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Barnidipine block of L-type Ca®* channel currents in rat
ventricular cardiomyocytes
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2+ current (Ica,) were investigated in

1 The effects of barnidipine and nifedipine on L-type Ca
ventricular cardiomyocytes from rats.

2 Both barnidipine and nifedipine reduced Ic,q, in a concentration and voltage dependent manner;
the ECsy were 80 and 130 nM at a holding potential of —80 mV, respectively, and 18 and 6 nM at
—40 mV, respectively.

3 Both drugs induced a leftward shift of the steady-state inactivation curve of Ic,q).

4 Using a twin pulse protocol, the relationships between the amount of block of Ic,q, by either
drug, seen during the second pulse, and the length of the first pulse were described by
monoexponential functions reflecting onset of block, dependent on drug concentration. The onset
of block by barnidipine was three times faster than that by nifedipine.

5 With both drugs, recovery of Ic,i, was 50 times slower than under control conditions and
described by monoexponential functions reflecting offset of block (independent of drug
concentration). The offset of block with barnidipine was three times slower than that with
nifedipine.

6 The time constants of block and unblock of Ic,q, by both drugs were used to calculate binding
and unbinding and to predict their effects at two frequencies.

7 It is suggested that barnidipine exhibits a higher affinity to the inactivated Ca>* channel state as
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compared to nifedipine.
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Introduction

Ca’" antagonists are widely used clinically in the treatment of
hypertension, angina pectoris and cardiac arrhythmias (see
Roberts & Zanchetti, 1996). Three major classes of structurally
unrelated substances, the phenylalkylamines (typified by
verapamil), the dihydropyridines (typified by nifedipine) and
the benzothiazepines (typified by diltiazem) belong to this
important group of drugs. Their pharmacological and
therapeutic properties are attributable to the block of the
influx of Ca?" through L-type Ca®" channels in vascular
smooth muscle and/or cardiac muscle (Catterall & Striessnig,
1992). Recently, new Ca>" antagonists have been developed,
especially in the class of dihydropyridine compounds which
have considerable higher vascular selectivity and longer
duration of action with respect to the prototype compound,
nifedipine (Nayler, 1988). One of these compounds, barnidi-
pine (see Merck Index, 1996), is highly lipophilic, which may
allow accumulation of the drug in the cell membrane (Satoh,
1991). It has been suggested that lipophilic dihydropyridines
may reach their receptor, the L-type Ca>" channel, via a
membrane pathway with a two-step process: first, the drug
binds and accumulates in the membrane lipid bilayer and then
diffuses within the membrane to its receptor site (Mason et al.,
1989; Herbette et al., 1993). This model implies that the kinetic
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of block and unblock of L-type Ca*>* channels by application
of barnidipine may comprise two processes being substantially
different from those of more hydrophilic dihydropyridine
compounds. In this study, we examined the effects of
barnidipine on L-type Ca’* channel current (Ic,q)) in rat
ventricular cardiomyoctes. In particular, the modulation of the
effects by certain voltage protocols was investigated in the
steady state of drug-tissue distribution in order to get more
insights in the kinetics of Ca?* channel modulation by this
drug. For comparison, the effects of nifedipine were also
studied.

Methods

Preparations

Sprague-Dawley rats (200—300 g) of either sex were anaes-
thetized with ether and bled from the carotid arteries. The
heart was quickly removed and immersed in warmed and
oxygenated solution A (containing in mM): NaCl 137, KCI 5.4,
CaCl, 1.8, MgCl, 1, NaHCO; 12, NaH,PO, 0.42, glucose 5.6;
aerated with 95% O,+5% CO,; pH 7.4. Single ventricular
cardiomyocytes were isolated as described previously (Wege-
ner & Nawrath, 1995). Briefly, the hearts were enzymatically
digested by perfusion with a collagenase-containing buffer
solution via the aorta using the Langendorff set-up. Single
myocytes were obtained from ventricular tissue pieces by
mechanical dispersion.
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Whole-cell recordings

