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SUMMARY

FRELIN, C., P. VIGNE, G. PoNzIo, G. ROMEY, Y. TOURNEUR, H. P. HUSSON, AND M.
LAZDUNSKI. The interaction of ervatamine and epiervatamine with the action poten-
tial Na� ionophore. Mol. Pharmacol. 20:107-112 (1981).

The alkaloid ervatamine blocks the voltage-sensitive Na� conductance. ECw for different
cell lines and for synaptosomes range between 1-3 and 5-12 �tM. The toxic compound also
alters the K� conductance, although less efficiently than the Na� conductance. Epierva-
tamine, a structural analogue of ervatamine, is 4-8 times more potent than ervatamine.
Dose-response curves for ervatamine and epiervatamine show that the compounds bind
to a single class of binding sites. Competition experiments with a radiolabeled tetrodotoxin

(TTX) derivative indicate that these binding sites are distinct from the TTX receptor
site. Ervatamine and epiervatamine seem to inhibit the Na� current (or Na� flux) by
acting on the channel-gating mechanism. 22Na� uptake measurements with neuroblastoma
cells show that epiervatamine is a competitive inhibitor of the action of batrachotoxin, a
well known specific activator of the Na� channel. The dissociation constant of epierva-
tamine from its receptor site is 1.7 /zM, very similar to that of batrachotoxin Kd = 1.3 �zM

from a receptor site which could then be the same as that for epiervatamine. Although
ervatamine and epiervatamine, like TTX, can inhibit the action that sea anemone and
scorpion toxins have on Na� channels, none of them antagonize the binding of these

radiolabeled polypeptide toxins to their own receptor sites on the gating system of the
channel. A comparison has been made of the effects of ervatamine and epiervatamine on
one hand, and yohimbine and tetracaine on the other hand. The mechanisms of action of

yohimbine, ervatamine, and epiervatamine appear to be very similar. However, epierva-
tamine is 10 times more potent than yohimbine.

INTRODUCTION

Ervatamine is an acyl-indolic alkaloid first isolated

from an Australian tree, Ervatamia orientalis, which
belongs to the Apocynaceous family (1). Other alkaloids

like reserpine and yohimbine have been isolated from
plants of the same family. Ervatamine has been synthe-
sized by Husson et al. (2). Very little was known about

the pharmacological properties of the alkaloids before
reports by Pichon and Sauviat (3) and Lees and Pichon
(4) showed that ervatamine blocks the fast Na� conduct-
ance in isolated giant axons of the cockroach and of the
squid. The block occurs in a frequency-dependent man-
ner.

This work was supported by the Centre National de la Recherche

Scientifique, the Com.missariat a l’Energie Atomique, the Institut Na-

tional de la Sante et de la Recherche M#{233}dicale, and the D#{233}l#{233}gation

G#{233}n#{233}ralea Ia Recheche Scientifique et Technique.

I Institute de Chimie des Substances Naturelles.

In this paper, we analyze the mechanism of action of
ervatamine and one of its derivatives, epiervata.mine, on
various neuronal preparations: N1E 115 neuroblastoma
cells, C9 cells, and brain synaptosomes. We used three
different approaches: voltage-clamp experiments, ion flux
methods, and binding experiments with a radiolabeled
TTX2 derivative and radiolabeled sea anemone and scor-
pion toxins. A comparison is made with the action of
yohimbine and tetracaine. The structural formulas for

ervatamine, epiervatamine, and yohimbine are shown in
Fig. 1.

MATERIALS AND METHODS

Veratridine and yohimbine were obtained from Aldrich

Chemical Company, Inc. (Milwaukee, Wisc.), ouabain

2 The abbreviations used are: TTX, tetrodotoxin; Hepes, 4-(2-hy-

droxyethyl-1-piperazineethanesulfonic-acid; ATX11, Anemonia sulcata
toxin,,; ScTX11, Androctonus australia toxin,1.
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FIG. 1. The structure ofervatamine, epiervatamine, and yohimbine

Ervatamine, R = H, R’ = C2H5; epiervatamine, R = C2H5, R’ = H.

