamil Block of Ca,3.1 719

Instruments, Novato, CA) from TW 150-4 borosilicate (World Preci-
sion Instruments, Sarasota, FL) or Garner 8250 (Garner Glass Co.,
Claremont, CA) glass capillary tubes, and had resistances of 1.0 to
2.5 MQ) when filled with pipette solution. Data were filtered at 5 kHz
by an eight-pole low-pass Bessel filter and digitized at 10 to 20 kHz.
Recordings were made at room temperature (20-26°C). Currents
were additionally filtered at 1 kHz offline. Drug was applied to a
single chamber bath in which solutions were exchanged using the
cFLOW perfusion system (Cell Microcontrols, Virginia Beach, VA) or
the SF77 Perfusion Fast-Step system (Warner Instruments, Ham-
den, CT). Both methods of drug application yielded similar steady-
state results.

Gating currents were recorded in whole-cell mode using an Axo-
patch 200B feedback amplifier with a National Instruments digital-
to-analog converter and LabView 7.0 data acquisition software (Na-
tional Instruments Corporation, Austin, TX). Patch pipettes were
pulled with a P97 micropipette puller (Sutter Instruments) from TW
150-4 borosilicate glass capillary tubes (World Precision Instru-
ments) and had resistances of 1.0 to 4.0 M() when filled with pipette
solution. Data were filtered at 10 kHz using an eight-pole low-pass
Bessel filter and sampled at 50 kHz. Four repetitions of each voltage
step were performed Y4 of 60 Hz out of phase and averaged to
increase the signal-to-noise ratio. Linear capacitative currents were
subtracted from the current measurements using 40-mV hyperpo-
larizing steps to voltages at which no gating charge was expected to
move (—120 to —160 mV). The gating currents were integrated to
determine gating charge.

Curve-fitting and statistical analyses (Student’s ¢ test, ANOVA)
were performed using Matlab (The Mathworks, Inc., Natick, MA)
and Origin software (OriginLab Corp., Northampton, MA). Data are
depicted as mean = S.E.M. * denotes p < 0.05, #* denotes p < 0.01,
and s+ denotes p < 0.001. For second statistical comparisons,
denotes p < 0.05 and i denotes p < 0.01.

Results

Verapamil Affinity for Cloned T-Type and L-Type
Channels Is Comparable. We studied the splice variant of
Cay 3.1 that is most abundantly expressed in adult human
brain. It differs from the original clone (Perez-Reyes et al.,
1998) in that it is human and includes one additional exon
(14), a short segment in the domain I to II linker. It is
electrophysiologically similar to the clone without exon 14
(proteins paper, in press). By expressing this channel in a
heterologous system, we were able to determine verapamil
affinity with minimal interference by other conductances. We
estimated a lower bound for verapamil affinity by measuring
the inhibition of peak currents under conditions in which
channels were fully available at the holding potential, fully
activated at the current-eliciting potential, and the duration
between consecutive pulses was long. Channels depolarized
from —130 to —10 mV at a frequency of 0.2 Hz exhibited an
IC;, of 21.4 puM, a value less than the affinities of 40.5 and
120 uM reported for low-frequency stimulation of L-type
channels in heterologous systems (Motoike et al., 1999; Dil-
mac et al., 2004) and similar to the values previously re-
ported for T channels in native tissues (Kuga et al., 1990;
Arnoult et al., 1998). The experimental data were fit well by
a single-site binding curve, suggesting that drug binding was
not a cooperative process (Fig. 1). Although verapamil has
been reported to speed the decay of L-type currents (Hocker-
man et al., 1995, 1997; Johnson et al., 1996; Nawrath and
Wegener, 1997; Motoike et al., 1999; Dilmac et al., 2004), it
did not affect the T-channel current time course.

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet’

720

Freeze et al.

Block Was Use-Dependent. Many calcium channel
blockers more effectively inhibit currents when channels are
depolarized at high frequencies as a result of enhanced ac-
cess to high-affinity binding states. It has been reported that
verapamil exhibits such use-dependent block of T channels
(Arnoult et al., 1998) in mouse spermatogenic cells but not in
rat aortic smooth muscle cells (Kuga et al., 1990). To assess
whether verapamil blocks the cloned channel in a use-depen-
dent fashion, we subjected cells to trains of 100-ms steps to
—10 mV interspersed by variable duration hyperpolariza-
tions to —130 mV (Fig. 2). Verapamil (10 uM) blocked ~25%
of the peak current when channels recovered for either 9900
or 4900 ms between consecutive depolarizations. When the
recovery interval was reduced to 400 ms, block significantly
increased to 51%, and verapamil blocked 69% of the peak
current when channels were allowed to recover for only 100
ms between depolarizations. The prominent use-dependence
of block indicated that verapamil preferentially bound to
channel states entered upon membrane depolarization.

