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Erratum: @

Inhibition of Ion Currents in Membrane of Sensory Neuron
by the Antiarrhythmic Drug BK 129
and Selected Ca’t Entry Blockers

S. STOLC

Institute of Experimental Pharmacology. Slovak Academy of Scirences,
Dibravskd cesta 9, 8§42 16 Bratislava, Slovakia

Abstract. 1) The inhibitory effects of the prospective antiarrhythmic drug BK
129 on Ca** and Nat inward currents (Ic, and Ina, respectively) and on fast in-
activating and slow noninactivating KT outward currents ([xr. k.. respectively)
were tested in young rat sensory neurons by modified whole cell voltage clamp
technique :n witro. The effects were compared to those of nifedipine. verapamil and
local anesthetic carbisocaine. Both BK 129 and carbisocaine are basic carbanilates.
2) At a frequency of test pulses of 0.2 Hz apparent dissociation constants (pDs)
of BK 129 to channels conducting Ica, INa, Iks, and Ik were 5.313, 4.429, 3.985,
and 4.154, of carbisocaine 5.428, 5.896. 3.992, and 4.091, and of verapamil 4.249,
4.093, 3.839, and 4.453, respectively. In nifedipine only the pD» for I, inhibition
could be measured (5.624). This drug failed to exert any appreciable effect on the
other currents up to the highest concentration used (15 gpmol/1). Higher concentra-
tions could not be tested because of the interfering effect of nifedipine solubilizer
(ethanol). 3) The inhibiting effect of verapamil on I, revealed slight potential de-
pendence which however, could not account for the observed low specificity of this
drug. Frequency of calcium channel activations might be more important determi-
nant of the verapamil induced I, inhibition rather than the holding potential. 4)
The weak inhibiting effect of w—conotoxin GVIA (5 pmol/l) and Ni?* (100 gmol/1)
as well as the strong effect of Cd**, Co?* (both 5 mmol/l) and nifedipine on ¢y
indicated that it was mainly the L type Ca?t channel that conducted this current.
5) The differential effect of Cd** and Co®* (5 mmol/l) compared to tetrodotoxin
(3 pmol/l) on I¢, and In, disproved the possibility that these currents would pass
via identical channels. 6) While nifedipine was shown to be a highly specific in-
hibitor of /¢, in the young rat sensory neurons the other drugs tested inhibited the
currents with a much smaller selectivity, with verapamil being the least specific at
low stimulus rates (0.2 Hz). BK 129 is a powerful although nonspecific blocker of
the inward Ic, in the neuronal membrane. It is suggested that these properties of
BK 129 might participate in its antiarrhythmic effect.
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Introduction

The drug BK 129 (hydrochloride of 1-methoxymethyl-2-[1-perhydroazepinyl]ethyl-
ester of 2-[n]-pentyloxycarbanilic acid) was prepared in an extensive search for new
antiarrhythmics and local anesthetics in group of basic carbanilates (Benes et al.
1983; BuiCiova et al. 1987). The drug was able to prevent epinephrine induced heart
rhythm disturbances in guinea pigs (Babulova and Buran 1983). It suppressed the
ouabain induced ventricular tachycardia as well as the ectopic activity occurring
following coronary artery ligation in dogs (Gibala et al. 1987a). Spontaneous
activity of sino-atrial and idioventricular pacemakers as well as intra-atrial, atrio-
ventricular and intraventricular conduction were suppressed by BK 129 (Gibala et
al. 1987b). Carbisocaine (hydrochloride of 1-methyl-2-diethylaminoethylester of
2-[n]-heptyloxycarbanilic acid), is a close congener of BK 129. This powerful local
anesthetic (Benes et al. 1978: Stolc and Stankovi¢ovs 1986) was shown to inhibit
Nat and Kt currents in rat dorsal root ganglion neurons (Stole 1988).

The aim of the present study was to analyze the effect of BK 129 on selected
transmembrane currents passing through voltage-operated ion channels with a spe-
cial attention to Ca?* current. The currents analyzed were Ca’* and Na't inward
currents (Ic, and Ing, respectively) and fast inactivating and slow noninactivating
K+ outward currents (/xr and Iks. respectively). The effect of BK 129 was com-
pared with that of carbisocaine as well as with that of verapamil. nifedipine, and
some other Ca?* antagonists (Cd?*. Co®*t, Ni?*, w-conotoxin).