and tetracaine from Sigma Chemical Company (St.
Louis, Mo.), TTX from Sankyo Company, Ltd. (Tokyo,
Japan), 22NaCl, 88RbCl and L-[3H]leucine from the CEA
(Saclay, France). Batrachotoxin was kindly given to us

by Drs. J. Daly (National Institutes of Health, Bethesda,
Md.) and T. Tokuyama, Osaka City University (Osaka,

Japan). The sea anemone toxini� was purified from Ane-

monia sulcata according to Beress et al. (5) and the
toxinii from Androctonus australis venom according to

Miranda et al. (6). Ervatamine and epiervatamine were
synthesized as described elsewhere (2). [3H]en-TTX (27
Ci/mmol) was prepared as described by Chicheportiche

et al. (7). lodination of sea anemone toxinii and scorpion
toxini� was performed as described previously (8). Spe-
cific activities were 1400 Ci/mmol for scorpion toxin and
2000 Ci/mmol for sea anemone toxin�i.

Cells from the N1E 115 neuroblastoma clone were
grown as previously described (9) by using 24 wells of
Costar tissue culture clusters and were allowed to differ-
entiate in a medium containing 1% fetal calf serum and
1.5% dimethyl sulfoxide. The C9 cell line is derived from

a bladder metastasis of an N-ethyl-N-nitrosourea-in-
duced rat brain tumor (10, 11). C9 cells were grown as
previously described (12). Neuroblastoma and C9 cells
were labeled with L-[3H]leucine (0.2 �tCi/ml) for 48 hr

before the uptake experiments to measure protein recov-
ery from the 3H counts.

Initial rates of 22Na� uptake by N1E 115 neuroblas-
toma and C9 cells were determined as follows. Cells were
incubated for 20 miii at 37#{176}in a Na�-free medium con-
sisting of 140 mM choline chloride, 5.4 nusi KC1, 1.8 nmi
CaCl2, 0.8 nmi MgSO4, 20 rni�� Hepes-Tris (pH 7.4), and
neurotoxins. It has been verified that this incubation
time was long enough to ensure the complete association
to equilibrium ofall the toxins used, including ervatamine
and epiervatamine. Cells were then shifted to a medium
consisting of 130 m1�i choline chloride, 5.4 nmi KG!, 10
mM NaC1, 1.8 m1�i CaCl2, 0.8 mit MgSO4, 20 m��i Hepes-
Tris (pH 7.4) and supplemented with neurotoxins, 0.5

mM ouabain, and 0.1 MCi/mi of 22NaCl. The initial rates
of 22Na� uptake were determined after 1 mm of incuba-

tion under conditions previously used in this laboratory
(9).

Rat brain synaptosomes were prepared according to
Abita et al. (13). Rates of sea anemone toxin11-induced
�Rb� release from preloaded synaptosomes were mea-
sured as described elsewhere (14).

Rat brain synaptosomal membranes were prepared
according to Krueger et al. (15). Binding experiments
with [3H]en-TTX were carried out as described else-
where (7, 16). Competition experiments between [3H]en-
TTX and either unlabeled TTX, ervatamine, epierva-

tamine, tetracaine, or yohimbine, were performed as
follows: synaptic membranes (90 jig of proteins) were
incubated at 4#{176}for 5 mm in 300 �tl of 25 mM Tris-HC1

buffer at pH 7.6 containing 50 nmi choline chloride and
varying amounts of competitor. [3H]en-TTX (5 nM) was

then added and equilibration was allowed to proceed for
15 mm. [3H]en-TTX bound to membranes was deter-
mined by ifitering 90-,Ll aliquots through wetted GF/B

glass fiber filters (Whatmann, Inc.; Clifton, N. J.). Filters
were washed twice in less than 5 sec with 2.5 ml of an
ice-cold 20 m�i Tris-HC1 buffer at pH 7.6 containing 100

mM choline chloride and counted in 8 nil of Picofluor 30
(Packard Instrument Company; Downers, Grove, Ill.).

