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SUMMARY

GARRISON , D. L. , ALBUQUERQUE , E. X. , WARNICK , J. E. , DALY , J. W. & WITKOP,

B. (1978) Antagonism of carbamylcholine-induced depolarization by batrachotoxin

and veratridine. Mol. Pharmacol., 14, 111-121.

Depolarization of muscle end plates by carbamylcholine was reduced by 35-64% in

muscles that had been treated with batrachotoxin or veratridine. Tetrodotoxin was

used to prevent or reverse the membrane depolarization elicited by batrachotoxin or
veratridine in the surface fibers of muscles, prior to the addition of carbamyicholine.
But even when tetrodotoxin was added initially to prevent any depolarization of the
muscle membrane by batrachotoxin, the latter toxin retained its inhibitory effect on
the carbamylcholine response. Treatment with tetrodotoxin alone or tityustoxin fol-
lowed by tetrodotoxin had no effect on the end plate depolarization induced by
carbamylcholine. The inhibitory effect of veratridine on the response to carbamylcho-
line, but not that of batrachotoxin, was reversible. Prior treatment with batrachotoxin
reduced responses to a bath-applied combination of acetylcholine plus neostigmine as

well, while having no effect on responses to microiontophoretically applied acetylcho-
line, on miniature end plate potentials, or on end plate currents. The muscle depolari-
zation elicited by batrachotoxin was unaffected by a-bungarotoxin, an acetylcholine

receptor antagonist, or by histrionicotoxin, an antagonist of the ion conductance
modulator associated with the acetylcholine receptor. The ability of batrachotoxin to
alter the end plate response to carbamylcholine was found to be noncompetitive. The
results are consonant with activation of tetrodotoxin-insensitive sodium channels by
batrachotoxin and veratridine and the subsequent lack of participation of these
activated channels in the depolarization ofend plates by carbamylcholine. The depolar-
ization elicited by carbamyicholine in a batrachotoxin-treated preparation thus reflects

only the activation of acetylcholine receptor-ion conductance modulator complexes.

INTRODUCTION associated with an initial, intense depolar-

Acetylcholine receptor activation-mac- ization of the end plate membrane, fol-
tivation by nicotinic agonists is generally lowed by blockade ofneuromuscular trans-

. mission; in the presence of this blockade
This work was supported by Grant NS-12063 from

the United States Public Health Service and by the the membrane slowly repolarizes but be-
Pangborn Fund of the University of Maryland. comes insensitive to choliner�ic activation

I To whom requests for reprints should be ad- (1, 2). During experiments involving re-
dressed. ceptor activation-inactivation (desensiti-
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zation) by nicotinic agonists in frog skele-
tal muscle, it was noted that prior mem-
brane depolarization by the steroidal al-

kaloid batrachotoxin resulted in partial
antagonism of depolarization elicited by
bath-applied carbamylcholine (3). The ap-
parent ability of batrachotoxin to alter
acetyicholine receptor activation-inactiva-

tion by nicotinic agonists afforded a
unique opportunity to examine agonist-in-
duced alterations in membrane phenom-

ena at the neuromuscular junction. Ba-
trachotoxin has been shown to increase
sodium conductances in nerve and muscle
fibers (4-8). The plant alkaloid veratridine
(9, 10) and the scorpion venom tityustoxin
(11) have also been reported to increase

resting sodium conductances in electro-
genic membranes. The effect of batracho-

toxin was therefore compared with the
effects of veratridine and tityustoxin on

carbamylcholine-induced depolarization of

the muscle end plate.

METHODS

Experiments were carried out in vitro
On the diaphragm, soleus, and extensor

digitorum longus (extensor) muscles of fe-
male Wistar rats (180-200 g) at 23#{176}and 37#{176}
and on sartorius muscles of the frog Rana

pipiens at 28#{176}.The techniques for prepa-
ration of the muscles, for recording from

surface fibers, and for recording the re-
sponses to microiontophoretically applied
acetylcholine have been described (5, 8,

11-14). The microiontophoretic application
of acetylcholine was made within 50-150
p.m of the focal region of the end plate.
Unless otherwise stated, drug-containing

solutions were introduced into the muscle
bath within 5-10 sec subsequent to re-
movai of the normal physiological solu-

tion. Drug effects on the membrane poten-
tial were monitored by sampling mem-
brane potentials only at end plate regions
of surface fibers.