The results showed that BK 129 inhibited the ion currents studied in the
neuronal membrane in a similar way as carbisocaine. however, with preferential
affinity to Ca?t channels. While verapamil blocked the currents in a non-specific
manner. nifedipine and Cd?* or Co?* inhibited the I, with high specificity in this
preparation and under the used experimental conditions.

Part of the results has been published in abstract form (Stolec and Neméek
1990).

Materials and Methods

Materials

BK 129 and carbisocaine hydrochloride were kindly supplied by dr.L.Benes (Inst. Exp.
Pharmacol., Slovak Acad. Sci., Bratislava). The other drugs used were: nifedipine
(Drug Res. Inst.,, Modra, Slovakia), verapamil (Laiketehdas, Orion, Finland), tris-
[hydroxymethyllJaminomethane puriss. p.a. (Tris; Fluka), hydrofluoric acid puriss. p.a.
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{Fluka), hydrochloric acid p a (Lachema), cobalt mitrate hexahydrate p a (Lachema),
cadmium hemipentahydrate puriss (Lachema) mnickel sulphate heptahydrate pa
{Lachema), ethylenediaminetetraacetic acid disodium salt dihydrate puniss pa (EDTA,
Fluka), trypsin (Trvpsm® Spofa), collagenase crude (['ISOL, Bohumile, Bohemia), w-
conotoxin GVIA, synthetic (Sigma), tetrodotoxin crystalime 3X (Sankyo), adenosine-
3',5' cyclophosphate purum (cychc AMP, Fluka) adenosine triphosphate purum (ATP,
Lachema), Eagle’s minimal essential medium (MEM, SEVAC) All other chemucals were
of analytical purnty

Methods

The experiments were carned out on single neurons 1solated from rat dorsal root gangha
The technique was described m details elsewhere (Stolc 1988, Stolc et al 1988) Brefly,
neurons dissected from the ganglon of 5-10 day old rats following enzymatic treatment
(trypsin 8 mg/ml and collagenase 1000 U/ml in MEM for 15 mun at 32°C) Single cell
was wedged 1 a conical hole made 1n the wall of a thin polyethylene tube The inner
and outer diameters of the hole were approximately 5 and 50 um, respectively The tube
filled with intracellular medium (solution E, Table 1)} was positioned 1n the experimental
chamber containing the extracellular medium (solution A, Table 1) The tube and the
chamber created the perfusion system suitable for internal dialysis of the neuron (Kostvuk
et al 198la) Following penetration of the appropriate part of the neuronal membrane
the system allowed an easy control of the extracellular as well as intracellular media A
conventional voltage clamp circmtry was used to control the membrane potential and
to measure the evoked transmembrane current The leakage current was compensated
by subtracting an appropriate fraction of command voltage from the signal representing
total current passing through the pore The compensation was adjusted manually to zero
deflection at an arbitrary hyperpolarizing step The effective patch of the cell membrane
was approximately one half of the whole somatic surface in this arrangement If the
current measured was too large and thus the potential fixation uncertain as usually the
case 1 analysis of Iy, and Ixs and Ik., the “reversed” system was used (étolc et al
1988) In this arrangement the plastic tube was filled with the extracellular medium A
while the intracellular medium E was present in the experimental chamber As that part
of the cell membrane positioned 1n the wider part of the conical pore was penetrated, the
effective patch and consequently the transmembrane currents were reduced The ratio
of membrane and sernes resistances (Rm/Rs) mcreased approximately tenfold and the
precision of voltage clamp control was substantially improved (étolc et al 1988) No
further electrical compensation of Rs was necessary

Separation of the studied 10on current from the other current components was reached
by replacing the all nonrelevant monovalent cations i extracellular and intracellular so
lutions by Tns (Kostyuk et al 198la,b,c) The composition of the solutions used 1s
summarnzed 1 Table 1 Solutions A and D were used in analysis of inward Ina, solutions
B and E mn analysis of outward ks and Ik, and solutions C and F in separation of in-
ward Ic. The solution pH was adjusted to 7 3 by the indicated acids Inward currents
({ca, Ina) were recorded during series of 30 ms depolanzing pulses at frequency 0 2 Hz
arranged to get voltage current relationship To evaluate the imnhibitory effect of drugs
only the maximal available amphtude of the current, 1€ Imax at Emax, were monitored
m selected time intervals KT outward current was evoked by arbitrary depolanzation to
0 mV for 300 ms The current amphtude was measured at the moment of 1ts maximal
value (Ixt) and at the end of the depolanzing pulse (/x,) Holding potential was —100
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Table 1. Composition of extracellular (ec) and intracellular (:c) solutions used in the
neuron dialysis. Concentration of substances is expressed in mmol/l. The pH of the media
was adjusted to 7.3 by the indicated acid. Solutions A and D were used for analyses of
Ins, B and E of Ixs and I., and C and F of I¢,.

