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1 The Ca2+-antagonistic properties of lacidipine were investigated in patch-clamp guinea-pig
ventricular myocytes.

2 In basal conditions, 0.1 mM lacidipine reduced the action potential duration, associated with a
decrease in the L-type calcium current (ICa,L) to 66+4% of the control value, without a change in the
current-voltage relationship. Sodium current and background potassium currents were not a�ected. All
the e�ects reached a steady state within 2 min.

3 The Ca2+-antagonistic e�ect of lacidipine was voltage-dependent: a marked negative shift (about
20 mV) of the steady-state inactivation curve was observed with long (10 s) conditioning prepulses, but
not with short (350 ms) prepulses.

4 The onset of and recovery from the voltage-dependent e�ect caused by 0.1 mM lacidipine were
signi®cantly slower when compared to those of equiactive concentrations of nimodipine (0.5 mM) and
nisoldipine (0.1 mM). ICa,L measured after prepulses at 740 mV lasting 500 ms or less was unchanged
(95+5% of maximum current value) while it was reduced to 49+10% by nimodipine and 43+9% by
nisoldipine (P50.05 vs lacidipine for both).

5 Similarly, the recovery from block in the presence of lacidipine was slower than with nimodipine and
nisoldipine. After a prepulse of 1 s at 780 mV, ICa,L recovered up to 54+2% of the maximum current
value in the presence of lacidipine, and up to 91+3% and 93+5% in the presence of nimodipine and
nisoldipine, respectively (P50.05 vs lacidipine).

6 Blockade of ICa,L by lacidipine was use-dependent. After ten 200 ms long pulses (1 Hz) from
780 mV, ICa,L was reduced to 55+7% of the current measured at the ®rst pulse. In the presence of
nimodipine and nisoldipine, ICa,L elicited by the tenth pulse amounted to 93+3% and 80+6% of the
®rst pulse value, respectively (P50.05 vs lacidipine). Lacidipine did not cause use-dependent blockade of
ICa,L in cells stimulated with 10 ms long pulses.

7 These results demonstrate that lacidipine selectively inhibits ICa,L in isolated cardiomyocytes and
suggest that this e�ect occurs mainly through binding to the inactivated Ca2+ channels.

Keywords: Lacidipine; L-type calcium current; sodium current; ventricular myocytes; nimodipine; nisoldipine; patch-clamp

Introduction

Dihydropyridine calcium channel blockers have been widely
used in the treatment of arterial hypertension (Weber &
Graettinger, 1994). Their pharmacological and therapeutic
properties are attributable to the block of the in¯ux of calcium
ions through L-type calcium channels in the membrane of
vascular smooth muscle cells (Catterall & Striessnig, 1992).
Recently, many new calcium antagonists have been developed,
especially in the class of dihydropyridine compounds, which
have considerably higher vascular selectivity and longer
duration of action with respect to the prototype compound,
nifedipine (Nayler, 1988). Lacidipine is a `second-generation'
dihydropyridine (DHP) derivative showing long-lasting anti-
hypertensive action (Micheli et al., 1990; 1991). Recent data
suggest that this property can be largely explained by the
marked liposolubility of the compound which may allow ac-
cumulation of the drug in cell membranes: in fact, the mem-
brane partition coe�cient of lacidipine is signi®cantly higher
than that of other second-generation DHP derivatives, such as
amlodipine, isradipine and nimodipine (Herbette et al., 1994).
It has been suggested that lacidipine may reach its receptor, the
L-type calcium channel, via a `membrane bilayer pathway'
(Herbette et al., 1993) with a two-step process: ®rst, it binds
and accumulates in the membrane lipid bilayer and then dif-
fuses within the membrane to the calcium channel receptor.
However, these ®ndings also imply that the kinetics of block
and unblock and therefore, the modulation of cardiac and

smooth muscle calcium channels by lacidipine, may be sub-
stantially di�erent from those of other dihydropyridine com-
pounds.

The electrophysiological properties of lacidipine have been
studied only in multicellular cardiac preparations (Cerbai et
al., 1990). Lacidipine decreased the plateau of the action po-
tential recorded in sheep Purkinje ®bres and blocked hista-
mine-induced slow action potentials in potassium-depolarized
guinea-pig papillary muscles. These e�ects, which can be
considered a reliable index of calcium antagonistic activity,
remained unchanged 2 h after drug wash-out, in agreement
with the persistent anti-hypertensive action of lacidipine.
However, detailed studies of the inhibitory action of lacidipine
on L-type calcium current have not yet been performed.

