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Modulation of Sodium Channel Activity in Frog
Ventricular Cells by Guanidyl-side Armed Cyclam

Masuhide YAKEHIRO
Department of Physiology, School of Medicine, Hiroshima University, Hiroshima 734, Japan

ABSTRACT

The mechanism underlying the Na channel blocking action of guanidyl-side armed cyclam (G-
cyclam) was studied using conventional patch-clamp methods. G-cyclam applied to the cytoplasmic
surface of the membrane reduced the amplitude of single Na channel currents without inducing
a flickering block. This effect was enhanced by depolarization and was fully reversible upon
washout of the drug. The relationship between the concentration of G-cyclam and the reduction
of unitary current could be expressed mathematically assuming one-to-one stoichiometry. During
maximal suppression of the single channel current by G-cyclam approximately 40% of the cur-
rent remained. Low concentration of G-cyclam (8 x 10*M) prolonged, while higher concentration
(8% 10°M) shortened the mean open time suggesting the involvement of two processes in the
Na channel blocking action of this agent. It appears that low concentration of G-cyclam induce
rapid and frequent transition between open and less conductive state resulting in a reduced cur-
rent, and higher concentration make the channel nonconductive with slower single channel kinetics.
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Voltage-clamp recordings have shown that a
macrocyclic polyamine with an alkylguanidinium
side chain blocks Na channels in squid axons in a
voltage- and time- dependent manner, but only
when applied to the intracellular membrane
surface’™®, We have exploited this pharmacollog-
ically unique blocking action of G-cyclam studying
the mechanisms underlying Na channel inactivation.

Neher and Steinbach® first showed that the lido-
caine derivative QX-222, blocks acetylcholine(ACh)
receptors by reducing the mean open time for sin-
gle channel opening. Thus in the presence of the
drug a single channel opening would appear as a
burst of much shorter openings. This observation
was interpreted to suggest that QX-222 plugs the
pores of the ion-conducting pathway through the
ACh receptor (occlusion model). A similar hypothe-
sis was postulated by Yamamoto and Yeh® for a
single sodium channel block by 9-aminoacridine. The
block of Na channel induced by intracellularly
applied tetramethylammonium® and extracellu-
larly applied Ca?* 2» is different to that of
9-aminoacridine since these drugs reduce the sin-
gle channel current amplitude rather than increase
the frequency of transition between open and closed
states. However, this effect has been attributed to
limitations imposed by the recording system. In ad-
dition, many reports examining the effect of local
anesthetics and antiarrhythmic drugs on the heart
and skeletal muscle®®® proved strong evidence for
the occlusion model. Generally, in the case of the
open channel block, one can observe either frequent

interruptions of opening event (flickering), leading
to the prolongation of burst length, or the prolon-
gation of open time accompanying a reduction in
single channel current amplitude.

In this study, we have clarified the mechanism
underlying block of Na channels by G-cyclam in
frog ventricular cells using the patch-clamp record-
ing technique.

A preliminary account of these experiments has
been published elsewhere®,

MATERIALS AND METHODS

Preparation

The procedure for preparing single ventricular
cells from frog, Rana catesbeiana, was similar to
that described by Seyama and Yamaoka®".
However, the following modifications to the origi-
nal method substantially improved the yield : im-
mediately after dispersion the cells were placed in
a low Ca solution for 30 min then following a cen-
trifugation for one min at 600 rpm, the cells were
transferred Leibovitz’s L-15 medium in which they
were stored. These additional procedures were car-
ried out at room temperature.

Solutions

The composition of the solution used for prepar-
ing isolated myocytes was as follows; NaCl 93.5
mM, KCl 5.4 mM, MgSO,-7H,0 5.0 mM, glucose
20 mM, taurine 20 mM, CaCl, 3.6 uM (pH 7.2
with NaOH) and 5 % fetal calf serum (Gibco, New
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Fig. 2. Single Na channel current recordings from an
open cell attached configuration: (A) control and (B)
during perfusion of 3x10*M G-cyclam. The holding
potential was —120 mV. The membrane was depola-
rized to —-60 mV for 40 ms (the time bracketed by
two open triangles). The ensemble average currents
shown at the bottom of both columns were obtained
by averaging 100 traces. Temperature was 16°C.