Na(l CaCl, MgCl, Tris KF glucose EDTA ATP cAMP  acid

ec

A 1106 2 2 5 H
2 2 145 HC1

& 11 2 133 HCl

e

D 120 20 1 HF

E 50 70 20 1 HF

F 140 2 0.05 HF

mV negative inside when measuring the Ic, and —120 mV when measuring the other
currents. Each recorded current was stable under the experimental conditions for more
than 20 min, as continuously checked in series of control cells from each batch. If the
stability of the currents was not satisfactory (£10 15 %) the batch was discarded. The
tested drugs were applied into the extracellular compartment for 20 min. The drug effect
usually became stabilized by this time. C‘oncentration-effect relationship was constructed
for each drug from measurements on 5-12 separate cells in each of 35 different concentra-
tions. The effect of w-conotoxin, Cd*t, ('0?F, Ni?* and tetrodotoxin developed quickly,
hence the duration of drug application was shorter as indicated in the text. One cell was
used in one test, only. All solutions were oxygenated and were prepared fresh daily using
deionized water. The experiments were carried out at 18°C.

Apparent dissociation constants {(pD,) i.e. negative logarithms of middle inhibitory
concentrations (-log I("5p) and estimates of their errors were calculated from the equation
of the regression line characterizing quasilinear middle part of dependence of ion currents
on negative logarithms of drug concentration ((irimm 1973). Statistical significance of
differences between the pD, values were tested according to Boxenbaum et al. (1974)
while differences between mean values of the currents measured were evaluated by the
unpaired Student’s t-test.

Results

Typical I+, evoked by membrane depolarization in the rat sensory neuron is shown
in Fig. 1.4. This inward current revealed, comparing to the sodium one (Fig. 2.4),
comparatively slow activation with almost absent inactivation during 30 ms de-
polarization. Slight inactivation could appear during longer depolarization steps.
However, as the cells deteriorated quickly under such circumstances, short depo-
larizations were used. only. Under the given experimental conditions -5 remained
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Figure 1. Effect of BK 129 on Ic, B
in single internally dialyzed rat sen-
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comparatively stable over the experimental period of 20 min This might be related
not only to the presence of cyclic AMP and ATP (Kostyuk et al. 1981b; Fedulova


GPB
Lístok s poznámkou
In Figure 2 (p. 521) and in Figure 3 (p. 522) time base calibration bars were incorrect. In accordance to Methods (p. 519) they should have been 10 ms in Figure 2 and 100 ms in Figure 3.



522 Stolc

et al. 1985) but also to the high concentration of ¥~ in the intracellular medium.
This ion was shown to be a powerful unspecific inhibitor of phosphoproteases of
type I, ITA and IIB (Shenolikar and Nairn 1991). Magnesium cations which were
absent in the intracellular medium used are essential in activation of phoshopro-
tease IIC (Ingebritsen and Cohen 1983a,b). As these enzymes dephosphorylate
many cellular proteins including ion channels (Tanabe et al. 1987; Trautwein and
Hescheler 1988) the survival of calcium channels may be improved by inhibition
of the phosphoproteases. Besides, control of low intracellur concentration of Ca?t
may be effectively improved by precipitating effect of F~.

As demonstrated in Fig. 1B I, was suppressed by BK 129. C'omparison of the
control and the drug-affected current-voltage characteristics shows depression with
no distinct lateral shift of the maximal current observed (Fig. 1C’). The BK 129
of concentration-effect dependence is shown in Fig. 4A. The apparent dissociation
constant (pDa2) calculated from this relationship which was considered to be the
measure of drug potency is shown in Fig. 5.

A B Figure 3. Effect of BK 129 (30

i = pmol/1 for 10 min) on K% currents.
===  |womv

Fast (0) and slow ([]) components of
& . Ix were evaluated separately. The
| 204 former was measured at the max-
—_ imal amplitude, the latter at the
10ms end of the depolarizing step. Empty
symbols — controls, full symbols — ef-
fect of drug. For legend see Fig. 1.