Verapamil Slowed Recovery from Fast Inactivation.
The use-dependence of verapamil block suggested that the
drug would slow the apparent rate of recovery from fast
inactivation as well. We applied dual 50-ms pulses to —10
mV separated by variable duration steps to —130 mV to
quantify the effect of verapamil on recovery kinetics. As
expected, verapamil slowed recovery from fast inactivation in
a dose-dependent manner (Fig. 3). In the absence of drug
(control), the time course of recovery was well described by a
biexponential function (Hering et al., 2004) with time con-
stants of 7., = 52 ms and 7g,,,, = 233 ms. Upon the addition
of 10 uM verapamil, 74, increased only slightly to 87 ms,
whereas g, increased 7-fold to 1671 ms (Fig. 3, inset).
When the drug concentration was increased from 10 to 50
pM, there were no significant changes in the values of the
exponential time constants. However, the amplitude of the
slow component significantly increased, and the amplitude of
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Fractional Block
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0.0+ Ty URAREL RRLE) T
0.1 1 10 100
Verapamil Concentration (uM)
Fig. 1. Verapamil inhibits current at micromolar concentrations. Single-
site binding curve (IC;, = 21.4 uM) generated under conditions of 0.2-Hz
depolarization to —10 mV from a holding potential of —130 mV. A single
drug concentration was tested on each cell to avoid issues with cumula-
tive doses (1 uM, n = 2; 10 uM, n = 4; 50 uM, n = 3; 100 uM, n = 3). Inset,
representative currents in the absence and presence of 10 or 50 uM
verapamil. Verapamil reduced peak current but did not alter the current
time course.

1000

the fast component significantly decreased, reflecting the
increased proportion of drug-bound channels (Fig. 3, inset).

Affinity Increased with Holding Potential. Under 0.2
Hz depolarization to —10 mV, equilibrium inhibition of peak
current by 10 uM verapamil significantly increased with
holding potential. IC;, values calculated from the Langmuir
adsorption isotherm decreased approximately linearly with
potential, reaching a value of 4.9 uM at —70 mV (Fig. 4A).
Because steady-state inactivation increased with holding po-
tential as well, this finding implied that the drug targeted an
inactivated state of the channel. However, because channels
were exposed to drug throughout the activation, inactivation,
and recovery processes, we could not rule out the possibility
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Fig. 2. Block was use-dependent. A, fractional block by 10 uM verapamil
significantly increased as the interval between repetitive 100-ms depo-
larizations from —130 to —10 mV decreased (9900 ms, n = 2; 4900 ms,
n = 4; 400 ms, n = 2; 100 ms, n = 3). Determinations of statistical
significance were made compared with the fractional block in the protocol
with a recovery interval of 9900 ms. Inset, representative currents in the
absence and presence of 10 uM verapamil. Currents recorded with recov-
ery intervals of 400 and 100 ms are depicted. B, representative block
kinetics by 10 uM verapamil for recovery intervals of 100, 400, and 4900
ms. Fractional block was calculated by normalizing currents in drug to
steady-state currents in the absence of drug.
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that enhanced block at positive potentials instead resulted
from preferential binding to some other state.

To assess whether the holding potential effect resulted
mainly from drug binding to inactivated channels, we used a
fast perfusion system to selectively administer 10 uM vera-
pamil to inactivated channels. A 200-ms conditioning pulse
was applied to inactivate channels in the absence of drug,
followed by ~800-ms application of 10 uM verapamil at the
conditioning potential. Cells were then removed from drug
and repolarized to —130 mV for 100 ms, an interval sufficient
to recover a large fraction of unblocked but not blocked chan-
nels (Fig. 3). A subsequent 50-ms step to —10 mV served as
an assay for the remaining current. In the absence of drug,
the fractional availability of channels under these recording
conditions (Fig. 4B) decreased with conditioning potential at
negative voltages and reached a plateau at voltages positive
to —70 mV. When the fast perfusion system was used to
precisely control drug application (Fig. 4C) during the volt-
age protocol, verapamil more potently blocked channels at
depolarized potentials, with fractional block (Fig. 4D) track-
ing very tightly with channel availability (Fig. 4B). This
finding strongly suggested that the voltage-dependence of
verapamil inhibition under these conditions (~1 s inactiva-
tion time) and under steady-state conditions (~5 s inactiva-
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g 0l4_ f %;1'0_0_1:%5: o
3 ] £08 .
8 0.2 % - m— Control  Eos ;
-v- 50uM i
G0 " O 0 4 50
T : T : : . [Verapamal] (M)
0 2000 4000 6000 8000

