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SUMMARY

Ethaverine is a derivative of papaverine used in the treatment of
peripheral vascular disease and is thought to cause vasodilation
by reducing intracellular Ca®* concentrations in vascular smooth
muscle cells. We tested its effects on single, dihydropyridine-
sensitive, L-type calcium channels from porcine cardiac muscle,
incorporated into planar lipid bilayers. L-type calcium channels
were activated by step depolarizations from a holding potential
of =60 mV to a test potential of 0 mV, and unitary currents
carried by 100 mm BaCl, were recorded. Channel activity was
enhanced by the presence of the dihydropyridine agonist (+)-
202-791 (0.5 um) and the activated a subunit of the stimulatory
GTP-binding protein, G,. We found that 0.3-30 um ethaverine
on either side of the channel caused a reduction in the channel

open probability (ECso ~ 1 uM), with the higher concentrations
inhibiting channel activity almost completely. In addition, the
ethaverine caused a small reduction in the unitary current ampli-
tude of single open channels (~20%). To test whether the effect
of ethaverine on open probability was due to a displacement of
the dihydropyridine agonist, we studied the effect of ethaverine
on the binding of [*H]nitrendipine to cardiac sarcolemma and
found that ethaverine inhibited [*H]nitrendipine binding with a K;
of ~8.5 um. Ethaverine also inhibited the binding of [*H]diltiazem
and [*H]verapamil, with K; values of 1-2 um. Because ethaverine
is structurally related to verapamil, it is likely that ethaverine acts
by binding to the verapamil binding sites on the L-type calcium
channels to inhibit channel activation and dihydropyridine binding.

Ethaverine is the tetraethoxy derivative of papaverine and is
used as a peripheral vasodilator and antispasmodic agent (1).
This action appears to result from an inhibition of phosphodi-
esterase activity and a decrease in the intracellular Ca®** con-
centration in smooth muscle cells (2). Our experiments were
directed towards determining whether part of the action of
therapeutic concentrations of ethaverine (~1 uM) (3) was due
to its ability to inhibit the L-type calcium channels that are
responsible for the influx of Ca®** into smooth muscle that
triggers the increase in tension (4).

We studied single L-type calcium channels from porcine
cardiac sarcolemma in planar lipid bilayers (5, 6), in order to
separate the effects of ethaverine on cAMP levels from its
effects on calcium channels, to distinguish between effects on
channel gating and ion permeation, and to determine whether
there was any preferential sidedness of the action of ethaverine.
In addition, we characterized the effects of ethaverine on the
binding of the calcium channel blockers nitrendipine, diltiazem,
and verapamil, in order to determine whether ethaverine inter-
acted with known pharmacological sites on L-type calcium
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channels. Because the functional properties of cardiac and
smooth muscle calcium channels are very similar (7), the effect
of ethaverine on cardiac calcium channels is likely to be a good
indicator of its effect on those channels in smooth muscle cells.

Materials and Methods

Chemicals. Synthetic 1-palmitoyl-2-oleoyl phosphatidylethanola-
mine and 1-palmitoyl-2-oleoyl phosphatidylserine were obtained from
Avanti Polar Lipids (Pelham, AL). Decane was obtained from Aldrich.
(4)-202-791 was a kind gift of Sandoz. Nitrendipine was a generous
gift of Miles. [*H]Nitrendipine, [*H]diltiazem, and [*H]verapamil were
obtained from New England Nuclear. Ethaverine and cAMP-dependent
protein kinase were obtained from Sigma Chemical Co. ATPyS and
GTP+S were from Boehringer-Mannheim.

Sarcolemmal membranes. Surface membrane from porcine left
ventricle were prepared as described (6, 8) and stored at —80° for up to
6 months.