The physiological solution for mamma-

han tissue had the following millimolar

composition: NaCl, 135.0; KC1, 5.0; MgCl2,
1.0; CaCl2, 2.0; NaHCO3, 15.0; Na2HPO4,
1.0; glucose, 11.0. Appropriate alterations

in the NaCl concentration were made

when the MgCi2 concentration was in-
creased. Chloride-free (9 m�m Cli physio-
logical solution was prepared by replace-
ment of NaCi with 67.5 m�,i Na2SO4. The
mammalian solution was continuously
aerated with 95% 02-5% C02, resulting in

a pH of 7.1-7.3.
The physiological solution for amphib-

ian tissue had the following millimolar

composition: NaC1, 115.5; KC1, 2.0; CaCl2,
1.8; NaH2PO4, 0.7; Na2HPO4, 1.3. When
MgC12 was added to the amphibian solu-
tion, no adjustment was made in the con-
centration of NaCl. These solutions were
bubbled with 100% 02, and the pH was
between 6.9 and 7.1.

Drugs were dissolved in an appropriate

physiological solution at the time of their
use. Carbamylcholine (chloride salt), tet-

rodotoxin, neostigmine (bromide salt), and
acetylcholine (bromide salt) were obtained

from Sigma Chemical Company, and ye-
ratridine, from Aldrich Chemical Com-

pany. Purified tityustoxin (mol wt 7000)
was generously supplied to us by Dr. Car-

los R. Diniz (Department of Biochemistry,
Faculty of Medicine of Ribeir#{227}o Preto,
University of S#{227}oPaulo).

RESULTS

Effect of batrachotoxin on depolariza-
tion induced by carbamyicholine. When

carbamylcholine (0.035-0.7 mM) was ap-
plied to frog sartorius muscles previously

exposed to tetrodotoxin (0.6 p.M) for 30
mm, the membrane potential at the end
plate was significantly reduced. A dose-
effect relationship and double-reciprocal
plot of the data are shown in Fig. 1A and

B. In a typical experiment (Fig. 1C) the
control membrane potential before appli-
cation of 0.7 mM carbamylcholine in the
presence of tetrodotoxin was -98.6 ± 1.2
mV (mean ± SE; n = 5 fibers/muscle) and
declined to - 15.2 ± 2. 1 mV (n = 11 fibers/

muscle) at the peak effect ofthe drug, i.e.,

during the first few minutes of drug appli-
cation. Subsequently the muscle mem-
brane repolarized in the presence of this

and all other concentrations of carbamyl-
choline, reaching 95% of control values
after 30 mm (Fig. 1C). During the first



A B
100

80

�60

4
‘-4
a

� 40

20

0 - .

0 0.1 02 0 3 0.4 0.5 0.6 0.7

(cARS] � 0’ M

. 2C

C

0

5
E
- . 40

0

z

� -60

2

� -80

0

I 0

I
+

0 tO 20
T�ML �

BATRACHOTOXIN ON NICOTINIC ACTIVATION 113

FIG. 1. Dose-response and double-reciprocal plots and time course ofcarbamylcholine-induced depolari-

zation at muscle end plates in the presence oftetrodotoxin, and effect ofprior exposure ofsartorius muscles to

batrachotoxin on carbamylcholine response.

0, carbamylcholine (CARB) in the presence of tetrodotoxin (0.6 j.tM); #{149},carbamylcholine in the

presence of tetrodotoxin with prior exposure of the muscle to batrachotoxin (0.15 �M) and tetrodotoxin for

90 mm. The data for depolarization were taken at the peak effect of carbamylcholine during the first 3 mm

of exposure to the drug. The values for carbamylcholine plus tetrodotoxin were obtained from end plates of

frog sartorius muscles exposed to tetrodotoxin for 30 mm and then to carbamylcholine plus tetrodotoxin for

30 mm. The values for carbamylcholine plus tetrodotoxin and batrachotoxin were obtained from end plates

of muscles exposed to tetrodotoxin for 30 mm, to tetrodotoxin plus batrachotoxin for 90 mm, and then to

carbamylcholine plus tetrodotoxin and batrachotoxin for 30 mm. Each point in A and B is the mean ±

standard deviation for three to five muscles (25-40 fibers); where no standard deviation appears, the value

was too small to be shown. Each point on the dose-response curve (A) for carbamylcholine plus tetrodotoxin

is significantly different from the corresponding points obtained after batrachotoxin treatment at least at

the 0.01 level. The lines in the double-reciprocal plot (B) were obtained from linear regression analysis of the
data in Fig. 1A, where Vmax, Km, slope, and correlation coefficient (r) for 0 are 1.72, 4.00, 2.41, and 0.99

and for #{149}are 0.47, 1.56, 3.34, and 0.98, respectively. C. Time course of depolarization-repolarization by

carbamylcholine (0.7 mM); each point is the mean ± standard error for 5-11 fibers ofone muscle. Where no

standard error appears, the value was too small to be shown.