Electrophysiological experiments were performed on rod-
shaped myocytes with clear cross striations using the whole-
cell configuration of the patch-clamp technique (Hamill ez al.,
1981). During the experiments, the myocytes were continu-
ously superfused with solution B (composition in mM): NaCl
137, CsCl 5.4, MgCl, 0.5, CaCl, 1.8, glucose 5, HEPES 10, pH
was adjusted with NaOH to 7.4. The patch pipettes were built
from borosilicate glass (Science Products, Frankfurt, Ger-
many). The resistances of the pipettes ranged from 1 to 1.3 MQ
when filled with pipette solution (composition in mM): CsCl
125, MgCl, 6, CaCl, 0.15, Na,ATP 5, Na,GTP 0.1, EGTA 5,
HEPES 10; pH was adjusted with CsOH to 7.3. Membrane
currents of single myocytes were recorded by an Axopatch
amplifier (200A, Axon Instruments Inc., Foster City CA,
U.S.A.) at seal resistances >5 GQ. The current signals were
filtered at 1 kHz, digitized at 3 kHz using an A/D-D/A-
converter (DigiData 1200 system, Axon Instr. Inc.) and stored
on a 486-microprocessor based computer, running pClamp 6
software (Axon Instr. Inc.) which was additionally used for the
generation of voltage pulses and data analysis. Currents
recorded were not compensated for capacity or leak currents.
During the experiments, the myocytes were voltage-clamped at
a holding potential of —80 mV. To inactivate the fast sodium
current, a 10—20 ms pre-pulse to —40 mV was set before
activating the Ca®" current. L-type calcium currents (Ica,)
were elicited repetitively by 100 ms depolarizing voltage pulses
to 0 mV interrupted by a pulse interval at —80 mV. Steady-
state inactivation of I, , was studied by the application of 3 s
conditioning pulses to various voltages (between —120 and
0 mV) followed by a test pulse to 0 mV. Kinetic analyses were
performed using twin-pulse protocols. Either the duration of a
depolarizing first pulse or the duration of the interval between
the first and the second pulse were varied. The twin-pulse
protocols were applied at train intervals of 10 s (under control
conditions) and 40 s (in the presence of a drug) to allow full
recovery of Ic,q). The experiments were performed at 36 +1°C.

Chemicals

All chemicals used were at least of reagent grade and
purchased from Sigma (St Louis MO, U.S.A.). Barnidipine
was a gift from Yamanouchi Pharmaceutical Co. Ltd. (Tokyo,
Japan).

Evaluation of results

Data are presented as original recordings or expressed as
means+s.e.mean (in per cent of control values). The
magnitude of Icyr) (Icapear) Was measured as the difference
of peak inward and steady-state current at the end of the
voltage pulse. Steady-state inactivation curves of Ic,q, were
described by Boltzmann functions. Concentration-response
curves, Boltzmann relationships, and time-dependent changes
of data were fitted using GraphPad Prism 3.0 (GraphPad
Software Inc., San Diego, CA, U.S.A.). Correlation coeffi-
cients were >0.99. Statistical comparisons of monoexponen-
tial curves were performed by a two-way analysis of variance
(repeated measurements design). Differences were considered
as significant at P<0.05.

Computer simulation of drug binding/unbinding was
performed according to the model calculations described by
Starmer (1986), Starmer et al. (1989) and Chernoff &
Strichartz (1989). A change in the fraction of blocked channels
was described by a sequence of recursion relations during

stimulation and rest intervals where the calculated fraction was
used as initial condition for computing block during the next
interval. Assuming that the time constants for equilibrium
between channel states are small relative to the dwell time in
each state, the blockade at the end of the nth stimulation
interval, A,, and of the nth rest interval, R,, is described by the
following recursion relations (adopted from Starmer et al.,
1989): A, =R, *exp(—t,/Ton) + A(c0) + A(c0)*exp(—t,/ton) and
R, =(E,.;-R(0))*exp(t,/tox) T R(c0) where A(co) and R(o0)
are the equilibrium block at stimulation and rest, respectively,
Ton 1S the observed time constant for the increment in block,
and 7.y the observed time constant for the recovery from
block. The equilibrium block associated with the two intervals
was assumed to be 1 and 0, respectively.