Recovery Interval (ms)

Fig. 3. Verapamil significantly slowed recovery from inactivation. Time
course of recovery in the absence of verapamil () and in the presence of
10 M (O) or 50 uM verapamil (¥) (control, n = 5; 10 uM, n = 3; 50 uM,
n = 2). An initial 50-ms pulse to —10 mV inactivated channels and was
followed by a variable duration recovery interval at —130 mV (the length
of which increased from shortest to longest during the protocol) and a
second 50-ms step to —10 mV to assay for remaining current. After each
application of the dual-pulse protocol, membranes were hyperpolarized to
—130 mV for 8 s to allow for maximal recovery before the next inactivat-
ing prepulse. Fractional recovery was calculated by normalizing to the
current elicited by the final voltage pulse in the protocol. Top, inset, time
constants produced from biexponential fits of the recovery kinetics. s,
represents the fast component of a biexponential function, whereas 7q,.,
is the time constant of the slower exponential component. Verapamil
significantly increased g, by ~7-fold compared with the value in the
absence of drug (p < 0.001) but did not significantly alter 7, from the
control value. Neither 7, nor g, was significantly different across
verapamil concentrations (p > 0.05). Bottom, inset, relative amplitudes of
the exponential components. The relative amplitude of the fast compo-
nent significantly decreased, and the relative amplitude of the slow
component significantly increased when the verapamil concentration was
increased from 10 to 50 uM.
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tion time) was due primarily to differential drug access to
high-affinity-inactivated states of the channel.

Verapamil Did Not Target the Fast-Inactivated State
During Short Depolarizations. Because verapamil bind-
ing to inactivated states was substantial during prolonged
depolarization, we sought to determine whether inactivated
state binding was a major contributor to inhibition on the
time scale of the current. To this end, we exposed cells to
trains of depolarizations from —130 to —10 mV, for which the
time at —130 mV was held constant at 200 ms across all
experimental conditions, and the time at —10 mV was varied
from 6 to 50 ms. A 6-ms step resulted in a small proportion
(~10%) of channels entering the inactivated state. The pro-
portion of channels that inactivated increased as the step
duration was lengthened; a 50-ms step inactivated nearly the
entire population of channels. We expected that if verapamil
selectively stabilized the fast-inactivated state of the chan-
nel, the degree of block would increase with the proportion of
channels entering the state during depolarization. However,
one-way ANOVA indicated that there were no significant
differences in the fractional block of current across step du-
rations (Fig. 5), demonstrating that access to the fast-inacti-
vated state was unimportant in verapamil binding when
channels were depolarized for such short durations.

Verapamil Interacted with the Permeant Ion. It has
been reported that verapamil accesses its binding site from
the intracellular space and binds in the pore of both L-type
Ca®?" channels and K* channels (DeCoursey, 1995; Johnson
et al., 1996; Robe and Grissmer, 2000; Dilmac et al., 2004).
We hypothesized that verapamil would also bind in the pore
of the T channel and predicted that it would compete with the
permeant ion for a binding site. In the presence of 0.5 mM
extracellular Ca®", 10 uM verapamil blocked 35% of the peak
current under 0.2 Hz stimulation (Fig. 6). Consistent with
our prediction, increasing the Ca®* concentration to 2 mM
significantly reduced block to 26%. In 5 mM Ca®*, block was
not significantly different from the value at 2 mM, indicating
that verapamil only effectively competed with Ca®" at rela-
tively low Ca®* concentrations.

The drug also more effectively competed with Ba®* than
with Ca®* for a binding site. Verapamil (10 uM) blocked 42%
of peak current in 2 mM Ba®", which was significantly
greater than the 26% block observed in 2 mM Ca®*. Block
was significantly reduced to 24% at 5 mM Ba®". As was the
case with Ca®", the competitive effect seemed to saturate at
relatively low concentrations of Ba®*: in 10 mM Ba®*, block
was not statistically different from the value at 5 mM.