G, a subunit. Bacteria containing a plasmid with the gene for the
« subunit of the stimulatory GTP-binding protein (G,.) were kindly
provided by Drs. M. Linder and A. Gilman (Department of Pharma-
cology, The University of Texas Southwestern Medical Center, Dallas,
TX). Expression and purification of the G,, were as described by
Graziano et al. (9), except that only two steps of purification were used,
employing DEAE-Sephacel and hydroxyapatite chromatography. The
resulting preparation was approximately 5-10% active G,., as deter-

ABBREVIATIONS: ATP+S, adenosine-5’-O«(3-thiotriphosphate); GTPyS, guanosine-5’-O-(3-thiotriphosphate); HEDTA, N-hydroxyethylethylenedi-
aminetriacetic acid; HEPES, N-(2-hydroxyethyl)piperazine-N’+(2-ethanesulfonic acid).
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mined by [**S]JGTPvs binding assays. The G,. was activated in the
presence of 256 mM MgCl; and 10 uM GTP+S, at 30° for 60 min (10),
before use.

Treatment of the sarcolemma with cAMP-dependent protein
kinase. To maximize cAMP-dependent protein phosphorylation of the
sarcolemmal proteins, membranes were incubated with 10 mm MgCl.,
0.2 mM ATP+S, 250 units/ml catalytic subunit of cCAMP-dependent
protein kinase, and 1 mM cAMP, for 30 min at room temperature (22-
24).

Planar lipid bilayers and calcium channel incorporation. Ar-
tificial membranes (100-150 um) were formed from decane solutions
of 15 mg/ml 1-palmitoyl-2-oleoyl-phosphatidylethanolamine and 5 mg/
ml 1-palmitoyl-2-oleoyl-phosphatidylserine. Aqueous solutions con-
tained 50 mM NaCl and 10 mM Na-HEPES, pH 7.0. After formation
of the bilayer, 1 M BaCl; was added to the cis compartment to a final
concentration of 100 mM. The dihydropyridine agonist (+)-202-791 (5
mM in ethanol) was added to both chambers to a final concentration
of 0.5 uM, in order to maximally increase the open time and probability
of the L-type calcium channels (11). (+)-202-791 is required in these
experiments because the brief openings of unmodified channels would
be unresolved from the intrinsic noise arising from the relatively large
area of planar lipid bilayers. Activated G,. was added to the trans
chamber to a final concentration of ~6 nM, to slow L-type channel
run-down (12, 13). Cardiac sarcolemma (~40 ug of protein/ml) was
added to the cis chamber. Channel activity appeared spontaneously
within 4 min (6).

Voltage-clamp of the bilayers and data acquisition were achieved as
described (6), using a patch-clamp amplifier modified for greater ca-
pacity compensation (V. Pantani, Yale University Department of Cell-
ular and Molecular Physiology) and a 80386-based computer running
AxoBasic (Axon Instruments). Current records were filtered at 200 Hz
and sampled at 1000 Hz. Voltages were defined as trans minus cis, so
that the trans chamber represented the cellular interior (14) and
currents from cis to trans are shown as downward transitions. All
recordings shown were corrected for leak resistance and capacitative
transients by digital subtraction of averaged records with no channel
activity (5, 6).

Analysis of channel open probability was done by a computer pro-
gram that calculated the total open time during each leak-subtracted
depolarization from the (current-time) integral, normalized to that
value expected for a single channel open for 100% of the depolarization.
To correct for changes in unitary current amplitudes after drug addi-
tion, different values for the (current.time) normalization were used
for each part of the experiment. Unitary current amplitudes were
determined by eye, using computer-drawn lines to fit the closed and
open channel levels. Fits of curves to theoretical equations were done
using a quasi-Newtonian algorithm to minimize least squares (Systat).

[*H]Nitrendipine binding assays. Cardiac sarcolemma were di-
luted, in an assay buffer containing 200 mM NaCl, 10 mM Na-HEPES
(pH 7.4), 1 mM HEDTA, and 0.3 mM CaCl; (free Ca®*, ~1 uM), to a
final concentration of 0.09 mg of membrane protein/ml. Ethaverine
was added to final concentrations of 0-100 uM, and [*H]nitrendipine
was added to a final concentration of 0.2 nM, unless otherwise indicated.
Nonspecific [*H]nitrendipine binding was determined in the presence
of 500 nM unlabeled nitrendipine with the appropriate concentration
of ethaverine. Samples (1 ml) were incubated in the dark for 90 min at
room temperature (15). The membranes were collected on glass fiber
filters (Whatman GF/B) and rinsed with four additions of 3 ml of ice-
cold assay buffer. The amount of bound [*H]nitrendipine was deter-
mined by liquid scintillation counting of the filters.