The apparent dissociation constant for the inactivated Ca>"
channel state (K,") was computed in a first approach using the
equation 1/K,~* ™ =h/K,®+(1-h)/K,’ according to Bean
(1984) where h is the proportion of non-inactivated channels
(0.7 at —40 mV), K, ~** ™V is the ECs, at a holding potential of
—40 mV, and the apparent dissociation constant for the
resting state (Kp®) is assumed to be the ECs, at —80 mV
(obtained at voltage pulses of 100 ms at 0.2 Hz). In a second
approach, K’ was computed from the shift of the steady state
inactivation curve with —AV,=k*In[(1 +[D])/K,")/(1+[D]/
Kp®)] according to Bean er al. (1983) where k is the slope factor
determined from the control curve, AV, the shift of the curve
induced by the drug, and [D] the concentration of the drug.
Ky} was approximated as described above. In the last
approach, K,' with K,'=k.g/k., was obtained from the plot
of the inverse time constants observed during development of
block versus concentration of the drug yielding k,, from the
slope and k. from the y-intercept of a straight line by which
the data were fitted (Motulsky, 1999).

Results

Both barnidipine and nifedipine reduced the magnitude of
L-type Ca®" current (I¢,q,) in cardiomyocytes. Using 100 ms
pulses to 0 mV from a holding potential of —80 mV at
0.2 Hz, the effects of nifedipine (100 nM) developed about
three times faster than those of barnidipine (100 nM) in
wash-in experiments (Figure 1A). In contrast to nifedipine
(Méry et al., 1996), the development of the effects of
barnidipine showed no clear-cut dependence on concentra-
tion; the block of Ic,1, developed similarly with time
constants of 161, 240, and 263 s with 10 nM, 100 nM, and
1 uM barnidipine, respectively (not shown). In addition, a
wash-out of the effects of barnidipine was not observed
within 30 min.

The effects of both drugs on the magnitude of Ic,q, were
dependent on the holding potential; the ECs, of barnidipine
and nifedipine were 80 and 130 nM at —80 mV, respectively,
and 6 and 18 nM at —40 mV, respectively (Figure 1B). Both
drugs did not influence the time course of inactivation of I¢,;
using a biexponential fit, the time constants of Ic,q,
inactivation were 7.24+0.1 and 41+5 ms under control
conditions (n=9), 8+0.2 and 42+2 ms in the presence of
barnidipine (100 nM; n=6), and 7.3+0.3 and 43+ 3 ms in the
presence of nifedipine (100 nM; n=06).

The voltage dependence of the effects of barnidipine and
nifedipine was studied by the determination of the steady-state
inactivation curves of Ic,q, Under control conditions, half-
maximal inactivation of Ic,q, was observed at —32+2 mV
(n=15). Both barnidipine and nifedipine (100 nM each)
produced a leftward shift in the steady-state inactivation
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curve; half-maximal inactivation was observed at —55+3 and
—53+4 mV, respectively (n>3 each) demonstrating an
increase in block at less negative potentials (Figure 2). The
block of Ic,q, by barnidipine and nifedipine was not fully
eliminated at negative holding potentials. After conditioning
pulses to —120 for 3's, Ic,q) was still reduced to 57+9%
(n=3) by barnidipine (100 nM) and to 67+3% (n=4) by
nifedipine (100 nM). These results indicate that the block by
barnidipine and nifedipine of I¢,q, comprises two components
in this condition.

In another set of experiments, conditioning pulses to
voltages between —120 and 0 mV were applied for 3s,
followed by a brief (100 ms) pulse to —80 mV, preceding the
actual test pulse to 0 mV. Ic,q, was unaffected by the
conditioning pulse under control conditions (Figure 3). In the
presence of the drugs, Ic,q, decreased dependent on the
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voltage of the conditioning pulse. Half-maximal effects were
observed at —55+3 mV (n=3) in the presence of 100 nM
barnidipine and at —52+4 mV (n=35) in the presence of
100 nM nifedipine. These values were not different from those
obtained by the investigation of Ic,q, steady-state inactivation.

A possible frequency dependence of the effects of
barnidipine on Ic,q, was investigated by the use of 100 ms
depolarizing voltage pulses to 0 mV at 0.1 and 1 Hz. The block
of Ic,r, by barnidipine, but not by nifedipine, was marginally
enhanced at 1 Hz as compared to 0.1 Hz (Figure 4).
Barnidipine (100 nmM) reduced Ic,q, to 53+2% (n=6) at
0.1 Hz and to 41 +3% (n=6) at 1 Hz.