Block Was Voltage-Independent. At intracellular pH
7.4, ~94% of verapamil molecules bear a positive charge
because of protonation of their tertiary amino groups (pK,
8.6; Budavari, 1996). Therefore, we expected that if vera-
pamil bound at a pore site within the transmembrane field,
block would depend on the voltage of the current-eliciting
depolarization. We evaluated this hypothesis by depolarizing
cells at 0.2 Hz from —130 mV to a wide range of potentials in
the presence and absence of 10 uM verapamil. Under control
conditions, the activation curve was described by a single
Boltzmann function with a halfpoint of —57 mV and slope
factor of e-fold/4.9 mV. We were surprised to find that the
activation curve was unaffected by drug (10 uM verapamil:
Vie = —59 mV, slope factor = e-fold/5.5 mV; 50 uM vera-
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pamil: V,,, = —56 mV, slope factor = e-fold/5.2 mV), indicat-
ing that block was a voltage-independent process (Fig. 7A).

Given this result, we hypothesized that use-dependent
block would be voltage-independent as well. To test this, we
used a voltage protocol consisting of 100-ms steps to either
—10 or +80 mV, followed by 100-ms repolarizations to —130
mV. As predicted, the fractional block of current by 10 uM
verapamil was unaffected by the current-eliciting voltage-
step (68 = 3% inhibition at —10 mV, 58 = 3% inhibition at
+80 mV; p > 0.05) (Fig. 7B), despite the 90-mV difference in
membrane potential.

The Active Form of Verapamil Was Uncharged. The
voltage-independence of block was initially puzzling because
of the large proportion of charged drug molecules and the
probable location of the binding site within the pore of the
channel. We reasoned that either the binding site was out-
side of the transmembrane field or that the neutral form of
the drug was mainly responsible for its inhibitory effect. To
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test the latter hypothesis, we lowered intracellular pH from
7.4 to 6.1. We calculated that the resultant pH gradient from
cytoplasmic space to bath caused an approximately 20-fold
increase in the intracellular concentration of charged drug,
relative to the concentration at intracellular pH 7.4. There-
fore, if charged verapamil was the primary active species of
drug, block at acidic pH should have been as much as 20-fold
greater than block at pH 7.4. Inconsistent with this hypoth-
esis, verapamil blocked 45% of peak current under 0.2 Hz
stimulation, less than 2-fold greater than the 26% block
observed at intracellular pH 7.4. The moderate increase in
fractional block compared with pH 7.4 suggests that the
charged form may make a relatively minor contribution to
the inhibitory effects of verapamil or that titration of ioniz-
able channel residues increases affinity for the drug. Use-
dependent block was not substantially altered either: under
5-Hz stimulation, verapamil blocked 72% of peak current, a
value very similar to the 68% block at pH 7.4 (Fig. 8B).
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Fig. 4. Verapamil affinity increased with holding potential. A, the calculated verapamil IC,, value decreased nearly linearly with holding potential. Currents
were elicited in the presence and absence of 10 uM verapamil by pulsing repetitively to —10 mV for 100 ms and allowing channels to recover for 4900 ms
at the holding potential (—130 mV, n = 4; =110 mV, n = 3; =90 mV, n = 4; —70 mV, n = 2). Inset, representative currents for holding potentials of —110
and —90 mV. B, availability curve obtained in the absence of verapamil with the voltage protocol shown (inset). Cells were depolarized for 1 s at various
potentials to promote inactivation. They were subsequently hyperpolarized to —130 mV for 100 ms and depolarized to —10 mV for 50 ms to measure the
remaining current. These currents were normalized to control currents elicited under conditions of maximal availability (50-ms steps to —10 mV from a
holding potential of —130 mV; data not shown). C, representative drug wash-on and wash-off kinetics using a fast perfusion system (also used in D) to expose
channels to either control solution or 10 uM verapamil. This cell was repetitively depolarized to —10 mV for 100 ms and hyperpolarized to —130 mV for 400
ms between depolarizing steps. Because perfusion kinetics were very rapid, precise temporal control of drug application was possible in D. D, the holding
potential dependence of drug block remained when inactivated channels were selectively exposed to 10 uM verapamil (n = 4). For each conditioning
potential, the voltage protocol in B was first applied in the absence of drug. To determine the fractional block of current at that potential, the inset voltage
protocol was then applied. Drug exposure commenced after the initial 200-ms interval at the conditioning potential and terminated just before the
repolarization of the membrane to —130 mV. Fractional block at each potential was calculated by normalizing the current elicited by the V, , pulse in the
presence of verapamil to the current elicited by V., in the absence of drug. The duration between consecutive prepulses was ~4 s to allow for full channel
recovery. Wash-off kinetics between prepulses were more rapid than in C, and cumulative drug effects did not occur. The voltage dependence of fractional
block closely resembles the voltage dependence of channel availability in B.
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Together, these findings strongly suggested that the un-
charged molecule was the main inhibitory species of the
drug. Furthermore, the activation curve was unshifted by 10
pM verapamil (control: V;,, = —64 mV, slope factor = e-fold/
4.4 mV; 10 uM verapamil: V,,, = —65 mV, e-fold/4.4 mV),
indicating that block remained a voltage-independent pro-
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6-50 ms
1 =10 mv
0.8
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o 0.6
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S 0.4-
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25
Stimulus Duration (ms)