Binding experiments involving synaptosomes and
either [‘9]ATX11 or [‘25I]ScTX11 were performed as pre-

viously described (8). As for [3H]en-TTX binding exper-
iments, competitors were added to synaptosomes before

the labeled neurotoxins.
In voltage-clamp measurements, culture dishes con-

taming N1E 115 neuroblastoma cells were directly used

after replacing the culture medium by an Earle solution
(NaCl, 115 mM; KC1, 5.4 m�i; MgSO4, 0.4 mM; CaCl2, 1.8
mM; Hepes-NaOH, 25 mr�i; and glucose, 5 mis�i) buffered

at pH 7.4. The culture dish was placed on the warm stage
of an inverted microscope (Leitz-Diavert, Wetzlar, West
Germany) and the temperature was maintained at 34 ±
10. Voltage-clamp experiments were performed by using
a new suction pipette method (17-19). The technique

described by Lee et al. (19) for snail neurons was adapted
to neuroblastoma cells. The internal solution was 10 mr�i
NaH2PO4, 1 mi�i MgCl2, and 115 mIss glutamic acid ad-

justed to pH 7.1 with KOH and to an osmotic pressure of
305 mOsm with sucrose. The ionic currents were simul-
taneously digitized and stored by a digital computer
(Intertechnique-Plurimat 5) and displayed on storage
oscilloscope (Tektronix 5103N).

RESULTS

Voltage-clamp experiments describing the effects of

ervatamine on ionic channels in neuroblastoma cells are
represented in Figs. 2 and 3. The effect of ervatamine on
the Na� conductance was measured in the presence of 10
mM tetraethylammonium, which is known to block spe-
cifically the outward K� current (20, 21). The effect of
the drug on the K� conductance was analyzed in the
presence of 0.1 �LM TTX, which is known to block specif-
ically the Na� conductance (21). Fig. 2A shows the block-

ade of the Na� current by ervatamine at a concentration
of 50 ELM. With one stimulation every 40 sec, the Na�
current was maximally inhibited to 80% of its control
value after a 20-mm application of the toxic compound.
If after 4 mm of toxic application, when 50% of the Na�
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FIG. 2. Voltage-clamp analysis of the effects of ervatamine (A),

epiervatamine (B), yohimbine (C), and TTX (D) on the Na � current of

NJE 1 15 neuroblastoma cells

In each record, the K� current was blocked with 10 mi’,i tetraethyl-

ammonium. Depolarizing voltage pulses of 70-mV amplitude and 10-

msec duration were applied from a holding potential of -90 mV.

Because of the complete Na� inactivation obtained at the end of each

voltage pulse, it was possible to suppress the initial capacitive current

simply by adding the ON-response of the current to the OFF-response.

In (1), successive recordings were taken at 40-sec (A-C) or at 10-sec

(D) intervals after toxin application. In (2), the use-dependent action

of the toxins have been tested by stimulating at a frequency of 10

stimulations/sec; recordings presented in the figures have been col-

lected at intervals of 0.5 sec.

A. The Na� current was inhibited to 80% of its control value after a

20-mm application of 50 jzM ervatamine (not shown): 50% of the Na�

channels were blocked after a 4-mm application of the toxin (Al). A

fast repetitive stimulation applied at this level of Na� current inhibition

then blocked nearly completely the Na� channels in less than 2 sec

(A2).

B. A 20-mm application of 50 �tM epiervatamine blocked completely

the Na� current (not shown): 70% of the Na� channels were blocked

after a 5-mm application of the toxin (Bi). The fast repetitive stimu-

lation then blocked 60% of the remaining active channels in 2 sec.

C. The Na� current remained unchanged after a 15-min application

of 10 )LM yohimbine (Cl). After this period of incubation with the toxin,

the fast repetitive stimulation completely blocked the Na� channels in

a few seconds (C2).

D. The blocking action of0.1 �M TTX on the Na� current is fast and

complete (Dl). No use-dependent effect was seen by following the

result of a fast repetitive stimulation (30 stimulations/sec) applied for

1 sec just after 50% of the Na� channels were blocked by 0.1 �tM TTX
(D2). Current scale: 20 nA; time scale: 1 msec.

channels are blocked, the neuroblastoma cell is stimu-

lated at a frequency of 10 stimulations/sec, then nearly
a complete block of functional channels occurs in less
than 2 sec. The same type of observation was made in
Fig. 2B with epiervatamine. Here again, repetitive de-
polarizing pulses increase the rate of inhibition of the