The frequency-dependent component of block indicates a
partial use-dependence of the effects of barnidipine. Twin pulses
were applied to highlight this phenomenon. The duration of the
first pulse was varied between 12 ms and 10 s, whereas the

1001 O ,= nifedipine

O ,® barnidipine

o
<

ICa(peakl
(% of control)

T T T

-9 -8 '7 -6
log [drug] (M)

Figure 1 Effects of barnidipine and nifedipine on I¢,, in rat ventricular cardiomyocytes. (A) Time course of the magnitude of
Ica)- Icaqy was elicited by 100 ms depolarizing voltage pulses at 0.2 Hz as indicated. Barnidipine (100 nm) or nifedipine (100 nm)
were added at the time indicated by the arrow. The time course of effects was fitted by monoexponential functions indicated by the
lines (t=240 s for barnidipine and 88 s for nifedipine). Data points represent means+s.e.mean (n=3 each). (B) Concentration-
dependent effects of barnidipine and nifedipine on the magnitude of Iy The ECsy values were 80 nM for barnidipine and 130 nm
for nifedipine at a holding potential of —80 mV (closed symbols) and 6 and 18 nm at —40 mV, respectively (open symbols). Data

points represent means +s.e.mean (n=6-12).
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Figure 2 Effects of barnidipine and nifedipine on the steady-state inactivation curve of Ic,1). The voltage protocol is shown above;
a brief (10 ms) pulse to —40 mV preceding the test to 0 mV was used to inactivate the fast sodium current. The current measured
during the test pulse is plotted against the conditioning pulse potential and expressed in per cent of the control (A) and as
normalized values (B). Lines represent fits of the data with Boltzmann functions. The half-maximal inactivation was observed at
—32+2 mV (n=15) under control conditions, —55+3 mV (n=3) in the presence of barnidipine (100 nm), and —53+4 mV (n=5)
in the presence of nifedipine (100 nm). Data points represent means +s.e.mean (n=3-Y5).
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duration of the second test pulse was set at 100 ms. The interval
between the two pulses was fixed at 100 ms to allow complete
recovery of Ic,q, under control conditions. In the presence of
barnidipine, the length of the first pulse determined the
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Figure 3 Voltage-dependent effects of barnidipine and nifedipine on
Icaw)- The voltage protocol is shown above; a brief (100 ms) pulse to
—80 mV preceding the test pulse to 0 mV was used to allow full
recovery of Icy). The current measured during the test pulse is
plotted against the conditioning pulse potential and expressed in per
cent of the control. I, was not influenced by the conditioning
pulses of 3 s to various voltages (between —120 and 0 mV) under
control conditions. In the presence of the drugs, the data were fitted
with Boltzmann functions indicated by the lines. The half-maximal
effects were observed at —55+3 mV (n=3) in the presence of
barnidipine (100 nm), and —52+4 mV (n=5) in the presence of
nifedipine (100 nm). Data points represent means+s.e.mean (n=3—
5).
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magnitude of Ic,q, during each second pulse (Figure 5). A plot
of I,/I, against the duration of the first pulse yielded
monoexponential decay curves with time constants of
4540.6s (n=3) at 1 nM, 1.34+0.15s (n=3) at 10 nM, and
0.19+0.03 s (n=5) at 100 nM barnidipine, respectively, reflect-
ing onset of block. Using the steady state values, the ECs, of
barnidipine was estimated to 1 nM in this condition. Without
drug, the curve declined from about 1.35 to 1 (z=3.5+1s;
n=9-12) reflecting a time-dependent loss of twin-pulse induced
facilitation of I¢,q, (Nawrath & Wegener, 1997).

The effects of barnidipine on the recovery of Ic,q, from
inactivation were examined by another twin pulse protocol. The
duration of the first and second voltage pulse was set to 10 and
0.1 s, respectively, whereas the pulse interval was varied between
10 ms and 30 s. The length of the pulse interval determined the
amount of recovery seen during the second pulse (Figure 6).
Under control conditions, the recovery of Ic,q, was virtually
complete within 100 ms. In the presence of barnidipine, the
recovery of Ic,q, was significantly slowed down. The time
constants of recovery amounted to 12+1 ms (2=28) under
control conditions, 1.6 +0.2 s (n=3) at 10 nM, and 1.4+0.1 s
(n=3)at 100 nM barnidipine, respectively. Whereas the onset of
block was concentration-dependent, the offset of block was
independent from the drug concentration.