Fig. 5. Verapamil did not target the fast-inactivated state during short
depolarizations. The fractional block of current by 10 uM verapamil for
stimulus durations ranging from 6 to 50 ms with a constant recovery
interval of 200 ms. Channels were opened by steps to —10 mV and
recovered at —130 mV. The stimulus duration had no significant effect
(by one-way ANOVA) on the steady-state magnitude of block, indicating
that verapamil did not rely on access to the fast-inactivated state to
inhibit currents during short voltage steps (6 ms, n = 2; 12 ms, n = 2; 25
ms, n = 2; 50 ms, n = 3). Left inset, voltage protocol used in this
experiment. The number of depolarizations in the train was sufficient to
achieve steady-state inhibition of current. Right inset, representative
current trace in the absence of verapamil. The proportion of inactivated
channels increased with longer stimulus durations.

0.54
0.5 mM Ca*
0 250 pA|

20 ms

0.3

0.2

Fractional Block

0.1

0.0-

[Charge Carrier] (mM)

Fig. 6. Verapamil interacted with the divalent charge carrier. Block by 10
M verapamil decreased with both Ca?* and Ba®" concentrations under
0.2 Hz stimulation. The competitive effect saturated at relatively low
concentrations for both species of divalent. Determinations of statistical
significance were made in comparison with either 0.5 mM Ca?" (%) or 2
mM Ba?* (f) (0.5 mM Ca?*, n = 3; 2 mM Ca?", n = 4; 5 mM Ca?* n =
3; 2 mM Ba?*, n = 4; 5 mM Ba?", n = 3; 10 mM Ba?", n = 4). Inset,
representative currents in the presence and absence of 10 uM verapamil
recorded in either 0.5 mM Ca®** or 2 mM Ba®".
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cess at this pH (Fig. 8A). Although it is possible that the
verapamil binding site is outside of the transmembrane field,
the fact that the active form of the drug is uncharged implies
that block would be voltage-independent regardless of bind-
ing site location.

Channels Gated Normally In the Presence of Drug.
Given the ability of verapamil to effectively inhibit ionic
currents, we wanted to determine whether the drug could
also modulate voltage sensor movement. Many drug classes,
including dihydropyridines (Hadley and Lederer, 1995) and
local anesthetics (Sheets and Hanck, 2003), alter the move-
ment of the gating charge in their target channels, an effect
that probably contributes to their inhibitory properties. To
test whether verapamil altered charge transfer, we measured
ON-gating currents and charge in the presence of 500 uM
La®* to block ionic current. Cells were held at —120 mV and
depolarized for 75 ms over a large voltage range (—120 to
+80 mV) to elicit ON-gating currents. Figure 9, inset, shows

A

1.2+
Control
1.0 _ %
0.8
(DE oy 60 -30 Voltage (mV)
= 50 uM 0.0
O 044 m Control , 023
10 HM %101:“‘1 OOOO _0‘42
A
oniro
0.04 s -1.0
-100 -80 -60 -40 -20 0
Voltage (mV)
o o -10 mV
150 pAl 1000 pAl
20 ms 20 ms
80 mV