Na� current.
A comparison has been made in Fig. 2C with the

indolealkylamine alkaloid yohimbine, which has been

shown to produce a use-dependent inhibition of the so-
dium current in the squid giant axon (22). Figure 2C

shows the very important use-dependent action of yoh-
imbine on neuroblastoma cells. Figure 2D confirms the
well known fact that the action of TTX on Na� channels
is not use-dependent. Figures 3A1 and A2 show the action
of ervatamine and epiervatamine on the K� channel.
Concentration of 0.1 nmi ervatamine or 50 /LM epierva-

tamine, which completely blocked the Na� current, only
blocked partially the K� conductance.

Comparative current-voltage relationships for steady-
state K� currents before and after application of 50 �tM

epiervatamine are presented in Fig. 3B.
Veratridine and sea anemone toxins are specific of the

Na� channel (23, 24). These two toxins act in synergy to
produce an important stimulation of 22Na� uptake
through the Na� channel of neuroblastoma and other
cells, which is completely blocked by TTX (9, 12). Both
cell lines used in the present work differ in their sensitiv-

ity to TTX. The Na� channel of neuroblastoma cells is
highly sensitive to TTX (ECw 5 nM); it is much less

sensitive to this toxin in C9 cells (ECw 0.3 �tM) (9, 12).
Figure 4 shows that like TTX, ervatamine and epierva-
tamine are able to inhibit completely the increase of

22Na� uptake produced by the mixture of veratridine and
ATX11. Epiervatamine (ECw 3 �iM) is more potent than
ervatanrine (ECw 12 /ZM). The sensitivity of Na� chan-

nels to ervatamine and epiervatamine is the same in

neuroblastoma cells and in C9 cells.
Figure 4 presents a comparison of the effects of erva-

tamine (or epiervatamine) on one hand and of yohimbine
and the local anaesthetic molecule tetracaine on the
other hand. Blockade of Na� channels by yohimbine and
by tetracaine was observed with EC�o of 120 and 10 �LM

respectively. Dose-response curves for TTX, ervatamine,
epiervatamine, and yohimbine are characterized by Hifi
coefficients close to 1.

Since there is obviously an analogy of action between
yohimbine and ervatamine (or epiervatandne), and since

yohimbine has been reported to be a competitive inhibi-
tor of the action of batrachotoxin on the Na� channel

(25), the analysis ofinteractions between the epiervatam-
ine and the batrachotoxin receptor has been made in Fig.
5. To determine whether epiervatamine blocks ba-
trachotoxin activation of sodium channels in a competi-

2

I �

FIG. 3. Voltage-clamp analysis of ervatamine and epiervatamine

actions on K� currents of NJE 115 neuroblastoma cells

A. The Na� current was blocked with 0.1 �sai TTX, and the mem-

brane potential was clamped at 5 mV after a step change from a holding

potential of -70 mV. Partial inhibition of the K� current after a 20-min

application of 0.1 mM ervatamine (Al) or 50 �M epiervatanune (A2).

Current scale: 20 mA; time scale: 2.5 msec (Al) and 5 msec (A2).

B. Current voltage relations for steady-state K� currents before (#{149})
and after (�) application of 50 fLM epiervatamine. Similar results were

obtained with 0.1 mr,i ervatamine.
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FIG. 5. Lineweaver-Burk plots for the competitive inhibition of

batrachotoxin (BTX)-activated 22Na� uptake by epiervatwnine
Cells were incubated with increasing concentrations of BTX and 0

�LM (0), 2 �LM (#{149}),and 7 �LM (Lx) epiervatamine. Half-maximum effects

for BTX action are 1.3, 2.6, and 6.5 �sM at 0, 2, and 7 �tM epiervatamine.