[*H]Diltiazem and [*H]}verapamil binding assays. Cardiac sar-
colemma were diluted to the same final concentration as for the [*H]
nitrendipine assay, in a buffer consisting of 50 mM Tris- HCI, 10 uM
CaCls, and 10 uM MgCl;, pH 7.4. To reduce nonspecific binding, 0.1
mg/ml bovine serum albumin was included in assay and rinse buffers,
and filters were soaked in 0.3% polyethyleneimine (16, 17). The con-
centrations of [*H]diltiazem and [*H]verapamil were 50 and 25 nM,
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respectively, values selected to be ~60% of the K, values for each ligand
(16, 17). Nonspecific binding was determined in the presence of 10 uM
unlabeled diltiazem or 25 uM unlabeled verapamil. Samples were in-
cubated and filtered as described for the [*H]nitrendipine binding assay,
except that the filters were rinsed twice with 4 ml of the Tris- HCI
buffer.

Results

L-Type calcium channels remain active in cell-free
planar lipid bilayers for extended periods. L-Type cal-
cium channels in excised membrane patches (e.g., Ref. 18) and
in planar lipid bilayers (5, 6) are known to “run down,” such
that the channel activity diminishes dramatically over a period
from seconds to minutes. This effect complicates any analysis
of the effect of drugs that reduce channel open probability. The
addition of activated G,. has been shown to slow channel
rundown (12, 13), so it was included in the trans (intracellular)
compartment in all experiments, in order to prolong channel
lifespan in the bilayers. In addition, in many experiments the
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Fig. 1. An exampile of the activity of L-type caicium channels in planar
lipid bilayers in the presence of intemal G,.. Sarcolemma were treated
with cAMP-dependent protein kinase and ATP+yS, as described in Ma-
terials and Methods. A, Sequential recordings after leak and capacity
compensation (5, 6). Channel openings are downward transitions. The
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voitage transitions. B, Plot of channel open probabiiity (vertica/ bars)
versus time, on a sweep-by-sweep basis, under control conditions. In
this case, the activity of the channel was robust and sustained for ~15
min.
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Fig. 2. Sequential single-channel recordings of an L-type
caicium channel before (A) and after (B) exposure t0 1 um
ethaverine on both sides of the bilayer. The effect was a

W—WWWWMWM—M decrease in open probability and a small decrease in the
unitary current amplitude.

2 pA

sarcolemma membranes were treated with the catalytic subunit
of the cAMP-dependent protein kinase and ATP+S, in an
attempt to bias the channel in favor of high initial activity.
Initial open probability during the first 2 min of channel
recording was 0.08 + 0.07 (18 experiments, mean + standard
deviation) under control conditions and was 0.20 + 0.14 (13
experiments) when sarcolemma were treated with the kinase
and ATP+S.! In treated and untreated sarcolemma, there were
large channel-to-channel variations in initial open probability,
with some channels displaying robust activity (e.g., Fig. 1) and
other channels displaying much lower, yet sustained, levels of
activity.

An example of L-type channel activity recorded under our
conditions is shown in Fig. 1A. Fig. 1B shows a plot of open
probability during the length of the experiment, where each
vertical bar represents the open probability for an individual
depolarization. In the experiment shown, the channel survived
for ~15 min before the activity diminished to a low level. In
eight such experiments with G,, present in the trans chamber,
the mean lifespan of the channel activity after incorporation
was 16.3 + 3.7 min, compared with a mean lifespan of <1 min
in the absence of G,, (data not shown). Treatment with the
cAMP-dependent protein kinase and ATP~S increased initial
channel activity during the first 2 min and itself could increase
the lifespan of the channels after incorporation.? These exper-

'Y. Wang and R. L. Rosenberg, manuscript in preparation.
*C. Townsend, Y. Wang, and R. L. Rosenberg, manuscript in preparation.