The purpose of the present study was to examine the elec-
trophysiological e�ect of lacidipine on cardiac L-type calcium
current (ICa,L), in order to get more information about the
mechanism of long-lasting e�ects of the drug. In fact, ICa,L
measurement in patch-clamped cardiomyocytes can be a sui-
table model for studying the interaction of calcium-channel
blockers with their receptors, as demonstrated by previous
analogue studies carried out with several DHP (Kamp et al.,
1989; Kass & Arena, 1989; Kass et al., 1991) and non-DHP
compounds (Yasui & Palade, 1995). The action of lacidipine
has been compared to that of equiactive concentrations of
nimodipine and nisoldipine, two `second-generation' dihy-
dropyridine derivatives whose calcium antagonistic properties
have been investigated previously (Sanguinetti & Kass, 1984;
Schwartz et al., 1984; Kass & Arena, 1988), and like lacidipine,
are uncharged at neutral pH.
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Methods

Experimental preparation

The investigation conforms to the rules for the care and use of
laboratory animals of the European Community (86/609/
CEE).

Isolated ventricular myocytes were obtained by a protocol
based on previously described procedures (Cerbai et al., 1991).
Guinea-pigs (200 ± 300 g) were anaesthetized with ether and
killed by a blow on the neck. The heart was rapidly excised,
mounted in a Langendor� apparatus and perfused for 5 min
with a low-calcium solution (LCS) of the following composi-
tion (mM): NaCl 120, KCl 10, KH2PO4 1.2, MgCl2 1.2, glucose
10, taurine 20, pyruvate 5, pH 7.2 with HEPES/NaOH. The
LCS was thermostated at 378C and equilibrated with 100% O2.
The solution was then quickly changed to LCS plus 30 mg l71

pronase E (Serva) and 1 g l71 albumin; when the heart became
soft, the ventricles were sliced and slowly stirred in enzymatic
solution for about 1 h. Cardiomyocytes that appeared in the
supernatant were puri®ed by gravity sedimentation, collected
and stored in LCS at room temperature. Cells were kept in
LCS supplemented with 1 mM CaCl2, penicillin (50 iu ml71)
and streptomycin (50 mg ml71) (Gibco), and used within 10 h
of their isolation.

The experimental set-up was similar to that described by
Cerbai et al. (1995). A drop of cells was placed in the experi-
mental chamber (0.2 ml) mounted on the plate of an inverted
microscope (TMS, Nikon), connected to a monitor (Hitachi
VM 122) via a camera (Hitachi HM30).

The whole-cell con®guration of the patch-clamp technique
was used to record action potential and membrane currents.
Patch pipettes (Corning Capillaries 7052, Garner Glass),
having a resistance of 1 ± 2 MO, were pulled by a two-step
puller (Hans Otchozki, Homburg), ®re polished and ®lled with
a solution of the following composition (mM): KCl 140,
MgCl2 1, Na2-ATP 3, ethyleneglycol-bis-[b-aminoethylether]-
N,N,N',N'-tetraacetic acid (EGTA) 5 and HEPES 10; pH 7.2
with KOH. The electrical signal was recorded by a patch
ampli®er (Axopatch 1A, Axon Instrument Inc.), digitized
(Labmaster TL-1 DMA, Scienti®c Solutions) and displayed on
the monitor of a 386 personal computer. The cut-o� frequency
was 20 kHz. Current and voltage protocol generation, data
acquisition and analysis were performed by use of the pClamp
software (Vers 5.5.1, Axon Instrument Inc.). MicroCal Origin
(MicroCal Software Inc.) was used for further analysis.

