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Blockade of cardiac Na* channels by a charged class I antiarrhythmic
agent, bisaramil: possible interaction of the drug with a
pre-open closed state
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Abstract

The: mechanism of cardiac Na* channel block by a charged class I antiarrhythmic agent, bisaramil, was studied in guinea-pig
venfricdlar myocytes using patch-clamp techniques of whole-cell, cell-attached and inside-out configurations. Bath application of
bisaraniil caused the use-dependent block of whole-cell Na™ current (/y,) in a concentration-dependent manner and EC,, value was 2.0
M. At 5 pM bisaramil, the degree of the use-dependent block of Iy, with a short (5 ms) pulse protocol (44.9 + 5.7% of the first pulse
I,) was comparable to that with a long (200 ms) pulse protocol (42.8 + 5.9%). In cell-attached patches, bisaramil applied to the bath
solution (external application) concentration dependently blocked macropatch Na* currents (50.3 + 3.1% inhibition with 10 pM
bisaramil). Internal application of bisaramil decreased the inside-out macropatch currents (82.6 + 1.3% inhibition with 10 M bisaramil).
Blocking effects of bisaramil applied to the bath solution were greater than those seen on the pipette application in all of the whole-cell,
cell- m‘ched and inside-out configurations. In cell-attached patches containing a single active channel, bath application of 10 uM
blsaraxml increased the null sweeps with a significant ( P < 0.001) nonrandom clustering and decreased the total number of openings,
whereak no changes in the number of openings per active sweep, unitary current amplitude, mean open time and mean closed time were
obsetved. While the peak average current was decreased by 51.0 + 5.6% with 10 WM bisaramil, the number of active sweeps was
decreased by 31.4 + 6.2%. In the presence of 10 wM bisaramil, the mean values of first latencies were significantly (P < 0.05) increased
and the peak value of the first latency density function was decreased by 15.8 + 3.6%. From these results, we conclude that a charged
tertiary’ amine, bisaramil interacts with cardiac Na™ channels preferentially in the activated state. Interactions with pre-open closed states
might contribute to the activated channel block by the drug.
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1. Introduction

Local anesthetic types of antiarrhythmic agents have
common features to exhibit use-dependent block of cardiac
Na* channels. According to the modulated receptor hy-
pothesis (Hondeghem and Katzung, 1977, 1984), use-de-
pendent block occurs when the recovery time from block
is longer than the diastolic interval and the drugs have
higher affinities for the activated and/or the inactivated
state of the channel. Hondeghem and Katzung (1977) used
the term ‘activated state block’ for the early component

* Comesponding author. Tel.: 81-3-5803-5829; fax: 81-3-5684-6295;
e-mail: hiraoka.card @mri.tmd.ac.jp

! Present address; Pharmacology Research Laboratory, Taiho Pharma-
ceutical Co., Ltd., 224-2, Ebisuno, Hiraishi, Kawauchi-cho, Tokushima
771-01, Japan.

block during depolarization and ‘inactivated state block’
for the late component. A number of whole-cell studies to
demonstrate the blocking actions of local anesthetics on
cardiac Na* channels were based on this assumption (e.g.
review of Hondeghem and Katzung, 1984). However, mea-
surements of the macroscopic currents and analysis of their
time courses cannot fix the actual channel states (Aldrich
et al., 1983; Berman et al., 1989). For this reason, many
studies using single Na* channel currents have been re-
ported to characterize the blocking properties of Na*
channels by class I agents (e.g. Nilius et al., 1987; Grant et
al., 1989; Undrovinas et al., 1989), although most of them
were carried out on multichannel patches and still provided
no information on the closed-channel blockade.
Bisaramil (syn-3-ethyl-7-methyl-3,7-diazabicy-
clof3.3.1Jnon-9-yl p-chlorobenzoate) mainly depresses the
maximum upstroke velocity (V,,,) of action potentials
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Fig. 1. Chemical structure of bisaramil.

(Sunami et al., 1991b) and it has been proven highly
effective in suppressing a variety of experimental arrhyth-
mias (Haruno and Hashimoto, 1993). However, the block-
ing mechanism of the drug at the level of Na™ currents
remains unclear. On the other hand, bisaramil has a unique
physico-chemical property, i.e. despite its form of a ter-
tiary amine with two tertiary amino moieties (Fig. 1),
because of a high pK, of 12.3 at one of the two moieties,
it is positively charged (net charge of +1) over a wide
range of pH 6-8 (>99.999%) (Hiraoka et al., 1993).
While there have been extensive reports exploring the
blocking mechanisms of tertiary ammonium antiarrhyth-
mic agents, the interpretations of the binding site and the
sidedness of block are complicated by their existence in an
equilibrium mixture of neutral and charged forms at
physiological pH (Hille, 1992). From Hille’s proposal
(Hille, 1977) that charged local anesthetics selectively
block open channels through the hydrophilic pathway,
bisaramil is expected to be an open channel blocker.