=l

The effect of BK 129 on Nat and both components of KT currents was tested
in a similar way. Examples of the currents as well as their dependence on mem-
brane potential are shown in Figs. 2 and 3. The two components of potassium
current might be identical with the delayed rectifier and the A-current, respectively.
The monotonous direction of tail currents appearing in Fig. 3 may be related to
an increase in concentration of potassium ions on the external surface of somatic


GPB
Lístok s poznámkou
In Figure 2 (p. 521) and in Figure 3 (p. 522) time base calibration bars were incorrect. In accordance to Methods (p. 519) they should have been 10 ms in Figure 2 and 100 ms in Figure 3.



BK 129 and Membrane Ion Currents 523

A B
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Figure 4. Dependence of amplitude
of Ica (0), Iva (@), Ikt (D), and Ixs
(M) on logarithm of concentration {in
mol/l) of BK 129 - A, carbisocaine —
B, verapamil (full lines) and nifedipine
(broken line) - C. No measurable in-
hibitory effect of nifedipine on any of the
currents studied except the calcium one
was observed at concentrations up to 15
pmol/l (ie. —logC = 4.8). Means
+ S.E.M. are indicated except when
-6 -5 -4 logC smaller than the symbols used.

membrane occurring likely following the long depolarization pulses and to the high
resting potential used. The concentration-effect plot in inhibition of these currents
by BK 129 is shown in Fig. 4A. Comparison of the pDs values of BK 129 in the
studied currents showed (Fig. 5) that this drug reveals by approximately one order
higher affinity to Ca?* conducting channels than to the other ones (p < 0.001).

The effect of carbisocaine, a congener of BK 129, on In,. ks and Igs was
demonstrated earlier (Stolc 1988). The concentration-effect relationship on Ic, and
the other currents is shown in Fig. 4B. Similar to BK 129, also this drug revealed
higher affinity to /c, conducting channels comparing to K* channels (p < 0.001,
Fig. 5). As could be expected, however, this drug being local anesthetic, is the
powerful inhibitor of Nat channels too, with pD; significantly exceeding even that
for Ca?* channels (p < 0.01).

Nifedipine was used as a representative of dihydropyridine type inhibitors of
Ic,. Water solubility of nifedipine had to be increased by ethanol (0.005-0.15%).
Measures were taken to avoid light exposure of the drug solution. Nifedipine inhi-
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Figure 5. Apparent dissociation constants (pD:) of nifedipine (N1F}, verapamil (VER),
carbisocaine (CARB) and BK 129 with channels conducting Ic, (empty columns), Ina
(dotted columns), and Ixs and Ix. (oblique and upright labeled columns, respectively).
Estimates of pD» standard errors are indicated. Nifedipine revealed specific affinity to
Ca®t conducting channels comparing to the other channels while verapamil showed almost
no specificity. Note higher affinity of B 129 to channels conducting Ic, compared to
other channels. The affinity of carbisocaine to the calcium and sodium channels was
higher than to the both outward current conducting channels. For statistical significances
see text.

bited Ic, in a concentration dependent manner up to apparently complete blockade
(Fig. 4C). However. no measurable effect of this drug on the other currents was
observed even at the highest concentration used. Higher nifedipine concentrations
were not tested because of the interfering effect of the solubilizer. Nifedipine is a
highly specific Ca?* entry blocker in this type of neuronal membrane (Fig. 5).

Verapamil, contrary to nifedipine, did not reveal such a selective effect. Al-
though it was inhibiting the I-, in a concentration dependent manner the other
tested currents were also inhibited by this drug in approximately the same concen-
tration range (Fig. 4C). Although the pD» for Ik, was significantly higher than
that for Ixr (p < 0.001), the pDs values to all the tested channels did not differ
more than one half an order.

The profile of pDs values for each drug indicates that with the exception of
nifedipine both carbanilates as well as verapamil are essentially nonspecific in-
hibitors of the tested channels in this type of neurons and under the used con-
ditions. However. the higher affinity of BK 129 to Ca®t conducting channels as
well as carbisocaine to channels conducting both inward currents might have some
pharmacological implications.