Recording was started after a 5 min dialysis of the cell.
Action potentials were elicited at a rate of 0.2 Hz and sampled
at 1 kHz. L-type calcium current (ICa,L) was elicited by 200 ms
depolarizing steps to 0 mV from a holding potential of
780 mV, preceded by a brief (10 ms) step to 740 mV to in-
activate sodium current. Steps were applied at low frequency
(maximum rate: 0.2 Hz) and sampled at 5 kHz. ICa,L amplitude
was measured as di�erence between steady-state current,
measured at the end of the depolarizing step at 0 mV, and peak
inward current. The voltage of half-maximal inactivation (VH)
and the slope factor (k) describing the steepness of the in-
activation curve were obtained by using a computer-calculated
Boltzmann ®t according to the equation:

I � 1=f1� exp��VH ÿVm�=k�g

where I is the fraction of available current and Vm the mem-
brane potential.

Measurements of sodium current (INa) were performed at
room temperature with small ventricular cells and low re-
sistance pipettes (1 MO). Zero-current membrane potential
was chosen as the holding potential (780 to770 mV); INa was
then elicited by 35 ms pulses in the range760 to +50 mV and
sampled at 50 kHz. In these experiments, series resistance was
compensated by 80% and membrane capacitance was cor-
rected to minimize the amplitude of the capacitative transient.

Solutions and drugs

Cells were superfused at a rate of 2 ml min71 with a three-¯ow
line system controlled by electronic valves to allow rapid
change from control to experimental solutions. Control solu-
tion was a modi®ed Tyrode solution containing (mM): NaCl
137, KCl 5.4, CaCl2 1.8, MgCl2 1.2, glucose 10 and HEPES 5,
pH adjusted to 7.35 with NaOH, at a temperature of 358C. The
experiments designed to determine the e�ect of lacidipine on
INa were performed at room temperature (20 ± 228C).

A stock solution of 1 mM lacidipine in ethanol (10%) was
diluted in Tyrode solution to obtain the ®nal concentration
(0.1 mM) just before each experiment. In our experimental
conditions, this concentration was able to reach its maximum
e�ect within 2 min and to reduce `basal' ICa,L to 66+4% (n=7)
of the control value. Nimodipine and nisoldipine were also
dissolved in ethanol and then in Tyrode solution, to achieve
®nal concentrations of 0.5 and 0.1 mM, respectively. In pre-
liminary experiments, 0.5 mM nimodipine and 0.1 mM nisoldi-
pine decreased ICa,L amplitude to 67+4% (n=6) and 62+6%
(n=6), respectively, of the initial value in 2 min, thus produ-
cing a quantitatively similar block as that resulting in cells
superfused with 0.1 mM lacidipine. Higher concentrations of
lacidipine were used in preliminary experiments. At 1 mM la-
cidipine, ICa,L blockade was almost complete and the analysis
of use- and voltage-dependent e�ect of the drug was therefore
impossible. All the experiments designed to test the voltage-
dependence and the use-dependence of the calcium-antag-
onistic activity of drugs were performed after their e�ect on
ICa,L had reached a steady-state (that is, after 3 min super-
fusion). At the concentration used, ethanol had no direct
electrophysiological e�ect on action potential and membrane
currents in the absence of calcium antagonists.

Analysis of data

Data are expressed as mean+s.e.mean. Results were compared
by using one-way analysis of variance or Student's t test for
grouped data, as appropriate; P50.05 was considered sig-
ni®cant.

Results

Basal electrophysiological e�ects of lacidipine

Figure 1 shows the typical e�ect of 0.1 mM lacidipine on the
action potential recorded in a guinea-pig ventricular myocyte.
As previously observed in polarized multicellular preparations
(Cerbai et al., 1990), the only evident e�ect of the drug was a
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Figure 1 Superimposed action potentials recorded in a guinea-pig
ventricular myocyte in control and after 2 min superfusion with
0.1 mM lacidipine.
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marked reduction in action potential duration, while ampli-
tude and resting potential remained unchanged. This result can
be explained by the selectivity of the drug toward ICa,L, as
demonstrated by the following experiments. Figure 2a illus-
trates current traces recorded in the same myocyte during a
depolarizing step to 0 mV, in control and after 2 min of su-
perfusion with lacidipine. In the presence of the drug, the peak
ICa,L was reduced by about 40% while late currents (Ilate) re-
corded at the end of the step were practically unchanged. The
lack of e�ect of lacidipine on Ilate is better demonstrated in
Figure 2b, where current traces recorded at 7110, 790 and
+40 mV in the absence and presence of drug are super-
imposed. Current-voltage (I-V) relationships for both ICa,L and
Ilate are plotted in Figure 2c: the latter is practically super-
imposable on the control and in the presence of lacidipine over
a large range of test potentials (7100 to +40 mV). In the
control, ICa,L had a threshold of around720 mV and reached
its maximum at 0 mV; lacidipine (0.1 mM) caused a decrease in
ICa,L at all test potentials, without modifying the shape of the I-
V curve (Figure 2c). Similar results were obtained in 3 cells. On
the other hand, INa recorded in small ventricular myocytes, was
not modi®ed by the drug, as shown in Figure 3. Both the peak
current recorded at 75 mV (Figure 3a) and I-V relationship
were similar in the absence and presence of 0.1 mM lacidipine
(n=3).