In the present study, we used whole-cell and single
channel recordings to determine the actual state of cardiac
Na* channels required for the blockade by a charged class
I agent, bisaramil. We report here that bisaramil reaches
the binding site of the Na* channels from the outside of
the membrane as well as from the inside, and interactions
with pre-open closed states might contribute to the acti-
vated channel block by the drug. In the text, we used the
term ‘pre-open closed states’ to represent the several closed
states in the activation process after depolarization as was
done by previous reports (Strichartz and Wang, 1986;
Chernoff and Strichartz, 1989; McDonald et al., 1989).

2. Materials and methods
2.1. Myocyte preparation

Single ventricular myocytes from guinea-pig hearts were
prepared by an enzymatic dissociation procedure as de-
scribed previously (Hirano and Hiracka, 1988).

2.2. Solutions

For whole-cell recordings, the external solution con-
tained (mM): NaCl 10.0, tetramethylammonium chloride

130.0, CaCl, 1.8, CoCl, 1.0, CsCl 5.0, MgCl, 1.2, glu-
cose 11.0, and Hepes 20.0 (pH 7.3, adjusted by tetrameth-
ylammonium hydroxide). The pipette solution was com-
posed of (mM): NaF 5.0, CsF 125.0, K,ATP 5.0, K,
creatine phosphate 5.0, EGTA 5.0, and Hepes 5.0 (pH 7.2,
adjusted with CsOH).

For celi-attached and inside-out patch recordings, the
isolated myocytes were superfused with a high-K* solu-
tion of the following composition (mM): K-aspartate 140.0,
NaCl 4.5, MgCl, 0.5, EGTA 1.0, glucose 5.5, and Hepes
5.0. The pH was adjusted to 7.3 with KOH. This high-K*
solution was used to depolarize cells to approximately O
mV. The pipette solution contained (mM): NaCl 140.0,
KCI 4.0, MgCl, 1.0, CaCl, 1.8, glucose 5.5, and Hepes
5.0; pH was adjusted to 7.3 by adding NaOH.

Bisaramil (bisaramil hydrochloride, Gedeon Richter,
Budapest, Hungary) was applied to the bath solution or in
the pipette solution as indicated in the text.

2.3. Recording techniques

Recordings were made in whole-cell, cell-attached and
inside-out configurations (Hamill et al., 1981) at room
temperature (22-25°C) using a patch-clamp amplifier
(AXOPATCH-1D, Axon Instruments, Foster City, CA,
USA). Details of the recording techniques have been de-
scribed in our previous reports (Sunami et al., 1991a,1993).
In short, at the start of each experiment, the junction
potential was set to zero by adjusting the compensation
circuit in the bath solution and was checked again after the
end of each experiment. If the junction potential of the 2nd
determination exceeded the first one by +2 mV, the value
of the membrane potential was corrected accordingly. In
whole-cell recordings, we used electrodes with low resis-
tance ranging from 0.3 to 0.6 MQ to optimize voltage
control. Patch pipettes with resistances ranging between
0.4 and 0.8 M) were used to record from cell-attached
and inside-out patches containing 9-54 channels (macro-
patch). To record the channel current from cell-attached
patches containing only a single active channel, we used
small pipettes with resistances ranging between 7 and 10
MQ. Current signals were stored on a PCM cassette
recorder (PC-108M, Sony Tokyo, Japan) or digitized on-
line by a 12-bit resolution Labmaster A/D converter
(TecMar Scientific Solutions, Burlingame, CA, USA) un-
der the control of a personal computer (IBM compatible)
and stored on a hard disk. Channel currents recorded from
the macropatch and single-channel patches were low-pass
filtered at 5 and 2 kHz (—3 dB, 4-pole, Bessel), respec-
tively, and digitized at 10 kHz.

2.4. Experimental protocols
To study use-dependent block of whole-cell Na™ cur-

rent (Iy,) by bisaramil, trains of 50 depolarizing pulses of
5-, 10- and/or 200-ms duration were applied from a
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holding ' potential of —100 mV to —10 mV with an
interpalse interval of 500 ms. Use-dependent block was
defined as a diminution in I, at the 50th puise relative to
the first pulse. Bisaramil was applied to the bath solution
or in the pipette solution as indicated in the text. In case of
bath application of the drug, after an equilibration period
of at least 7 min, pulse trains were repeated in control
solutions and then in test solutions, in which each pulse
train was separated by a recovery interval of 3 min, which
was sufficient to permit full recovery from bisaramil block
based on our previous report (Sunami et al., 1991b). The
bath solution could be replaced completely within 30 s by
switching from one solution to another. Drug effects were
tested at least 5 min after bath application of the drug. For
the imternal application of the drug, bisaramil was dis-
solved in the pipette solution and applied intracellularly by
diffusion through the recording suction pipette. Internal
effects of the drug were judged at least 30 min after the
rupture of the cell membrane.