Fig. 7. Block was voltage-independent. A, activation curves produced
from 200-ms depolarizations from —130 mV to a wide range of potentials.
Under control conditions (M), the activation curve was well fit by a single
Boltzmann function (V,, = —57.3 mV, slope factor = e-fold/4.9 mV).
Neither 10 (O) nor 50 uM (V) verapamil significantly altered the activa-
tion curve (V,,, = —59.3 mV, slope factor = e-fold/5.5 mV and V,, =
—55.8 mV, slope factor = e-fold/5.2 mV, respectively), indicating that
block was voltage-independent. Control, n = 11; 10 uM verapamil, n = 4;
50 uwM verapamil, n = 3. Left inset, representative currents recorded
under control conditions and in 10 uM verapamil. Right inset, represen-
tative I-V curves recorded under control conditions and in 10 and 50 uM
verapamil. B, the use-dependent block of current by 10 uM verapamil was
the same for voltage steps to —10 or +80 mV. Cells were repeatedly held
at —130 mV for 100 ms and depolarized to either —10 or +80 mV for 100
ms (—=10 mV, n = 4; +80 mV, n = 4). Representative currents in the
absence and presence of 10 uM verapamil for depolarizations to either
—10 or +80 mV are shown.
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representative charge integrals for a single cell under control
conditions and in the presence of 500 uM verapamil. The
estimated verapamil IC;, value for I, was probably less
than 20 uM under these conditions; therefore, 500 uM was a
saturating concentration sufficient to block greater than 96%
of channels.

There were no discernible differences in the ON-gating
currents or charge integrals between the control and drug
conditions. For each cell, charge measured at each voltage
was normalized to the maximum charge (Q,,..) determined
from the Boltzmann fit of the data. Charge versus voltage
(Q-V) relationships normalized to the @, under control
conditions (Fig. 9) demonstrate that verapamil did not
change the amount of charge that was moved upon depolar-
ization. Maximal charge was also unaffected when gating
currents were measured in 500 uM verapamil in the absence
of La®* (data not shown). Fits from the Q-V relationships
measured under control conditions yielded a voltage half-
point (V,5) of —20 mV and a slope factor of e-fold/17.2 mV.
The Q-V curve was shifted to potentials positive to those
sufficient to elicit ionic current probably because of a sub-
stantial surface charge effect exerted by extracellular La®*, a

A

0.2Hz

150 pAl

20 ms

5Hz

Control
O 10 uM verapamil

T T

60 40 20 0
Voltage (mV)

Fig. 8. The active form of verapamil was uncharged. A, at intracellular
pH 6.1, 10 uM verapamil blocked 45% of peak current under 0.2-Hz
stimulation, much less than expected if charged drug were the active
species (n = 7). Under 5-Hz stimulation (n = 4), 10 uM verapamil blocked
72% of peak current, similar to the 68% inhibition at pH 7.4. Represen-
tative currents are shown for each stimulation frequency in the absence
and presence of 10 uM verapamil. B, activation curves produced from
200-ms depolarizations from —130 mV at intracellular pH 6.1. Under
control conditions (M), the G-V curve was well fit by a single Boltzmann
function with V,, = —63.8 mV and slope factor = e-fold/4.4 mV. In 10 uM
verapamil (O), the activation curve had similar parameters (V,,, = —64.9
mV, slope factor = e-fold/4.4 mV). Control, n = 3; 10 uM verapamil, n =
4. Inset, representative currents for control and in 10 uM verapamil.

100 -80

result consistent with previously published measurements of
T-type Ca®" channel gating currents (Lacinova et al., 2002;
Lacinova and Klugbauer, 2004). Fitted parameters for the
Q-V curve measured in the presence of verapamil were not
statistically different from control (V,, = —22 mV, slope
factor = e-fold/19.6 mV), demonstrating that under these
conditions, verapamil did not immobilize the voltage sensors
and that drug-blocked channels gated normally.

Discussion

T-type channels have been widely implicated in the control
of vascular tone and blood pressure. Multiple studies have
shown that T-channel inhibition is associated with the reduc-
tion of vascular smooth muscle tone in native tissues (Bou-
langer et al., 1994; Karila-Cohen et al., 1996; Lam et al.,
1998; VanBavel et al., 2002; Jensen et al., 2004). T-channel
blockade has been implicated in the successful treatment
of hypertension. Mibefradil, a selective T-channel blocker
(Mehrke et al., 1994; Mishra and Hermsmeyer, 1994; Clozel
et al., 1997; Martin et al., 2000), exhibited favorable antihy-
pertensive properties with minimal negative inotropic effects
before its withdrawal from the market because of lethal drug
interactions involving P450 cytochrome metabolism (Welker
et al., 1998).