Voltage-dependent e�ect of lacidipine

To test the voltage-dependence of the e�ect of lacidipine,
steady-state inactivation curves of ICa,L were obtained before
and after application of 0.1 mM lacidipine by use of a two-pulse
protocol. Conditioning prepulses of either 350 ms or 10 s to
various potentials (from 780 to 0 mV) were applied, and the
peak ICa,L was measured during the subsequent test pulse to
0 mV; the holding potential was kept at 780 mV. Typical
normalized curves obtained in the absence and presence of
0.1 mM lacidipine are shown in Figure 4. With the short pre-

pulses (Figure 4a), the relationships between voltage and
availability of ICa,L (inactivation curves) were identical in the
absence and presence of the drug. Fitting of data points with a
Boltzmann function gave a VH of 727.8+2.4 mV in control
and 729.7+3.1 mV in the presence of lacidipine (n=4, not
signi®cant).

When the duration of prepulses was increased to 10 s
(Figure 4b), the control curve shifted to more negative po-
tentials (VH = 731.9+0.8 mV, n=3) compared with those
seen with 350 ms prepulses, possibly as a consequence of slow
inactivation of calcium channels (Datyner & Cohen, 1993;
Yasui & Palade, 1995). However, the di�erence between the
control curves (obtained after a conditioning pulse of either
350 ms or 10 s) was not statistically signi®cant. Lacipidine
produced a further marked hyperpolarizing shift in the steady-
state inactivation curve (VH=757.8+3.7 mV, n=3), which
was statistically signi®cant (P50.05) compared to the control
value and to that obtained, in the presence of lacidipine, with a
350 ms conditioning pulse. In the presence of lacidipine, cal-
cium channel inactivation occurred at more negative poten-
tials, as a consequence of ICa,L blockade by the drug during
depolarizing prepulses; these results also suggest that the
binding rate of lacidipine to the inactivated channels requires
more than 350 ms to develop.

Onset of and recovery from the voltage-dependent e�ect

To obtain further insight into the time-course of the voltage-
dependent e�ect of lacidipine, conditioning prepulses of in-
creasing duration were applied to di�erent potentials
(780 mV or 740 mV), at which the voltage-dependent
block of lacidipine was absent or almost maximal, respec-
tively (see Figure 4b). The e�ect of lacidipine was compared
to that of nimodipine and nisoldipine used at 0.5 and
0.1 mM, respectively; they gave a degree of ICa,L reduction
similar to that of 0.1 mM lacidipine in basal conditions (see
Methods).
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Figure 2 E�ect of 0.1 mM lacidipine on calcium current (ICa,L, *,*) and late current (Ilate, &,&) recorded in the same myocyte as
in Figure 1. (a) Current traces obtained in the absence (open symbols) and presence (solid symbols) of lacidipine during a voltage
clamp step to 0 mV from a holding potential of 780 mV; a prepulse to 740 mV was used to inactivate sodium current (not
shown). (b) Current traces obtained in the absence (open symbols) and presence (solid symbols) of lacidipine during a voltage clamp
step to 7100, 790, and +40 mV. (c) Current voltage relationships of ICa,L and Ilate before and after the application of lacidipine.
Pulses of 200 ms were applied from 780 mV to di�erent potentials ranging from 740 to +40 mV for ICa,L and from 7100 to
+40 mV for Ilate according to the voltage protocol. In (c) (*) ICa,L, control; (*) ICa,L, lacidipine; (&) Ilate, control (&) Ilate,
lacidipine.