100 ms

iments indicated that the channel activity was sufficiently high
and that the lifespan of the channel in the bilayer was suffi-
ciently long for study of the effects of a channel blocker.

Ethaverine reduces channel open probability and uni-
tary current amplitudes. Fig. 2 shows a selection of record-
ings under control conditions (Fig. 2A) and after the addition
of 1 uM ethaverine to both sides of the bilayer (Fig. 2B). Two
effects were seen, i.e., a reduction in open probability, mani-
fested as a reduced number of channel openings during each
depolarization and an increase in the number of depolarizations
with no channel openings, and a small but consistent decrease
in the unitary current amplitude. There was no significant
change in channel open-time distributions, within our limited
bandwidth resolution (200 Hz).

The effect on open probability is described in more detail in
the plots of channel activity (Fig. 3). In Fig. 3A, ethaverine
caused a partial reduction in open probability, from 0.22 in the
control condition to 0.05 after the addition of 1 uM ethaverine
to both sides of the channel. A subsequent addition of ethav-
erine to a final concentration of 3 uM caused a further reduction
in open probability to 0.02. Fig. 3B shows an open probability
plot from a different experiment, where 30 uM ethaverine was
added after 3 min of robust channel activity. There was a clear
immediate reduction in channel open probability from 0.45 to
0.02. Thus, although modest concentrations of ethaverine
caused a partial inhibition of channel open probability that
appeared similar to the spontaneous run-down of channel ac-
tivity, the very large and immediate effects of 30 uM ethaverine
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Fig. 3. Plots of channel open probability during exposure to the concen-
trations of ethaverine indicated at the top of each panel. A, Control open
probability averaged 0.22. After addition of 1 um ethaverine to both
intemal and external solutions, average open probability decreased to
0.05, with a large increase in the number of depolarizations that evoked
no channel activity. Subsequent addition of ethaverine to a final concen-
tration of 3 um caused a further decrease in open probability
to 0.02. B, Effect of 30 um ethaverine in a different experiment. Control
open probability averaged 0.45 in this case, and the addition of 30 um
ethaverine to both solutions caused a sudden decrease in open proba-
bility to 0.02.

made it clear that ethaverine caused a decrease in channel
activity independent of the run-down process. Repeated at-
tempts to reverse the inhibition by ethaverine by perfusing the
chambers with drug-free solutions were unsuccessful, because
the bilayers became unstable and broke.

The effect of ethaverine in a large number of experiments is
shown as dose-response curves (Fig. 4). In Fig. 4A, open prob-
ability, expressed as a percentage of the initial open probability
obtained under control conditions in each experiment, is plot-
ted versus the concentration of ethaverine. The data are de-
scribed reasonably well by the curve assuming one-to-one bind-
ing of drug to channel, with an ECy of 1 uM.

The small decrease in unitary current amplitude in response
to ethaverine is shown in Fig. 4B. The amplitudes at the doses
of 3, 10, and 30 uM ethaverine were significantly different from
control values. Although the effect was small, there was a
general trend towards smaller current amplitudes at increasing
concentrations of ethaverine, from 0.3 to 30 uM.

In the experiments shown, ethaverine was added to both
sides of the channel. In order to test whether there was a

Ethaverine Inhibits L-Type Caicium Channels 753
A

IOOI

80+

60+

401

20+

Open Probability (% control)

0.1 1.0 10.0 100.0
[Ethaverine] (uM)

1.25*

1.00 ¢+

I X
——
——

0.75 1

0.50 +

0.25+

Unitary Current Amplitude (—pA)

0.00 + + +
0.1 1.0 10.0 100.0

[Ethaverine] (uM)

Fig. 4. Dose-response curves of the effect of ethaverine in both interal
and external solutions. A, Effect on channel open probability. In each
experiment, the average control open probability was determined from
at least 25 depolarizations obtained before the addition of the drug, and
the average open probability after drug addition was obtained from at
least 30 depolarizations. Each data point represents the mean and
standard error from three to five such experiments. Experiments wnh
control open probabilities of <0.05 were not included in the