York), penicillin(100 units/ml) and streptomycin(1
mg/ml) was added to Leibovitz’s L-15 medium.

The bathing (Ringer’s) solution consisted of 113.5
mM NaCl, 5.4 mM KCl, 1.8 mM CaCl,, and 5 mM
HEPES (pH 7.2 with NaOH). While the suction

pipette contained 250 mM NaOH, 3 mM MgSO,,
and 20 mM HEPES (pH 7.2 with aspartic acid).
The intracellular solution consisted of 140 mM
CsOH, 1mM NaOH, 220 mM sucrose, 5 mM EGTA
and 20 mM HEPES (pH 7.0 with aspartic acid).
G-cyclam was a generous gift from Prof. E.
Kimura, Institute of Pharmaceutical Sciences,
Hiroshima University School of Medicine. The stock
solution was made by dissolving G-cyclam in dis-
tilled water at a concentration of 0.1 M. The test
solution containing 10?M G-cyclam was prepared
by dissolving crystalline G-cyclam directly in in-
tracellular solution. The resultant change in pH was
corrected using CsOH. The chemical structure of
G-cyclam is shown in Fig. 1. Test solutions were
prepared immediately before experiments.

Electrical recordings

After formation of a gigaohm-seal and confirma-
tion of Na channel activity in the cell attached con-
figuration, the bathing solution was switched from
Ringer’s to the intracellular solution. Thereafter
single channel current records were recorded us-
ing the open-cell attached'® or the inside-out
membrane patch configuration?. In inside-out
membrane patches single channel activity was
monitored immediately after application of G-
cyclam, while in open cell recordings 10 min were
allowed to lapse thus giving the drug time to
diffuse to the intracellular surface.

The output of the patch clamp amplifier(L/M-
EPC5, LIST, West Germany) was low-pass-filtered
at 8 KHz using a Bessel filter(Model E-3201, NF
Circuit Design Block Co.Ltd., Yokohama) and digi-
tized at 40 KHz by a digital storage oscilloscope
with a 10-bits resolution (KDS-102, Kawasaki Elec-
tronica, Tokyo). Digitized records were stored on
computer (PC-9801VX, NEC, Tokyo) which also
controlled the voltage-clamp protocols used through-
out this study.

Capacitive and leakage currents were obtained by
fitting a polynomial function to averaged data of
records with no openings® and subsequently were
subtracted from each original current record. Af-
ter the subtraction, the current records were fur-
ther filtered using a digital Gaussian filter? at a
final cutoff frequency of 3 KHz.

The temperature of the bathing solution was kept
constant at 4°C or 16°C, except in the experiments
illustrated in Fig. 5 and 7 which were recorded at
24°C (closed triangles).

Analysis method

The transition between conducting and noncon-
ducting states was determined using ‘‘half-
amplitude threshold analysis”?. The amplitude of
single channel currents was estimated from Gaus-
sian curves fitted to amplitude histograms. While
mean open times were determined by fitting sin-
gle exponential functions to open time histograms
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Fig. 3. Amplitude histogram for single Na channel
currents before (top), during perfusion of 3% 10*M G-
cyclam (middle) and after wash out of the drug (bot-
tom) . All records were obtained from the cell shown
in Fig. 2. For reasons of clarity the peak represent-
ing the closed state has been omitted.

(note, the first two bins were not included in the
fit).

RESULTS
Effect of G-cyclam on single channel current

Single Na channel currents in the presence and
absence of 3x10*M G-cyclam in the bathing solu-
tion are shown in Fig. 2. In the presence of G-
cyclam (Fig. 2B) no apparent flickering of the sin-
gle channel current was observed. However, there
was a marked reduction in the single channel cur-
rent amplitude, illustrated more clearly by the am-
plitude histogram shown in Fig. 3. In this example
the single channel current amplitude decreased
from 2.28 pA in control to 1.82 pA during G-cyclam
administration. Removal of G-cyclam caused a com-
plete recovery of the single Na channel current to
the control level.