For cell-attached and inside-out patch recordings, trains
of 300 pulses with 40 ms duration were applied from a
holding potential of —120 mV to —50 mV at 2 Hz. We
started to record channel currents at least 10 min after
cell-attached G{) seal formation. In case of bath applica-
tion of bisaramil in cell-attached (external application) and
inside-out patch recordings (internal application), the usual
approach was to obtain the control, bisaramil and then
washout data in the same patch. The drug and washout
effects were usually judged 10 min after drug application
and after washout of the drug, respectively. As another
mode of external application of bisaramil, the outside of
the membrane was exposed to the drug in the pipette in
cell-attached and inside-out patches, and the drug effect
was examined at least 10 min after exposure to the drug. In
the dmug and washout experiments, a quiescent period of 3
min preceded the start of each pulse train.

2.5. Single channel data analysis

The kinetics and conductance properties of the single
channel were analyzed with patches containing only one
active channel using a software package, pPCLAMP 5.5.1
(Axon Instruments) on a computer (IBM 486 compatible).
The capacitive transient was partially compensated by
analog circuitry, and the residual transient was removed by
subtracting the average current from steps to the same
potential without openings. Channel openings were de-
tected using a half-amplitude threshold. Evidence that the
patch contained only one channel is based upon the ab-
sence of observing any double amplitude openings in more
than 2000 sweeps. Open time and closed time histograms
were obtained from all of the open events and closed
intervals between openings, respectively. They could be
fitted to a single exponential after exclusion of the first bin
(0.1 ms). First latency was measured as the time from the
start of depolarization to the first channel opening and its

histogram was constructed with bin size of 0.5 ms. The
data of first latency were treated as described below. We
also had approaches to quantify the drug effect on the
clustering of sweeps with or without openings using a
‘runs analysis’ (Horn et al., 1984). The curve and model
fitting procedures were done using a simplex nonlinear
least-squares algorithm on a software program SigmaPlot
(Jandel Scientific, Sausalito, CA, USA).

For analysis of first latency, the cumulative frequency
histogram of the observed first latency was constructed
and fitted to a distribution function derived from a three-
state model with one open state and two closed states
(C,-C,-0) (Patlak and Horn, 1982; Kunze et al., 1985):

F(t) =1+ R2exp(—R1z)/( Rl — R2) — Rlexp( —R2t)
/(R1 - R2) (1)

where Rl and R2 are parameters determined by exit rate

constants from two closed states, and ¢ is time. The time
derivative of F(r) gives its density function as follows:

P(t) = —R1R2(exp( —R11) — exp( —R21))
/(R1-R2) (2)
In order to judge the applicability of the fitting, we used a

x? distribution test based on Pearson theorem. Following
equation

pi=F(t;)—F(t,_)),i=12,..,n 3)

was also used to predict the observed first latency his-
tograms which were plotted in Fig. 8. p, is the increment
of F(r) over a bin and approaches P(t) as bin width
decreases.

2.6. General data analysis

All the values were expressed as means + S.E. Statisti-
cal analysis except that specifically described in the text
was done using paired #test or Dunnett’s test for the
comparison between two groups of mean values, and
P < 0.05 was considered significant.

3. Results

3.1. Use-dependent block of whole-cell Na* current by
bisaramil

We examined the use-dependent block of whole-cell
Na* current (I,) by bisaramil. In the control condition,
application of a train of 50 depolarizing pulses of 10 or
200 ms duration with a diastolic interval of 500 ms
produced little or no change in the peak I, with succes-
sive pulses (Table 1). After bath application of bisaramil,
I,, was suppressed by successive pulses in a use-depen-
dent manner and a typical example of block development
with 5 wM bisaramil is illustrated in Fig. 2 (the peak I,
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Table 1
Effects of pulse durations on use-dependent block (UDB) of whole-cell
Na* current (Iy,) by bisaramil

Drug Concentration (uWM) Pulse duration (ms) n UDB (%)
Control 10 6 45107
Control 200 6 39+10
Bisaramil 5 5 6 449157
Bisaramil 5 10 6 43.8+6.0
Bisaramil 5 200 6 42.8+59

Trains of 50 depolarizing pulses of various durations (5, 10, 200 ms)
were applied from a holding potential of — 100 mV to ~10 mV at a
diastolic interval of 500 ms. Bisaramil was applied to the bath solution.
Values are means + S.E. n indicates the number of experiments

at the 50th depolarizing pulse was decreased to 49.4% of
the first pulse). The degree of use-dependent block of Iy,
increased with increasing concentrations of bisaramil (11.1
+1.2,30.8+22,51.0+4.7 and 85.4 + 5.7% at the con-
centration of 1, 2, 5 and 10 wM, respectively, n=5-6)
and EC;, value (the concentration required to produce the
degree of use-dependent block of 30%) was 2.0 uM (95%
confidence limit, 1.6-2.3 wM). However, a ‘steady state’
use-dependent block might not be achieved with 50 pulses
because the block development by bisaramil was slow (for
example, in case of Fig. 2, the onset rate obtained by a
single exponential fitting was 0.036 pulse™') as previously
reported (Sunami et al., 1991b).