few minutes of exposure to carbamylcho-
line plus tetrodotoxin, the muscle fibers

were quiescent throughout their length ex-
cept for a significant local shortening that

could be observed in the area immediately
adjacent to the end plate. Membrane po-
tentials could, however, be recorded at the
end plate during that time. When the
muscle was first exposed to tetrodotoxin
(0.6 p.M) for 30 mm, then to batrachotoxin
(0. 15 p.M) plus tetrodotoxin for 90 mm, the

initial depolarizing response to carbamyl-

choline (0.7 mM), applied in the presence
of batrachotoxin plus tetrodotoxin, was

reduced by 54% (Fig. 1C). After 30 mm of
exposure to the drug, the surface fibers
had repolarized to 91% of control (Fig.
1C). Although batrachotoxin produced no
depolarization, subsequent responses to
carbamylcholine were reduced by 35-64%,

depending upon the concentrations of the
nicotinic agonist. A double-reciprocal plot
of the values obtained for depolarization
by carbamylcholine in the presence of tet-

rodotoxin alone, when compared with that
in muscle previously exposed to batracho-

toxin, reveals noncompetitive antagonism
(Fig. 1B).

When carbamylcholine (0.35 mM) was

allowed to mix slowly with the solution
bathing the muscle, end plate potentials
(Fig. 2) and miniature end plate potentials

recorded in magnesium-treated sartorius

muscles werc� blocked after 5 mm. When
the physiological solution was changed
within 5-10 sec to one containing carba-

mylcholine (as in the initial experiments
with batrachotoxin), end plate potentials
and miniature end plate potentials disap-
peared within seconds. In another set of
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experiments, a solution containing carba-
mylcholine (0.35 mM) in addition to ba-
trachotoxin plus tetrodotoxin was allowed
to mix slowly with the bath solution dur-
ing the microiontophoretic application of
acetylcholine near the end plate of ba-

FIG. 2. Effect of carbamylcholine on end plate

potential offrog sartorius muscle

The preparation was paralyzed with 12 mis Mg2�,

and a solution containing carbamylcholine (0.35 mM)

was then slowly added to the bath at a rate of ap-
proximately 0.3-0.4 ml/min Control (c). The stimulus

frequency was 0.5 Hz.

trachotoxin- and tetrodotoxin-treated
muscles (about 50-100 p.m from the focal
region); at 5 mm the acetylcholine poten-
tials were blocked although the membrane
potential was virtually unchanged (Fig.
3). Thus batrachotoxin had no effect on
the ability of carbamylcholine to block

synaptic potentials, even though depolari-

zation by carbamylcholine was reduced by
the toxin.

In the soleus muscle of the rat a similar
protocol was followed. Batrachotoxin (0.15

p.M) was applied first, followed by batra-
chotoxin plus tetrodotoxin (0.6 p.M), and

then carbamylcholine (3.5 p.M) was applied

together with batrachotoxin plus tetrodo-

toxin. The prior exposure to batrachotoxin
resulted in a 30% reduction ofthe maximal

membrane depolarization induced by car-
bamylcholine alone. It is important to note

that tetrodotoxin had no effect on the
carbamylcholine-induced depolarization at
the end plates of the various muscles.

Effect of batrachotoxin on end plate de-

polarization induced by acetylcholine . The
transient membrane depolarization elic-
ited by acetylcholine applied microionto-

phoretically 50-150 p.m distant from the fo-
cal end plate area of sartorius muscles

was unaffected by prior exposure to ba-

trachotoxin (0. 15 p.M) plus tetrodotoxin

(0.6 p.M) (Fig. 4). The acetylcholine sensi-
tivity recorded 50-150 p.m outside the focal

end plate area prior to drug treatment
was 115 ± 45 mV/nC (mean ± SE; range,

FIG. 3. Effect of batrachotoxin on desensitization ofacetylcholine receptor by carbamylcholine

The frog sartorius muscle was first depolarized with batrachotoxin (BTX) (0. 15 ELM) applied for 30 mm

and then repolarized to normal by simultaneous exposure to batrachotoxin plus tetrodotoxin (TTX) (0.6

j.LM). The response to microiontophoretically applied acetylcholine near the end plate was then determined
every 3 sec. Carbamylcholine (CARB) (0.35 mM) was then slowly perfused through the bath. The

acetylcholine potential was blocked in the cell shown in this figure and in all other cells within 5-6 mm.