Lee and Tsien (1983) showed that block of I, induced by verapamil can be
reversed by a short lasting hyperpolarization. Consequently, the hypothesis was
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Figure 6. Dependence of Ic, at the T
presence of verapamil (6.1 gmol/l) on %
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Figure 7. A - Effect of tetrodotoxin applied for 4 minutes in two different concentrations
on Ic, and Iy. (® and 0, respectively). B - Effect of Cd*t and Co®* (squares and circles,
respectively) applied for 6 minutes in two different concentrations on Ic, and Iy, (full
and empty symbols, respectively). The absence of tetrodotoxin effect on Ic. as well as
that of Cd*t and Co®* on Iy, clearly distinguish the both inward current conducting
channels.

tested whether the low blocking effect of verapamil on I, might be linked to the
comparatively high resting membrane polarization (—100 mV) used in this study.
The plot of Ic, in the presence of verapamil (6.1 pmol/l) against the holding
potential is shown in Fig. 6. When the membrane was depolarized from —130
mV to —70 mV the verapamil blocking effect of Ca?t channels was enhanced only
by approximately 50 %. A similar relationship was found also in blocking the
Nat and both K* currents (results not presented). Thus, participation of the
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high resting polarization of the membrane in the low specificity of verapamil in
inhibition of the tested ion conducting channels does not seem to be probable. As
only low frequency stimulation was used in this study (0.2 Hz), an analysis of use-
dependence of verapamil effect could contribute to elucidation of the unexpectedly
low specificity of this drug.

Although the kinetics of I, and In, In the present experiments were remark-
ably different (slow activation and only very slight inactivation of I, during 30 ms
depolarizing pulse compared to fast activation and almost full inactivation of In,)
it was analyzed whether ('a?t ions did not pass at least partially also through Na*t
channels. The clearcut blocking effect of tetrodotoxin (1 and 3 pmol/l) on In, and
the absence of such an effect in Ic, (Fig. TA) excluded this possibility. Moreover,
the inorganic Ca?t channel blockers Cd?* and Co®* (0.5 and 5 mmol/l) exerted a
differential effect on the two currents. These cations readily inhibited I, leaving
Ina almost unaffected (Fig. 7B). In an attempt to determine more precisely the
type of channels conducting the ¢, measured we observed that Ni?t (0.1 mmol/l)
depressed Ic, to 58.3545.24 % and w-conotoxin (5 pmol/l) to 61.4 +6.42 % only.

Discussion

The three separate parts can be distinguished in the BK 129 molecule, namely a
polar head, a lipophilic part and an intermediary chain linking together the two
parts. This structure corresponds well to the general model of local anesthetics
suggested by Lofgren (1948). The incorporation of such a molecule into the lipid
bilayer and/or into the channel protein is an essential step in local anesthetic ef-
fect of many drugs. A similar mechanism of action can be presumed also in BK
129. This is further supported by comparatively high lipophilicity of this drug
(P" = 2294, octanol/phosphate buffer, pH 7.3) facilitating its incorporation into
the lipophilic parts of the neuronal membrane. The capability of BK 129 to block
the early inward current (In,) is in accordance with its antiarrhythmic property
described by Babulova and Buran (1983), Baciovéa et al. (1987) and Gibala et al.
(1987a,b). The remarkable capability of this drug to inhibit the /¢, in concentra-
tions even lower than those inhibiting Iy, might contribute to its antiarrhythmic
effect, although Gibala et al. (1987b) denied this involvement. Neither participa-
tion of inhibition of KT channels similar to that known in Class III antiarrhythmics
(Vaughan Williams 1989; Beatch et al. 1991) can be excluded in BK 129.
Carbisocaine, a close congener of BK 129, also corresponds well with the struc-
ture of typical local anesthetic. Accordingly, the high local anesthetic potency of
this drug as well as its capability to inhibit action potential conduction has been
demonstrated (Benes et al. 1978; Stole and Stankovicova 1986). Procaine or li-
docaine, typical local anesthetics, inhibit In, and/or sodium spikes in 4-10 times
lower concentrations than those required to inhibit Ic, and/or calcium spikes (Bing-
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mann et al. 1987; Elliot 1990). It has been found in the present study that both
inward currents were almost equally sensitive to carbisocaine, while both Kt out-
ward currents were less sensitive to carbisocaine than Nat current (Stolc 1988).
Among properties participating in the comparatively nonspecific profile as well as
high affinity of carbisocaine to the channels conveying the currents studied, the
high lipophilicity of this drug should be considered. The carbisocaine apparent
partition coefficient exceeds that of procaine and lidocaine by more than 3 orders
(P’ = 12000, 8.3, and 2.9. respectively, octanol/phosphate buffer, pH 7.3).