To study the affinity of bisaramil for the ‘activated’ and
‘inactivated channels’, we compared the amount of use-de-
pendent block among pulse trains with three different
pulse durations (5, 10 and 200 ms) with a constant dias-
tolic interval of 500 ms. The results are summarized in
Table 1. Application of 5 wM bisaramil to the bath solu-
tion produced a marked use-dependent block of Iy, with
three test pulse durations. The degrees of use-dependent
block at 5, 10 and 200 ms pulse durations were similar and
there were no significant differences among these values
(Table 1). Here, we assumed that 5 ms pulses predomi-

—J

Fig. 2. Superimposed whole-cell Na* current (/) records at corre-
sponding numbers of the test pulses during a train of 50 pulses in the
presence of 5 WM bisaramil in the bath solution. For clarity, only pulses
1, 5, 15, 30, and 50 are shown. A train of 50 depolarizing pulses of 10 ms
duration was applied from a holding potential of — 100 mV to — 10 mV
with a diastolic interval of 500 ms.

nantly represented the ‘activated state’ of the channel and
prolongation of pulse durations increased the contribution
of ‘inactivated states’ (Hondeghem and Katzung, 1977,
1984). Since bisaramil blocked Iy, use dependently to a
similar extent for pulses with short (5 ms) duration and
those with long (200 ms) duration, the drug was suggested
to have a high affinity for the ‘activated state’ of the
channel.

3.2. Sidedness of block development by bisaramil

Bisaramil molecules are present in their charged form
under experimental conditions used (pH 7.3). Therefore,
bisaramil is likely to utilize a hydrophilic pathway to
approach the binding site of the channel, as proposed by
Hille (1977). In nerve tissues, charged local anesthetics are
suggested to block Iy, by binding to a specific site
accessible from the cytoplasmic side of the membrane
(Hille, 1977; Schwarz et al., 1977). To examine whether or
not this also applies to cardiac cells, we first compared the
effects on use-dependent block of [, with internal or
external application of bisaramil using the whole-cell con-
figurations. When 5 pM bisaramil was applied to the
pipette solution (internal application), the degree of use-de-
pendent block of I, was 4.7% of the first pulse Iy, and
this value was significantly smaller (P < 0.001) than that
during the exposure to 5 .M bisaramil in the bath solution
(external application) (43.8%) (Table 2). With 10 times
higher concentration (50 wM) of internally applied bis-
aramil, the degree of use-dependent block became promi-
nent (38.7%) and there were no significant changes be-
tween those by internal 50 wM and external 5 wM bis-
aramil (Table 2). Here, we cannot simply compare the
effectiveness of actions between the external and internal
application of bisaramil from the above results, since the
intracellular concentration of bisaramil was not known
with the pipette application of the drug using whole-cell
configurations.

We further examined the sidedness of block develop-
ment by bisaramil using the cell-attached and inside-out

Table 2
Comparison of use-dependent block (UDB) of whole-cell Na* current
(Iy,) between external and internal application of bisaramil

Drug Concentration (WM)  Site of application n UDB (%)
Control 6 45107
Bisaramil 5 External 6 43.816.0
Bisaramil 5 Internal 5 47+09°
Bisaramil 50 Internal 5 38.7+7.1

