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SUMMARY

1. The mechanism of depolarization of squid axon membranes caused
by grayanotoxin I has been studied by means of internal perfusion and
voltage clamp techniques.

2. The depolarization induced by either internal or external applica-
tion of grayanotoxin I was reversed by decreasing the external sodium
concentration from 449 to 1 mm.

3. No depolarization was observed when both external and internal
media were devoid of sodium ions, indicating that the depolarization by
grayanotoxin I in normal media is due to a specific increase in resting
sodium permeability.

4. The resting sodium permeability as measured by voltage clamp was
increased to 1:31x 10%cm/sec by internal application of 1x10-5Mm
grayanotoxin I, an increase by a factor of about 90.

5. The apparent dissociation constant of internally applied grayano-
toxin I in increasing the resting sodium permeability was estimated to
be 4:12 x 10~5 M, and the toxin interacts with the membrane receptor on
a one-to-one stoichiometric basis.

6. Tetrodotoxin antagonized the action of grayanotoxin I in increasing
the resting sodium permeability in a non-competitive manner.

INTRODUCTION

Several compounds have been found to cause a depolarization of nerve
and muscle membranes through a specific increase in resting permeability
to sodium ions. For example, veratridine has a potent depolarizing action
on nerve membranes, and the effect is reversed by a drastic decrease in
external sodium concentration or by an addition of tetrodotoxin to external
medium (Ulbricht, 1969; Ohta, Narahashi & Keeler, 1973). Batrachotoxin
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causes an irreversible depolarization in squid axon membranes without
affecting the mechanism responsible for generation of the action potential
(Narahashi, Albuquerque & Deguchi, 1971; Albuquerque, Seyama &
Narahashi, 1973).

Grayanotoxins are contained in the leaves of the plants belonging to
the family Ericaceae. The toxins contain several analogues, and their
chemical structures have been completely identified (Kakisawa, Kurono,
Nakanishi & Hirata, 1961; Kakisawa, Kozima, Yanai & Nakanishi, 1965;

Fig. 1. Chemical structure of grayanotoxin I.

Kozima, Nakanishi, Yanai & Kakisawa, 1964; Kumazawa & Iriye, 1970;
Matsumoto & Watanabe, 1968). Grayanotoxin I (Fig. 1) depolarizes the
skeletal muscle membrane, and a specific increase in resting sodium
permeability of the membrane has been suggested as the major mechanism
of action on the basis of the reversal of depolarization by a.decrease in
external sodium concentration (Deguchi & Sakai, 1967; Seyama, 1970).
More recently, this mechanism of action has been demonstrated by a more
straightforward method in which sodium ions are eliminated from both
external and internal media; a-dihydrograyanotoxin II completely fails
to depolarize squid axon membranes under this condition (Seyama &
Narahashi, 1973).

However, no quantitative measurements have so far been made on the
increase in resting sodium permeability of the membrane by any of the
depolarizing agents mentioned above. Since the membrane depolarization
produced by an increase in resting sodium permeability causes the potas-
sium permeability to increase, the observed change in membrane potential
is a sum of the depolarization and repolarization as a result of these ionic
permeability changes. Therefore, depolarization of the membrane cannot
be taken as an accurate measure of the potency of depolarizing agents in
any quantitative manner.

In the present study, the resting sodium permeability was measured by
means of voltage clamp techniques on squid giant axons treated with
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grayanotoxin I. Such experiments also permitted reliable analyses of the
mechanism of grayanotoxin-receptor interaction and that of grayanotoxin-
tetrodotoxin antagonism.

METHODS

Materials. Giant axons from the squid, Loligo pealei, available at the Marine
Biological Laboratory, Woods Hole, Massachusetts, were used. The method of
internal perfusion was essentially the same as that described previously (Narahashi
& Anderson, 1967).

Solutions. The compositions of the solutions are given in Table 1. External sodium
concentration was changed by mixing choline sea-water (solution B) with artificial
sea-water (ASW, solution A) at an appropriate ratio. In low sodium high potassium
sea-water (solution E), methylsulphate was used as an indiffusible anion through
the membrane (Baker, Hodgkin & Shaw, 1962).