For comparison, onset and offset of block were also studied
with nifedipine (Figure 7). The time constants of onset of block
were 5+1.3 s (n=3) at 10 nM, 2+0.1 s (n=3) at 30 nM, and
0.84+0.03 s (n=7) at 100 nM nifedipine, respectively. Using the
steady state values, the ECs, of nifedipine was estimated to
10 nM in these conditions. Recovery of Ic,1, was slowed down
by nifedipine; the time constants of recovery amounted to
0.454+0.03s (n=3) at 30 nM and to 0.5+0.06 s (n=7) at
100 nM nifedipine, respectively.
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Figure 4 Frequency-dependent effects of barnidipine and nifedipine on I¢,). (A, C) Original recordings of Ic,, under control
conditions and in the presence of barnidipine (100 nM; A) or nifedipine (100 nM; C). Icaq) was elicited by 100 ms depolarizing
voltage pulses to 0 mV at 1 Hz. Current traces obtained at first (n;) and at the 20th voltage pulse (nyg) are superimposed under
control conditions and in the presence of the drug. (B, D) Fraction of I¢, ) at stimulation frequencies of 0.1 and 1 Hz using 100 ms
depolarizing voltage pulses to 0 mV in the presence of barnidipine (100 nM; B) or nifedipine (100 nMm; D). In the presence of
barnidipine, the block of Ic,) was marginally pronounced at the higher frequency of stimulation. In the presence of nifedipine, no
frequency-dependent effects on the amount of block were observed. Data points represent means+s.e.mean. (n=3-06).

British Journal of Pharmacology, vol 130 (8)



JW. Wegener et al

Barnidipine block of Ica 2019

0.01-10s 100ms

>
E (mV)
b
o o

100ms
control

Iy

s

1(nA)

E
= Ll
3 barnidipine (100 nM)
"1ooms 0 100 200 300
time (ms)

QO control

L/

Y 1inM

A 10nM

¢ 100 nM

r T T T T T T T T

y 1
10 11

0 1 2 3 4 5 6 7 8 9
duration of 1. pulse (s}

Figure 5 Development of block of Icyq) by barnidipine. (A)
Original recordings of I¢,) in response to the twin pulse protocol
shown above. The duration of the first pulse was varied from 12 ms
to 10 s followed by a 100 ms second pulse. Pulse interval was set to
100 ms. Current traces are shown under control conditions and in the
presence of barnidipine (100 nm). The current traces obtained during
the first pulse are superimposed, whereas the current traces obtained
during the second pulse are depicted at the times corresponding to
the duration of the first pulse. The duration of the first pulse
determined the block of Ic,q, by barnidipine during the second
pulse. (B) Fractions of current (I,/I;) as function of the first pulse
duration at different concentrations of barnidipine and under control
conditions. The values were fitted by monoexponential functions with
time constants of 4.5+0.6 s (n=3) at 1 nm, 1.3+0.15s (n=3) at
10 nM, and 0.1940.03 s (n=5) at 100 nM barnidipine, respectively.
Under control conditions, the fit approached one with a time
constant of 3.5+1 s (n=9-12). Symbols represent means+s.e.mean
(n=3-12).

The development of block by barnidipine and nifedipine
was assumed to represent the association of the drugs with
their receptor sites on the Ca’>* channel, obeying a single
binding site kinetics. From the plot 1/7peerveq versus concentra-
tion (Figure 8), the apparent rate constants for the association
and dissociation of the drugs were obtained. The resulting
apparent dissociation constant at 0 mV was 4 nM for
barnidipine and 11 nM for nifedipine.