8 7 6

_Iog[Toxin] (M)

FIG. 6. Inhibition of 10 pi� ATX,1-induced �Rb� release by rat

brain synaptosomes by TTX (D), epiervatamine (#{149}),ervatamine (0),

yohimbine (L:�), and tetracaine (x)

Curves were fitted according to Jacques et al. (9) and are character-

ized by the following EC�o and Hill coefficients: TTX (EC�o 6.2 �zM,

n,, = 0.9), ervatamine (EC�o 5.1 �zM, nH = 1.0), epiervatamine (EC�

= 1.2 �M, n�I = 1.2), yohimbine (EC.�o 8.2 f.LM, nH = 1.1), tetracaine

(EC� = 1.0 ELM, flu 1.0).
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FIG. 4. Inhibition of toxin-stimulated 22Na� uptake in NJE 115

neuroblastoma cells and C9 cells

The initial rates of �Na� uptake stimulated by 10 �tM ATX1, and 100

,LM veratridine were inhibited by increasing concentrations of TTX (#{149}
or 0), ervatamine (U or 0), epiervatamine (A or Lx), tetracaine (x), and

yohimbine (*); neuroblastoma cells (filled symbols, x, *) and TTX-
insensitive C9 cells (open symbols). Curves have been fitted according

to Jacques et al. (9) and are characterized by the following EC�o and

Hill coefficients: TTX (N1E 115: EC�o 5 nM, flH = 1.0 C�: EC�o 0.3

LM, n� = 1.0), ervatamine (N1E 115: EC�o 12 �M, flH 1.0; C,,: EC�o

= 17 �M, n� = 1.1), epiervatamine (N1E 115: EC�o 3.3 tiM, nH = 0.9;

C9: EC�o 3.1 ELM, flH 0.9), yohimbine (N1E 115: EC�o 120 �tM, nH =

0.9), tetracaine (N1E 115: EC�,o 11 �tM, fl�j 1.4; Cg: EC�,o 5.1 � n�

= 1.4).

tive manner, 22Na� uptake measurements have been
made at different concentrations of batrachotoxin with
various fixed amounts of epiervatamine. Lineweaver-

Burk plots in Fig. 5 indicate that experimental data fall
on straight lines with slopes varying with epiervatamine
concentration. These Lineweaver-Burk plots correspond

to the equation 1/V = (1/V,�5) + (K0.5/V,,�B), where V
is the velocity of 22Na� influx measured at a given con-

centration of batrachotoxin and of epiervatamine, Vmax �S

the maximal rate at “infinite” concentration of batrach-

otoxin, K0.5 is the apparent dissociation constant of ba-
trachotoxin for a given concentration of epiervatamine,

and B is the batrachotoxin concentration. K0.5 values are
1.3, 2.6, and 6.5 �tM at 0, 2, and 7 �.tM of epiervatamine.
They change markedly at different epiervatamine con-

centrations, whereas Vmax remains essentially unchanged.
This property is that of a competitive inhibition. Since
batrachotoxin and epiervatamine interact competitively,
the concentration of epiervatamine required for 50% in-
hibition of 22Na� uptake stimulated by batrachotoxin is
of course larger than the true dissociation constant for
epiervatamine. The data in Fig. 5 were used to calculate
the dissociation constant (Kd) of the epiervatamine-re-
ceptor complex in neuroblastoma cells: Kd = 1.7 jzM.

The properties of the Na� channel can be studied in

vitro by using brain synaptosomes (14). ATX11 has been
shown to stimulate �Rb� effiux through synaptosomal

Na� channels. This effiux is inhibited by TTX (ECw
6.2 nr�i), but not by K� channel blockers such as tetraeth-
ylammonium and 2,4-diaminopyridine (14). Figure 6

shows that ervatamine and epiervatamine also inhibit
ATX11-stimulated 88Rb� effiux from preloaded synapto-
somes with ECw values which are 5 and 1.2 �tM, respec-

tively. Yohimbine and tetracaine have a similar effect
with ECw values of 8 and 1 �LM, respectively.

The ECw value found for ervatamine is close to the
dissociation constant found through competitive inhibi-
tion with batrachotoxin on neuroblastoma cells (1.7
�LM).

Rat brain synaptosomes have TTX receptors (7). The
Scatchard plot for [3H]en-TTX binding to synaptosomal
membranes is presented in Fig. 7A. It is exactly the same
in the absence and in the presence of ervatamine at a

concentration of 0.1 m�,i. The maximal binding capacity
is 3.2 pmoles/mg of protein and the dissociation constant

for the [3H]en-TTX receptor is 3.8 n�i. [3H]en-TTX
binding to Na� channels is completely inhibited by un-
labeled TTX and the competition curve (Fig. 7B) mdi-
cates a dissociation constant of 2 n�i for the complex
formed between native TTX and its receptor. Ervatam-
me and epiervatamine are unable to compete with [3H]-
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FIG. 7. The effects of various compounds on [3H]en-TTX, [125jj.