Shown in Fig. 4A is the relationship between sin-
gle channel current and the patch membrane poten-
tial. Under control conditions, the slope conductance
was estimated at 15 pS using a least squares fit-
ting routine. 3x10*M G-cyclam caused a non-
linear reduction of the single channel amplitude
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Fig. 4. Relationship between single channel current
amplitude and patch membrane potential. (A) Ampli-
tude of the unitary current before (open circle) and
during (closed circle) the administration of 3x10*M
G-cyclam at various membrane potentials. (B) Relative
amplitude of single Na channel currents during per-
fusion of 3x10*M (closed circles) and 1x10*M
(closed triangles) G-cyclam. Ordinate: single Na chan-
nel current during drug perfusion relative to control.
Abscissa: the membrane potential during test pulse.
Single channel currents were recorded using the
inside-out membrane patch configuration at a temper-
ature of 4°C.

which increased with depolarization. This effect is
more clearly shown in Fig. 4B where the relative
amplitudes of single channel currents is plotted
against the membrane potential in the presence of
3x10"M G-cyclam (closed circles) and 1x10*M G-
cyclam (closed triangles). Note, the extent of block
is enhanced by depolarization and the increase in
G-cyclam concentration.

In order to determine the Q,, for the blocking
action of G-cyclam, the effect of temperature on
mean single channel current amplitude was exa-
mined at a range of temperatures in the absence
and presence of the drug. The mean single chan-
nel current amplitude measured at a membrane
potential of -60 mV was 1.54 £ 0.09 pA (mean
+ 8.D, n=5) at 4°C and 2.20 £ 0.04 pA (n=5)
at 16°C. The estimated Q;, from these values is
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Fig. 5. Concentration-response relationship between G-cyclam and the relative inhibition of single channel
current amplitude at -60 mV (A-1) and -50 mV (A-2). Lines were fitted to measured values using a least
squares fitting routine, assuming one-to-one stoichiometry. R,,, and Ky were calculated to be 0.57 and
5.1x10*M at —60 mV; and 0.60 and 2.8x10*M at -50mV, respectively. Squares indicate data obtained
at 4°C, circles at 16°C and triangle at 24°C. The solid triangle, square and circles correspond to those
shown in Fig. 7. (B) Voltage-dependency of Kn(E). The solid line fitted using a Kp(E) of 1.62x10° - exp
(-0.059°E). The value for —70 mV was excluded from calculation, since few single channel events and lit-
tle effect of G-cyclam was observed at this membrane potential. All data at 16°C and 24°C were recorded
in the open cell attached patch configuration while data obtained at 4°C was recorded using the inside-out
patch configuration, except on one occasion where the former method was applied (filled square).

1.85. The reduction in single channel current am-
plitude measured at -60 mV by G-cyclam
(8 x 10*M) was relatively independent of tempera-
ture; relative current is measured to be 0.71 and
0.85 at 4°C and 0.87, 0.85 and 0.76 at 16°C. The
temperature independent blocking action of G-
cyclam suggests that access of G-cyclam to its bind-
ing site occurs by diffusion perhaps in a manner
similar to that of Na ion movement through Na
channels?.

Relation between concentration of G-cyclam and
the inhibition

The relative inhibition of single channel amplitude
(defined as 1 - the ratio of single channel ampli-
tude in the presence and absence of G-cyclam) at
the membrane potentials of -60 and -50 mV was
plotted against the concentration of G-cyclam (Fig.
5, A-1 and A-2). Assuming one-to-one stoichiome-
try, Ry and Ky(E) were estimated by fitting the
data to equation (1).

R'max
Ky(E)
[G-cyclam]

Relative Inhibition (1)

1 +

where Kp(E) is the dissociation constant at a
membrane potential of E mV, [G-cyclam] is the con-
centration of G-cyclam and R,,, is the maximum
inhibition of single channel current amplitude. A

complete inhibition of Na channel current was not
observed at 10°M or 8x10°M at membrane
potentials of -60 and -50 mV, respectively (Fig.
5, A-1 and A-2). The values of R, ,, at a mem-
brane potentials of -60 mV and -50 mV were cal-
culated to be 0.57 and 0.60, respectively. At each
membrane potential (from -70 to -30 mV), R;,,
was less than unity ( 0.57, 0.57, 0.60, 0.67 and 0.51
for -70, -60, -50, -40 and -30 mV, respectively).
The values of Kp(E), assuming an R, of 0.6,
were calculated and plotted against membrane
potential(Fig. 5B). Apparent dissociation constant
at 0 mV, K(0), was estimated at 1.6x10°M.