Cellular electrophysiology of lacidipine 669E. Cerbai et al



From a holding potential of 780 mV, prepulses to
740 mV lasting 50 ms to 30 s were applied followed by a test
pulse of 0 mV. In Figure 5a, the ICa,L amplitude, measured
during the test pulse and normalized compared to the value
(Imax) obtained after the shortest (50 ms) prepulse, is plotted as
a function of prepulse duration. In controls, the amplitude of
ICa,L was slightly reduced after a 30 s prepulse to 740 mV. In
the presence of 0.1 mM lacidipine, ICa,L measured after pre-
pulses of 500 ms or less was also scarcely reduced (95+5% of
Imax, n=4). However, after 15 s at 740 mV, most of the
available current was blocked by the drug (22+9% of Imax).
With the same experimental procedure, nimodipine (0.5 mM)
and nisoldipine (0.1 mM) showed a similar voltage-dependent
blockade of ICa,L (Figure 5a). However, the onset of their e�ect
was signi®cantly faster than that of lacidipine: the amplitude of
the current was reduced to 49+10% of control value by ni-
modipine (n=3) and 43+9% by nisoldipine (n=3), after a
500-ms prepulse to 740 mV, a ®gure which was signi®cantly
di�erent (P50.05) from that observed with lacidipine.

Recovery from block was evaluated in cells constantly kept
at740 mV, by applying conditioning prepulses to780 mV of
increasing duration (50 ms to 15 s) followed by a test pulse to
0 mV to ascertain the relative amount of current present
(Figure 5b). Again, ICa,L amplitude was normalized to Imax and
plotted as a function of prepulse duration. In controls, in-
creasing prepulse duration did not modify the ICa,L amplitude
substantially. In the presence of 0.1 mM lacidipine, setting the
holding potential at740 mV provoked, as expected, a marked
reduction in ICa,L. The block was progressively removed by

increasing the duration of the prepulse, and ICa,L returned to
the maximum current amplitude (99+2% of Imax, n=4) when
the membrane potential was maintained at 780 mV for 15 s
(Figure 5b). As for the onset, the recovery from block in the
presence of nimodipine and nisoldipine showed a faster time-
course. Block was in fact completely absent after 3.5 s
(103+2% for nimodipine and 100+2% for nisoldipine, n=3).
It is worth noting that, with a conditioning prepulse of 1 s,
only 54+2% of ICa,L recovered in the presence of lacidipine,
vs. 91+3% and 93+5% in the presence of nimodipine and
nisoldipine, respectively (P50.05).

Use-dependent block

The use-dependence of the e�ect of 0.1 mM lacidipine was
studied by evaluating changes in ICa,L amplitude during re-
petitive stimulation, i.e., throughout a series of ten steps to
0 mV at 1 Hz, from a holding potential of 780 (Figure 6) or
740 mV (Figure 7). The duration of voltage-clamp pulses was
200 ms or 10 ms, thus allowing (200 ms) or not allowing
(10 ms) the current to inactivate completely after reaching the
peak. The relative amplitude of ICa,L was then plotted as a
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Figure 3 Typical experiment showing the e�ect of 0.1 mM lacidipine
on sodium current (INa). (a) Current traces were recorded during a
step to 75 mV from a holding potential of 770 mV, before (*) and
after (*) superfusion with the drug. (b) Current-voltage relationship
of INa before (*) and after (*) superfusion with lacidipine; the peak
INa was measured during pulses applied from a holding potential of
775 mV and ranging from 765 to +45 mV.
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Figure 4 Typical e�ect of 0.1 mM lacidipine on steady state
inactivation curves of ICa,L. Graph shows normalized plot of current
measured during the test pulse in the absence (*) and presence (*)
of the drug, after short (350 ms, a) or long (10 s, b) conditioning
prepulses to various potentials; the normalized current is plotted
against prepulse potential. Lines represent best ®t with a Boltzmann
function (see Methods). Voltage protocol is shown in the inset; a
brief (10 ms) pulse to 740 mV preceding the test pulse to 0 mV was
used to inactivate INa.
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function of number of pulses. In the presence of lacidipine and
with 200 ms test pulses from 780 mV, ICa,L blockade devel-
oped throughout the stimulation, the mean peak current am-
plitude evoked by the tenth pulse being 55+7% (n=5)
compared to the ®rst pulse (Figure 6a). Traces from a re-
presentative experiment are shown in Figure 6c. In the absence
of lacidipine, peak ICa,L underwent little reduction during re-
petitive pulsing; the amplitude of the current elicited by the last
pulse was 90+1% of that recorded during the ®rst one (n=4).
No blockade developed in cells stimulated with 10 ms pulses,
which are long enough to induce calcium current activation
but not complete inactivation (Figure 6b): even in the presence
of lacidipine (see also Figure 6a), the amplitude of ICa,L evoked
by the tenth pulse did not di�er from that measured at the ®rst
one (108+6% in 5 cells).