Smooth curve, best fit to the equation P, = 100%/(1 + [ethaveme]/
ECso), which yielded an ECs, of 1.0 + 0.18 um. B, Effect on unitary
current amplitude at the test potential of 0 mV. Except at 100 um
ethaverine, each data point represents the mean and standard error of
the current amplitudes from at least two well resolved openings in three
to five different experiments. The point at 100 um ethaverine was from a
single determination. The unitary current amplitudes measured in the
presence of 3, 10, and 30 um ethaverine were tly different from
control (p < 0.02, Student’s t test). The limited data at 100 um ethaverine
made evaluation of the statistics there unreliable.

sidedness of the effect of ethaverine, the drug was added to
either the intracellular or extracellular side. In seven experi-
ments with extracellular ethaverine and nine experiments with
intracellular ethaverine (0.3, 10, and 30 uM), there were no
significant differences in the effects, compared with the 13
experiments with these concentrations of ethaverine added to
both sides. Thus, ethaverine appears to have sufficient lipid
solubility to gain access to the site, regardless of its location.
Ethaverine displaces [*H]nitrendipine from cardiac
sarcolemma. Because the dihydropyridine agonist (+)-202-
791 was used in all bilayer experiments to increase L-type
channel open time and probability, we suspected that ethaver-
ine was acting to reduce channel open probability by displacing
the dihydropyridine agonist. Thus, we tested for the ability of
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Fig. 5. Dose-response curve of ethaverine inhibition of specific [*H)
nitrendipine binding to cardiac sarcolemma. Each data point represents
the mean and standard error from four individual determinations. The
concentration of [*H]nitrendipine was 0.2 nm. Smooth curve, best fit to
the equation bound = Bo/(1 + [ethaverine]/ECs), yielding a B, of 85
fmol/mg of membrane protein (the amount of the 0.2 nm [*H]nitrendipine
bound in the absence of ethaverine) and an ECg, of 14.6 uM.

ethaverine to displace [*H]nitrendipine from cardiac sarco-
lemma. Fig. 5 shows that ethaverine can compete with [*H]
nitrendipine for its binding site. The data were fit reasonably
well with the curve that describes one-to-one displacement of
the [*H]nitrendipine, with an ECy, of 14 uM when 0.2 nM [°*H]
nitrendipine was used. The ECs was shifted to 45 uM when
the sarcolemma were incubated with 2.0 nM [*H]nitrendipine
(data not shown). These values suggest that the K; for ethav-
erine inhibition of [*H]nitrendipine binding (K,,) is ~8.5 uM,
using the Cheng-Prusoff equation (K, = ECso,,/(1 + [nitren-
dipine]/Ka,,); ref. 19) and a value of 0.3 nM for the K, for [*H]
nitrendipine binding (Ka,,) (15, 17). The K; of 8.5 uM is
somewhat higher than the concentration of ethaverine required
to cause a 50% reduction in open probability (1 uM) (see
Discussion).

Ethaverine displaces [*H]diltiazem and [*H]verapamil
from cardiac sarcolemma. Because ethaverine, like verapa-
mil, is derived from papaverine and because of the known
interactions between the dihydropyridine and arylalkylamine
calcium channel antagonists (20), we attempted to determine
whether the action of ethaverine was due to an interaction at
the verapamil binding site. We reasoned that ethaverine bind-
ing to the verapamil binding site could inhibit dihydropyridine
binding by the allosteric mechanism described (20).

Fig. 6 shows that ethaverine inhibited the binding of both
[*H]diltiazem and [*H]verapamil, with ECs, values of 3.2 and
1.8 uM, respectively. This translates roughly into K; values of
2 uM for [*H]diltiazem and 1 uM for [*H]verapamil, assuming
that the K, values were 81 nM and 42 nM for [*H]diltiazem and
[*H]verapamil, respectively (16, 17). The pseudo-Hill coeffi-
cient for the displacement of [*H]diltiazem was close to 2,
indicating the possibility for multiple or cooperative interac-
tions between ethaverine and diltiazem binding sites.