Effect on dwell time

Application of 8x10*M G-cyclam prolonged the
apparent mean open time (determined by fitting a
single exponential function to the open time histo-
gram) (Fig. 6A). The ratio for the apparent mean
open time during G-cyclam perfusion (75) and the
mean open time under control condition (r,) was
1.35 £ 0.17 (n=3). In contrast, a higher concen-
tration of G-cyclam (3 mM) reduced the ratio of
747, to 0.56 (n=2) (Fig. 6B; Fig.7). A plot of 74/,
against G-cyclam concentration showed a bell
shaped distribution (Fig. 7).

Changes in open probability by drug
In order to determine whether G-cyclam affect-
ed the open probability(P,), cumulative open state
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Fig. 6. Open time histogram before (upper panel) and during (lower panel) administration of 3x 10“M (A)
and 3x103M (B) G-cyclam. Lines were best fitted by a single exponential function. Bin width was 0.1
ms with the first two bins being excluded from the fit. To minimize the error arising from overlapping
events and to keep signal to noise ratio high, single channel current records were obtained at a test potential
of —60 mV and a temperature of 16°C. Data were recorded using the open cell attached patch configu-

ration.
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Fig. 7. Relationship between 73/7, and G-cyclam.
Data were obtained at 4°C (square), 16°C (circles) and
24°C (triangle). Data were recorded using the open
cell attached patch configuration.

probability was calculated using the following proce-
dure. First, each single channel current record dur-
ing a test pulse was averaged and the resultant
average current divided by the single channel cur-
rent amplitude determined from the corresponding
amplitude histogram. The values obtained from this
calculation which represent the product of the num-
ber of channels in a patch and their P, was sub-
sequently integrated by the number of traces.
In the simple model given above where G-cyclam
can only block open channels, it can be predicted
that the open state probability increases as a result
of the prolonged mean open time which occurs as
the concentration of G-cyclam is increased. Such a
change in the open state probability was not ob-
served in the presence of 3 x10*M G-cyclam (n=3,
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Fig. 8. Cumulative open state probability (NP,x No.
of Traces) graphs. Changes in cumulative open prob-
ability induced by 3x10*M and 3x10°M G-cyclam
are shown in graphs A and B, respectively. Solid lines
represent the cumulative open probability under con-
trol conditions while the dotted lines the cumulative
open state probability in the presence of G-cyclam. The
number of channels in the patch (N) was 3 in A and
4 in B estimated simply by counting the number of
simultaneous channel openings. The membrane poten-
tial in these experiments was stepped to —-60 mV
from holding potential of —-120 mV for 40 ms. Data
were recorded using open cell attached patch config-

uration.

e.g., Fig. 8A). However, contrary to the predictions
from the simple model a 10 fold increase in G-
cyclam concentration to 8x10®M significantly
decreased the cumulative open probability (Fig. 8B).
The effect can be explained as an increase in the
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number of null sweep. For example in one experi-
ment there was an increase of null sweeps from 3
to 35 out of a maximum of 50. Furthermore, a
shortening of the apparent mean open time was
also observed (Fig. 6 B and 7).