ATX,,, and [‘251]ScTX,j binding

A. Scatchard plot for the binding of [3HIen-TTX to rat brain

membranes in the absence (0) and in the presence (#{149})of 0.1 mM

ervatamine. Membranes (90 �g) were incubated in 300 �.tl of 200 mM

chlorine chloride, 25 mM Tris HC1 buffer at pH 7.6 with increasing

concentrations of [3H]en-TTX. After 5 min of incubation at 4#{176},the

radioactivity specifically bound to membranes was determined as de-

scribed (7, 16). Nonspecific binding was determined as usual in the

presence of a large excess (5 zM) of unlabeled TTX (7, 16). Specific

binding is the difference between total binding and nonspecific binding

and average 83% at 3.8 n�i [3H]en-TTX.

B. The effect of native unlabeled TTX (#{149}),ervatamine (0), epier-

vatamine (0), yohimbine (*), and tetracaine (Lx) on [3H]en-TTX

binding to brain membranes.

C. The effect of native ATX,1 (#{149}),ervatamine (0), epiervatamine

(0), yohimbine (*), and tetracaine (Lx) on [‘9]ATX11 binding to rat

brain synaptosomes. Experiments were performed at 10 nM [‘25IJATX1

and the specific binding was 70% of the total binding.

D. The effect of native ScTX11 (#{149}),ervatamine (0), epiervatamine

(0), yohimbine (*), and tetracaine (��i) on [mnl]ScTX,i binding to rat

brain synaptosomes. Experiments were performed at 0.5 nM [I25I]�

ScTXu and the specific binding was 75% of the total binding.

en-TTX for binding to its specific receptor even at con-
centrations as high as 0.5 m�i (Fig. 7B). This lack of

competition to [3H]en-TTX binding is also observed for
yohimbine and for tetracaine.

Polypeptide toxins like scorpion and sea anemone tox-

ins act on the gating system of the Na� channel; they
specifically slow down its inactivation (24, 26). Their
receptor sites are distinct from those of other toxic com-
pounds which alter the normal mechanism of the gating

ERVATAMINE AND SODIUM CHANNELS 111

system such as veratridine, batrachotoxin, or pyrethroids

(8, 27). Both radiolabeled ScTX11 and radiolabeled ATX11
bind to a single class of sites on rat brain synaptosomes
(8). [125I]ATX11 or [‘25IJScTX11 binding to the Na’ chan-
nels in synaptosomal membranes are competitively in-
hibited by unlabeled ATX11 or by unlabeled ScTX11 (Fig.
7). The competition curve indicates dissociation con-
stants of 0.5 �LM and 1 n�i for the ATX11-receptor complex
and the ScTXu-receptor complex, respectively. Ervatam-

me and epiervatamine, like TTX, are unable to compete
with [‘25I]ATX11 or [‘25I]ScTX11 even at concentrations
as high as 0.1 mM (Fig. 7), i.e., at concentrations much
higher than those necessary to completely inhibit ATX11-

stimulated ssRb#{247}effiux from synaptosomes. Yohimbine
and tetracaine are also without effect on [‘25I]ATX11 and

[‘251]ScTX11 binding.

DISCUSSION

The alkaloids ervatamine and epiervatamine block the
voltage-sensitive Na� conductance. The mechanism of
this blockade is distinct from that found for TTX, the
specific blocker of the Na� channel. (a) Unlike TTX,
ervatamine and epiervatamine are not specific blockers

of the Na� channel; they also partially block the K�
conductance. (b) Unlike the effect of TTX on the Na�
channel, the inhibiting effect of ervatamine and epier-
vatamine is accelerated by repetitive depolarizing pulses.
(c) Ervatamine and epiervatamine are unable to compete

with [3H]en-TTX for binding to the TTX receptor. (d)
Ervatamine and epiervatamine have the same apparent
affinities for their receptor sites in two different types of
cell lines, N1E 115 neuroblastoma cells and C9 cells. In
contrast, the TTX sensitivity of the N1E 115 neuroblas-
toma cells is 16 times higher than that of C9 cells. (e)

TTX is a noncompetitive inhibitor of the action of ye-
ratridine and batrachotoxin (28). In contrast, we find
that epiervatamine is a competitive inhibitor of batrach-
otoxin action.