At depolarized holding potential (740 mV, Figure 7a), a
marked reduction in ICa,L in the presence of lacidipine was also
observed during stimulation with 10 ms pulses, as a con-
sequence of the superimposed voltage-dependent block. The
relative current amplitude gradually decreased, reaching a
steady-state value around the sixth pulse (38+9% of the cur-
rent evoked by the ®rst pulse, n=4). Longer test pulses
(200 ms) caused an additional reduction in ICa,L (Figure 7a),

which can be referred to as a real use-dependent block. This
extra block was more evident by comparing pulses at the be-
ginning of the train: ICa,L amplitude at the second pulse was
reduced to 74+7% (n=4) and 48+9% (n=3) of the ®rst one
with 10 ms and 200 ms steps, respectively. Representative
current traces recorded in the presence of 0.1mM lacidipine at
the ®rst, second and sixth pulse lasting 10 or 200 ms are shown
in Figure 7b and c, respectively. In controls, after a series of ten
200 ms long pulses applied at 1 Hz, the current was reduced to
72+6% of that recorded during the ®rst pulse (n=3) (Figure
7a) and was almost unchanged at the end of repetitive stimu-
lation with 10 ms pulses (93+3%, n=3, data not shown).

Use-dependent e�ect of nimodipine and nisoldipine

The voltage protocols employed to study the use-dependent
block by lacidipine were applied to cells superfused with 0.5 mM
nimodipine or 0.1 mM nisoldipine. At the holding potential of
740 mV (Figure 8a, b), repetitive stimulation resulted in a
rapid ICa,L blockade either with 10 ms or 200 ms pulses. In the
presence of nimodipine and nisoldipine, respectively, the peak
ICa,L elicited by the second pulse was reduced to 66+2% and
48+4% (n=3) of the ®rst pulse value with 10 ms steps and to
41+5% and 42+2% (n=3) of the ®rst pulse value with
200 ms steps. The percentage block induced by nimodipine
was not signi®cantly di�erent from that observed in the pre-
sence of lacidipine, with the same voltage protocol. With ni-
soldipine, the percentage value of peak ICa,L elicited by the
second 10 ms pulse was signi®cantly smaller than that ob-
tained with lacidipine (74+7%, P50.05).

However, when a train of 200 ms pulses was applied from
the holding potential of 780 mV, the degree of ICa,L block
developing throughout the stimulation either in the presence of
nimodipine or nisoldipine was much smaller compared to that
observed with lacidipine (Figure 8a, b). In the presence of ni-
modipine and nisoldipine, respectively, ICa,L elicited by the
tenth pulse amounted to 93+3% (n=3) and 80+6% (n=3) of
the ®rst pulse value; both ®gures were signi®cantly di�erent
(P50.05) from the percentage ICa,L measured at the tenth pulse
in the presence of lacidipine (55+7%).

Discussion

In the present work, the calcium antagonistic action of laci-
dipine has been studied in isolated ventricular cells from the
guinea-pig heart. At 0.1 mM, lacidipine reduced ICa,L to about
60% of its initial value within 2 min. By using appropriate
voltage protocols, both voltage- and use-dependent block of
ICa,L could be observed. While its behaviour resembled that
described for other dihydropyridine compounds (Lee & Tsien,
1983; Sanguinetti & Kass, 1984; Kass & Arena, 1988), the time
course of onset and recovery from block were slower than
those of nisoldipine and nimodipine, studied in the same ex-
perimental conditions.