According to Starmer ez al. (1989), apparent cumulative
association-dissociation curves for barnidipine (100 nMm) and
nifedipine (100 nM) were computed for 100 ms depolarizing
voltage pulses to 0 mV at 1 Hz, taking into account the
experimentally determined time constants (Figure 9A). During
each interval at 0 mV, a fraction of the unblocked channels
becomes blocked. During each interval at —80 mV, blocked
channels continuously recover from block. The theoretical
curves predict fairly well the amount of block of I, observed
experimentally.
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Figure 6 Effects of barnidipine on the recovery of Ic,y, from
inactivation. (A) Original recordings of Ica) in response to the twin
pulse protocol shown above. The duration of the first pulse was set to
10 s followed by a 100 ms second pulse. The pulse interval was varied
between 12 ms and 30s. Current traces are shown under control
conditions and in the presence of barnidipine (100 nm). The current
traces obtained during the first pulse are superimposed, whereas the
current traces obtained during the second pulse are depicted at the
times corresponding to the duration of the pulse interval. Barnidipine
delayed the recovery from inactivation as compared to the control
recording. (B) Fractions of current (I,/I;) as function of the interval
duration at different concentrations of barnidipine and under control
conditions. The values were fitted by monoexponential functions with
time constants of 1.6+0.2 s (n=3) at 10 nM, and 1.44+0.1 s (n=3) at
100 nM barnidipine, respectively. Under control conditions, the fit
revealed a time constant of 12+1 ms (n=8). Symbols represent
means +s.e.mean (n=3-12).

In the reverse pulse protocol (900 ms depolarization and
100 ms repolarization, 1 Hz), the calculation of the cumulative
association-dissociation curves for barnidipine and nifedipine
revealed a frequency-dependence of the block Ic,q, at 10 nM
(Figure 9B). This concentration was almost ineffective when
100 ms depolarizing voltage pulses to 0 mV at 0.2 Hz were
used (see Figure 1).

Discussion

The present study has shown that barnidipine, a dihydropyr-
idine derivative, was nearly equipotent in depressing L-type
Ca’* currents (Icyqy), elicited by a standard pulse protocol
(100 ms voltage clamp pulses from —80 to 0 mV at 0.2 Hz) as
compared to its congener nifedipine. The ECs, values of
barnidipine and nifedipine were reduced 13 fold and 7 fold,
respectively, when the membrane potential was changed from
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Figure 7 Development of and recovery from block in the presence of nifedipine. (A) Development of block of I,y by nifedipine
in response to the twin pulse protocol as shown above. Fractions of current (I5/1;) are shown as function of the duration of the first
pulse at different concentrations of nifedipine and under control conditions. The values were fitted by monoexponential functions
with time constants of 5+1.3 s (n=3) at 10 nMm, 2+0.1 s (n=3) at 30 nM, and 0.8+0.03 s (n="7) at 100 n™M nifedipine, respectively.
Under control conditions, the fit approached one with a time constant of 3.5+1 s (n=9-12). Symbols represent means +s.c.mean
(n=3-12). (B) Effects of nifedipine on the recovery of Ic,) from inactivation in response to the twin pulse protocol as shown
above. Fractions of current (I,/I;) are shown as function of the interval duration at different concentrations of nifedipine and under
control conditions. The values were fitted by monoexponential functions with time constant of 0.45+0.03 s (n=3) at 30 nm and of
0.5+0.06 s (n=7) at 100 n™ nifedipine, respectively. Under control conditions, the fit revealed a time constant of 12+ 1 ms (n=38).

Symbols represent means+s.e.mean (n=23-38).
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Figure 8 Calculation of the apparent dissociation constants for
barnidipine and nifedipine assuming a single binding site model. The
observed time constants (Topservea) fOr the development of block by
barnidipine (see Figure 5) and nifedipine (see Figure 7A) were plotted
as 1/Topserved Against the concentration. According to Motulsky
(1999), values of k., were obtained from the slope and values of k.g
from the y-intercept of the straight lines which fitted fairly well the
data. For barnidipine, k., was 5%10" M~ "*s7 ! and kog was 0.22 s,
For nifedipine, k,, was 1%107 M~ "*s~ ! and k.z was 0.12 s~ '. The
corresponding apparent dissociation constants were 4 nMm for
barnidipine and 11 nM for nifedipine.

—80 to —40 mV, the effects of barnidipine being slightly more
pronounced in this condition than those of nifedipine. The
voltage-dependence of the effects of barnidipine and nifedipine
was also evident from a leftward shift of the steady state
inactivation curve of Ic,q, by about 20 mV. Similar effects
have been described for several dihydropyridines (DHP),
including nisoldipine (Sanguinetti & Kass, 1984), nifedipine
(Uehara & Hume, 1985), and lacidipine (Cerbai et al., 1997).