Fedulova et al. (1985) distinguished low and high threshold voltage operated
Ca’t channels in the rat sensory neuron. They also found that the proportion
of these channels is changing during ontogenesis. At least three types of Ca®*
channels, namely T, N and L should be considered in the preparation used (Hosey
and Lazdunski 1988; Kostyuk et al. 1988; Tsien et al. 1988, 1991; Bean, 1989).
According to Fox et al. (1987), Tsien et al. (1988, 1991), Bean (1989), and
Ozawa et al. (1989) the T type Ca?* channel is more sensitive to Ni’T than to
Cd?* while the L channel is more sensitive to Cd?t (Reynolds and Snyder 1987;
Ozawa et al. 1989; Triggle 1989: Zelis and Moore 1989). The higher sensitivity
of Ic, to Cd?T compared to Ni?T observed in this study indicates that T type
channels were not remarkably represented in the neuronal membrane studied. w-
conotoxin is considered to be a powerful inhibitor of the N type and to a smaller
extent also of L type Ca’t channels (Hosey and Lazdunski 1988; Tsien et al.
1988, 1991; Bean 1989; Carbone et al. 1989; Triggle 1989; Toselli and Taglietti
1990; Horne and Kemp 1991). In spite of high concentration of this substance
Ica was inhibited by w-conotoxin only partially in our experiments. The high
sensitivity of L channels to dihydropyridines is well known (Hosey and Lazdunski
1988; Tsien et al. 1988, 1991; Bean 1989; Takahashi et al. 1989; Triggle 1989).
The inhibition of I, induced by nifedipine observed in this study, along with all
the above mentioned findings, indicate that it is the L type Ca2?% channel that was
dominant in our preparation. Accordingly an attempt to distinguish the channel
type by analyzing the voltage-current characteristics in the studied cells did not
indicate the N and/or T type channels in a remarkable proportion. Although
some atypical effects of dihydropyridine Ca?t entry blockers on channels other
than Ca®t ones were described (Yatani and Brown 1985; Yatani et al. 1988) we
did not observe a similar effect of nifedipine.

It is well known that verapamil is able to inhibit Ca?tas well as other trans-
membrane currents (Kuroda 1976; Frelin et al. 1982; Kraynack et al. 1982; De-
Feudis 1988). Yet, the quantitative comparison of this effect was not available.
The largest difference between pD, values in verapamil was that one between those
observed for Ixs and Ixs. As the ratio of the affinities of verapamil to the channels
analyzed did not exceed one order in the present experiments, the specificity of
the Ca?t antagonistic effect of verapamil is low in the membrane used. Since both
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polar and nonpolar moieties flexibly linked together can be distinguished in vera-
pamil molecule, an interaction with biological membranes similar to that suggested
for local anesthetics might be presumed in this drug, too. The analysis of potential
dependence of the verapamil inhibitory effect on I, disclosed potentiation of this
effect in depolarized membrane. However, as this potentiation was small the high
holding membrane potential could not be responsible for the low specificity of this
drug. The observed voltage dependence of verapamil effect might be related to
some general mechanisms such as modification of drug availability at the site of
action or a change in drug dissociation (Lullmann and Peters 1977: Reynolds and
Snyder 1987). However, the efficacy of verapamil in inhibiting I, might depend
more remarkably on rate of channel activation. This use-dependence analysis would
however, require separate experiments.

Although the effect of BK 129 on I¢, and/or on Ix observed in membrane
of the studied neurons cannot be readily extrapolated to myocardium, the results
suggest the possibility of participation of such effects in the antiarrhythmic effect
of this drug. To obtain conclusive evidence. further studies are to be made directly
on myocardial cells.

Acknowledgements. The author would like to thank Mr. V. Nem¢ek for his excellent
technical assistance.

References

Babulova A., Buran L. (1983): Effect of drug BK 129 on epinephrine induced arrhythmias
in guinea pigs. Cs. Fysiol. 32, 123 (in Slovak)

Bean B. P. (1989): Classes of calcium channels in vertebrate cells. Annu. Rev. Physiol.
51, 367—384

Beatch G. N., Abraham S., MacLeod B. A., Yoshida N. R., Walker M.J.A. (1991): An-
tiarrhythmic properties of tedisamil (KC8857), a putative transient outward K+
current blocker. Brit. J. Pharmacol. 102, 13—18

Benes L., Svec P., Kozlovsky J., Borovansky A. (1978): Studies of local anesthetics LXV.
Basic esters of o-alkyloxycarbanilic acids with local anesthetic and antiarrhythmic
effects. Cs. Farmacie 27, 167—172 (in Czech)

Benes L., Borovansky A.. Baciova L., Svec P., Bauer V., Kozlovsky J., Bezekova M. (1983):
Basic substituted alkyloxymethyl-ethylesters of alkyloxycarbanilic acids with an-
tiarrhythmic and local anesthetic effects, method of their synthesis. CS. Patent
228301