The first way by which ervatamine (or epiervatamine)

could reduce the sodium current would be by occlusion
of the Na� channel. The presence of this large molecule
inside of the mouth of the pore would certainly impede

Na� transport. This has been the classical mechanism
proposed for the action of TTX and SaXitOXin (29). How-
ever, very recent results indicate that these two toxins
do not bind to the selectivity filter of the Na� channel

(30), as was previously believed. On the other hand,
ervatamine (or epiervatamine) might bind to components
of the Na� channel which control the gating system. The
competition between epiervatamine and batrachotoxin
would be consistent with such a mechanism. Batracho-
toxin binding to its receptor site would chemically acti-
vate the Na� channel, thereby stabilizing a permeable
form of the Na� channel, whereas ervatamine binding to
the batrachotoxin site would have the inverse effect of
stabilizing a nonpermeable form of the channel. In such
a mechanism in which the two toxic molecules bind to

the same site, ervatamine binding to the batrachotoxin
site would of course prevent binding of batrachotoxin. A

comparison of the apparent dissociation constant of com-
plexes formed with epiervatamine (Kd = 1.2-1.7 ,LM) and
batrachotoxin (Kd = 1.3 �tM) with the Na� channel mdi-
cates that the two molecules have very similar affinities.

The existence of a common receptor site for ervatamine
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(or epiervatamine) and batrachotoxin is not definitely
demonstrated. One cannot eliminate a mechanism in

which ervatamine binds to a site distinct from the ba-
trachotoxin receptor and by an allosteric effect reduces
the binding of batrachotoxin to its own site.

There are other identified sites on the Na� channel
which are involved in the control of the gating system.

These sites bind polypeptide toxins extracted from sea
anemone and from scorpion venom. Ervatamine and

epiervatamine counteract the action of polypeptide tox-
ins as shown in Fig. 6, but they do not bind to the
polypeptide toxin receptors as shown in Fig. 7.

The competitive behavior observed between batrach-
otoxin and epiervatamine is similar to the competitive
behavior observed between the indolealkylamine alkaloid
yohimbine which is also extracted from plants of the
Apocynaceous family (22, 25) and batrachotoxin. More-
over, the use-dependent inhibition of the sodium current
of squid axon and neuroblastoma cells observed with

yohimbine (22, 25) is also similar to the use-dependent
inhibition observed with ervatamine and epiervatamine
(31, 32). The three molecules seem to bind preferentially
to the open form of the Na� channel as previously dis-

cussed for yohimbine (22, 25). There are therefore good
reasons to believe that ervatamine, epiervatamine, and
yohimbine have similar mechanisms of actions. This view
is supported by results obtained in this paper, which

shows that all the effects seen with ervatamine or epier-
vatamine are also seen with yohimbine (Figs. 2, 4, and 6).
Moreover, yohimbine, like ervatamine or epiervatamine,
binds neither to the TTX receptor nor to the receptor
for polypeptide neurotoxins. As for ervatamine and epier-
vatamine, a single class of binding sites has been found
for yohimbine. The apparent dissociation constant of the
yohimbine-receptor interaction has been found to be 120
LM by using neuroblastoma cells as the source of the Na�
channel as compared to values of 12 and 3 j�M for erva-

tamine and epiervatamine, which have a much higher
affinity for the Na� channel. Values found from Fig. 5 for
the interaction of these three molecules with the Na�
channel in synaptosomes are 10, 5, and 1.2 �zM for yoh-
imbine, ervatamine, and epiervatamine, respectively.

Tetracaine data have been presented for the sake of
comparing the potency of several different molecules
(ervatamine, epiervatamine, yohimbine, tetrodotoxin,
and tetracaine) which all block the sodium channel.
Ervatamine has a potency which is similar to that of
tetracaine.
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