Electrophysiological measurements. When appropriate external and internal solu-
tions are chosen from those listed in Table 1, the equilibrium potential for potassium
(Ex) becomes equal to that for chloride (E). For example, with solution A outside
and solution G inside, Ex and E are —70'mV. With solution E outside and solu-
tion I inside, Ex and E are +12mV. The membrane current necessary to hold
the membrane potential at these levels was measured under voltage clamp condi-
tions. This current was carried most by sodium ions, for no other freely permeable
ions were available either outside or inside of the axon. When grayanotoxin I was
applied either externally or internally, there was a large increase in the holding
membrane current. Since grayanotoxin I increases the resting sodium permeability
selectively, the increment of the current represents a sodium current.

The method of voltage clamp was essentially the same as that described before
(Wang, Narahashi & Scuka, 1972; Wu & Narahashi, 1973). The only modification
made in the present study was that a 150 um diameter platinum wire was used
instead of a 75 ym platinum wire. This reduced the chance of polarization of the
electrode caused by large holding current. In order to further minimize the polariza-
tion, the membrane was clamped intermittently for a period of 7 sec at 90 sec inter-
vals with the aid of an electronic switch.

Chemicals. Grayanotoxin I was supplied by Dr Masaiti Yasue of Nagoya City
University, Japan. A stock solution was prepared by dissolving toxin in perfusing
medium at a concentration of 3 x 10~¢M and kept in a refrigerator. Test solutions
were prepared by diluting the stock solution with internal perfusate immediately
before use. Tetrodotoxin was purchased from Calbiochem, La Jolla, California,
and Tris (tris(hydroxymethyl)aminomethane) from Sigma Chemical Co., St. Louis,
Missouri.

Temperature. All experiments were conducted at room temperature of 20° C.

RESULTS
Effect on resting membrane potential

Fig. 2 illustrates the effect of grayanotoxin I on the resting membrane
potential. When applied externally, 5 x 10~% M grayanotoxin I depolarized
the membrane from —55 to —15mV in 46 min. External sodium con-
centration was then reduced from 449 to 1 mm (solution C of Table 1) in
the presence of grayanotoxin I and the membrane was quickly hyper-
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Fig. 2. Changes in resting membrane potential (E,) of an intact squid
axon produced by external application of 5x10-5M grayanotoxin I
(GTX I). Decrease of external sodium concentration ([Na],) to 1 mm
hyperpolarizes the membrane in GTX I. Externally applied tetrodotoxin
(TTX) also reverses depolarization.
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Fig. 3. Effect of externally applied 5x 10~ M grayanotoxin I (GTX I) in
resting membrane potential (E,) of an internally perfused squid axon in
the absence of sodium ions in both external and internal media. [Na], and
[Na], refer to external and internal sodium concentrations, respectively.

polarized beyond the level observed in 1 mm sodium before application
of grayanotoxin I. Readmission of 449 mM sodium produced a membrane
depolarization again. Tetrodotoxin at a concentration of 1x10~¢m
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antagonized the grayanotoxin-induced depolarization, repolarizing the
membrane to the original resting potential. This result suggests that the
depolarizing action of grayanotoxin I is due to a specific increase in per-
meability to sodium ions. The depolarization caused by grayanotoxin I
was slowly reversed upon washing with toxin-free medium.

If only the sodium permeability were involved in the depolarization
caused by grayanotoxin, no change in membrane potential would be ex-
pected when both external and internal media were devoid of sodium ions

[Na], (%)
[GTX];
1%x10-5M
1) Ep—— —_— ——— ——— -
—10}-
Em
mV) =30}
Ex=Ecim =70} === = mmm e e e — —————
1 | | |
15 30 3 60 (min)
o .'........’ l l .....'r.'
In .
(x10-4Ajcm?) ¢ o000
~1} % eeaaaeeses® 7-28.72Aa

Fig. 4. Changes in resting membrane potential (E,) and holding membrane
current carried by sodium (Iy,) by internal perfusion of 1x10-5mM
grayanotoxin I (GTX I). Current with a minus sign denotes an inward
current. External sodium concentration ([Na]) is 449 mM in normal
artificial sea-water (solution A of Table 1), and reduced sodium concentra-
tions are expressed as percentages of that solution. The membrane
potential was voltage clamped for 7 sec at 90 sec intervals at — 70 mV which
was made equal to the equilibrium potentials for potassium (Ey) and
chloride (E,) by alteration of the ionic composition of internal perfusate
(solution G of Table 1).