The upper trace is the acetylcholine potential, and the lower trace is the current applied through the

acetylcholine micropipette.
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1 Unpublished observations.

FIG. 4. Effect ofbatrachotoxin on acetylcholine sensitivity near the end plate offrog sartorius muscle

On the left is the control response to microiontophoretically applied acetylcholine in the presence of

tetrodotoxin (0.6 j.�M), and on the right, the response to acetylcholine after exposure to batrachotoxin (0.15

pM) for 30 mm and then to batrachotoxin plus tetrodotoxin for an additional 30 mm. The pulse duration on
the left is 0.1 msec, and on the right, 0.2 msec. The upper trace is the response to microiontophoretically
applied acetylcholine, and the lower trace is the current applied through the acetylcholine micropipette.

34-168 mV/nC in eight fibers of three
muscles). After exposure to batrachotoxin
(0.15 p.M) for 30 mm and then to tetrodo-
toxin (0.6 p.M) plus batrachotoxin, the ace-
tylcholine sensitivity was 1 17 ± 15 mV/

nC (range, 102-147 mV/nC in three fibers

of two muscles). These results confirm
earlier observations on the absence of ef-
fect of batrachotoxin and tetrodotoxin on
acetylcholine sensitivity (4, 5).

Different results were obtained when

acetylcholine was bath-applied to paired
sartorius muscles (Fig. 5). After treatment

with neostigmine (3.3 p.M) plus tetrodo-

toxin (3.0 p.M) for 30 mm, the muscle was
bathed in a solution containing acetylcho-
line (10 p.M) plus neostigmine and tetro-

dotoxin, and the membrane potentials
were sampled at the end plate area as
before. During the first few minutes the
membrane potential approached -20 mV,
and in the continued presence of acetylcho-
line it repolarized toward control values
(Fig. 5). The second of the pair of muscles
was first exposed to batrachotoxin (0.15
p.M) plus neostigmine (3.3 p.M), then to

tetrodotoxin (3.0 p.M) plus batrachotoxin

and neostigmine, and then to acetylcho-

line (10 p.M) plus tetrodotoxin, batracho-

toxin, and neostigmine. The maximal ace-
tylcholine-elicited depolarization was re-
duced by 63% in muscle previously exposed
to batrachotoxin (Fig. 5).

Effect of a-bungarotoxin and histrioni-

cotoxin on depolarization induced by
either carbamyicholine or batrachotoxin.

The action of carbamylcholine (0.35 mM)

was completely blocked by prior exposure
of the sartorius muscle to a-bungarotoxin
(5 p.g/ml) applied for 1 hr. In contrast, the

depolarizing effect of batrachotoxin (0.15
p.M) was unaffected in either rate or

magnitude of membrane depolarization
by prior exposure to a-bungarotoxin.
Even though a-bungarotoxin irreversi-
bly blocked neuromuscular transmission
within 1 hr, batrachotoxin (0. 15 p.M) still

depolarized the membrane ofsurface fibers
from -96.2 ± 1.4 mV (n = 20/muscle) to

-6.6 ± 1.2 mV (n = 13/muscle) 20 mm
after exposure to the toxin. Coinciden-
tally, batrachotoxin does not protect
against the binding of a-bungarotoxin to
the acetylcholine receptor (15).

Prior exposure to histrionicotoxin (35
p.M) completely blocked the effect of car-
bamyicholine (0.35 mM) on frog sartorius

muscles. Concentrations of histrionico-
toxin as low as 0.9 p.M significantly re-

duced the late phase of membrane depolar-
ization induced by carbamylcholine, al-

though having little effect on the initial
depolarization (15).i Prior treatment with
histrionicotoxin (35 p.M’) for 1 hr did not,

however, antagonize the depolarization
elicited by batrachotoxin (0.15 p.M).