The dihydropyridine family includes a series of molecules
which are characterized by the capacity to block the long-
lasting calcium current (ICa,L) in a very potent and speci®c
manner (Triggle, 1991). Since the dihydropyridine a�nity for
cardiac calcium channel depends on membrane potential
(Bean, 1984; `modulated receptor hypothesis', Sanguinetti &
Kass, 1984), a prominent feature of their action is the ability to
change voltage-dependence of calcium current kinetics. In this
respect, the blocking action of lacidipine resembled that of
other dihydropyridine derivatives. When long-lasting con-
ditioning pulses (10 s) were applied to di�erent voltages, the
resulting steady-state inactivation curve was shifted to the
hyperpolarizing direction by about 20 mV. A similar e�ect has
been described for nisoldipine and explained by the a�nity of
calcium antagonists for the inactivated state of the calcium
channel (Sanguinetti & Kass, 1984).

In this context, it is not surprising that the blocking e�ect of
lacidipine, as well as that of nisoldipine and nimodipine, could
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Figure 5 Onset of (a) and recovery from (b) the voltage-dependent
block of ICa,L by 0.1 mM lacidipine (*). The time-course of the e�ect
of nimodipine (0.5 mM, &) and nisoldipine (0.1 mM, ~) is shown for
comparison. (a) Normalized plot of current measured during the test
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presence of drugs, after a conditioning prepulse to 780 mV of
increasing duration (0.05 to 15 s) from a holding potential of
740 mV; the normalized current is plotted against conditioning pulse
duration. In (a) and (b), each point represents the mean value
obtained from 3 ± 4 di�erent cells; vertical lines show s.e.mean.
Voltage protocol is shown in the inset; a brief (10 ms) pulse to
740 mV preceding the test pulse to 0 mV was used to inactivate INa.
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be greatly enhanced by changing the holding potential from
780 to 740 mV, and vice versa. However, it is of interest to
observe that the time needed for the onset of ± and the re-

covery from ± drug blockade in the presence of lacidipine was
signi®cantly slower than that of nimodipine and nisoldipine.
The latter two compounds are highly lipid-soluble molecules,
which show tissue-selectivity for cerebral and coronary ar-
teries, respectively (Godfraind et al., 1987; Langley & Sorkin,
1989; van Zwieten & Pfa�endorf, 1993). Like lacidipine, they
are more or less completely uncharged at physiological pH,
and, due to their lipophilicity, are thought to be able to interact
with the channel-associated receptor by penetration of the lipid
bilayer (Chester et al., 1987; Triggle, 1991). Recent molecular
(Nakayama et al., 1991; Striessnig et al., 1991) and electro-
physiological (Kwan et al., 1995) studies suggest that the di-
hydropyridine binding site is located within the bilayer or
channel pore closer to the extracellular membrane surface. It is
thought that dihydropyridines reach their binding domain via
a membrane pathway; therefore, an increase in the probability
of channel opening (i.e., during repetitive stimulation) does not
enhance channel blockade (Nayler, 1988). This appears to be
true for nimodipine and nisoldipine, which show a small use-
dependent blockade at 780 mV (Figure 8). However, this
consideration does not seem to apply to lacidipine, which ac-
tually demonstrates a marked use-dependent blockade of ICa,L
at normal resting potential (i.e., 780 mV).

Use-dependent reduction is directly related to voltage-de-
pendent interaction with the calcium channel current by 1,4-
dihydropyridine derivatives, and particularly to the slowing of
current recovery from inactivation, which is a unique e�ect of
dihydropyridines. When subsequent pulses are applied with an
interval of time shorter than that needed for current recovery
from inactivation, the reduction in current becomes additive
(use-dependent e�ect). Our results demonstrate that, at a sti-
mulation frequency of 1 Hz, the time interval between two
pulses is long enough to allow the current to recover from
inactivation almost completely in the presence of nimodipine
and nisoldipine, but not in the presence of lacidipine. The
di�erence was much less evident when pulses were applied
from depolarized membrane level (740 mV), due to pre-
dominance of a voltage-dependent e�ect of the three drugs.
This is not surprising if one observes the time-course of re-
covery from blockade (see Figure 4b): after 1 s at 780 mV,
only 50% of channels are available in the presence of lacidi-
pine, while current recovery is almost complete both with ni-
modipine and nisoldipine. Thus, these latter two compounds
seem to exert a predominantly tonic rather than use-dependent
blockade, as previously shown for dihydropyridine derivatives
(Lee & Tsien, 1983; Uehara & Hume, 1985).