A train of 50 depolarizing pulses of 10 ms duration was applied from a
holding potential of — 100 mV to — 10 mV at a diastolic interval of 500
ms. Values are means+S.E. n indicates the number of experiments.
* P <0.001, significantly different from external application of 5 WM
bisaramil.
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macropatch configurations. A typical example of
macropatch Na™ currents is illustrated in Fig. 3 before and
after application of bisaramil to the bath solution. When 10
wM bisaramil was applied to the bath solution in the
cell-attached patch (external application), channel activities
were decreased and the peak average current reduced to
44.9% of the control (Fig. 3A). After washout of bisaramil,
the peak average current was recovered to 69.4% of the
control. The blocking effects were also obtained on the
inside-out patch when the drug was added at the same
concentration to the bath solution (internal application)
(Fig. 3B). The peak average current declined to 21.0% of
the control. This decline was recovered to 54.8% of the
contro] after washout of bisaramil. The results are summa-
rized in Fig. 4A. In cell-attached recordings, the bath
application of bisaramil concentration dependently blocked
the macropatch Na* currents. On average, 10 wM bis-
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Fig. 3. Effects of bisaramil applied to the bath solution on macropatch
Na* currents recorded from cell-attached and inside-out patches. Panel
A: macropatch currents and ensemble average current records from a
cell-attached patch. Currents were elicited by a train of 300 pulses with
40 ms duration. Pulses were applied from a holding potential of — 120
mV to —50 mV at 2 Hz. The left, middle and right column show 4
consecutive sweeps (from the top) and an ensemble average current (the
bottom) obtained from 300 sweeps before and after application of 10 uM
bisaramil to the bath solution, and after washout of bisaramil, respec-
tively. The patch contained 32 channels. Panel B: macropatch currents
and ensemble average current records from an inside-out patch. Currents
were elicited by the same protocol shown in panel A. The left column
shows 4 consecutive sweeps (from the top) and an ensemble average
current (the bottom) obtained from 300 sweeps under control condition,
the middle those in the presence of 10 pM bisaramil in the bath solution
and the right those after washout of bisaramil. The patch was different
from that in panel A and contained 54 channels.
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Fig. 4. Concentration-response relations for the block of macropatch Na*
currents by bisaramil applied to the bath or pipette solution. In panel A,
the peak amplitudes of average currents obtained from 300 sweeps in the
presence of indicated concentrations of bisaramil were normalized to that
in the absence of bisaramil and they were plotted as relative macropatch
Na* currents (relative macro— I,). In panel B, the peak average
currents for the last 10 pulses in a train of 300 pulses were normalized to
that for the first 10 pulses in the presence of indicated concentrations of
bisaramil and they were plotted as relative macropatch Na* currents
(relative macro— /y,). Continuous lines are fits of a first-order Hill
saturation function (relative macro— Iy, = 1/{1 + ([bisaramil}/ K )},
where K, is the dissociation constant and [bisaramil] is the concentration
of bisaramil) to the data points (for the bath application of bisaramil in
cell-attached configurations, (O) with K values of 10.1 (panel A) and
17.3 wM (panel B). Currents were elicited by the same protocol shown in
Fig. 3 and bisaramil was applied to the bath (O, A) or to the pipette
solution (@, A) in cell-attached and inside-out configurations. Numbers
in parentheses indicate number of experiments.

aramil produced 50.3 +3.1% (rn="7) inhibition of the
control in cell-attached macropatch currents (external ap-
plication). Internal application of 10 M bisaramil also
decreased the inside-out macropatch currents markedly
(82.6 + 1.3% inhibition, n =7) (Fig. 4A). These findings
indicate that bisaramil at least enters the cell membrane in
spite of the fact that bisaramil molecules are present in the
charged form in aqueous solution over a wide range of pH
and the drug is effective to block the Na* channel current
from the inside of the membrane as well as from the
outside. Here, we cannot simply compare the blocking
degrees of bisaramil applied to the bath solution on cell-at-
tached patches to those on inside-out patches, since gating
changes of channels are caused by the replacement of the
cytoplasm by the bath solution after excision (Horn and
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Vandenberg, 1986; Kirsch and Brown, 1989). In Fig. 4B,
blocking effects of bisaramil applied to the pipette solution
are compared to those seen on the bath application for the
cell-attached and inside-out patches. Since there were no
control data in case of the pipette application of the drug
and a quiescent period of 3 min preceded the start of each
pulse train, the blocking effectiveness of bath and pipette
applications of the drug was judged from ‘apparent’ use-
dependent block, which was determined by a diminution in
the peak average current for the last 10 pulses compared to
that for the first 10 pulses in a train of 300 pulses.
Consequently, the block was greater when the drug was
applied to the bath solution in both cell-attached and
inside-out experiments.

3.3. Modulation of single channel kinetics by bisaramil

Bisaramil applied to the bath solution concentration
dependently blocked macropaich Na™ currents in cell-at-
tached patches, as described above. Therefore, we tried to
clarify the precise mechanism of the Na™ channel block by
bisaramil in cell-attached patches containing only one ac-
tive channel. Fig. 5 illustrates a typical example of the
elementary Na* channel currents, before and during the
application of 10 wM bisaramil to the bath solution, and
after washout of the drug. Although 10 pM bisaramil
decreased the peak average current by 51.0 + 5.6% (n = 3)
in single active channel patches, the unitary current ampli-
tude was not changed (control vs. 10 wM bisaramil;
1.55 4 0.01 vs. 1.55 + 0.01 pA, n = 5). Therefore, we first
examined the effect of bisaramil on open times. A typical
example of the distribution of the channel open time at
—50 mV is given in Fig. 5. The open time histograms
during the control, exposure to 10 wM bisaramil and the
washout were best expressed by a single exponential distri-
bution with time constants of 0.66, 0.64 and 0.65 ms,
respectively. In five patches, the mean open time was
0.66 + 0.09 ms in the control and 0.65 + 0.08 ms in the
presence of 10 wM bisaramil. and there were no signifi-
cant changes between the two values.

The effect of bisaramil on the closed time is shown in
Fig. 6. Closed times were measured as closed intervals
between openings. The closed time distributions were fit-
ted to a single exponential with a time constant of 0.47 ms
in the control, 0.44 ms with 10 pM bisaramil and 0.44 ms
after washout of the drug. On average, the closed time
constants in the absence and presence of bisaramil were
0.43 4+ 0.04 and 0.37 + 0.03 ms (n = 5), respectively and
these two values were not significantly different.