DISCUSSION

The results of this study can be summarized as
follows. (1) Intracellularly applied G-cyclam reduces
the current through single Na channel without in-
ducing a flickering block. (2) The inhibition of
unitary Na channel current increases with depolar-
ization and G-cyclam concentration in a fully revers-
ible manner. (3) The concentration-response
relationship exhibits Michaelis-Menten type binding
with one-to-one stoichiometry. (4) In the presence
of G-cyclam the Na channel remains partially con-
ductive with the apparent mean open time being
prolonged at concentrations between 10* and
3x10*M although higher concentrations (up to
3x10®M) reduce the apparent mean open time
and increase the number of null sweeps indicating
a reduction in P,. These observations partially
meet the criteria for simple occlusion model of open
Na channels (see Introduction), in which rapid tran-
sition between open and blocked states occurs. In
support at this notion is the concentration-
dependent decrease in apparent single channel cur-
rent without a noticeable increase of noise and the
prolongation in apparent mean open time. However,
two observations in this study are incompatible with
the simple occlusion model. Firstly, R, in equa-
tion (1) for the concentration-response curve is less
than 1 (Fig. 5A) and secondly the mean open time
decreases at G-cyclam concentrations greater than
3x10*M (Fig. 7).

These findings can be reconciled with the simple
occlusion model using the following kinetic scheme:

G-cyclam G-cyclam

L

O===p,==2=23,

where B, denotes the first blocked state, equiva-
lent to 40% of the conductance observed in the
open state, O, and the nonconductive state B,.
The closed and inactivated states have been omit-
ted from the model for the sake of simplicity since
G-cyclam only blocks open channels'®!?, The rate
of transition between O and B, is very high com-
pared to that of B, to B,. In this new model, the
apparent decrease in single Na channel current in
the presence of G-cyclam can be explained by as-
suming a rapid transition between O and B, and,
in the presence of high G-cyclam concentrations a
decrease of mean open time due to an increase in
the rate of transition from B, to B,. Moreover,
the introduction of B, may also explain the in-
crease in number of null sweep observed at high
concentration of G-cyclam. As the rate constant for

the transition from B, to B, is also concentration-
dependent, sweeps with extremely short channel
openings are likely to increase as the concentration
of G-cyclam is increased. This could increase the in-
cidence of sweeps containing brief openings which
are spuriously categorized as null.

One possible explanation for partial occlusion of
Na channels (By) is that G-cyclam binds to a site
unrelated to the site which binds Na ions and thus
affects Na ion translocation. Alternatively, if the
channel is viewed as multibarreled structure simi-
lar to that proposed for the potential dependent K
channel®, the inward rectifying K channel” and
the Na channel'”, it is possible that each subunit
could have a different affinity for G-cyclam. Thus
the channel could enter partially conductive states
upon occlusion of some of the subunits by G-cyclam.

The alternative explanation for the effects
described in this study is simply that G-cyclam
binds to the Na channel protein and induces a con-
formational change (allosteric model). Such a
mechanism is thought to be responsible for H*
block of L-type Ca channels'®® and Zn?* block
of Na channels!®. In these studies, open channel
events were frequently interrupted by a brief, less
conductive state (~ 1/3 that of control). The mean
dwell time for subconductive states was dependent
on ligand concentration. This latter observation can-
not be explained using the occlusion model and is
consistent with a conformational change in the
channel structure. If the blocked time during flick-
ering was measurable in the present study, it could
have been possible to discriminate between the oc-
clusion model and the allosteric model.

In summary, block of Na channels by G-cyclam
may be explained by two independent processes.
The first is due to frequent transition between open
and less conductive states with very fast kinetics.
This manifests itself as a reduction in single chan-
nel conductance. The second, observed at high con-
centration of G-cyclam is to slow transition from
less conductive to nonconductive states. Since
Cyclam, which lacks the alkylguanidinium side chain
of G-cyclam, but not G-cyclam itself blocks Na cur-
rents instantaneously in squid axon, it is likely that
the cyclic polyamine part of the molecule is respon-
sible for the fast kinetic component of G-cyclam
block and the alkylguanidinium part for the slower
component. The importance of the guanidinium
group for the closing Na channels has been ob-
served by others. For examples, Rojas and Rudy™®
have reported that alkaline protease b, which
cleaves peptide bond containing guanidinium group,
prevents Na channel inactivation. Stihmer et al®)
have demonstrated that the intracellular component
between repeats III and IV'? having several argi-
nines which contain guanidinium group in peptide
chain for Na channel is important for the closing
mechanism of Na channel by showing no inactiva-
tion in the mutant which lacks or cuts DNA for the
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component. The speculation raised is in well accord
with these experimental results.
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