Our results strongly suggest that lacidipine preferentially
blocks the inactivated state of the calcium channel. In the
presence of lacidipine, no use-dependent blockade of ICa,L oc-
curred when calcium current inactivation was precluded by
using short pulses to a hyperpolarized potential (780 mV). By
setting the holding potential at 740 mV, block developed
rapidly regardless of whether brief (10 ms) or long pulses
(200 ms) were applied, but the ICa,L reduction was faster and
greater with a 200 ms pulse train. In the presence of lacidipine,
the fraction of L-type calcium channels blocked within 10 s at
740 mV without repetitive stimulation (Figure 5a) was not
signi®cantly di�erent from that blocked at the same holding
potential but during application of 10 short (10 ms) pulses.
Also, at 780 mV lacidipine was able to reduce ICa,L only
during repetitive stimulation with long pulses which facilitate
channel inactivation and binding of the drug. Taken together,
these results suggest that drug binding to the open state of the
calcium channel, in the absence of inactivation, may be neg-
ligible. This behaviour of lacidipine resembles that of other
dihydropyridine derivatives which are not ionized at physio-
logical pH, such as nisoldipine (present data; Kass & Arena,
1988) and nifedipine (Brown et al., 1986), while it may di�er
from the blocking e�ect of amlodipine and nicardipine, which
are partially charged at physiological pH (Kass & Arena, 1988;
1989).

The prominent pharmacological properties of lacidipine are
due to its long-lasting antihypertensive e�ect and its vascular
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Figure 8 Use-dependent block of ICa,L by 0.5 mM nimodipine (a)
and 0.1 mM nisoldipine (b). A train of ten pulses to 0 mV was applied
at the frequency of 1 Hz, from a holding potential of 780 mV or
740 mV; for the holding potential of 780 mV, a brief (10 ms) pulse
to 740 mV preceding the test pulse to 0 mV was used to inactivate
INa (see also voltage protocols of Figures 6 and 7). (*) 780 mV,
200 ms pulses; (&) 740 mV, 200 ms pulses; (~) 740 mV, 10 ms
pulses. The peak ICa,L was normalized with respect to the value
measured during the ®rst step and plotted against the number of
steps. Each point represents the mean value obtained from 3 di�erent
cells; vertical lines show s.e.mean.
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selectivity (Carpi et al., 1986; Cerbai et al., 1990; Micheli et al.,
1990; 1991). As for tissue selectivity, our data show that, in
isolated myocytes, 0.1 mM lacidipine (a concentration at least
100 times higher than that active on vasculature) reduced ICa,L
to 60% of its control value, thus con®rming our previous
observation on multicellular preparations (Cerbai et al., 1990).
Our data also demonstrate the speci®city of lacidipine for
calcium current: the sodium current and background po-
tassium currents were not altered by the drug.

The molecular mechanism which underlies the slow time-
course of drug interaction with the L-type calcium channel
cannot be easily deduced from the present data. The only di-
hydropyridine which has been investigated with a similar ex-
perimental approach and which also shows a long-lasting
persistent inhibition of Ca2+-dependent activity is amlodipine
(Burges et al., 1987). Amlodipine is a charged molecule at
neutral pH and the slow kinetics of its e�ect are due to the
delayed washout of the ionized molecular from its receptor
(Kass & Arena, 1989). Lacidipine is uncharged at neutral pH,

but its membrane partition coe�cient is much higher than that
of amlodipine, as well as those of nimodipine and nisoldipine
(Herbette et al., 1993; 1994). As a consequence, it washes into
membranes (and out of them) slowly, a characteristic not
pertaining to most other calcium antagonists (Herbette et al.,
1993; 1994). Therefore, it is tempting to speculate that the
kinetics of lacidipine binding to its receptor are in turn
modulated by drug interactions with the local environment of
the calcium channel. Even if lacidipine a�ects cardiac and
vascular muscle cell contractility with a great di�erence in
potency, its properties at the level of cardiac Ca2+ channels are
probably also relevant in vascular smooth muscle, thus de-
termining its long-lasting antihypertensive action.

This work was performed under a research agreement between
Glaxo Italia and the Department of Pharmacology of the University
of Firenze, Italy. The paper is dedicated to Prof. Alberto Giotti on
the occasion of his retirement.
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