(solution D and H of Table 1). Such experiments have indeed demonstrated
that this is the case as is shown in Fig. 3. The transient depolarization
seen after washing the axon with toxin-free artificial sea-water indicates
that grayanotoxin I has bound to the membrane in the absence of
sodium. The depolarizing action became apparent when normal sodium
concentration was introduced to the external perfusate, but it subsided



NERVE DEPOLARIZATION BY GRAYANOTOXIN 1 41717

as grayanotoxin I was gradually washed out. The result clearly demon-
strates that a specific increase in resting permeability to sodium ions is
responsible for the depolarization by grananotoxin I.

Measurements of resting sodium conductance and permeability

The membrane current necessary to hold the membrane potential at
a level which was made equal to E¢ and F was measured under voltage
clamp conditions. An example of such an experiment is illustrated in
Fig. 4. Artificial sea-water (solution A of Table 1) or mixtures of ASW
and choline sea-water (solution B) were used as the external perfusate,
and chloride internal solution (solution G) as the internal perfusate. The
equilibrium potential for potassium and chloride was —70 mV. The
membrane started depolarizing from the control level of —57 mV after
internal perfusion of grayanotoxin I at a concentration of 1 x 10~5 M, and
attained +1 mV in about 20 min. An inward holding current which was
carried mostly by sodium ions was increased in magnitude as the mem-
brane depolarization proceeded, and finally reached —1-13 x 104 A/cm?.
Since the equilibrium potential for sodium (\y,) is + 55 mV, the resting
sodium conductance (gy,) in grayanotoxin I is calculated to be 0-9 mmho/
cm? from the equation

_ I
N =T gy (1)

where E, is the membrane potential and Iy, is sodium current.

The external concentration of sodium was then decreased stepwise in
the presence of grayanotoxin I. As it was lowered, the membrane poten-
tial was restored toward the initial resting level recorded in 1009,
sodium, and the inward holding sodium current was decreased in
magnitude (Fig. 4).

Since the sodium current cannot satisfactorily be described in terms
of sodium conductance when the external sodium concentration is low
(Frankenhaeuser, 1960), sodium permeability (Py,) was calculated from
the following constant field equation (Goldman, 1943; Hodgkin & Katz,
1949)

— F*B,, [NaJ,— [Na],e EPI"7

Ing = Py, RT 1 _ e—EFIRT ’ 2)

where [Na], and [Na,]; are external and internal sodium concentrations,
respectively, and F, R and T' are the Faraday constant, the gas constant
and the absolute temperature, respectively. The mean values for E ,
Iy, and Py, are given in Table 2. The sodium permeability was not
decreased but rather increased somewhat when external sodium concen-
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tration was lowered up to 25 9, of the normal value, but was decreased in
12-5 %, sodium.

The sodium currents obtained from the axons treated with grayano-
toxin I are plotted as a function of the logarithm of external sodium
concentration in Fig. 5. The chain line is drawn by eye. The continuous
curve is calculated by the constant field eqn. (2) which assumes a constant

TABLE 2. Membrane sodium current (Iy,), sodium f)ermeabﬂity (Py,) and mem-
brane potential (E,) as a function of external sodium concentration ([Na}],) in squid
axons perfused internally with 1 x 10~ M grayanotoxin I

[Na]o I'Nn. PN. Em n
mm x 10— A/em? x 10-% em/sec mV

449 —167-4+ 189 1-31 +0-14 —29+590 5
336-8 —147-9+13-6 1-54+0-14 — 68+585 5
224-5 —110-6+7-0 1-74 £ 0-11 —13-8+8-44 5
112-3 —544+79 1-74 £ 0-79 —32-6+882 5
56-1 —-71%28 0-46 +0-19 —49-7+ 357 4

Sodium current was measured as the membrane current necessary to voltage
clamp the membrane potential at — 70 mV which was made equal to the quilibrium
potentials for potassium and chloride. Mixtures of solutions A and B of Table 1 were
used as external perfusate, and solution G as internal perfusate. E_ in 449 mm
[Na], before application of grayanotoxin I is —51-8 +1-87 mV.