Discussion

These results indicate that ethaverine at low concentrations
(~1 uM) inhibits L-type calcium channel activity. The effective
concentration range is very close to the mean plasma concen-
tration of 1.2 uM (0.5 ug/ml) reached during a typical dosage

100+

o
o

[+
o

Verapamil Diltiazem

IS
o

Ligand bound (% max)
N
o

0.1 1.0 10.0 100.0
[Ethaverine] (uM)

Fig. 6. Dose-response curve of ethaverine inhibition of the specific
bindltwofSOnu[‘H]dimazern(O)andZSnM[‘H]veramml(O)tocardiac
sarcolemma. Each data point is the average of two individual determi-
nations of ligand . Smooth curves, best fits to the equation bound
= 100%/{1 + ([ethaverine]/ECso)’}. For [*H]diitiazem, the ECs, was 3.2
mm and n was 2.1; for [*H]verapamil, the ECy, was 1.8 mm and n was
1.3.

regimen (3). The inhibition probably results from ethaverine
binding to the arylalkylamine (e.g., verapamil) site (16), because
of the structural similarities between the compounds (2), but
binding of ethaverine to the dihydropyridine binding site(s)
(15) and to the diltiazem binding site (17) has not been ex-
cluded. Ethaverine causes a decrease in channel open probabil-
ity in the presence of dihydropyridine agonist by reducing the
occupancy of the agonist drug and is likely also to inhibit
channel activity in the absence of dihydropyridines by acting
as an arylalkylamine inhibitor (20). In keeping with this, a
single experiment (not shown) showed that micromolar concen-
trations of ethaverine caused a marked reduction in whole-cell
cardiac calcium channel currents in the absence of dihydropyr-
idines.

The effects of ethaverine in our experimental system are
unlikely to result from an inhibition of phosphodiesterase ac-
tivity (2), because, even if a membrane-bound form of the
enzyme were present in the bilayers, there was no cAMP in the
intracellular compartment. However, in therapeutic circum-
stances, the effect of ethaverine on phosphodiesterases may
contribute significantly to the mechanism for vasodilation,
especially when one considers that arylalkylamines are less
potent in blocking calcium channels in smooth muscle, com-
pared with those in cardiac cells (21).

The difference in the dose responsible for an inhibition of
the open probability in the presence of (+)-202-791 (1 uM),
compared with that responsible for the effect on [*H]nitrendi-
pine binding (8.5 uM), is probably due to the higher affinity of
[*H]nitrendipine than dihydropyridine agonists (15). In addi-
tion, a direct inhibitory effect of ethaverine interacting with
the arylalkylamine binding site would be reflected in an in-
creased extent of channel block at lower doses.

The small, dose-dependent effect of ethaverine on the unitary
current amplitudes was probably independent of its effect on
channel gating. The rare channel openings in the presence of
ethaverine at concentrations as high as 30 uM (Fig. 3) were of
approximately normal duration but had a smaller amplitude.
We saw no evidence of the increased noise of the open-channel
current that would be expected if ethaverine was undergoing
rapid binding-unbinding transitions. Instead, it is likely that
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the binding of ethaverine causés a reduction in the current
amplitude by alteration of the permeation or selectivity mech-
anisms of the channel or by induction of very rapid opening-
closing transitions that are unresolved at 200-Hz filtering. This
additional action is possible for the “classical” arylalkylamines
also, because their effects have not been characterized on
single-channel currents.

Ethaverine has received less experimental attention than its
parent compound, papaverine. For comparison, papaverine is a
well known inhibitor of phosphodiesterases (22) that can cause
positive inotropy and chronotropy at low concentrations (23,
24), probably due to the increase in intracellular cAMP. How-
ever, high concentrations (>50-100 uM) can significantly in-
hibit the pacemaker rate in heart or the duration of cardiac
action potentials, perhaps due to an inhibition of calcium
channel activity (23, 24). In comparison, ethaverine acts as an
inhibitor of cardiac calcium channels at concentrations similar
to those that inhibit phosphodiesterase activity (2).
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