Bingmann D., Tetsch P., Lipinski H. G. (1987): Effects of lidocain on action potentials of
the soma membrane of sensory spinal ganglion cells. Pfliigers Arch. S408, R70

Boxenbaum H. G., Riegelman S., Elashof R. M. (1974): Statistical estimations in phar-
macokinetics. J. Pharmacok. Biopharm. 2, 123—148

Biaciova I., Borovansky A., Cizmarik J., Csollei J., Svec P., Kozlovsky J., Racanskd E.,
Benes L. (1987): Studies of local anesthetics LXXXIX. Modifications of interme-
diary chain in group of basic phenylcarbamates. Effect on their biological activity.
Cs. Farmacie 36. 339—344 (in Slovak)



BK 129 and Membrane Ion Currents 529

Carbone E., Clementi F., Formenti A., Pollo A., Sher E., (1989): Action of Ca’t ago-
nists/antagonists in mammalian peripheral neurons. Cell Biol. Int. Rep. 13, 1155—
1164

DeFeudis F.V. (1988): Further promiscuity of phenylalkylamine Ca*t antagonists. Trends
Pharmacol. Sci. 9, 352—353

Elliot P. (1990): Action of antiepiletic and anaesthetic drugs on Na- and Ca-spikes in
mammalian non-myelinated axons. Eur. J. Pharmacol. 175, 155—163

Fedulova S. A., Kostyuk P. G., Veselovsky N. S. (1985): Two types of calcium channels in
the somatic membrane of new-born rat dorsal root ganglion neurones. J. Physiol.
(London) 359, 431—446

Fox A. P., Nowycky M. C., Tsien R. (1987): Kinetic and pharmacological properties
distinguishing three types of calcium currents in chick sensory neurones. J. Physiol.
(London) 394, 149—172

Frelin C., Vigne P., Lazdunski M. (1982): Biochemical evidence for pharmacological simi-
larities between a-adrenoreceptors and voltage-dependent Na¥ and Cat™® channels.
Biochem. Biophys. Res. Commun. 106, 967—973

Gibala P., Sotnikova R., Knezl V., Diimal J. (1987a): Antiarrhythmic activity of the hy-
drochloride of 1-methoxymethyl-2-(1-perhydroazepinyl)ethyl ester of 2-(n)-pentyl-
oxycarbanilic acid. Arzneim.-Forsch./Drug Res. 37. 149—152

Gibala P., Sotnikova R., Knezl V., Difmal J. (1987b): Cardiac electrophysiologic actions
of the hydrochloride of 1-methoxymethyl-2-(1-perhydroazepinyl)ethyl ester of 2-
{n)-pentyloxycarbanilic acid in the anesthetized dog. Arzneim.-Forsch./Drug Res.
37, 326—328

Grimm H. (1973): Analysis of regression. In: International Encyclopedia of Pharmaco-
logy and Therapeutics. Sect. 7, vol.Il, Biostatistics in Pharmacology. (Ed. A. L.
Delaunois) pp.717—738, Pergamon Press, Oxford

Horne A. L., Kemp J. A. (1991): The effect of w-conotoxin GVIA on synaptic transmis-
sion within the nucleus accumbens and hippocampus of the rat :n witro. Brit. J.
Pharmacol. 103, 1733—1739

Hosey M. M., Lazdunski M. (1988): Calcium channels: Molecular pharmacology. structure
and regulation. J. Membrane Biol. 104, 81—105

Ingebritsen T. S., Cohen P. (1983a): The protein phosphatases involved in cellular regula-
tion. 1. Classification and substrate specificities. Eur. J. Biochem. 132, 7754—7759

Ingebritsen T. S., Cohen P. (1983b): Protein phosphatases: properties and role in cellular
regulation. Science 221, 331—338

Kostyuk P. G., Veselovsky N. S., Tsyndrenko A. Y. (1981a): Ionic currents in the somatic
membrane of rat dorsal root ganglion neurons - I. Sodium currents. Neurosciences
6. 2423—2430

Kostyuk P. G., Veselovsky N. S., Fedulova S. A. (1981b): Ionic currents in the somatic
membrane of rat dorsal root ganglion neurons - II. Calcium currents. Neurosciences
6, 2431—2437