+10

0-8

0-6

0-4

Relative current

0-2

125 25 5 75 100
[Na], (%)

Fig. 5. Resting sodium currents in axons internally perfused with
1x 10~ M grayanotoxin I at various external sodium concentrations
([Na],). Each symbol represents separate series of experiments. Inter-
rupted line is fitted by eye. Continuous curve is drawn by the constant
field eqn. (2) for sodium permeability.
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sodium permeability. This curve slightly deviates from the measurements,
and the possible reasons for this will be discussed later.

The results described in the preceding paragraphs suggest that the
sodium channels of the resting nerve membrane are opened up by the
action of grayanotoxin I. This leads to an increase in resting sodium
conductance. It would then be predicted that resting sodium current could
flow in outward direction across the membrane depending on the electro-
chemical gradient for the sodium. The experiment illustrated in Fig. 6

Ext. | ASW Low Na high K ASW

Int. | SIS High Na low K SIS

8-1-72Bb
| | 1
40 80
Time (min)
0‘5 | - 1 1 .”...'.......‘.. I
o® .
Ina ® 4
(x10-2A/cm b .,
.
0 *%eees P - ML YTV

Fig. 6. Changes in resting membrane potential (E,) and holding membrane
current carried by sodium (Iy,) by internal perfusion of 1x 10-5M gray-
anotoxin I (GTX I). The similar experiment as that shown in Fig. 4
except that low sodium high potassium sea-water (solution E of Table 1)
and high sodium low potassium solution (solution I of Table 1) are used for
external and internal perfusates, respectively.

clearly indicates that this is actually the case. In this experiment, low
sodium high potassium sea-water (solution E of Table 1) was used as the
external perfusate and high sodium low potassium solutions (solution I)
as the internal perfusate. The equilibrium potentials for sodium, potas-
sium and chloride are calculated to be —50, +12 and +12 mV, respec-
tively. In these solutions, the resting membrane potential was reversed
and approached Ex which was equal to Es. When grayanotoxin was
perfused internally at a concentration of 1x 10—5M, the membrane was

17 PHY 242
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repolarized toward E\y, and attained —12mV. When the membrane
potential was voltage clamped at +12 mV during the course of the re-
polarizing action of grayanotoxin, an outward holding (sodium) current
of 0-5 x 10-3 A/em? flowed, indicating that the resting sodium conductance
reached a value of 8 mmho/em?. After washing the axon with toxin-free
perfusate, the membrane potential returned to +12 mV and the outward
sodium current was decreased to the level observed before application of
the toxin. Numerical data on sodium current and sodium permeability
are given in Table 3.

TABLE 3. Membrane. sodium current (Iy,) and sodium permeability (Py,) mea-
sured with a reversed sodium concentration gradient (50-8 mM externally and
370 mM internally) in squid axons internally perfused with 1 x 10-% grayanotoxin I

INa PNa.
Preparation x 104 Ajem? X 10-% cm/fsec
8-1-72-Aa 3-72 9-06
8-1-72-Ba 2-50 6-08
8-1-72-Bb 5-01 12-20
8-3-72-Aa 1-27 3-09
8-3-72-Bb 0-81 : 1-97
Means +s.E.  2:66+0-80 6-48+1-83

of mean

Sodium current was measured as the membrane current necessary to voltage
clamp the membrane potential at + 12 mV which was made equal to the equilibrium
potentials for potassium and chloride. Solutions E and I of Table 1 were used as
external and internal perfusates, respectively.

Dose—response relationship

Fig. 7 depicts the dose-response relationships of grayanotoxin I in
depolarizing the nerve membrane (filled circles) and in increasing the
resting sodium current (open circles). Curves were drawn by the following
equation which was derived from the Langmuir isotherm on the assump-
tion that drug and receptor interact on a one-to-one stoichiometric basis

— Amax (3)
1+ K,[/[GTX I}’

where 4 is the response as a result of the interaction between grayanotoxin
I (GTX I) and the receptor, 4,,,, is the maximum response, K, is the dis-
sociation constant, and [GTX I] is the concentration of grayanotoxin I.
The values used to draw curves of Fig. 7 are 41-85 mV and 1-342x 10-4 A/
cm? for 4., for depolarization and Iy,, respectively, and 1-00 x 105
and 4-12x10-3m for K, for depolarization and Iy,, respectively. The
measurements of Iy, fit the curve very well, indicating that gray anotoxin I
reacts with the receptor on a one-to-one stoichiometric basis.