Two studies have challenged the notion that T-channel
blockade promotes vasodilation. Chen et al. (2003) showed
that Cay3.2 knockout mice paradoxically exhibited aberrant
coronary arteriole constriction. Up-regulation of high-volt-
age-activated Ca®* channels was probably not the cause of
the constitutive vasoconstriction, but another compensatory
mechanism may account for the unexpected Cay3.2/~ phe-
notype. More recently, Moosmang and colleagues (2003) gen-
erated a vascular smooth muscle-specific knockout of the
Cay1.2 L-type channel, which they reported was unrespon-
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4 20 ms
0.8 oo ——
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0.6 200fc L
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1 O 500 uM Verapamil
0.0

-60  -30 0 30 60
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Fig. 9. Channels gated normally in the presence of drug. The Q-V curve
measured under control conditions (H) (n = 3) was well fit by a single
Boltzmann function with a V,,, of —20.3 mV and a slope factor of e-fold/
17.2 mV. Fitted parameters for the Q-V curve measured in the presence
of 500 uM verapamil (O) (n = 3) were not statistically different from
control (V,,, = —22.4 mV, slope factor = e-fold/19.6 mV), demonstrating
that verapamil did not alter gating charge movement. Ionic currents were
blocked with 500 uM La®*. Inset, representative charge integrals in the
absence and presence of 500 uM verapamil.
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sive to mibefradil (Moosmang et al., 2006). Although the
authors concluded that mibefradil achieves its in vivo action
by blocking Cay1.2, T channels are the preferential target in
vitro (Boulanger et al., 1994; Karila-Cohen et al., 1996; Lam
et al., 1998; VanBavel et al., 2002; Jensen et al., 2004). It may
be that T channels modulate L-type channel-mediated cal-
cium influx rather than directly controlling vascular tone.
Because T channels open in response to small membrane
depolarizations, their activation can further depolarize the
membrane and promote L-channel activation and vasocon-
striction. The lack of a mibefradil effect on Cay 1.2/~ mice is
consistent with this hypothesis, because T-channel modula-
tion of L channels would have been ablated along with the L
channel itself, even if the drug potently inhibited T channels.

Despite reports that verapamil is selective for L channels,
our data demonstrate that it inhibits T-channel currents in
the same concentration range needed to block heterologously
expressed L-type channels (Motoike et al., 1999; Dilmac et
al., 2004). The experimental manipulations necessary to sep-
arate T-type from L-type currents in native tissues may
account for the reported disparities in drug affinity in these
studies (Kuga et al., 1990). The ability of verapamil to inhibit
both T-type and L-type channels in approximately the same
concentration range suggests that blockade of both channels
may contribute to its potent therapeutic effects, including
blood pressure reduction and amelioration of reperfusion
tachyarrhythmias (Kato et al., 2004) and paroxysmal su-
praventricular arrhythmias (Pritchett, 2004). Several stud-
ies have also suggested that block of L-type and T-type chan-
nels may contribute to effective control of -electrical
remodeling occurring with atrial fibrillation and tachycardia
(Fareh et al., 1999, 2001; Ohashi et al., 2004).

Like other calcium channel blockers, verapamil blocks both
L-type and T-type channels in a state-dependent manner
(Nawrath and Wegener, 1997; Motoike et al., 1999; Heady et
al., 2001; Dilmac et al., 2004). This feature is crucial from a
clinical perspective, because the therapeutic effects of a drug
are greatly influenced by the set of channel states that it
preferentially targets. Clarifying the state-dependence of ve-
rapamil block of T channels is necessary to understand how
verapamil achieves its in vivo effects, particularly because
verapamil cross-reacts with multiple channel targets. In the
present study, we used both whole-cell voltage-clamp and
gating current measurements to systematically investigate
the state-dependence of T-channel inhibition by verapamil.
By expressing channels in HEK cells, we were able to study
verapamil block of T-channels with minimal contamination
by endogenous conductances, a significant obstacle in native
tissues.