In the presence of bisaramil, sweeps without channel
openings (null sweeps) were frequently seen. Therefore,
we examined whether bisaramil block was associated with
increased numbers of nulls. Fig. 7 shows a typical example
of the number of openings against the sequence of the
sweeps. After application of 10 wM bisaramil, the number
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20 1 "l ’\ o Y
: 5ms]|1pA
0 T T ' T f T ]
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Fig. 5. Effects of bisaramil on the open time of the Na* channel currents
recorded from a cell-attached patch with a single active channel. Panel A
shows the open time histogram and 5 consecutive sweeps of single
channel currents (a dotted line: the start of depolarizing pulse) in the
control condition, panel B those in the presence of 10 wM bisaramil
applied to the bath solution and panel C those after washout of bisaramil.
The time constants (1,) of the open time were obtained from single
exponential fits to the data for all the cases. Currents were elicited by a
train of 300 pulses with 40 ms duration. Pulses were applied from a
holding potential of — 120 mV to —50 mV at 2 Hz.

of nulls increased from 62 to 135 sweeps in 300 depolariz-
ing steps and the total number of openings decreased from
585 to 387. These changes were confirmed in four other
patches. On average, the number of nulls significantly
increased from 84 £ 9 (control, n = 5) to 152 + 15 sweeps
(10 wM bisaramil) (P < 0.01) in 300 sweeps and that of
the current-containing sweeps (active sweeps) decreased
by 31.4 + 6.2%. Consequently, the total number of open-
ings significantly decreased from 507 + 60 (control, n = 5)
to 342 + 49 (10 wM bisaramil) (P < 0.01). On the other
hand, there were no differences in the number of openings
per active sweep (control vs. 10 wM bisaramil; 2.3 £ 0.2
vs. 2.3 + 0.2 openings, n =5).

Since null sweeps seemed to appear in clusters in Fig.
7B. the degree of grouping of active sweeps and null
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sweeps was examined using a ‘runs analysis’ (Horn et al.,
1984). In the control of Fig. 7, a ‘runs analysis’ revealed
no clustering, and null and active sweeps tended to appear
alternately. On the other hand, 10 wM bisaramil induced
significant (P < 0.001) nonrandom clustering of null
sweeps (Fig. 7B). In all five patches we tried, after applica-
tion of 10 wM bisaramil, null sweeps appeared in a
significant (P < 0.001) nonrandom manner, whereas sig-
nificant clustering of null sweeps was not observed in the
control, which was similar to the previous reports using
patches with mostly more than one functioning Na* chan-
nel (Kohlhardt and Fichtner, 1988; Undrovinas et al.,
1989). In this way, bisaramil block was associated with a
decrease in the number of open events based on the
induction of nonrandom clustering of null sweeps although
it was not a sole cause for a decrease in the peak open
probability by the drug as described below. Since cluster-
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Fig. 6. Effects of bisaramil on the closed time of the Na* channel
currents recorded from a cell-attached patch with a single active channel.
Closed times were measured as intervals between openings. Panel A
shows the closed time histogram in the control condition, panel B that in
the presence of 10 M bisaramil applied to the bath solution and panel C
that after washout of bisaramil. The time constants (1, ) of the closed time
were obtained from single exponential fits to the data for all the cases.
The data were obtained from the same experiment shown in Fig. 5.
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Fig. 7. Effects of bisaramil on null sweeps of the channel currents. The
numbers of openings are plotted against the sequence of the sweeps
before (panel A) and after application of 10 WM bisaramil to the bath
solution (panel B). The data were obtained from a cell-attached single
active channel patch different from that shown in Figs. 5 and 6. Openings
were elicited by the same protocol shown in Fig. S.

ing of null sweeps with bisaramil obtained from single
active channel patches seems to reflect the slow cycling of
channels between drug-free and drug-bound states, the
cluster times may be a useful parameter for estimation of
the rate of drug binding. Such an evaluation was not
obtained because of the limited number of sweeps (300
sweeps).

Here, it should be noted that if a decrease in the number
of open events alone based on increasing null sweeps
causes bisaramil block, the degrees of decreasing the peak
average currents and the number of active sweeps are
expected to be similar because no change in the number of
openings per active sweep was observed before and after
application of the drug. However, the observation that 10
pM bisaramil decreased the peak average current by 51%
and the number of active sweeps by 31% was inconsistent
with the above expectation. Therefore, the effects of bis-
aramil on the fast gating process were further analyzed
with first latencies. In the presence of 10 wM bisaramil,
the mean values of first latencies were significantly in-
creased from 2,68 + 1.41 10 298 £ 1.49 ms (n=35, P <
0.05). Reversibility of this effect on washout was con-
firmed in three experiments we completed. We further
quantified the effects of bisaramil on the first latencies by
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Fig. 8. Effects of bisaramil on the first latency of the Na® channel
currents recorded from a cell-attached single active channel patch. The
histograms of the first latency and the cumulative first latency (top
corner) are shown in the absence (panel A) and presence of 10 uM
bisaramil in the bath solution (panel B), and after washout of bisaramil
(panel C). The smooth curve in each first latency histogram is p; curve
(Eq. 3) derived from the distribution function, F(1) (Eq. 1). The cumula-
tive frequency of the observed first latency is fitted to the distribution
function, F(¢) using a three-state model with one open state and two
closed states (C,-C,-O) (Patlak and Horn, 1982) and two parameters (R1,
R2) determined by exit rate constants from two closed states are indi-
cated. The data were obtained from the same protocol as that shown in
Fig. 5.