Within 15 mm after the addition of ba-
trachotoxin the membrane potential of
surface fibers declined from -93.7 ± 0.3
(n = 8) to -21.2 ± 3.0 mV (n = 8).
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FIG. 5. Effect of batrachotoxin on end plate depolarization induced by bath-applied acetyicholine in frog

sartorius muscles

A. The control muscle was exposed to neostigmine (3.3 �M) plus tetrodotoxin (TTX) (3 pM) for 30 mm

prior to the addition of acetylcholine (10 MM). B. The other muscle of the pair was first exposed to
neostigmine, depolarized with batrachotoxin (BTX) (0.15 �M) in the presence of neostigmine, repolarized

by simultaneous exposure to tetrodotoxin, and then exposed to acetylcholine (plus batrachotoxin, tetrodo-

toxin, and neostigmine). Each point is a single membrane potential recorded at the end plate of one fiber

in a pair ofsartorius muscles.

Effect of veratridine on depolarization
induced by carbamyicholine . Veratridine,
like batrachotoxin, increases sodium ion

permeability, probably at a site identical
with that at which batrachotoxin acts (16).

Rat extensor and soleus muscles were de-

polarized by 40 mV in the presence of
veratridine (10 p.M) and were subse-

quently repolarized to normal values after
30 mm of exposure to tetrodotoxin (3 p.M)

in the presence of veratridine (Fig. 6).

When carbamylcholine (7 p.M) was applied
together with tetrodotoxin and yeratri-
dine, there was no significant effect on
the membrane potential. After simultane-

ous exposure to carbamyicholine, tetrodo-
toxin, and veratridine for 20 mm, the
muscles were washed for 35 mm with
normal physiological solution and then

carbamylcholine (7 p.M) was reapplied.
The resulting membrane depolarization

was similar to that observed in untreated
muscles. Subsequent washing of the mus-

des with normal physiological solution
was followed by slow membrane repolari-

zation.
Effect of tityustoxin on depolarization

induced by carbamylcholine. While ba-

trachotoxin and veratridine appear to act

at similar sites in the sodium channel (11,
16), tityustoxin, which also increases so-
dium permeability, appears to act at an-
other site (11). In the presence of 0. 1 m�

carbamylcholine, the muscle fibers of rat
diaphragm were maximally depolarized by
about 29 mV in 2 mm (Fig. 7), with repo-
larization occurring at a slow rate. When
diaphragm muscles were exposed to ti-
tyustoxin (1.43 p.M), the membranes of

the muscle fibers were depolarized by
about 23% in 30 mm and then repolarized
to normal by application of tetrodotoxin
(0.6 p.M) plus tityustoxin for 15 mm. When
carbamylcholine was then applied to this
muscle for the first time, there was no

significant reduction in depolarization
from control values. It should be noted,
however, that the membrane depolariza-
tion produced by tityustoxin is less than
with batrachotoxin or veratridine.

Effect ofbatrachotoxin on end plate cur-
rent. Batrachotoxin (0. 15 p.M) was also

applied to frog sartorius muscles during
nerve stimulation and concurrent record-
ing of the end plate current. Neither the
null potential of the end plate current nor
the relationship between peak amplitude
of the end plate current and membrane
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FIG. 6. Effect ofveratridine on depolarization in-

duced by carbamylcholine in rat extensor and soleus

muscles

Membrane potentials were first recorded in phys-

iological solution, and then the muscles were depo-

larized by exposure to veratridine (10 �.tM); when

repolarization was complete, carbamylcholine

(CARB) (7 ELM) was added to the bathing solution

in the presence of veratridine and tetrodotoxin

(TTX) (3 /LM). After all drugs had been washed out,

carbamylcholine was reapplied in the absence of

other drugs and membrane potentials were sam-

pled. Each point is a single membrane potential

recorded at the end plate of one fiber.

PHYSIOLOGICAL SOLUTION

CARBAMYL CHOLINE
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potential was affected by batrachotoxin.
Both the rise time (0.90 ± 0.05 msec for
control vs. 0.92 ± 0.09 msec for batracho-
toxin) and the half-decay time of the end
plate current were likewise unaffected by
batrachotoxin. In addition, there was no

effect on the relationship between the half-
decay time of the end plate current and

the membrane potential before and after
batrachotoxin, or on the slope of this rela-
tionship (Fig. 8). This suggests that the

falling phase of the end plate current re-

mained voltage-dependent.