Using whole-cell voltage clamp, we showed that verapamil
exhibited a moderate use-dependence and induced a dra-
matic slowing of recovery kinetics, features also observed in
L channels (Johnson et al., 1996; Dilmac et al., 2004). The
slow recovery kinetics indicate that verapamil is capable of
inhibiting T channels over a time course much longer than
that of the action potential, a feature which may be impor-
tant in vivo. However, the lack of a substantial drug effect on
the time course of T-channel currents suggests that the ki-
netics of inhibition are distinct from those observed for other
channel targets. It is noteworthy that verapamil did not
accelerate current decay as has been reported in L channels
(Johnson et al., 1996; Dilmac et al., 2004) and K* channels
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(DeCoursey, 1995; Catacuzzeno et al., 1999; Robe and Griss-
mer, 2000); in addition, the drug unbinding reaction could
not be observed in the tail currents (data not shown) as in K*
channels (DeCoursey, 1995; Catacuzzeno et al., 1999; Robe
and Grissmer, 2000).

The dependence on holding potential was strongly sugges-
tive of high-affinity drug binding to an inactivated state of
the channel. Consistent with that hypothesis, selective ap-
plication of drug to inactivated channels produced a similar
voltage dependence of block to that observed under equilib-
rium conditions. Because T-channels were substantially
blocked by verapamil at potentials near the resting potential
of vascular smooth muscle cells, this effect may be relevant to
the drug’s therapeutic profile. The finding that block was
unaffected by the duration of short voltage steps (up to 50
ms) indicates that inactivated-state drug binding is signifi-
cant only when channels dwell in this state for longer peri-
ods. It is plausible that inhibition of current during short
voltage steps was due primarily to blockade of the open state
of the channel, possibly followed by drug-induced conversion
of the channel to a high-affinity-inactivated state.

The ability of verapamil to compete with both Ba®* and
Ca?" implies that the binding site is located within the pore
of the channel, as has been suggested for L-type channels and
K* channels. Evidence that Ca®* binds more tightly to the
selectivity filter than Ba®" does (Serrano et al., 2000) may
explain the observation that verapamil more effectively com-
petes with Ba®" than with Ca®". It is noteworthy that block
of L channels is more effective in Ca?* than in Ba?", a
phenomenon that may result from verapamil interaction
with the Ca®"-dependent inactivation process in these chan-
nels (Dilmac et al., 2004).

The observation that verapamil block was independent of
the current-eliciting potential was unexpected but is consis-
tent with results obtained for verapamil block of K* channels
(DeCoursey, 1995; Robe and Grissmer, 2000). One possibility
is that verapamil binds outside of the transmembrane elec-
tric field. However, when we selectively increased the cyto-
plasmic concentration of charged drug by lowering intracel-
lular pH, drug block was not substantially enhanced. This
finding suggested that the primary active species of drug was
probably the uncharged form, which may bind within the
field (in the pore) with no observable voltage-dependence. A
similar mechanism has been proposed for verapamil inhibi-
tion of K* channels (DeCoursey, 1995; Catacuzzeno et al.,
1999; Robe and Grissmer, 2000).

Voltage-dependent block of the open state at positive po-
tentials would have been expected in single depolarizations if
binding/unbinding were rapid or in trains of depolarizations
if the interactions of the charged drug with the channel were
slow. The absence of any such evidence argues against
charged species blocking the open state. Likewise, the ab-
sence of a voltage-dependence of block at potentials positive
to —70 mV during long depolarizations in which inactivated
channels were selectively exposed to drug (Fig. 4D) also ar-
gues against the charged drug as the primary active species.
Voltage-dependent partitioning of channels from closed
states into inactivated states, rather than an interaction of
the drug with the transmembrane field, probably accounts
for the voltage-dependence of block observed at more nega-
tive potentials (Fig. 4, B and D).

The absence of a verapamil effect ON-gating currents and
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charge suggests that it inhibits currents simply by occlusion
of the conduction pathway. Stabilization of a channel confor-
mation by an antagonist is usually accompanied by alter-
ation of gating currents, as in the cases of lidocaine inhibition
of Na™ channels (Sheets and Hanck, 2003) and nifedipine
inhibition of L-type Ca®" channels (Hadley and Lederer,
1995). Because the T channel seems to gate normally, even in
the presence of a saturating concentration of verapamil (500
pM), it is unlikely that the drug inhibits currents via a
mechanism involving immobilization of the gating charge.
However, it is possible that verapamil does allosterically
stabilize a channel pore conformation in a manner that does
not significantly affect voltage sensor movement.

Further work on the state-dependence of verapamil action,
along with identification of high-affinity binding residues,
are necessary steps toward understanding how phenylalkyl-
amines modulate T-type channels in vivo. A complete under-
standing of how these important compounds affect T chan-
nels can refine the ways in which they are used clinically and
guide the rational design of effective T-channel-selective
drugs in the future.
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