Kostyuk P. G., Veselovsky N. S., Fedulova S. A, Tsyndrenko A.Y. (1981c): Ionic currents
in the somatic membrane of rat dorsal root ganglion neurons - III. Potassium
currents. Neurosciences 6, 2439—2444

Kostyuk P. G., Shuba Ya. M., Savchenko A. N. (1988): Three types of calcium channels
in the membrane of mouse sensory neurons. Pfligers Arch. 411, 661—669

Kraynack B. J., Gintautas J., Lawson N. W. (1982): Effect of verapamil on excitable
membranes. Proc. West. Pharmacol. Soc. 25, 6164



530 Stolc

Kuroda T (1976) The effect of D600 and verapamil on action potential in the X-organ
neuron of the crayfish Jpn J Physiol 26, 189—202

Lee K S, Tsten R W (1983) Mechanism of calcium channel blockade by verapamil,
D600, dilthiazem, and nitrendipine 1n single dialyzed heart cells Nature 302, 790—
794

Lofgren N (1948) Studies on Local Anesthetics Xylocaine, a New Synthetic Drug Ivar
Haegstrom, Stockholm

Lullmann H, Peters T (1977) Plasmalemmal calcium in cardiac excitation contraction
couphng Chn Exp Pharmacol Physwol 4, 49—57

Ozawa S, Tsuzuki K, Iino M, Ogura A, Kudo Y (1989) Three types of voltage
dependent calaum current in cultured rat hippocampal neurons Brain Res 495,
329—336

Reynolds I 1, Snyder S H (1987) Calcium anatagonst receptors In Ion Channels Vol
1 (Ed T Narahashi ) pp 213—250, Plenum Press, New York and London

Shenolikar S, Nairn A C (1991) Protemn phosphatases recent progress Adv Second
Messenger and Phosphoprotein Res 23, 1—121

Stole S (1988) Companson of the selected local anesthetics on sodium and potassium
channels 1n mammahan neuron Gen Physiol Biophys 7, 177—189

Stolc S, Stankovicovd T (1986) Effect of local anesthetics and pH new aspects Drug
Exp Chn Res 12, 753—760

Stolc S, Neméek V (1990) Effect of some calcium entry blockers on 10n channels 1 the
neuronal membrane Eur J Pharmacol 183, 1662—1663

Stolc S, Neméek V , Boska D (1988) Potential clamp of 1solated dialyzed neuron Mini
mization of the effect of series resistance Gen Physiol Biophys 7, 303—312

Takahasht K , Wakamont M , Akaike N (1989) Hippocampal CA1 pyramdal cells of rats
have four voltage-dependent calcium conductances Neurosci Lett 104, 229—234

Tanabe T , Takeshima H , Mikami A | Flockerz1 V |, Takahashi H , Kanagawa K , kojma
K, Matsuo H , Hirose T, Numa S (1987) Prnimary structure of the receptor for
calcium channel blockers from skeletal muscle Nature 328, 313—318

Tosellh M, Taghett: V (1990) Pharmacological characterization of voltage-dependent
calcium currents 1n rat hippocampal neurons Neurosci Lett 112, 70—75

Trautwemn W, Hescheler J (1990) Regulation of cardiac L-type calcium current by phos
phorylation and G proteimns Annu Rev Physiol 52, 257—274

Triggle D J (1989) Drugs active at voltage dependent calcium channels Neurotransmis-
sions 5. 1—4

Tsien R W, Lipscombe D, Madison D V , Blev k R, Fox A P (1988) Multiple types
of neuronal calcium channels and their selective modulation Trends Neurosa 11,
431—437

Tsien R W | Elinor P T, Horne W A (1991) Molecular diversity of voltage-dependent
Ca?* channels Trends Pharmacol Sci 12, 349—354

Vaughan Wilhams E M (1989) Classification of antiarrhythmic actions In Antiarrhyth
mic Drugs (Ed E M Vaughan Wilhams) pp 45—67, Springer Verlag, Berhn

Yatani A , Brown A M (1985) The calcium channel blocker mitrendipine blocks sodium
channels 1n neonatal rat cardiac myocytes Circ Res 56, 868—875

Yatan1 A, Kunze D L, Brown A M (1988) Effects of dihydropyndine calcium chan
nel modulators on cardiac sodium channels Amer J Physiol 254 (Heart Circ
Physiol 231) H140—H147



BK 129 and Membrane Ion Currents 531

Zelis R., Moore R. (1989): Recent insights into the calcium channels. Circulation 80
(Suppl.IV), IV-14-1V-16

Final version accepted November 25, 1993