DISCUSSION

Batrachotoxin and veratridine signifi-
cantly reduced the end plate depolariza-

tion induced by bath-applied carbamylcho-
line and acetyicholine (Figs. 1, 5, and 6).
In contrast, batrachotoxin never affected
the transient depolarization elicited by mi-

croiontophoretic application of acetylcho-
line. After treatment with batrachotoxin,
the small amplitude (5-10-mV) potentials
produced by microiontophoretic applica-
tion of acetylcholine at the end plate re-
gion were unaltered (Figs. 3 and 4; see also

refs. 4 and 5). This action of bactracho-
toxin was exerted even when tetrodotoxm

was present throughout the experiment to
prevent depolarization by the former
toxin. Thus batrachotoxin and veratridine
depress the membrane depolarization elic-
ited by bath-applied nicotinic agonists at

TsTX #{149}TTX

I CARBAM YLCHOL INE

B

.
a #{149}#{149}. .

a

0 10 20 30

FIG. 7. Effect oftityustoxin on depolarization induced by carbamylcholine in rat diaphragm muscle

A. Resting membrane potentials were first recorded in physiological solution; the solution was then

abruptly changed to one containing carbamylcholine (0.1 mM) and measurements were continued. B. After

control membrane potentials were recorded in physiological solution, the muscle was depolarized to about

-60 mV by tityustoxin (TsTX) (1.43 MM); tetrodotoxin (TTX) was then applied simultaneously with
tityustoxin, and after 15 mm the muscle was repolarized. Carbamylcholine was then added to the bathing
solution along with tityustoxin and tetrodotoxin, and the membrane potentials were sampled at the end

plate region. Each point is the mean of at least three to five fibers in three muscles. Where no standard

error appears, it was too small to be shown.
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The experiment was carried out in a sartorius muscle previously exposed to 600 ma glycerol for 1 hr and
then “shocked” by washing in a normal physiological solution for an additional hour during stimulation at

0.3 Hz. Subsequently end plate currents were generated to obtain the control recording (#{149}),and the

muscle was then exposed to batrachotoxin (BTX) (0. 15 �M) for 2 hr, after which further recordings were

made (0). Each point is the mean of three or four end plate currents in three to six fibers. Control slope =
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2.08 V’; batrachotoxin slope = 1.49 V-i.

concentrations that normally produce de-
polarization of 12 mV or more, but not the
small depolarizations elicited by microion-
tophoretically applied acetylcholine. Ba-

trachotoxin was without effect either on
the acetylcholine sensitivity of junctional

or extrajunctional regions of innervated
(see Figs. 3 and 4) and denervated muscles

(4, 5), on the binding of a-bungarotoxin to
acetyicholine receptors, or on the ability
of histrionicotoxin to react directly with
the ion conductance modulator� (15, 17).
Batrachotoxin also had no effect on either
null potential for the end plate current or

the current-voltage relationship of the end
plate current (Fig. 8). Conversely, neither

a-bungarotoxin nor histrionicotoxin pre-
vented the depolarization of muscle mem-

branes by batrachotoxin. Thus the effect
of batrachotoxin and veratridine on the
response to nicotinic activation is most

likely to involve interaction with a site
distinct from either the acetylcholine re-
ceptor-ion conductance modulator com-
plex or tetrodotoxin-sensitive sodium chan-

nels involved in generation of muscle ac-

tion potentials. It appears that the inter-

2 The term ion conductance modulator is a de-

scriptive designation for the molecular entity in-

volved in regulating ion conductance in membranes

(17).

action between batrachotoxin and carba-
mylcholine is of a noncompetitive nature

(see Fig. 1B).
Under normal conditions an increasing

current flow is induced by the interaction
of a nicotinic agonist with acetylcholine
receptors until the membrane potential

approaches the null potential for acetyl-
choline. A simultaneous increase in so-
dium conductance for spike generation
takes place at the end plate region. In
fact, even before the null potential for
acetylcholine is reached, a marked in-

crease in resting and active sodium con-
ductances has occurred and generation of
action potentials has ensued (18). When a
frog sartorius muscle was bathed in a
solution containing carbamylcholine (0.35

mM) or acetylcholine (10 p.M) with neostig-
mine in the presence and absence of tetro-

dotoxin, the membrane potential ap-
proached values between - 20 and -15
mV, close to the null potential for acetyl-
choline in this muscle (6, 18). It is quite
apparent that the effect of carbamylcho-

line and acetyicholine prior to treatment
with batrachotoxin or veratridine is the
result of a direct effect at the end plate
region, with subsequent activation of the

acetylcholine receptor-ion conductance
modulator complex at the end plate re-

gion, for the action of both agonists can be
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blocked by d-tubocurarine or a-bungaro-
toxin.