applying a three-state model with one open state and two
closed states (Patlak and Horn, 1982), which is a model of
Na* channel activation. In Fig. 8, control, bisaramil and
washout data of cumulative first latency were fitted to the
distribution function, F(r) (Eq. 1) (Kunze et al., 1985). In
the control, two parameters ( R1 and R2, parameters deter-
mined by exit rate constants from two closed states) were
1121 and 2962 s™'. After application of 10 pM bisaramil
to the bath solution, the value of R1 decreased to 782 s
and R2 increased to 3733 s~!, In four patches well fitted
with a three-state model, R1 decreased from 1456 + 229 to
983 + 105 s~ ! (not significant) and R2 increased from
3895 + 608 to 4947 +630 s' (P <0.05) by 10 pM

bisaramil. After washout, Rl and R2 values were restored
close to the control values (1108 and 2814 s™!, respec-
tively) (Fig. 8C). Such changes by bisaramil implied the
significant effects of bisaramil on closed states and the
following changes were caused in the first latency distribu-
tions. (i) 15.8 + 3.6% (n = 4) decrease in the peak value
of P(1) (Eq. 2), which was calculated using the values of
time to peak (T,,,, ) obtained from Eq. (4); (ii) 4.7 + 1.2%
increase in probability of observing first openings after
T,..x» Which was presented by 1 — F(T,,,) (see Eq. 1), or
the area under the P(¢) curve after T,,; (iii) no change
(0.1 £0.3%) in T, which was calculated by

Tew = (INR1 —InR2) /( Rl — R2) (4)

From these analyses of first latency distribution, it seems
likely that bisaramil interacts with the closed states of the
channel in an activation process (pre-open closed states),
which in part contributes to the reduction of macroscopic
Na™ current, but has no influence on the time to peak of
Na*t current. In this way, bisaramil blocked the cardiac
Na' channels with an increase in the first latency as well
as with a decrease in the number of open events based on
increasing null sweeps.

4. Discussion

The present study demonstrated that a charged class I
antiarrhythmic agent, bisaramil, interacted with cardiac
Na™ channels in the ‘activated state’ having access from
the outside of the membrane as well as from the inside.
The pre-open closed states might be required for the
‘activated channel block’ by the drug.

In the state-dependent models of block, the whole-cell
measurement of the ‘activated channel block’ could be
judged by imposing short depolarization pulses with suffi-
cient block development without further increase in the
longer pulses (Hondeghem and Katzung, 1984). We used
this criterion and found that bisaramil was judged as an
‘activated channel’ blocker. However, the time course of
the macroscopic current does not represent the period of
the actual channel states (Aldrich et al., 1983; Berman et
al., 1989). While the ‘activated channel block’ includes the
blockade of pre-open closed and open states with an
assumption of minimal contamination of inactivation block,
analysis of macroscopic currents alone cannot separate
both kinds of blockage. Here, we used the term ‘pre-open
closed states’ to represent the several closed states in the
activation process after depolarization as was done by
previous reports (Strichartz and Wang, 1986; Chernoff and
Strichartz, 1989; McDonald et al., 1989). Therefore, the
pre-open closed state is not necessarily consistent with the
closed state during the holding potential, the so-called
rested (closed) state in macroscopic current experiments. If
the drug has a higher affinity for the closed state prior to
the open state after depolarization different from that
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during the holding potential, we will see the use-dependent
block of whole-cell Na* current, which will be regarded
as ‘activated channel block’ from the macroscopic current
experiments.

To examine whether the block occurs during the states
preceding the channel opening (pre-open closed states) or
during the open state, we further analyzed single channel
data obtained from patches containing only one active
channel. Consequently, bisaramil increased null sweeps
with clustering and decreased the total number of open
events, whereas the number of openings per active sweep
was not affected, which was similar to a previous report
(Kohlhardt and Fichtner, 1988). In addition, first latencies
were reversibly increased with bisaramil and this effect as
well as an increasing effect of null sweeps contributed to
the reduction of macroscopic Na* current. Further, analy-
sis of first latency using C,-C,-O model (Patlak and Horn,
1982), which is a model of Na* channel activation demon-
strated that bisaramil certainly affected exit rate constants
from either one or two pre-open closed states. However,
for an increase of first latencies we could not completely
exclude the possibility of the drug interaction with the
closed state during the holding potential and the drug-bound
conducting channels with different gating kinetics from
drug-free channels (McDonald et al., 1989; Baumgarten et
al., 1991). On the other hand, open times were not changed
by the drug and we had no evidence for the drug interac-
tion with the open state.