A
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Although the measurements of depolarization also fit the curve, it
should be emphasized that the measurements of sodium current give more
reliable data in interpreting the dose-response relation than those of
depolarization. Since the depolarization produced primarily by an in-
crease in resting sodium permeability following application of grayano-
toxin I causes an increase in potassium permeability, which in turn tends

.60 12
50 10
s
E 49 8 &
g 5
e <
g 1
T 30 62
e X
- =
a z
® 20 4 O
10 2
o 1 1 1 1 o

1 3 10 30
GTX | concentration (x10~5M )

Fig. 7. Dose-response relation for depolarization (filled circles) and in-
crease in sodium current (Iy,, open circles) induced by internal application
of grayanotoxin I (GTX I). External sodium concentration is reduced to
259, of normal to avoid electrode polarization in high concentrations of
GTX I. Lines were fitted by eqn. (3).

to bring the membrane potential back toward the initial resting mem-
brane potential, the potency of grayanotoxin I in depolarizing the mem-
brane is expected to become less as the concentration is increased. This
accounts for the large difference between the two curves in Fig. 7.

The one-to-one stoichiometric interaction between grayanotoxin I and
receptor was further demonstrated in the analysis of sodium current by
means of the Hill’s plot in which a unity slope was obtained (Fig. 8).

Tetrodotoxin antagonism

It was shown in a previous section that tetrodotoxin antagonizes the
depolarizing action of grayanotoxin I. To clarify the mechanism of tetrodo-

17-2
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toxin antagonism, measurements were made of sodium current produced
by various concentrations of grayanotoxin I applied internally in the
presence and absence of 3 x 10-8 M tetrodotoxin externally. The Line-
weaver-Burk plots of these data are illustrated in Fig. 9, in which each set
of measurements is fitted by a straight line by the least square method.
The control line and the tetrodotoxin line intersect the abscissa at points
which are not significantly different (P > 0-5). However, the points where
these two lines cross the ordinate are significantly different (P < 0-005).
This leads to the conclusion that tetrodotoxin antagonizes the action of
grayanotoxin I in increasing the resting sodium conductance in a non-
competitive manner. The apparent dissociation constant for tetrodotoxin
was estimated to be 4-1 x 108 M.

o1 -
10 |
4
3 -
Z
o |
2l x5
E !
2 1F
35
03
01 1 1 1 1
1 3 10 30

GTX | concentration (x10~%)

Fig. 8. Hill’s plot for the action of internally perfused grayanotoxin I
(GTX I) in increasing resting sodium current (I,). The maximum value
for sodium current (Iy, ..,) Was obtained by eqn. (3). Same data as those
for Fig. 7.

DISCUSSION

The depolarizing action of grayanotoxin I on squid axon membranes is
reversed by a reduction of external sodium concentration or by an appli-
cation of tetrodotoxin to the external medium. This result agrees with that
previously obtained with the skeletal muscles of the frog and rat (Deguchi
& Sakai, 1967; Seyama, 1970), and suggests that a specific increase in
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Fig. 9. Lineweaver-Burk plots of increase in sodium current (Iy,) caused by
internally applied grayanotoxin I (GTX I) and the antagonistic action of
tetrodotoxin (TTX) applied externally. [GTX IJ, represents internal
concentration of GTX I. Each symbol represents separate series of experi-
ments. See text for further explanation. External sodium concentration is
reduced to 259, of normal to avoid electrode polarization in high concen-
trations of GTX I.

resting sodium permeability of the membrane is responsible for the de-
polarization induced by grayanotoxin I. As in the case of the study of
a-dihydrograyanotoxin II on squid axon membranes, this hypothesis has
now been demonstrated by the internal perfusion experiment in which
grayanotoxin I fails to affect the membrane potential when both external
and internal perfusates are devoid of sodium ions.

These results are qualitatively similar to those for batrachotoxin
(Narahashi ef al. 1971), although no quantitative measurement of sodium
permeability has been made for batrachotoxin. One important difference
is that the depolarization induced by grayanotoxin I is reversible after



484 T. NARAHASHI AND I. SEYAMA

washing whereas that by batrachotoxin is not. These two toxins are
chemically different also; batrachotoxin is a steroid (Tokuyama, Daly &
Witkop, 1969) whereas grayanotoxin I is not (Fig. 1).