In order to investigate the direct effect

of batrachotoxin and veratridine on the
nicotinic responses it was necessary for

tetrodotoxin to be present in the bathing
solution prior to and during cholinergic

activation; first, to prevent or reverse the
depolarization elicited by batrachotoxin,
veratridine, and tityustoxin, and, second,
to block muscle twitches and facilitate the
recording of membrane potentials within
the first 2 mm of application of agonist at
the end plate. Under these conditions only
a localized activation of the contractile

apparatus in the end plate area could be
observed in control preparations, as mdi-
cated by the shortening of the sarcomeres.
Thus the large depolarization elicited by

carbamylcholine and acetylcholine in the
presence of tetrodotoxin is a reflection of
the activation of acetylcholine receptors,
their ion conductance modulators, and a

tetrodotoxin-resistant channel in or near
the end plate region. If the latter had not

taken place, no movement of the contrac-
tile apparatus directly adjacent to the end

plate area would have been observed. Such
contractions must result from a spread of
agonist-induced depolarization at the junc-
tional region, where a specific increase in
sodium conductance complements the non-
specific junctional depolarization. With re-
gard to the relatively small (5-7-mV),
transient depolarization produced by mi-
croiontophoretic application of acetylcho-
line, the conductance changes approxi-
mate those induced by end plate potentials

evoked in the presence of d-tubocurarine

or high concentrations of magnesium; i.e.,

only subthreshold end plate potentials
were generated. Little, if any, activation

of the sodium conductances involved in
regenerative activity occurs at this time.

After treating the muscles with batracho-
toxin, which causes depolarization of the
muscle fiber membranes by increasing so-
dium conductance (4-8), we again exam-
med the effect of carbamylcholine and ace-
tylcholine. Since a nicotinic agonist would
have little, if any, effect on muscle depo-

larized near the null potential for acetyl-
choline, although reacting with the recep-

tor, tetrodotoxin was added to the bathing

solution pior to the agonist. Under these
conditions it was expected that carbamyl-
choline and acetylcholine would be as ef-
fective as under control conditions. The
response, however, was reduced by up to
64%. Even when tetrodotoxin was present
throughout the experiments and pre-
vented depolarization by batrachotoxin,

the response to carbamylcholine was simi-
larly reduced.

The simplest explanation for the effect

of batrachotoxin and veratridine would
therefore appear to be related to the pres-

ence of sodium-dependent action poten-
tials within the end plate region of skeletal
muscle. These potentials in the end plate

region are characterized by their greater
rates of rise, amplitude, and overshoot

compared with extrajunctional action po-
tentials and by relative resistance to
blockade by tetrodotoxin (19). One possible
explanation for the observed reduced re-
sponse to carbamylcholine in the presence
of batrachotoxin or veratridine is that

these toxins have altered the function of
the end plate tetrodotoxin-insensitive so-

dium channels, which presumably are lo-
cated in close proximity to the acetylcho-
line receptor-ion conductance modulator

complex and are coupled to this complex
in a membrane potential-dependent man-
ner.

Batrachotoxin and veratridine are

known to increase sodium permeability in

a variety of nerve and muscle preparations
via specific interactions with sodium chan-

nels (4-10, 20). Indeed, even the tetrodo-
toxin-insensitive sodium channels of de-

nervated muscle are activated by batracho-
toxin (4). The “activation” of sodium chan-
nels elicited by batrachotoxin and veratri-

dine appears to be due to prevention of
the normal time-dependent inactivation of
the channels; i.e., the increased sodium
permeability induced by these toxins alone
or under voltage clamp conditions follow-
ing step depolarizations is not followed by

inactivation (7, 10, 11, 21). The channels
remain open and the membrane depolar-
izes, but the channels are still sensitive to

blockade by tetrodotoxin. The threshold
for activation ofsodium channels following



120 GARRISON ET AL.

depolarization appears, in certain prepa-
rations, to be lowered by batrachotoxin
(22), and in certain other preparations

batrachotoxin has a strongly voltage-de-

pendent interaction with sodium channels
(23). In view of the specificity of batracho-
toxin and veratridine toward sodium chan-
nels in a variety of electrogenic mem-
branes, the simplest explanation of the
reduction of the carbamylcholine response
is that batrachotoxin and veratridine have
prevented the normal activation of sodium
channels by carbamylcholine-induced
threshold depolarization of end plates. A

reduction in the external chloride concen-
tration had no effect on the depression of

carbamylcholine-elicited depolarization by
I It is therefore unlikely

that chloride ions play a role in the reduc-
tion of the carbamylcholine response (24-
26).