The effects of barnidipine on Ic,q, developed slower as
compared to nifedipine in wash-in experiments and were not
reversible within the time course of the experiments (about
30 min). These findings suggest that barnidipine exhibits a
stronger interaction with the lipophilic cell membrane as
compared to nifedipine. Indeed, barnidipine showed a larger
octanol/water partition coefficient than nifedipine (2000 for
barnidipine and 2.6 for nifedipine; Satoh, 1991). It may be well

that the observed development of block by barnidipine in
wash-in experiments include the interaction of the drug with
both the cell membrane and its receptor site and is, therefore,
not useful to determine Kinetic parameters of drug-receptor
interaction.

In our study, we studied the differences in potency of
barnidipine and nifedipine by investigating their interaction
with the Ca>* channel by the application of twin voltage pulses
varied in length and interval, in the steady state of drug-tissue
distribution. In contrast to wash-in/wash-out experiments, the
effects of the drugs are therefore not hampered by diffusion or
accumulation of the drugs in the cell membrane and are
supposed to reflect exclusively the interaction of the drugs with
their binding sites at different voltages.

Voltage-dependent effects of Ca®>" antagonists are com-
monly interpreted according to the modulated or guarded
receptor theory (Hondeghem & Katzung, 1984; Starmer et al.,
1989). In these models, the drugs appear to interact with
certain conformations of the Ca’?" channel which are, in a
simplified model, the resting (R), open (O) and inactivated (I)
state (McDonald et al., 1994). The presence of these states is
dependent on the membrane voltage: at negative membrane
voltages (e.g. —80 mV), the resting state predominates,
whereas more positive voltages (e.g. —40 mV) favour the
inactivated state. Therefore, the availability of the inactivated
state is believed to vary from virtually 100% (at 0 mV) to 0%
(at —80 mV). Based on these considerations, it is assumed that
the described time constants of development of block in the
presence of the drug represent the net binding of the drug to
the inactivated channel state (at 0 mV), whereas the time
constants for recovery from block may represent the net
unbinding from either the inactivated or the resting state (at
—80 mV). Since the time constants of development of block
were dependent on concentration and the time constants of
recovery from block were not, a single binding site model was
applied according to the law of mass action (Taylor & Insel,
1990). Using the time constants of net binding, differences in
the potency of barnidipine and nifedipine were expressed in
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Figure 9 Measured and calculated block of I, in the presence of barnidipine or nifedipine. The fractions of blocked channels (1-
Lirug/Icontror) are plotted against the number of episodes. The dashed lines represent the calculated fractions of blocked channels in
the presence of either barnidipine or nifedipine, incorporating the experimentally determined time constants of onset and offset of
block at 0 and —80 mV, respectively. (A) Icau, was elicited at 1 Hz using 100 ms depolarizing voltage pulses in the presence of
either barnidipine (100 nm) or nifedipine (100 nm). The measured data (filled symbols; means+s.e.mean; see Figure 5) matched
fairly well the predicted amount of blocked channels. Solid lines represent a fit of the data by a monoexponential function
(t=1.440.3 s; n=23) in the presence of barnidipine and by a linear function (y =0.0026* x +0.34) in the presence of nifedipine. (B)
Icay was elicited at 1 Hz using 900 ms depolarizing voltage pulses in the presence of either barnidipine (10 nm) or nifedipine
(10 nM). The measured data (filled symbols; means+s.e.mean; n=3-5) matched fairly well the predicted amount of blocked
channels. Solid lines represent a fit of the data by a monoexponential function (t=2.84+0.07 s (n=3) in the presence of barnidipine