In the present study, voltage clamp measurements have proved satis-
factory in obtaining more quantitative information as to the increase
in resting sodium permeability. The resting sodium permeability of
squid giant axons is estimated to be 1-5x 10~% cm/sec from the data
of sodium influx (Brinley & Mullins, 1965; Baker, Blaustein, Keynes,
Manil, Shaw & Steinhardt, 1969), and it is increased to 1-31 x 106 cm/sec
by 1x10-5M grayanotoxin I (Table 2), indicating about ninetyfold
increase.

The resting sodium currents of the axons exposed to grayanotoxin I
deviate slightly from the curve predicted from the constant sodium
permeability (Fig. 5). This discrepancy may be due to the fact the inde-
pendence principle (Hodgkin & Huxley, 1952) does not completely hold
(see Adelman & Taylor, 1964). An additional possible cause for the dis-
crepancy would be that another ion is involved in the measurement.
Since potassium and chloride ions can be excluded, calcium ions are the
most likely candidate.

The non-competitive nature of TTX antagonism against the action of
grayanotoxin I in increasing sodium permeability deserves further
discussion. Grayanotoxin I acts more strongly and quickly with internal
application than with external application. The recovery after washing is
also faster with internal application. The difference between external and
internal applications is more pronounced with grayanotoxin I1I (I. Seyama
& T. Narahashi, unpublished observation). These observations suggest
that grayanotoxin I acts from the internal membrane surface. Tetrodotoxin
acts only from the external membrane surface (Narahashi, Anderson &
Moore, 1966, 1967). Thus, the non-competitive antagonism is to be
expected from the point of view of the acting site.

Another important point worthy of note in regard to the non-competi-
tive antagonism is the difference between grayanotoxin and tetrodotoxin
in the mechanism of binding to the membrane. The binding of the tritiated
tetrodotoxin to nerve membrane preparations shows two phases, one
being a saturating binding with a dissociation constant of 3-10x 10 M
and the other being a non-saturating binding (Colquhoun, Henderson &
Ritchie, 1972). On the contrary, the binding of the tritiated «-dihydro-
grayanotoxin IT to membrane preparation shows only one non-saturating
phase (Y. Soeda, R. D. O’Brien, J. Z. Yeh & T. Narahashi, unpublished
observation). The apparent dissociation constant for the action of tetro-
dotoxin in antagonizing the sodium conductance increase caused by
grayanotoxin I is estimated to be 4-1 x 10-8 M, a value one order of mag-
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nitude larger than the dissociation constant for the saturating tetrodotoxin
binding. Therefore, it seems likely that the saturating binding of tetrodo-
toxin, for which discrete and very limited membrane sites are assumed
(Moore, Narahashi & Shaw, 1967 ; Hafemann, 1972; Colquhoun et al. 1972;
Keynes, Ritchie & Rojas, 1971), has no direct bearing on the non-
competitive antagonism against the action of grayanotoxin I. It is possible
that the non-saturating binding of tetrodotoxin to the membrane is partly
responsible for the antagonistic action on grayanotoxin-induced sodium
permeability increase and also for the action in decreasing the resting
sodium permeability in normal nerve membranes (Narahashi ef al. 1971;
Freeman, 1971; Baker ef al. 1969).

A corollary of this hypothesis is that there may be two distinct sites or
channels for sodium ions; one undergoes a conductance increase upon
depolarizing stimulation and is blocked by tetrodotoxin with a dissocia-
tion constant of 3x 10® M (Cuervo & Adelman, 1970), and the other is
responsible for the resting sodium conductance, is opened up by
grayanotoxin, and is sensitive to higher concentrations of tetrodotoxin.
Tetrodotoxin antagonizes the action of grayanotoxin I at the latter
sodium channel in a non-competitive manner. However, the definitive
conclusion about this problem awaits more rigorous experimental
analyses.

This study was supported by NIH grant NS 10823, and the experiments were
conducted at the Marine Biological Laboratory, Woods Hole, Massachusetts. We
wish to express our sincere thanks to Dr Masaiti Yasue for his generous supply of
grayanotoxin I samples. Thanks are also due to Mr Edward M. Harris for con-
struction and maintenance of electronic equipment.
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