From the observation that bisaramil applied to the bath
solution concentration dependently and reversibly blocked
macropatch Na* currents in cell-attached patches, it was
clear that bisaramil at least entered the cell membrane
despite its being a charged form in aqueous solution
(>99.999% at pH 7.3). Consistent with this macropatch
experiment, the bath application of the drug reversibly
caused the kinetic change of the channel in cell-attached
patches containing only one active channel. Alpert et al.
(1989) reported that a permanently charged lidocaine ana-
logue, QX-314 (2-triethylamino-N-[2,6-dimethylphenyl]-
acetamide) blocked cardiac whole-cell Na* current not
only when applied from the inside but also from the
outside. This result implied either that an external binding
site for QX-314 existed in the cardiac Na* channel, or that
QX-314 permeated the membrane and reached the binding
site accessible from the cytoplasmic side of the membrane.
Similarly, Maestrone et al. (1994) showed that a quater-
nary ammonium compound, pancuronium blocked the
whole-cell Na* current when externally applied in the
dorsal root ganglion sensory neurones and suggested that
pancuronium might reach its binding site on the closed
channel through the hydrophobic pathway. In general, it is
believed that charged molecules cannot cross the lipid
membrane easily. Therefore, bisaramil might first interact
with negatively charged groups on the membrane composi-
tions such as membrane proteins and positive charge on
the drug might be neutralized, which will facilitate the

drug permeation in the membrane. On the other hand,
Rhodes et al. (1985) suggested that charged forms of
dihydropyridines with high partition coefficients might
follow a membrane pathway of cardiac sarcolemmal mem-
brane to gain access to the Ca’* channel binding site.
According to this view, if bisaramil has a high lipophilic-
ity, the drug might permeate the membrane. Since a
lipophilicity as well as a pK, of the drug is an important
determinant of which pathway the drug utilizes to ap-
proach the channel receptor, a hydrophilic or a hydropho-
bic pathway, the partition coefficient of the drug remains
to be determined.

It has been known that external Na* concentration
(INa*],) affects the blocking actions of local anesthetics
(Cahalan and Almers, 1979; Barber et al., 1992; Gingrich
et al,, 1993; Ono et al., 1996). Since we used the low
concentration of Na* ([Na*] = 10 mM) to achieve volt-
age control in whole-cell experiments, we could not simply
compare the blocking degrees of the drug in whole-cell
recording to those in cell-attached and inside-out record-
ings, in which [Na*] of 140 mM was used. In addition to
this [Na™], effect, since channel gating changes with the
replacement of the cytoplasm by the bath solution after
excision (Horn and Vandenberg, 1986; Kirsch and Brown,
1989), we did not compare the blocking degrees for differ-
ent configurations, but the blocking effectiveness of bath
and pipette application of the drug was compared with
each other for the same configuration. Consequently, the
pipette application of the drug always caused a smaller
amount of block than the bath application regardless of the
kind of configurations, that is, whole-cell, cell-attached
and inside-out configurations. This might be consistently
explained by the finding that bisaramil enters the cell
membrane. If the drug permeates the membrane, the drug
concentration might be lower on both sides of the cell or
patch membrane when applied in the pipette because the
cell and the bath act as a large sink for the drug in the
pipette (Hille, 1977; Alpert et al., 1989) and the gradual
decrease of drug concentration may occur on both sides of
the membrane.

As discussed above, bisaramil seems to interact with the
pre-open closed states of the channel despite its molecule
being a charged form, which is contradictory to Hille’s
proposal in nerve that charged local anesthetics selectively
block open channels (Hille, 1977). Courtney (1988) has
suggested in his molecular modeling studies that tertiary
amine Na® channel blockers with an end-on cross-sec-
tional area (XY dimension) of larger than 45 A? are open
channel blockers. Actually, disopyramide having an XY
dimension of 47 AZ produced flickering block and de-
creased the mean open time of unmodified channels (Grant
et al., 1993). Consistent with this observation, bisaramil
having a smaller XY dimension of 40 A? (our observation
using an atom model) did not reduce the open times.
Bisaramil with a maximum X dimension of 6.2 A, how-
ever, was expected to be an open channel blocker from
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another criteria of Courtney (1988) suggesting that drugs
with a maximum X dimension exceeding 5 A are open
channel blockers. Considering no evidence for the drug
interactions with open states, not only the drug size but
also other physico-chemical properties of the drug such as
a pK, and a partition coefficient might need to be taken
into account. In addition to the size and the lipid solubility
of the drug, we need to consider stereoselective interac-
tions between the receptor and the drug, although no
studies have yet been done.

In conclusion, a charged tertiary amine, bisaramil, inter-
acts with cardiac Na™ channels in the ‘activated state’ and
increases first latencies as well as null sweeps. The pre-
open closed states of the channels might be required for
the ‘activated channel blockade’ by the drug.
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