The mechanism whereby batrachotoxin

and veratridine prevent the usual activa-
tion of end plate sodium channels by car-

bamylcholine-induced depolarization is

unclear. A number of possibilities pertain.
The most attractive hypothesis is that ba-

trachotoxin and veratridine prevent, as in
other preparations (20), the inactivation
of the end plate sodium channels, and
may therefore be exerting a conditioning
response at the end plate sodium channels
somewhat analogous to a conditioning

pulse (27). Such conditioning would
greatly reduce the effect of nicotinic recep-
tor activation. As a consequence the large
membrane depolarization normally in-

duced by high concentrations of carbamyl-
choline and acetylcholine would now occur
only to the extent afforded by activating
the acetylcholine receptor-ion conduct-

ance modulator complex. A concomitant
increase in resting and active sodium con-

ductance for spike generation after activa-
tion of the acetylcholine receptor-ion con-
ductance modulator complex would not
occur, because these channels have al-
ready been activated by batrachotoxin or

veratridine. The result is a decrease in

the maximal depolarization observed un-

der control conditions with carbamylcho-
line and acetylcholine alone. Tityustoxin

caused only partial depolarization of mus-

cle membranes (Fig. 7). Thus the lack of
effect of tityustoxin on the response to
carbamylcholine is presumably related to
its low effectiveness in interacting with

sodium channels. Alternatively, the tetro-
dotoxin-resistant channels within the end

plate may not have a tityustoxin-sensitive
site.

If batrachotoxin and veratridine did ac-

tivate or prevent inactivation of the so-
dium-specific channels at the end plate,
the increase in sodium permeability a!-

forded by these tetrodotoxin-resistant
channels would be expected to cause a

significant membrane depolarization. The
finding that batrachotoxin does not cause
an observable membrane depolarization,
even though it reduces the effect of bath-
applied nicotinic agonists, is therefore 5w’-
prising. However, activation of sodium
channels at the end plate by batrachotoxin
or veratridine may take place slowly
rather than rapidly as with carbamylcho-
line, allowing for compensatory activation

of (Nat + Ki-ATPase in the end plate.
The activity of the (Nat + Ki-ATPase is
unafFected by batrachotoxin or veratridine
(28). Furthermore, a marginal, steady-
state depolarization of the small end plate
region by batrachotoxin or veratridine
might be difficult to detect in the presence
of tetrodotoxin, even though more tran-
sient depolarization by carbamylcholine
could be detected.

Other mechanisms ought to be consid-
ered. Batrachotoxin or veratridine might,
by interaction with the end plate sodium

channel, have “uncoupled” this channel
from control by the acetylcholine receptor-
ion conductance modulator complex. A
number of possible mechanisms for such
“uncoupling” can be envisaged and must

be investigated. The toxins might increase
the threshold of the membrane potential
change necessary for activation of the so-
dium channels or might even, by prevent-
ing the normal inactivation of the chan-
nels, lead to an inactivated channel-toxin

complex that could no longer be activated
in response to carbamylcholine. Interac-

tions of the toxins with the end plate
channels might even confer tetrodotoxin

sensitivity, although this possibility seems
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unlikely (cf. ref. 4).
In conclusion, batrachotoxin and verat-

ridine are proposed to interact with tetro-

dotoxin-insensitive, sodium-specific chan-
nels at the end plate region that are func-

tionally coupled to the activation of the
acetylcholine receptor-ion conductance
modulator complex. These sodium chan-
nels are thought to subserve the all-or-
none properties of the end plate mem-
brane, since their activation is intimately
coupled to the postjunctional action of the

transmitter. Batrachotoxin and veratri-

dine do not appear to affect the electrical
or chemosensitive properties of the acetyl-

choline receptor-ion conductance modula-
tor complex. It is proposed that the reduc-
tion in the depolarizing response to bath-
applied nicotinic agonists caused by ba-
trachotoxin and veratridine is of a non-
competitive nature and is due to blockade
of the nicotinic agonist-elicited activation
of sodium channels at the end plate mem-

brane. It now appears possible to investi-
gate activation-inactivation of the acetyl-

choline receptor-ion conductance modula-
tor complex in the absence of contributions

from associated sodium-specific conduct-

ances at the end plate.
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