and 1=5.4+40.6 s (n=5) in the presence of nifedipine).
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Figure 10 Simplified model of Ca®" channel state transitions under
control conditions and in the presence of Ca®" channel antagonists.
Under control conditions, voltage-dependent Ca>" channels exist in
three main states during an excitation cycle: the resting (R), open (O),
and inactivated (I) state. Ca>* channel antagonists may bind to each
channel state resulting in drug-bound channel states: the resting (R*),
open (O*), and inactivated (I*) channel state. As pointed out in the
Discussion, barnidipine and nifedipine are assumed to bind to high
affinity binding sites of I leading to I* and to low affinity binding
sites of R leading to R*. For comparison, the scheme shows also the
proposed interaction of verapamil (Nawrath & Wegener, 1997), and
fendiline (Nawrath et al., 1998) with 1 and O, respectively. The
apparent dissociation constants for the interaction of the drugs with
R, I, and O are indicated as KpR, Kp', and K,°, respectively. The
Kp' were computed from the observed time constants for the
development of block (this study, Nawrath & Wegener, 1997). The
Kp° was calculated from time constants describing fractional Ba®"
current changes, according to Nawrath er al. (1998), at different
concentrations of fendiline (unpublished data). The Kp® were
approximated from the concentration—response curves at a holding
potential of —80 mV according to Bean (1984).

terms of the apparent dissociation constant for the inactivated
Ca®>" channel state (K,’). The calculation according to
Motulsky (1999) revealed a 3 fold lower value for barnidipine

than for nifedipine: the apparent K,’ was computed to 4 nM
for barnidipine and to 11 nM for nifedipine. Similar values for
both drugs were obtained using the approaches according to
Bean et al. (1983) (2 and 6 nM, respectively) and Bean (1984) (4
and 8 nM, respectively) or using the ECs, of the drugs after
long depolarizing voltage pulses (1 and 10 nM, respectively).
The difference in the apparent K, of barnidipine and
nifedipine, presumably reflecting the affinity to the inactivated
Ca>" channel state, is likely to account for the observed
differences in frequency and voltage dependence of the effects
of both drugs. An estimation of the apparent dissociation
constant for the resting Ca?" channel state (Kp*) of
barnidipine and nifedipine was performed using their
computed apparent K, of 4 and 11 nM, respectively. Using
the shift in the steady state inactivation curve according to
Bean et al. (1983), the values were 74 and 221 nM, respectively,
which approximate roughly their ECs, observed at —80 mV
using the standard voltage protocol.

The apparent time constants, at a given drug concentration,
of net binding/unbinding were much faster than those
described in wash-in/wash-out experiments (see Méry et al.,
1996). This may be related to diffusion, unspecific binding
sites, and lipophilicity of the drugs. The onset of the effects of
the dihydropyridine derivative BayK8644, seen with rapid
application techniques, was still 10 fold slower than in flash-
induced competition experiments (Bechem & Hoffmann,
1993). It is thus thought that the measurement of time
constants in the steady state of drug distribution is a more
accurate measure of drug-receptor interactions than of those in
wash-in and wash-out experiments.

Our results confirm and extend the view that membrane
voltage, and/or Ca®" channel state, are major determinants for
the effects of several calcium antagonists as pointed out in the
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scheme of Figure 10. DHP are believed to interact with the
resting and inactivated state, respectively (Bean, 1984;
Sanguinetti & Kass, 1984; Méry et al., 1996; this study), the
resting state representing a low and the inactivated state a high
affinity receptor site which explains that part of the cardiac
effects of dihydropyridines was not removed by hyperpolariz-
ing voltage pulses at the concentrations used (100 nM). An
interaction of DHP with the open state is unlikely since the
time course of Ic,q, inactivation did not change in the presence
of nifedipine or barnidipine (Méry et al., 1996; this study)
although it has been suggested for isradipine at high
concentrations (Lacinova & Hofmann, 1998). For comparison,
the effects of verapamil have been ascribed to the interaction
with inactivated state since they were almost solely voltage-
dependent (Nawrath & Wegener, 1997). In addition, fendiline,
another Ca?* antagonist belonging to the group of phenylalk-
ylamines, has been shown to interact mainly with the open
state, its effects being more pronounced when the availability
of open channels is increased (Nawrath et al., 1998)

It has been shown that the effects of DHP are more
pronounced in vascular than cardiac tissue (Sun & Triggle,
1995). This difference may be due to a lower membrane
potential in vascular (—50 mV) as compared to cardiac
myocytes (—90 mV) leading to different amounts of inacti-
vated Ca®" channels, these channel states being the main target
of DHP (Morel & Godfraind, 1987; Wibo, 1989; Herzig et al.,
1992; Sun & Triggle, 1995). Interestingly, the difference in
DHP potency may be additionally explained by the presence of
different receptor subtypes in vascular and cardiac tissue
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